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Preface

The intestine is the front line of the confrontation between pathogens and
the immune system. However, it is also important to emphasize that we have
a symbiotic relationship with innumerable bacteria in the intestine. In the
gastrointestinal tract of mammals the lower intestine harbors around 1,000
species of anaerobic and aerobic bacteria, in densities up to 1012/ml in the
distal small intestine, the cecum, and the colon. A single layer of epithelial
cells of the intestine protects the internal organs of the mammalian host
from these bacteria. Below these epithelial cells the gut-associated lymphoid
tissues (GALT), organized in Peyer’s patches, cryptopatches, and isolated lym-
phoid follicles, as well as isolated, dispersed single cells in the epithelial layer
(intraepithelial lymphocytes) and lamina propria, are composed of T lym-
phocytes, B lymphocytes, Ig-secreting plasma cells, and antigen-presenting
cells such as dendritic cells. The importance of the gut barrier is striking, if
we consider that in humans the epithelial surface, behind which the immune
system faces and senses the endogenous bacteria, is estimated to be as large
as a basketball court. Perhaps not surprising then, the gut contains approx-
imately half of all lymphocytes of our immune system. Colonization of the
intestine with the flora of commensal bacteria induces the development of the
GALT, which in turn responds by the development of IgA-secreting plasma
cells. Dimeric and multimeric IgAs can traverse the epithelial layer and are
released in the gut lumen, where they bind bacteria. It is thought that this
IgA contributes to the control of commensal, nonpathogenic bacteria and the
containment of the pathogenic strains of bacteria.

Any changes in gut microbiota, especially those by potentially pathogenic
bacteria – inducing gastritis and inflammatory bowel disease – must be sensed
by the GALT. It is thought that the mucosal immune system interacts with the
bacteria in such a way that this permanent infection is, in fact, beneficial for
the host – as the bacteria digest food for which the mammalian host has no
enzymes and as bacteria provide vitamins. Besides this metabolic function, as
perceived from several chapters of this book, the bacterial colonization of gut
is seen as an important event that drives maturation of the immune system
and maintains/influences its fitness.

This volume assembles some of the recent, exciting advances in our under-
standing of the evolutionary origin and ontogeny of the GALT components
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orchestrated in space and time by multiple lineages of cells, for example, of
hematopoietic and mesenchymal origins (Finke and Meier; Ivanov, Diehl, and
Litman). As discussed by Nahoum and Medzitov, bacteria harbor a wealth of
macromolecules, which are recognized by all lymphocytes through pattern-
recognition receptors [Toll-like-receptors (TLR)] that sense the bacteria re-
gardless of the specificity of their antigen receptor, that is, T cell receptor
and Ig, in a polyclonal fashion. Thus B lymphocytes appear to be guided
and function to assemble to GALT structures even when their capacity to
produce antigen-specific B cell receptors, namely, Ig, is impaired or absent.
Thus the innate parts of the immune system may be important elements in
the interactions between gut microbiota and the GALT system.

On the other hand, IgA is the most abundant antibody isotype produced
in our body (with 40–60 mg/kg/day), and 80% of the IgA-producing cells
are located in gut. Hamburger, Björkman, and Herr show how dimeric IgA,
with its Fc portions, interacts with the Fcγ receptors and how IgA-specific
proteases and IgA-binding proteins produced by bacteria compete with this
transmigration. Hence, bacteria interfere and compete with the transport of
IgA through the epithelial layer of the gut – and certain bacteria have the
capacity to hijack the IgA-specific transcytosis pathway to invade the mam-
malian host. Fagarasan shows how essential gut IgA production must be for
maintenance of appropriate densities and proper distribution of aerobic and
anaerobic bacteria, especially in the small intestine. If IgA is not produced, as
in mice defective in IgA production (through AID deficiency) then anaerobic
bacteria overgrow aerobic bacteria and, in fact, expand in numbers and to
areas normally not colonized by them. Not unexpectedly, and of significant
practical consequence, is the observation that the repertoire of antigen recep-
tors, that is, IgA specificities, in the GALT is adapted to the composition of
the endogenous bacterial flora (Macpherson).

