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ABSTRACT

Sexually-transmitted diseases (STDs) are among the most common causes of
illness in the world. The annual incidence of STDs is rising, from 250 million in 1990 to
340 million in 2002. Viral infection is a frequent cause of STDs and the mucosal surfaces
are the natural sites of transmission of viruses. Both genital and rectal tracts are involved
in transmission of viral STDs. To infect a host, a virus has to penetrate mucosal
immunologic barriers, including lumenal immunoglobulin A (IgA) intervention,
epithelial defenses, and lamina propria (LP) lymphocyte-mediated protection. The breach
of the mucosal immune system can lead to virus spreading to the rest of the body, thereby
causing life-threatening disease. Induction of effective mucosal immunity is essential for

the host to control local viral infection and prevent STD development.

Immune responses are initiated when pathogen-derived antigen (e.g., viral
antigen) is encountered and taken by antigen-presenting cells (APCs), especially
dendritic cells (DCs). After antigen processing, DCs present immunogenic determinants
to and activate naive lymphocytes in mucosal lymphoid tissues. Activated lymphocytes
leave the lymphoid tissue and, via the bloodstream, migrate to the LP. These effector
cells exert a series of immune functions, such as f:ytokine production, cytotoxicity and
antibody secretion. Accordingly, the mucosal immune system is divided into the
inductive and effector site. Gut-associated lymphoid tissues (GALT) represent the

inductive site of the gastrointestinal (GI) system. The GALT within the rectal mucosa
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mainly consists of iliac lymph nodes (ILN), Peyer’s patch-like aggregated lymphoid
follicles (ALF) and isolated lymphoid follicles (ILF). The ILN have been identified as the
principal inductive site, whereas the role for mucosally located lymphoid follicles

remains poorly understood.

To elicit specific mucosal immune responses against virus infection, a viral
antigen must be introduced into the mucosal immune system, importantly the inductive
site. Efficient antigen delivery ensures the success of inducing effective mucosal
immunity. Both the mucus layer and the integral epithelial monolayers form barriers
against the passage of proteins and particulate matter across the epithelium. Previous
studies demonstrated that these barriers could be overcome by mucus removal with
ethanol treatment followed by utilizing viral vectors such as replication-deficient
adenoviral vectors (Adv) engineered to encode heterologous antigen genes. Adv can
infect a broad range of mammalian cells, including human and mouse epithelial cells, and

has proved to be efficient in transferring genes to the colonic mucosa.

It has been discovered that mucosal immunity can be induced at multiple mucosal
sites, but rarely via a systemic route. This phenomenon is largely due to the mechanism
of the common mucosal immunologic system (CMIS), within which activated mucosal
lymphocytes migrate from one mucosal site (e.g., the upper respiratory tract mucosa) to
another (e.g. the genital tract). Thus, the concept of CMIS is used as a guiding principle

for mucosal vaccine design. However, emerging results have suggested that distant
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mucosal immunization is less effective than local immunization and that CMIS might
comprise several anatomical-based grouped networks having different lymphocyte
homing mechanisms. In this context, the vaginal (local mucosal) immunization regimen
might improve local protection against genital STDs. Following the similar logic,
rectally-induced immune responses might have potential to combat rectal STD infections.
As both genital and rectal mucosae are drained by the ILNs, the putative genito-rectal
associated lymphoid tissue, rectal immunization might be an alternative solution to
genital immunization, especially to deal with the problem of immunization in the male
genitourinary tract. The major goal of this study was to evaluate the effects of Adv-based
local mucosal immunization via the rectum of mice in the induction of mucosal immunity

against virus infection at the rectal as well as genital mucosa.

A non-invasive intrarectal (IR) delivery method (pipetting and Dermabond®
following a ethanol enema) for Adv was developed in the present study to provide better
gene transfer for induction of mucosal immune responses. The first approach was to re-
investigate gene transfer to the mouse colon after intrarectal (IR) administration. The
transgene was found highly expressed at days 1-3 and mainly confined to the colon. Gene
expression was not only identified within the epithelium but also immediately beneath the
epithelium, probably due to the penetration of Adv through epithelial cells. Mucosal
immune responses were examined in an antig;an model using ovalbumin (OVA). After IR
immunization with Adv encoding OVA (AdOVA), the frequency of LP interferon (IFN)-

vy secreting cells was detected as early as day 4, and continually progressed upward. The
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appearance of ILN IFN-y-secreting cells was transient, and this was mirrored by the ILN
cytolytic activities. CD8" T cells were stimulated to produce IFN-y, and cytolytic
activities depended largely on CDS8. Also, IR immunization with Adv induced Thl T-cell
responses and local production of specific I[gA. When challenged with recombinant
vaccinia virus expressing OVA, immunized mice completely controlled local viral
infection and prevented virus dissemination from the rectal tissue. Thus, an infectious
mouse model of herpes simplex virus type 2 (HSV-2) given via the rectum was
developed in the study and used to further validate the IR immunization regimen. Mice
immunized with Adv encoding glycoprotein B (AdgB) were protected from rectal
challenge of HSV-2 at absolute lethal doses. Clinical pathology and virus replication
were remarkably reduced and virus-shedding period was significantly lessened. CD8" T
cells, IFN-y and interleukin (IL)-12 appeared to play an essential role in such protective
immunity. Protection of mice against HSV-2 challenge in the vaginal tract was also
achieved, thus indicating that rectal immunization could also confer protective genital
immunity. In comparison with the intranasal (distant mucosal) and subcutaneous
(systemic non-mucosal) immunization, rectal immunization proved to be more effective
in the induction of rectal immune responses including the frequency of IFN-y secreting
cells and IgA production, and to provide better protection against rectal or vaginal HSV-2
challenge. All these results underscored the importance of applying local mucosal

immunization to induce mucosal immunity at both rectal and genital tracts.

In conclusion, IR administration with Adv by the new delivery method efficiently
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transferred antigen genes into the rectal mucosa and elicited protective local immunity to
virus challenge. The present study provided evidence that rectal (local mucosal)
immunization regimen was a better vaccination strategy than distant mucosal and
systemic non-mucosal immunization to provide both rectal and genital protection against
viral infection. Thus, the present approach supports the view that route is a critical
determinant of vaccination and, furthermore, represents fertile ground for future studies

of mucosal vaccination via the rectal mucosa.
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CHAPTER 1 INTRODUCTION

1.1 An overview

There are combined effects of non-immunologic and immunologic components of
host defense that prevent pathogens from invasion via the intestinal mucosal surfaces.
Since it is accessible to the external environment, the colon can harbor microorganisms,
many of which are potentially pathogenic. The colonic epithelium, made up of monolayer
epithelial cells, physically isolates lumenal pathogens from the underlying lamina propria
milieu and represents the major non-immunological barrier. However, invasive pathogens
can enter the mucosa by trans-epithelial transcytosis after having infected epithelial cells
or in an abraded or lacerated condition especially during sexual practices. When the
epithelial layer is unable to halt pathogen entry, infection can occur. In this case, The
mucosal immunological barrier functions take place to provide further resistance [Lehner

et al., 1999].