The T and B lymphocytes of the GALT appear to be selected from the
pool of cells originally generated in the primary lymphoid organs, that is, in
thymus and bone marrow. They retain, and maybe are even further instructed,
to home to, and back to, the mucosal tissues (Mora and von Andrian). A part
of them are thought to form the first layer of defense against and – as we
would now more optimistically say – for symbiotic interactions with the gut
microbiota. These interactions, from the side of the GALT of the host, are
clearly guided by both innate and adaptive forms of immunity.

Our exploration, our voyage into this essential part of our body has just
begun.

February 2006 Tasuku Honjo, Fritz Melchers
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Abstract Host organisms live in intimate contact with indigenous microflora. The
interactions between the host and commensal microbiota are highly complex and het-
erogeneous. A growing body of evidence indicates that commensal symbionts provide
many benefits to the host physiology, particularly in the gastrointestinal system. The
molecular mechanisms of the mutualistic interactions between the host and commen-
sals are largely unknown but can be due either to bioactivity of the commensals or
to the reaction of the host immune system to the commensal-derived products. Re-
cent advances in our understanding of the innate immune system allow re-evaluation
of some of the older findings regarding the mechanisms of benefits conferred by



2 S. Rakoff-Nahoum · R. Medzhitov

microflora. Here we review the examples of the benefits of host–commensal interac-
tions that are due to recognition of commensal microbial products by the host innate
immune system.

1
Introduction

All metazoans are engaged in complex interactions with microorganisms.
The nature of these interactions can range from highly antagonistic to mu-
tually beneficial and is determined by evolutionary adaptations of the host
and the microbial species. Depending on the outcome of the interaction, the
microorganisms are referred to as pathogens, if the interaction results in
a loss of fitness of the host, or commensals, if the interaction is either ben-
eficial or neutral for the host. It is generally thought that the host immune
system protects from infection by pathogens but somehow avoids responding
to commensals, as such responses can be detrimental under certain condi-
tions. This view presupposes that there is something fundamentally different
in the way the immune system deals with commensals versus pathogens. The
problem with this view, however, is that the distinctions between commen-
sal and pathogenic microbes are often arbitrary, as the ability to cause the
disease is not always dependent on characteristics intrinsic to the microor-
ganisms. Further complicating the matter is the fact that the receptors used
to sense infection by the innate immune system do not discriminate between
pathogens and commensals. This raises several important questions regard-
ing the nature of the interactions between commensal microflora and the host
innate immune system and the mechanisms that regulate these interactions.
Indeed, the failure of mechanisms that regulate intestinal immune responses
can lead to a variety of immunopathologies, including the development of
inflammatory bowel disease (IBD). Nevertheless, several aspects of metazoan
physiology,mostnotablyof thegastrointestinal system,have clearly coevolved
with, and are dependent upon, mutualistic interactions with indigenous mi-
croflora.

The aim of this review is discuss the benefits of the indigenous microflora
on host biology, especially in the intestine. Emphasis is placed on what is
known about the mechanisms by which these benefits occur. In particular
we highlight evidence that suggests that recognition of microbes by Toll-like
receptors (TLRs) plays a role in mediating host–microbe mutualism.

The life histories of plants and animals are replete with mutualistic rela-
tionships with the microbial world. Most complex metazoans are colonized
with a consortium of microorganisms comprising an indigenous microflora.
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In some cases, the host dependence on symbionts can be truly remarkable.
In the plant kingdom, infection of legumes, such as soybeans, by the gram-
negative Rhizobium leads to root nodulation allowing for the fixation of N2

by the bacteria, thus providing the host plant with selective advantage in
soils with nitrogen deficiency (Fisher and Long 1992). The benefits of mi-
crobial colonization of insects leads to increased nutritional sources (Dillon
and Dillon 2004), protection from infection with enteropathogens (Dillon and
Dillon 2004), and increased life span (Brummel et al. 2004). In the symbiosis
between Vibrio fisheri and the Hawaiian sepiolid squid, Euprymna scolopes,
colonization leads to postembryonic development of the squid light organ
(Nyholm and McFall-Ngai 2004). The commensal microflora also plays a role
in the lives of other aquatic animals, as demonstrated in studies of axenically
derived zebra fish (Rawls et al. 2004) and of deep sea vent worms (Jeanthon
2000).