The mucosal immunological barrier against pathogenic invasion can be
established after pathogen-derived antigens have been exposed to the mucosal immune
system. The mucosal lymphoid tissues and peripheral lymphoid organs share common

architectural features and operate on similar principles in terms of antigen presentation
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and the induction of antigen-specific immune responses [Bienenstock et al., 1999].
Antigen-presenting cells (APCs) beneath the epithelium can acquire pathogen-derived
antigens [Neutra, 1999] and present them to migratory mucosal lymphocytes, which are
stimulated to become effector cells specific for the antigen [Reyes et al., 1997]. By this
means, intestinal immune cells are able to survey gut antigens and mount specific
immune responses to eliminate invading pathogens. Therefore, in order to prepare the
mucosal immune system for specific responses, antigens must be introduced to the

mucosal immune system.

The successful introduction of antigens into the mucosa depends on the antigen
delivery system and the route of administration. With a potent antigen delivery system,
the mucosal immune system can be manipulated to function more efficiently than after
natural infection of wild pathogen species [Cripps et al., 2001; Ogra et al., 2001].
Delivery of a vaccine via an appropriate route leads to activation and homing of
lymphocytes that provide immune protection at certain mucosal sites [Ryan et al., 2001].
It has been suggested that local mucosal immunization (at the mucosal site where
immune protection is desired) induces better local immunity than distant mucosal
immunization (at a mucosal site which is anatomically distant from the mucosal site for
protection and where protection might not be required), while systemic immunization,
applied at a non-mucosal site, is least effective [Gallichan ez al., 1993; Gallichan and
Rosenthal, 1995; Kantele ef al., 1997; Kozlowski et al., 1997; Belyakov et al., 1998b:

Ferko et al., 1998; Shen et al., 2000; Kozlowski et al., 1999; Belyakov et al., 2001;
2
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Vajdy et al., 2001]. Thus, both vaccine tools and the route of vaccine delivery are critical

determinants for induction of mucosal immune protection.

Local mucosal immunization to induce colonic immune responses against
sexually transmitted infections via the rectal route has recently been a topic in mucosal
vaccination. Compared to the upper respiratory tract, lung, oral-gastric tract, small
intestine, and genitourinary (GU) tract, the rectum is the least studied mucosal route for
vaccination. Few studies have successfully induced colonic immune responses against
rectally delivered infectious agents. One of the reasons for the failure to achieve
immunity via this route probably results from insufﬁcienf antigen delivery. A possible
solution to this problem is the use of a viable non-pathogenic intracellular vector capable
of expressing ample heterologous antigens. Replication-deficient recombinant adenoviral
vectors (Adv) Havé been used to transfer sufficient amounts of antigen to induce robust
immune responses and protection against virus infection both systemically [Shiver et al.,
2002; Fitzgerald et al., 2003; Sullivan et al., 2003] and mucosally [McDermott et al.,
1989b; Gallichan et al., 1993; Lubeck et al., 1994; Juillard et al., 1995; Van Ginkel et al.,
1995; Buge et al., 1997; Van Ginkel et al., 1997; Shanley and Wu, 2003]. Another reason
might be associated with utilizing inefficient vaccine delivery methods which are not able
to prevent leakage of delivered reagents from the colon as a result of the bowel
movement. Therefore, for vaccination at the colonic mucosa, there is a need of
developing a suitable immunization method for rectal delivery of Adv and induction of

local protective immunity.
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Evaluation of immunological outcomes is a critical step to validate a vaccine
candidate. In order to do so, vaccine-induced cellular and humoral immune responses
and, more importantly, protection from a subsequent challenge of pathogens should be
examined. Also, an appreciation of relevant immunologic mechanisms provides critical
clues on how vaccination strategies might be optimized to potentiate host defenses

[Letvin et al., 2002; Nabel, 2002].

In the present study, a new method for vaccine delivery at the rectal mucosa was
developed and was found to be efficient in transfer of heterologous genes into the colon,
resulting in significant gene expression. As compared to systemic and distant mucosal
routes, a single immunization with Adv encoding antigen genes by the rectal route
induced stronger antigen-specific local mucosal immune responses and provided better

rectal as well as genital protection against virus challenge at lethal doses.

1.2 Mucosal immune system

1.2.1 The inductive and effector sites

The mucosal immune system includes immune cells and organized mucosal

lymphoid tissues, such as Peyer's patches (PPs) and bronchial associated lymphoid tissue



PhD Thesis - Q. Zhu McMaster - Mcedical Scicnces

(BALT) and solitary lymphoid aggregates, encompassing the epithelium and the lamina
propria (LP), as well as mucosally-associated draining lymph nodes (DLNs). The role of
the mucosal immune system is to provide immune protection against pathogens on one
hand and tolerance to food antigens and natural flora on the other hand [Mowat, 2003].
Like the systemic compartment, mucosal immune responses are generally thought to be
induced in organized mucosal lymphoid tissues and then possibly exert their effects at the
local and distant mucosal surfaces such as in the LP. Accordingly, the mucosal immune
system is functionally classified into two distinct sites, namely inductive and effector,
which are spatially separated [Brandtzaeg er al., 1999a; Mowat, 2003]. In the gut,
organized lymphoid follicles located within intestinal mucosa (for example PPs) and
DLNs (for example mesenteric lymph nodes, MLNSs) represent the inductive site (Figure
1.1a), while the epithelium and LP are regarded as the effector site (Figure 1.1b). It has
been recently suggested that the inductive and effector sites might be structurally
overlapped to a certain extant, e.g., immune responses might be induced in the LP
[Kelsall and Strober, 1999; Fagarasan and Honjo, 2003]. Memory T cells specific to viral
infections could be detected in both PPs [Belyakov et al., 1998b; Rayevskaya and
Frankel, 2001] and MLNs [Arnaud-Battandier et al., 1978; Issekutz, 1984a; Issekutz,
1984b; Chen et al., 2001]. Moreover, uncommitted B cells were found to be activated to
undergo isotype switching and differentiate into IgA-producing plasma cells in the LP
[Fagarasan ef al., 2001]. Thus, there might be a dual function at each mucosal immune

anatomical structure in terms of immune induction and effector activities.
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Figure 1.1 Schematic representation of the intestinal immune system. (a) The inductive
site comprises organized intestinal lymphoid tissues and draining lymph nodes (DLNs).
®: Antigens from the intestinal lumen can be taken by the epithelial cells. @: Induction
of intestinal immune responses involves variety of organized lymphoid follicles and
immune cells distributed throughout the intestinal mucosa. @: Antigen loading dendritic
cells (DCs) can migrate to the DLNs for antigen presentation and lymphocyte activation.
After activation, effector lymphocytes including IgA-producing cells and T cells leave
the DLNs and enter the bloodstream. (b) The effector site consists of the epithelial layer
and LP. @: Effector lymphocytes migrate into local or a distant mucosal site from the
blood circulation and exert immune functions. @: IgA-producing cells become plasma
cells and secrete immunoglobulin A (IgA), most of which are dimeric IgA (dIgA). dIgA
can be transcytosed by epithelial cells into the intestinal lumen and functions to
neutralize antigens or microorganisms. ®: Effector T cells can recognize and kill cells
infected with intracellular pathogens such that pathogens can be eliminated. @:
Systemically primed lymphocytes rarely migrate to the mucosa and thus have limited
contribution to mucosal immunity. This figure was adapted from Nagler-Anderson
[2001], Trapani and Smyth [2002], Young et al. [2002], Fagarasan ¢t al. [2002], Finn

[2003], Mowat [2003], and Phalipon and Corhesy [2003].
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1.2.2 Mucosal lymphoid tissues

Mucosal lymphoid tissues refer to all immune cells within LP or organized
lymphoid follicles in the mucosal tissue aligned along the length of respiratory,
gastrointestinal (GI) tract and female genital tract [Brandtzaeg, 1997; Bienenstock e al.,
1999; McGhee et al., 1999], which act as surveillance sites for the mucosal immune
system. They are termed mucosal-associated lymphoid tissue (MALT) [McDermott and
Bienenstock, 1979; Bienenstock et al., 1999]. MALT includes salivary-associated
lymphoid tissues (SALT) in the oral cavity, nasal- and bronchus-associated lymphoid
tissues (NALT and BALT) in the respiratory system, gut-associated lymphoid tissues
(GALT) in the aeroalimentary and GI tract, and genital-associated lymphoid tissues in
genitourinary tract. The GALT comprises mucosal lymphoid follicles (palatine tonsils,
appendix and PPs formed in different anatomic GI segments), DLNs (MLNs and iliac
lymph nodes or ILNs) and LP [Kelsall and Strober, 1999; Nagler-Anderson, 2001].
Mucosal lymphoid follicles within mucosal tissues and associated lymph nodes (LNs) are
important inductive sites of mucosal immunity. Compared to LNs such as MLNS,
lymphoid follicles are less organized and have no afferent lymphatics. In general, these
follicles contain specialized epithelial cells termed the microfold or M cells scattered
within the overlying epithelial layer. Mucosal follicles also have organized B-cell
follicles with germinal centers and adjacent T-cell regions. There are efferent lymphatics
that link these follicles for cell trafficking from mucosa to DLNs but there are no afferent

lymphatics for cell recruitment. By expressing the adhesion molecule L-selectin, mucosal
9
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follicles recruit naive lymphocytes from the blood circulation through high endothelial
venules (HEV), the specialized postcapillary venules that provide L-selectin ligand only
present in LNs (e.g., MLNs) and lymphoid follicles (e.g., PPs) but not in LP [Butcher,
1999]. LP postcapillary venules serve as a homing site for integrin a4f7-expressing
activated lymphocytes by presenting mucosal addressin cell adhesion molecule
(MAdCAM)-1. This preferentially allows naive lymphocytes to transmigrate through
HEV endothelial cells and enter lymphoid follicles for priming, and lymphocytes are

selectively prohibited from entering LP unless they are activated [Butcher, 1999].

PPs are the most representative and studied GALT [Neutra et al., 2001; Mebius,
2003]. PPs are distributed throughout the entire small intestine and, due to their large
size, can be identified often by the unaided eye, especially in rodents, as tiny nodules that
disperse underneath the epithelium of the antimesenteric wall of the bowel. PPs comprise
follicle-associated epithelium (FAE), subepithelial dome (SED), B-cell follicles, and
interfollicular regions (IFR). FAE, formed by conventional epithelial cells and scattered
specialized M cells, overlies the SED with the B-cell follicles that contains a germinal
center. IFRs are rich in T cells and contain HEV for cell recruitment. There are efferent
lymphatics for cell emigration to DLNSs. In the large intestines, including cecum, colon
and rectum, there are M-cells overlain aggregated lymphoid follicles (ALFs) which
resemble PPs. ALFs are localized in the crypts and found in humans [Langman and
Rowland, 1986; O'Leary and Sweeney, 1986] and mice (only BALB/c mice have been

investigated and difficulties in identification in some strains such as SJL) [Perry and

10



PhD Thesis - Q. Zhu McMaster - Medical Sciences

Sharp, 1988; Owen et al., 1991;. Although functions of ALFs in the large intestine have
not been fully examined, these mucosal structures are thought to play a role similar to
their counterparts PPs. Whether ALFs are associated with follicular lymphoid
hyperplasia, which increase in size in colitis of humans [Haque et al., 1993; Yeung et al.,

2000] and mice [Dohi et al., 1999; Dohi et al., 2000], is unclear.

In addition to PP and ALF, there are a larger number of similarly structured but
considerably smaller follicles that are termed isolated lymphoid follicles (ILFs). ILFs
were found in the small intestine and ileum in humans [Moghaddami et al., 1998], rabbits
[Keren et al., 1978] and guinea pigs [Rosner and Keren, 1984]. Mouse ILFs were
recently identified both in small (~100-200 follicles in crypts and villi) and large (~50
follicles) intestines of both BALB/c and C57BL/6 mice [Hamada et al., 2002]. Compared
to PPs, ILFs generally contain a single B-cell follicle but lack T-cell enriched IFRs
because T cells are interspersed in a relatively small numbers within the follicle [Hamada
et al., 2002]. ILFs are thought to function similarly to PPs and regarded as a failsafe
system to PPs; PP™" mice (lacking PPs but with normally developed ILFs) still generate

a strong IgA response [ Yamamoto ef al., 2000; Lorenz et al., 2003].

A tremendous number of tiny follicles termed cryptopatches (CPs) within the
intestinal mucosa are structurally different from the aforementioned follicles. CPs are
well distributed in both small (~1500 follicles) and large intestines of mice and do not

contain germinal centers [Kanamori ef al., 1996]. CPs play an indispensable role in the

11
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generation of extrathymic subset of CD8aa intraepithelial cells [Suzuki et al., 2000; Oida
et al., 2000]. Therefore, the functions of CP differ from those of PPs or ALFs and ILFs in

mucosal immune induction.