Host–microbe interactionsplayaprofoundrole in thebiologyofmammals.
Mammals are colonized with a diverse and abundant indigenous microflora. It
is estimated that 500–1,000 different species of 1014 microorganisms may col-
onize mammals such as rodents and humans, although the number of species
is most likely an underestimate (Sonnenburg et al. 2004). Commensal bacte-
ria colonize many organs of the mammal, including the gingiva, oropharynx,
skin, and genitourinary and respiratory tracts. However, the greatest density,
magnitude, and diversity occur in the gastrointestinal tract, particularly at
the large intestine. Since the original observation that microbial coloniza-
tion plays a role in the physiological development of rodents, 40 years ago
(Schaedler et al. 1965), numerous benefits of the indigenous microflora to
mammalian biology have been revealed. These benefits range from those af-
fecting metabolism, development, or various organ systems to tolerance to
mucosal antigens and resistance to infection (Berg 1996).

There have been three ways in which the role of the commensal microflora
in mammalian biology has been assessed. The most common is the compar-
ison of conventionally raised animals with those that are germ-free, reared
in positive-pressure isolators after being delivered by sterile Cesarean sec-
tion. In gnotobiotic studies, germ-free animals are colonized with a known
species or group of species of microorganisms. A third, and very different,
approach to study the affect of the commensals on host biology is to deplete
conventionally raised mice of their microflora with antibiotics. Although this
approach has the advantage of being able to assess the effect of the microflora
on animals with normal development, a caveat is the inability to determine
the effectiveness of the depletion of commensals because of the inability to
culture or identify the majority of microfloral species.
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2
Different Types of Host–Microbial Mutualism

Despite the enormous benefits of microorganisms in host biology, relatively
little is known about the molecular details of host–commensal interactions.
Until recently, it was thought that the majority of benefits provided by the
microflora were conferred because of the “bioactivity” of commensals. Two
well-known examples of this type of benefits are the roles of indigenous
symbionts in energy and nutrient utilization and in resistance to infection
by pathogens. In the former, bacterial enzymes, such as those that process
polysaccharides normally indigestible by host enzymatic machinery, allow
for emergent carbon sources. In the latter, the indigenous flora helps to pre-
vent infection by pathogens by production of antimicrobial compounds or
competing for niches necessary for infection.

In addition to these contributions to host biology, recent studies have
revealed that commensals and the host are engaged in a much more
intimate and complex interactions. Both in vitro and in vivo studies
using human intestinal epithelial cell lines have revealed a role of non-
pathogenic species of bacteria in the regulation of host cell signaling.
An unidentified factor produced by nonvirulent Salmonella strains was
shown to inhibit IκB degradation and NF-κB activation by blocking IκB
polyubiquitination (Neish et al. 2000). Recently, the nonpathogenic PhoPc

Salmonella mutant was demonstrated to increase nuclear localization of
β-catenin by inhibiting its ubiquitination and proteosomal degradation
(Sun et al. 2004, 2005). Kelly et al. have shown that the intestinal symbiont
Bacteroides thetaiotamicron may regulate the NF-κB pathway by mediating
nuclear export of RelA via a PPARγ-dependent mechanism (Kelly et al.
2004).

Elegant studies by Hooper et al. have characterized a system of bidirec-
tional communication between B. thetaiotamicron and intestinal epithelial
cells (Hooper et al. 1999). In this relationship, the bacteria upregulate the
expression of α1.2-fucosyltransferase in the host cell, which leads to the ap-
pearance of fucosylated glycans on the ileal epithelium. The bacteria utilize
the fucose residue as an energy source, and in addition fucose levels feed
into a regulatory operon in which high fucose levels repress the signal to the
epithelium stimulating fucosylated glycan synthesis.

Thus nonpathogenic bacteria and intestinal symbionts have the capacity
to interact with and modulate NF-κB and β-catenin signaling and metabolic
pathways in host cells. NF-κB plays a critical role the inflammatory response,
and β-catenin is an essential regulator of intestinal epithelial proliferation and
differentiation. Although the physiological role of commensal-mediated reg-



Role of the Innate Immune System and Host–Commensal Mutualism 5

ulation of this pathway is not known, it likely contributes to the maintenance
of intestinal tissue homeostasis.