DLNs also play a crucial role in the induction of mucosal immunity and tolerance,
serving, to some extent, as the crossroads between local and systemic pathways [Mowat,
2003]. Naive lymphocytes can be activated in intestinal LNs by newly arrived APCs after
being loaded with antigen in lymphoid follicles or LP [MacPherson and Liu, 1999] and
activated lymphocytes leave LNs and enter the bloodstream via the thoracic duct [Karrer
et al., 1997; Nagler-Anderson, 2001; Mowat, 2003]. MLNs are the largest lymph nodes
in the body that drain lymph from the small intestine, while ILNs are situated bilaterally
along the iliac arteries and veins in the pelvis, in close proximity to the bifurcation of the
vessels, and drain lymph from both large intestine and genitourinary tract [Lehner et al.,
1999]. Thus, Lehner [2003] proposed ILNs as genito-rectal associated lymphoid tissue

for the induction of both colonic and genital immune responses.

Although ILNs play an inductive role, understanding to the rest of the rectal- or
colon-associated lymphoid tissue (RALT or CALT) is still poor. ALF and ILF are less
characterized for their functions probably due to the technical difficulties in isolating
lymphoid cells from these follicles. However, structures of these lymphoid tissues might

suggest the likelihood of their participation in immune induction of the lower GI tract.

12
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1.2.3 Mucosal immune cells

1.2.3.a Intestinal epithelial cells

Intestinal epithelial cells (IECs) are closely opposed to one another via tight
junctions and form epithelial monolayers as a physical barrier. IECs physiologically
control the selective movement of macromolecules between the lumen and the LP and
minimize fluid and electrolyte loss into the lumen such that nutrients are absorbed and
intestinal homeostasis is maintained. IECs secrete microbicidal and antiviral agents, such
as complement and defensins, into the lumen and protect mucosa in a non-antigen-
specific way [Ganz, 2003]. The structural integrity of epithelium separates harsh fecal
contents and invasive microorganisms in the lumen from the underlining mucosa
comprising internal milieu [Bhalla and Owen, 1982]. Therefore, IECs rebresent the first
line of host defense against invasion of pathogens from the external environment of the

gut lumen [Pitman and Blumberg, 2000] (Figure 1.1).

Epithelial-based protection is enhanced by the mucus layer covering the apical
surface of epithelium. Other than lubricating fecal passage, the presence of mucus
enhances the host resistance to the hostile attachment of pathogens or toxins [Cone,
1999]. The chief constituent of mucus is mucin, which is a group of mucoproteins present
in both secreted and membranes-associated forms. The latter has a highly glycosylated

extracellular domain that can extend up to several hundred nanometers from the cell
13
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surface [Corfield et al., 2000].

A number of mucus-mediated protection mechanisms have been proposed. The
viscous quality of mucin enhances the depth of unstirred layer overlying the epithelial
surface and reduces the diffusion of molecules larger than nutrition molecules. The
carbohydrate moieties act as competitors for binding of lumenal proteins and
microorganisms to the epithelial cells as they are analogous to the glycoprotein and
glycolipid receptors that exist on IECs. These prevent the adherence of bacteria and
viruses to epithelial cell surfaces by forming into mucus-microorganism complexes
which are subsequently propelled down the intestinal tract [Sanderson and Walker,
1999]. The most concentrated glycoprotein layer in the mucosal surface is glycocalyx,
being part of non-secreted mucin and forms a 10~500 nm-thick glycoprotein layer. The
glycocalyx is the final layer that prevents pathogens from adhering to epithelial cells.
Twenty-nanometer thickness of glycocalyx is sufficient to prevent access of 1 um of
microparticles to glycolipid receptors [Frey et al., 1996]. Along the colonic epithelium,
mucus is increasingly produced to be thicker and continuously covers the colon because
of increasing numbers of goblet cells as compared to the small intestine [Szentkuti and
Lorenz, 1995; Matsuo et al., 1997; Atuma et al., 2001]. Therefore anti-invasive epithelial

function in the colon is enhanced.

IECs are able to transport dimeric IgA (dIgA) into the lumen and prevent

pathogen attack. This is mediated by polymeric-immunoglobulin receptor (pIgR), a
14
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membrane bound molecule present on epithelial cells of secretory mucosa [Rojas and
Apodaca, 2002; Phalipon and Corthesy, 2003]. The pIgR is synthesized within epithelial
cells and expressed on the basolateral membrane to capture free as well as antigen-bound
dIgA [Underdown et al., 1977; Garcia-Pardo et al., 1981]. Cytokines such as interleukin
(IL)-4 and interferon (IFN)-y can upregulate pIgR expression and enhance IgA transport
capacity via the receptors [Phillips et al., 1990]. When a dIgA binds specifically to pIgR,
the pIgR-dIgA complex is endocytosed and then transcytosed through the cytoplasm by
an endosome to the apical surface of IECs. Interaction between pIgR and dIgA represents
a ten-fold higher association constant compared to the antigen-antibody binding. The
dissociation of binding is significantly slower than the time required for transport,
ensuring that the complex has sufficient time to travel across the epithelial cell and be
presented on the apical surface [Nagura et al., 1979]. After transcytosis, dIgA is secreted
on the cell surface as a secretory IgA (SIgA) which is the dIgA that binds to a secretory
component (sc), a polypeptide generated by cleavage from pIgR [Mostov and Deitcher,
1986]. dIgA bound to pathogens or antigens derived from LP can also be transported by
pIgR across adjacent epithelial cells in the same manner as free dIgA [Sixbey and Yao,
1992; Gan et al., 1997, Robinson et al., 2001]. IECs thus exert particular protective
immune functions by secreting IgA to prevent attack from lumen pathogens or expel

pathogens which gained entry into epithelial cells.

IECs are defined as playing an important role also in both innate and adaptive

immune responses by allowing antigen to enter LP via the transcellular pathway across

15
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the epithelial cells, especially M cells, in addition to the paracellular pathway directly
through the tight junction [Sanderson and Walker, 1999]. M cells are specialized IECs,
scattered among conventional epithelial cells in follicular associated epithelium (FAE),
which covers lymphoid tissues of respiratory and gut mucosae including large intestines
[Langman and Rowland, 1986; O'Leary and Sweeney, 1986; Jacob et al., 1987; Owen et
al., 1991; Gullberg et al., 2000]. M cells function to initiate the antigen sampling at the
apical surface by non-specific binding of macromolecules or microorganisms present in
the lumen and transporting these across the epithelium to the basolateral membrane
[Neutra et al., 1996]. Due to the specific interaction of M cells with some viruses and
bacteria and their ability to transport these microorganisms, prototype vaccines have been
developed by targeting the M cell [Forrest et al., 1990; Andino et al., 1994; Phalipon and
Sansonetti, 1999]. In contrast to M cells, conventional IECs mainly mediate the passage
of soluble antigens by pinocytosis and the transport of IgG-bound antigen through Fc
receptors [Hussain et al., 1991; Blumberg ef al., 1995]. Adult human IECs express major
histocompatibility (MHC) class I-like neonatal Fc receptors (FcRn), which exhibit
specificity for monomeric IgG. FcRn might serve to bind lumenal-derived immune
complexes composed of IgG and foreign antigens, thereby transferring them into the LP
across the epithelial barrier [Dickinson et al., 1999; Spiekermann et al., 2002]. From this
location, antigens can be internalized and processed by professional APCs such as
dendritic cells and presented to lymphocytes beneath the epithelium [Pitman and
Blumberg, 2000]. IECs also process and transport antigens via their MHC class II

molecules [Hershberg er al., 1998; Hershberg and Mayer, 2000]. This is however
16
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believed to be highly associated with antigen presentation [Mayer and Blumberg, 1999;
Pitman and Blumberg, 2000; Zimmer et al., 2000]. Therefore, IECs are important in
antigens uptake and transport to the LP as well as antigen presentation to mucosal

lymphocytes.

1.2.3.b Mucosal dendritic cells

As the most potent professional APC, dendritic cells (DCs) have been well
documented for their critical role in the induction of the adaptive immune response and
immune regulation [Steinman, 1991; Matzinger, 1994; Banchereau et al., 2000; Heath
and Carbone, 2001b; Liu et al., 2001b; Shortman and Liu, 2002; Steinman et al., 2003].
DCs originate from pluripotent stem cell precursors in the bone marrow (BM). Blood-
borne DC precursors enter the peripheral tissues and maintain their immature stage until
they encounter invading pathogens or antigens [Sallusto and Lanzavecchia, 1999; del
Hoyo et al., 2002; Ardavin, 2003]. Except for normal brain parenchyma, DCs are present
in all tissues, including intestinal mucosae in which they are strategically distributed in
PP, LP and, as recently identified, within the epithelial layer [Maric et al., 1996;

Rescigno et al., 2001] (Figure 1.1a).

For the immune surveillance of pathogenic invasion, DCs have two distinct
functional stages, immature and mature, linked by a transitional phase [Cella et al.,

1997]. During their immature stage, DCs act as sentinel cells by acquiring and processing
17
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antigens at non-lymphoid sites. Immature DCs capture antigens efficiently through
various pathways, including phagoéytosis (virus, bacteria and apoptotic cells) [Inaba et
al., 1993; Reis e Sousa et al., 1993; Svensson et al., 1997; Albert et al., 1998a; Albert et
al., 1998b], receptor-mediated endocytosis (immune complexes) [Jiang et al., 1995;
Sallusto ef al., 1995; Arnold-Schild ef al., 1999] and macropinocytosis (soluble antigens,
microbial fragments) [Crowley et al., 1990; Sallusto and Lanzavecchia, 1994; Inaba et
al., 1998]. After processing antigen, DCs enter a mature stage and are no longer able to
capture antigens but gain the ability to migrate to regional LNs and participate in eliciting
antigen-specific immune responses through interactions with T and B cells [Steinman,

1991; Flores-Romo, 2001].

DCs utilize different organelles to process captured antigens. For endogenously
synthesized cytosolic proteins of intracellular pathogens, such as virus or certain bacteria,
antigenic peptides are generated by proteosomes and transported via transporter
associated with antigen processing (TAP) into the endoplasmic reticulum (ER), where
newly synthesized major histocompatibility complex (MHC) class I molecules uploaded
with peptides are delivered onto the cell surface for the presentation to CD8" T cells
[Koopmann et al., 1997]. Infection of DCs by intracellular pathogens is not required for
this pathway because they can acquire antigens also from other infected cells and cross-
prime activate CD8" T cells by cross-presentation of processed antigens [Heath and
Carbone, 2001a; Heath and Carbone, 2001b; Prasad et al., 2001]. For soluble foreign

proteins and microbial fragments, DCs are able to degrade these in endosomes and,
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through the classical MHC class II pathway, transport the resultant peptides onto the cell
surface for presentation to CD4" T cells, which are important to stimulate antibody
responses against extracellular antigens [Sallusto and Lanzavecchia, 1994; Svensson et
al., 1997, Inaba et al., 1998]. Therefore, DCs can process antigens through MHC class

either I or II pathway to suit the needs of immune responses.

DCs in the intestine also have the ability to acquire antigens from the lumen and
elicit immune responses. DCs isolated from the subepithelial dome (SED) of PPs
stimulated naive T-cell proliferation after ovalbumin (OVA) feeding in mice [Kelsall and
Strober, 1996] and were able to produce IL-4 and IL-10 in such responses [Iwasaki and
Kelsall, 1999a]. Freshly isolated immature DCs from PPs presented antigen to and
stimulated resting PP T cells when cultured in the presence of granulocyte macrophage-
colony stimulating factor (GM-CSF) and tumor necrosis factor (TNF)-o. [Ruedl et al.,
1996; Ruedl and Hubele, 1997]. Antigen-bearing PP DCs in the SED could migrate to the
MLN or within PP [Iwasaki and Kelsall, 1999b]. Lamina propria dendritic cells (LP DCs,
diffuse in LP rather than within lymphoid tissues) of the lung, which were loaded with
bacterial antigens, were found in the afferent intestinal lymph toward DLNs [McWilliam
et al., 1994]. It was demonstrated that DCs recovered from the lymphatics were able to
induce antigen-specific T-cell responses both in vitro and in vivo [Liu and MacPherson,
1991; Liu and MacPherson, 1993]. Although there exists the possibility of LP DCs
priming lymphocytes within the intestinal LP, DCs are thought to preferentially migrate

to DLNs for immune induction [MacPherson and Liu, 1999; Mowat, 2003].
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Recent data showed that there might be three phenotypically distinct subtypes of
PP DCs localized in different regions of PPs [Iwasaki and Kelsall, 2000].
CD8a CD11b'CD11c¢" DCs were identified in SED and CD8a'CD11c¢* DCs in IFR,
whereas CD8a CD11b"CD11c" DCs (double negative for both CD8a and CD11b) were
found in both sites. DCs were able to migrate from SED into IFR after microbial
stimulation probably due to the upregulated expression of the chemokine receptor CCR7
[Iwasaki and Kelsall, 2000]. These PP DCs might migrate reciprocally toward
chemoattractant macrophage inflammatory protein (MIP)-3a and MIP-3f, which were
found to be present in the SED and IFR, respectively [Iwasaki and Kelsall, 2001]. By
resembling their splenic counterparts, these CD8a~ and CD8a" PP DCs susbsets were
shown to also have the ability to produce Thl and Th2 cytokines, respectively [Iwasaki
and Kelsall, 2001]. Thus, each identified subset might reflect of functional and

maturational status of DCs.