Recent studies in mice have revealed that recognition of the indigenous
microflora by TLRs, best known for their role in host defense from infection,
may be responsible for mediating some of the benefits of colonization by the
indigenous microflora (Araki et al. 2005; Cario et al. 2004; Fukata et al. 2005;
Pull et al. 2005; Rakoff-Nahoum et al. 2004). TLRs recognize conserved molec-
ular products present on microorganisms. Ten to fifteen different TLRs have
been identified in mammals. A number of TLR ligands have been identified so
far, including TLR2 ligands lipotechoic acid (LTA) and bacterial lipoprotein
(BLP), TLR4 ligand LPS, TLR3 ligand double-stranded RNA, TLR5 ligand
flagellin and TLR9 ligand hypomethylated CpG DNA. TLRs signal through at
least four adaptor molecules, MyD88, TRIF, TIRAP, and TRAM. Downstream
signaling leads to the activation of NF-κB, IRFs, and MAP kinase pathways
(Takeda et al. 2003).

3
Host–Microbe Mutualism in Mammals: Benefits and Mechanisms

3.1
Metabolism and Energy Utilization

The metabolic activity of the indigenous gastrointestinal flora has been de-
scribed as equaling that of the liver (Berg 1996). Among many other abilities,
commensals produce short-chain fatty acids (SCFA), synthesize vitamin B12,
anddeconjugatebile acids.Compared to conventionally raisedanimals, germ-
free animals show defects in vitamin synthesis (including, biotin, folate, and
vitamins B and K), bile acid transformation, carbohydrate and fatty acid
digestion, synthesis of SCFA, xenobiotic transformation, and other signs of
metabolic deficiencies (Berg 1996; Midvedt 1999; Savage 1986). Many of these
benefits are indeed mediated by the novel enzymatic bioactivity of the indige-
nous flora. However, recent studies by Backhed et al. reveal that some of the
effects of intestinal symbionts on host metabolism may be due to regulation of
host metabolic enzymes (Backhed et al. 2004). Conventionalization of germ-
free mice led to adipogenesis and increased insulin resistance, revealing a role
of the microflora in positively regulating fat storage. Gene expression analysis
revealed that the microbiota suppressed the expression of fasting-induced
adipocyte factor (Fiaf) by intestinal epithelium, which was partly responsible
for this phenotype. It is not known how colonization leads to the modulation
of the expression of this factor by the intestinal epithelium.
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3.2
Organ Development

Many organs, including the heart, liver, spleen, and adrenal glands, are un-
dersized in germ-free rodents. Blood volume is decreased in these animals,
perhaps leading to the decreased cardiac output and peripheral blood flow ob-
served (Berg 1996; Savage 1977). Germ-free animals compared to those either
conventionally raised or colonized with known species of bacteria show many
differences in intestinal anatomy and morphology. Germ-free animals have
decreased intestinal mass and surface area, thinner villi, and decreased rates
of peristalsis. Intestines show compromised development of the vasculature
(Stappenbeck et al. 2002) and abnormalities in glycosylation patterns, mucin
production, and proliferation and differentiation of epithelial cells (Banasaz
et al. 2002; Gordon et al. 1997). It is not currently known how the commensal
microflora mediates these developmental changes.

3.3
Development of the Mucosal Immune System

The commensal microflora has a profound effect on the gut-associated lym-
phoid tissue (GALT). The GALT can be subdivided into three main sections,
lymphoid follicles such as Peyer’s patches, lamina propria (LP), and intraep-
ithelial (IE) compartments, all of which require the commensal microflora for
aspects of normal development (Jiang et al. 2004; Macpherson et al. 2001).

Compared to conventionalized or gnotobiotic animals, those raised under
germ-free conditions have smaller, underdeveloped Peyer’s patches, which
lack germinal centers. Perhaps one of the most striking effects of the com-
mensal microflora on the GALT is the expansion of IgA-secreting plasma cells
in the lamina propria and the increased secretion of intestinal IgA that may
contribute to the natural antibody pool (Jiang et al. 2004; Macpherson et al.
2001). In rabbits, commensal microflora induce the somatic diversification of
the primary antibody repertoire (Lanning and Knight 1998). The number of
total CD4+ T cells and the ontogeny of mucosa-associated invariant T cells
(MAIT) present in the lamina propria are commensal dependent (Treiner et al.
2003). Germ-free mice show a reduction in CD8α+ αβTCR+ T cell numbers
in the IEL (Umesaki et al. 1993) compartment, but no difference in CD8α+