Colonic DCs are distributed in both humans [Pavli et al., 1993, Pavli et al., 1996;
Bell et al., 2001] and mice [Hamada et al., 2002; Krajina et al., 2003]. DC accumulation
in the colonic LP was found to be associated with the development of T-cell mediated
colitis [Leithauser et al., 2001, Krajina et al., 2003]. Although DCs have been identified
within ILFs, whether and how DCs are disposed in all colonic lymphoid tissues is
unknown. Additionally, the role for colonic DCs in the induction of local mucosal

immune responses is not yet understood.
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1.2.3.c Intraepithelial lymphocytes

The intestinal epithelium contains T lymphocytes termed intraepithelial
lymphocytes (IELs). IELs are interspersed throughout the small and the large intestines,
situated between the basolateral surface of IEC and the tight junction (Figure 1.1a).
Intestinal IELs are a heterogeneous population made up of T-cell receptor (TCR) of and
78, CD3-expressing T cells. Remarkably, compared to systemic T cells, IELs contain a
higher percentage of v T cells mainly expressing CD8aa and there are greater than 70%
of CD8" T cells in the ap IELs subpopulation [Lefrancois and Puddington, 1999; Hayday
et al., 2001]. In the small intestine, 90% of IELs are CD8", the majority of which express
vd, while in large intestine of humans and mice IELs are primarily of CD8 CD4 double
negative or CD4" natural killer T cells (NKT) expressing either aff or Y& TCR [Lefrangois
and Puddington, 1999; Pitman and Blumberg, 2000]. IELs provide protective function to
control pathogenic invasion by eliminating infected epithelial cells [Goodman and
Lefrancois, 1988; Hayday et al., 2001]. Both aff and y6 IELs have NK-like non-specific
cytotoxicity and contribute to the surveillance of epithelium [Kawaguchi et al., 1993].
TCRaf IELs can be primed against virally- and bacterially-infected epithelial cells in
adaptive immune responses, while yd IEL exhibit cytolytic activity and produce IFN-y

mainly in a non-specific way [Hayday et al., 2001].

vd T cells perform critical physiological and immunological functions in the

intestine. The presence of y8 T cells might be important for the development and
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immunologic functions of IEC as they produce keratinocyte growth factor (KGF), an
epithelial cell growth factor [Boismenu and Havran, 1994]. v6 T cells play a stimulatory
role in antibody production. Transfer of yd IEL can restore impaired IgA synthesis in y3-
knockout mice [Fujihashi et al., 1996]. Various lines of evidence have shown that yd T
cells are crucial to the induction of mucosal tolerance. The presence of yd T cells
correlated with the induction of oral tolerance and removal of these cells either by
administration of monoclonal antibodies (mAbs) or targeted gene deletion completely
abrogated or failed to maintain oral tolerance [Mengel et al., 1995; Ke et al., 1997;
Wildner et al., 1996]. 8 T cell-mediated tolerance via inhalation of aerosolized antigen
has been also found in respiratory mucosa [McMenamin et al., 1994; Harrison et al.,
1996]. The negative role of IELs might efficiently limit unwanted immune responses
mediated through epithelial cells which express MHC and co-stimulatory molecules
during inflammation. Overall, y& T cells display more negative regulation than positive
roles such as protection against pathogens [Hayday, 2000]. Comparatively, the number of
v6 IELs becomes progressively less from the small intestine to the colon; approximately
39% of small intestine IECs versus only 3% of colonic IECs, while af IEL are the
predominant lymphocyte type in the colon [Floochi, 1990; Hayday et al., 2001]. Such
differences in cell components as related to anatomic location are very likely to be due to
the necessity for adjustment of immune response type in different segments of the GI
tract, i.e. an adaptive antimicrobial response to intracellular pathogens, to which the large
intestine is more frequently exposed than the small intestine [James and Graeff, 1985;

Poccia et al., 2001].
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1.2.3.d Lamina propria T cells

Within the LP, there exists a large quantity of T lymphocytes termed lamina
propria T cells (LP T cells, Figure 1.1). Like peripheral T cells, LP T cells represent a
heterogeneous group (CD4" and CDS8") of functional lymphocytes. LP T cells might be
substantially different from peripheral T cells due to the evidence of activated phenotypes
and high potentials for cytokine release upon exposure to antigens. LP T cells have an
equal distribution of CD4" and CD8" [Selby e al., 1983; James et al., 1986] and possess
cytotoxic activity as they express markers such as Fas ligand (FasL) [De Maria et al.,
1996]. The vast majority of them represent a specialized memory T cell subset,
characterized by the phenotype of CD45RO™ (a memory cell surface marker), which is in
contrast to peripheral T cells that do not normally express this marker [Schieferdecker et
al., 1990]. LP T cells are highly differentiated effectors with a great ability to produce
cytokines such as IFN-y, IL-2, IL-4 and IL-5 [Taguchi et al., 1990; Saparov et al., 1997].
As compared to their peripheral counterparts, however, LP T cells have poor proliferative
responsiveness to lumenal antigens [James et al., 1987; Khoo et al., 1997] or anti-CD3
stimulation [Qian et al., 1991]. This might suggest that highly active LP T cells usually
keep potential infections under control and use a raised threshold mechanism to avoid

unnecessary expansion in response to the antigen-rich mucosal environment [Kelsall and

Strober, 1999].
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1.2.3.e Lamina propria B cell

Lamina propria B (LP B) cells are composed of IgM'/IgD* B cells and IgA
plasma cells (Figure 1.1), the latter of which are the main population and are derived
from lymphoid tissues such as PP and BALT. It is generally believed that PP-derived
plasma cells are primarily IgA-secreting cells, while resident IgM'/IgD* B cells
presumably differentiate into only IgM- and IgG-secreting plasma cells as they do when
stimulated in vifro [Sanderson and Walker, 1999]. Recent studies showed that
uncommitted LP B cells performed isotype switching in the LP and served as a source of
IgA-producing plasma cells [Fagarasan et al., 2001]. This might suggest that intestinal
LP also provides milieu for antibody isotype switching to IgA, although confirmation is
warranted in prospective studies. Other than secreting antibodies, B cells also have
antigen-presenting functions. B cells can take up soluble antigens through their cell-
surface immunoglobulins and present peptides via constitutively produced MHC class II
compartments. In association with co-stimulatory molecules, antigen-bearing B cells are
able to activate T cells. However, it is generally believed that B cells cannot efficiently

activate naive T cells as compared to DCs [Banchereau et al., 2000].

1.2.3.f Other mucosal effector immune cells

A large number of intestinal macrophages reside beneath the epithelial layer of
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the small and large intestine. Macrophages undergo local activation in response to
microbial and inflammatory stimuli and are able to phagocytose microorganisms or
infected cells (through the engagement of their receptors on the surface), and fulfill their
scavenging functions by producing various mediators and cytokines/chemokines [Celada
and Nathan, 1994; Aderem and Underhill, 1999; Murray and Nathan, 1999; Savill et al.,
2002]. Most macrophages express undetectable to low levels of MHC class II, and their
role in antigen presentation and T-cell activation proved to be ineffective [Pavli et al.,
1990; Pavli et al., 1993]. Macrophages interact with activated T cells [Underhill et al.,
1999], and their low expression of MHC class II depends on T-cell derived Thl and Th2
type cytokines, including IFN-y, IL-4 and IL-13 [Dalton et al., 1993; Boehm et al., 1997,

Gordon, 2003].

Eosinophils (EOS) reside in the stomach and intestinal mucosae in large quantity
and play a critical role in response to parasitic infection as well as the regulation of
gastrointestinal allergy [Dombrowicz and Capron, 2001]. EOS are localized not only in
LP but also in PPs and their localization is critically regulated by IL-5 over-expression
during Th2 responses as well as by the chemokine eotaxin which is constitutively
expressed in the intestine [Rothenberg et al., 2001]. Recently, attention has been drawn to
intestinal EOS and studies found that EOS exhibit potentials in regulatory and
inﬂaxnmato;'y immune responses in the GI tract, for example their contribution to
proinflammatory cytokine production and the development of colitis [Makiyama et al.,

1995; Garcia-Zepeda et al., 1996; Nishitani et al., 1998; Woerly et al., 1999; Hogan et
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al., 2001]. Natural killer (NK) cells contain preformed perforin and granzymes and exert
cytotoxic activity in the innate immune system [Biron et al., 1999]. NK cells also play an
important role in regulating the functions of DCs, including promoting DC maturation by
producing tumor necrosis factor (TNF)-a or kill DCs lacking MHC class I [Moretta,

2002].

1.2.4 The common mucosal immunologic system

The concept of the common mucosal immunologic system (CMIS) was proposed
by McDermott and Bienenstock [1979] on the basis of their earlier observations that
transferred MLN IgA" B blasts, but not peripheral LN blasts, selectively repopulated (or
"homed to") the mucosal sites, such as gut, cervix and vagina, uterus, and mammary
glands, while only 8% did so in peripheral LNs. Importantly, only a small proportion of
cells isolated from peripheral LNs entered mucosal sites. This. established the concept
that immune cells primed at one mucosal site might travel to a distant site to serve as
effectors, and systemic boosting might be only used to elevate mucosal immune response
but could not prime naive mucosal cells because of the lack of preference mucosal
homing of systemic lymphocytes [Mestecky, 1987; Crotty et al., 1999] This application
of CMIS was later confirmed by other studies in both animals [Gallichan and Ro§enthal,
1995; Gallichan and Rosenthal, 1996b; Balmelli ef al., 1998] and humans [Kantele et al.,
1997; Kozlowski et al., 1997; Kantele et al., 1998]. Therefore, the CMIS might represent

an immunological cross-communization circuit that involves both inductive and effector
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sites (Figure 1.1). Recent findings further suggest that the possession of the specific
homing receptor pairs, such as the interaction of a4B7 and mucosal addressin cell
adhesion molecule (MAdCAM)-1 on the endothelium of mucosal venules, in
combination with chemoattraction, might be the key mechanism by which the
lymphocytes are able to undertake their tissue-selective trafficking to the gut [Berlin et

al., 1993; Butcher and Picker, 1996; Baggiolini, 1998; Kunkel and Butcher, 2003].

CMIS also comprises compartmentalized immunologic networks [Brandtzaeg et
al., 1999b]. First, McDermott and Bienenstock [1979] demonstrated that lymphocytes
derived from mediastinal (bronchial) LNs migrated to the lungs but not to the intestine. A
similar pattern was observed later in another study which showed that intratracheal
immunization only led to the presence of antibody-forming cells in the lung and not in
the gut [van der Brugge-Gamelkoomn et al., 1986]. Other studies also demonstrated that
immunization at one site induced immune response at a certain distant sites but not all
mucosal sites [Kozlowski et al., 1997; Kantele et al., 1998; Kozlowski et al., 1999;
Kozlowski et al., 2002]. Second, it was observed that activated lymphocytes tended to
home preferentially to the mucosal site where they were primed and induced better local
immunity as compared to at distant mucosal sites [Hopkins et al., 1995; Kozlowski et al.,
1997, Brandtzaeg et al., 1999b]. Therefore, CMIS reveals a site-dependent mechanism
for ;nucosal lymphocyte homing probably associated with regional networks that might

be anatomically and functionally grouped.
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1.3 Mucosal immune response

1.3.1 Induction of adaptive immune response

Induction of adaptive immune responses specific for pathogen-derived antigens is
the key to control infections without being harmful to immunologic self-antigen and self-
antigen-expressing cells [Zinkernagel and Hengartner, 2001]. The adaptive immune
response is the response of clonally-selected, antigen-specific lymphocytes and the
generation of immunological memory of these lymphocytes. Both clonal selection and
antigen specificity are the features that distinguish the adaptive immune response from
the innate immune response. Adaptive immune responses are induced generally in the
secondary lymphoid organs such as LNs and the spleen rather than peripheral tissues
where pathogens or antigens are encountered [Karrer ef al., 1997; Picker and Siegelman,
1999]. DCs capture antigens often near the site of infection or in regional LNs and
migrate to the lymphoid organs to activate naive lymphocytes cells recruited from the
bloodstream [Lanzavecchia and Sallusto, 2000a; Guermonprez et al., 2002]. Adaptive
immune responses are initiated when naive T cells for the first time encounter antigen on
the surface of DCs through the interactions of TCR with antigenic peptides bound to the
MHC molecule presented by APCs (termed Signal 1) in association with the engagement
of co-stimulatory molecules (termed Signal 2, involving primarily B7/CD28) [Robey and
Allison, 1995] (Figure 1.1a). This leads the T cells to undergo clonal expansion and

become antigen-specific, armed effector cells in significant numbers to combat infected
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(target) cells [Medzhitov and Janeway, Jr., 1998]. With help from DCs and activated
antigen-specific T helper (Th) cells, B cells are stimulated to undergo isotype switching
and become antibody-producing cells [Banchereau et al., 2000; McHeyzer-Williams et
al., 2000]. Activated lymphocytes can generate immunological memory and provide a
rapid and efficient protection from subsequent challenge by the antigen encountered
during the priming phase [Lanzavecchia and Sallusto, 2000b]. Therefore, induction of
adaptive immune response is critical in the generating an antigen-specific, long-lasting

immunological barrier against pathogen invasion.

1.3.2 Induction of mucosal immune responses

1.3.2.a Immune responses induced by epithelial cells

Mucosal immune responses usually begin with antigen uptake by intestinal
epithelial cells (IECs). Although the M cells express MHC class II molecules, the fairly
low numbers and scattered distribution of such specialized cells might mean that their
capacity is too limited to be main APCs in PPs and other lymphoid follicles compared to
the role of conventional epithelial cells and DCs [Kelsall and Strober, 1999].
. Conventional IECs express both class I and class I MHC molecules and function as non-
professional APCs to interact with immune cells on the basolateral side through direct

contact [Mayer and Blumberg, 1999]. Although IECs express MHC class I molecules,
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few studies have shown the ability of IECs to directly prime MHC class I-restricted CD8"
effector T beneath the intestinal epithelium. However, IECs might be more efficient to
interact with CD4" T cells through the MHC class II molecules which are preferentially
expressed on the basolateral membrane along the small and large intestines [Hershberg et
al., 1998]. This polarized expression is associated with antigen presentation to the LP
immune cells [Zimmer et al., 2000]. In contrast to M cells that take up particulate matter,
IECs generally capture soluble antigens at the apical surface by pinocytosis. Antigens are
processed within the endosomes and transcytosed and finally delivered onto the
basolateral side in association with MHC class II molecules [Hershberg and Mayer, 2000;
Pitman and Blumberg, 2000] (Figure 1.l1a). In the absence of inflammation, co-
stimulatory molecules CD80 and CD86 are normally absent on the surface of IECs in the
small and large intestines [Hershberg and Mayer, 2000]. It is conceivable that lack of
signal 2 might contribute to the generation of anergic or tolerant CD4" T cells [Sanderson
et al., 1993]. When inflammation is present, co-stimulatory molecules are profoundly
expressed by IECs which become possible to play a role in stimulating immune responses
[Ye et al., 1997, Pitman and Blumberg, 2000]. Therefore, IECs function as a non-
professional APC to regulate or induce mucosal immune responses under certain

circumstances.
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1.3.2.b Immune responses induced in mucosal lymphoid

follicles

Induction of antibody responses is believed to occur within mucosal lymphoid
follicles such as PPs, ILFs and possibly ALFs. PPs have been the most studied lymphoid
tissue as an inductive site of IgA-producing cells, the dominant antibody-producing cells
in the mucosal surfaces when local, but not systemic, immunization or infection occurs
[Craig and Cebra, 1971, Weinstein and Cebra, 1991] (Figure 1.1). Lumenal antigens,
such as microbes or soluble antigens, gain access to the PP across the FAE and are
trapped in the SED by immature DCs [Neutra et al., 2001]. During processing invading
antigens, DCs differentiate into their mature stage with particular markers and up-
regulated co-stimulatory molecules and, in association with MHC class I and class II
compartments, present antigens to T and B cells within the PP [Neutra et al., 2001].
Uncommitted naive IgM-bearing B cells recruited from the blood encounter antigens and
interact with activated PP CD4" Th cells via cognate interaction within the PP. The B-cell
follicle and CD4" T-cells enriched areas in the IFR are overlapped and form a mixed
zone, where T-B-interactions are proposed [MacLennan et al., 1997]. The interaction
between the CD40 and the CD40L combined with the regulatory effect from cytokines,
such as transforming growth factor (TGF)-B, produced by the CD4" T cells results in
preferential isotype switching of the surface IgM (sIgM) to sIgA, rather than sIgG
[Weinstein and Cebra, 1991; Xu-Amano et al., 1993]. In association with follicular

dendritic cells (FDC) in the germinal center of the B-cell follicle, B cells undergo affinity
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maturation and differentiation into sIgA" B cells. Once having entered effector sites,
these cells undergo terminal differentiation to become mature IgA-secreting cells

[Mclntyre and Strober, 1999].

In the interfollicular region (IFR) of PP, antigen-bearing mature DCs are able to
stimulate resting CD4" and CD8" T cells recruited from the circulation by crossing the
HEV located in IFR. Some DCs move out through the efferent lymphatics into the MLNs
and activate T cells therein. If DCs are less differentiated or remain immature during
antigen processing, it might lead to the generation of regulatory CD4" T cells that
produce TGF-B and IL-10 to induce or maintain tolerance to antigens from the lumen
[Mowat, 2003]. Through the lymphatic system and the blood circulation, activated T cells
then home in the gut or other mucosal tissues and carry out their final effector functions

[Mclntyre and Strober, 1999].

Whether lymphocytes can be primed in the LP away from mucosal lymphoid
follicles remains unclear. A recent study suggested that isotype switching of B220"IgM"
B cells to IgA-producing cells might occur in the LP [Fagarasan et al., 2001]. It was then
questioned about the origin of studied B cells and the microenvironment to support
isotype switching because of the possible contamination of already-switched sIgA”™ cells
often dispersed in the LP [Brandtzaeg et al., 1999c]. One possibility for the origin of
these B cells might be the isolated lymphoid follicle (ILF) diffuse in the LP with large

numbers [Fagarasan et al., 2002]. These post-witched ILF B cells probably enter the LP
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interstitium and act as effectors.

1.3.2.c Immune responses induced by lamina propria

dendritic cells

LP DCs are believed to migrate through the subepithelial mucosa and take up
antigens that have penetrated through the epithelium (Figure 1.1a). The migration of
intestinal DCs from mucosal tissues to regional LNs has been demonstrated to be
associated with the initiation of immune responses in early studies [Pugh et al., 1983;
Mayrhofer et al., 1986; MacPherson and Liu, 1999; Mowat, 2003]. MacPherson and
colleagues [1995] showed that freshly isolated LP as well as PP DCs were as potent as
Langerhans' cells in stimulation of mixed lymphocyte reaction (MLR, a primary T-cell
response generated in vitro against allogeneic stimulators). Further, they found that LP
DCs were also heterogeneous and similar to PP and MLN DCs with respect to
phenotypes [Liu et al., 1998]. They defined two subsets of LP DCs obtained from rats
that were functionally distinct from each other in T-cell activation; one subset double
positive for CD4 and CD172 were effective inducing T-cell responses while the double
negative cells were not [Liu et al., 1998]. Whether such classification correlates with
maturational status or antigen processing and presentation is unclear. It has been
proposed that LP DCs process and present antigens from the intestinal lumen directly to
LP T cells rather than necessarily migrating into the DLNs. However, there has been no

evidence to support this claim. In addition, it remains to be determined whether antigen-
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loading DCs migrate through the interstitial tissue into widely distributed lymphoid

follicles (PP, ALF or ILF) to activate T cells.

DCs highly expressing CD11c and MHC class II molecules can be iden<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>