γδTCR+ T cells (Bandeira et al. 1990).
Given their known role in the immune system, it would seem likely that

TLR signals induced by the commensal microflora may be important in the
development of the mucosa-associated lymphoid tissue of the intestine. How-
ever, in initial analyses of adult animals, mice deficient in MyD88, TLR2, or
TLR4 do not show gross abnormalities in the development of Peyer’s patches,
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differences in the morphology of small or large intestinal villi, or phenotype
of intraepithelial lymphocytes with regard to αβ vs. γδ TCR and CD4 vs. CD8α
surface expression (Iiyama et al. 2003).

However, on further analysis, significant differences were noted in the size
of Peyer’s patches at 2 weeks of age between TLR4−/−, but not TLR2−/−, and
WT mice (Iiyama et al. 2003), suggesting that TLR4-dependent signaling by
ligands present during this early postnatal stage may be important for Peyer’s
patch development but may be compensated for later by other mechanisms.

A more focused analysis of small intestinal intraepithelial lymphocytes
revealed decreased numbers of CD8αα TCRα+ IEL in various strains of mice
deficient in TLR4 signaling (Kaneko et al. 2004). Investigation into the mech-
anism causing this reduction of IEL subset revealed diminished IL-15 expres-
sion in isolated intestinal epithelium from TLR4-deficient mice. This suggests
that the mechanism of commensal-dependent development of certain subsets
of intraepithelial lymphocytes, whether of thymic (Eberl and Littman 2004)
or extrathymic (Lefrancois and Olson 1994; Rocha et al. 1994; Saito et al. 1998;
Umesaki et al. 1993) origin, may actually be due to constitutive signaling of
TLR4 in the intestine induced by the commensal microflora.

Thus in the mouse, TLR-mediated signals are important in various aspects
of the development of intestinal lymphoid tissue. It is unknown what role
commensal-TLR interactions play in GALT development in humans, given
the differential programs of GALT organogenesis between these two species
(McCracken and Lorenz 2001).

3.4
Regulation of Host Immune Responses

3.4.1
Positive Regulation

The commensal microflora plays an important role in the induction and
regulation of immune responses, both systemically and locally. Germ-free
animals show defective induction of peripheral delayed-type hypersensitivity
to sheep red blood cells (MacDonald and Carter 1979) and antibody responses
to haptenated antigens (Bos and Ploplis 1994; Ohwaki et al. 1977)). In vitro
studies of splenic and peritoneal macrophages from germ-free mice showed
decreased proliferation, MHC class II expression, and production of IL-1,
IL-6, and IL-12 (Nicaise et al. 1998, 1999). Peritoneal macrophages from germ-
free rats showed defects in chemotaxis (Jungi and McGregor 1978), whereas
those from bronchoalveolar lavage were found to have decreased lysosomal
enzyme activity (Starling and Balish 1981). Germ-free mice show decreased
lytic activity of natural killer cells (Bartizal et al. 1984). It is not known how
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the indigenous microflora mediates these functions; however, a role for TLRs
is likely given that such TLR signaling is known to activate many of these
events.

3.4.1.1
IgA Immune Responses

Association of germ-free animals with known species of commensal bacteria
leads to germinal center reactions in Peyer’s patches in which B cells become
committed to the production of IgA. Studies of the antigen specificity of the
IgA revealed that the commensal microflora may be inducing IgA specific to
commensal antigens (specific IgA) and also nonspecific IgA, termed “natural
IgA” (Bos et al. 2001; Macpherson and Uhr 2004). Analysis of the relative
proportions of commensal-specific and natural IgA of the monoassociated
germ-free mice demonstrated that the overwhelming majority of IgA was not
specific to the commensals. For example, colonization of germ-free mice with
SFB results in the production of IgA of which only 1% is antigen specific to
the commensal (Talham et al. 1999).

These findings suggest polyclonal activation of the natural B cell pool. TLR
ligands, including LPS, are well known to be polyclonal activators of B cells
(Andersson et al. 1972; Armerding and Katz 1974). It is thus very likely that
ligation of TLRs either directly on B cells or on accessory cells (such as DC)
in the intestine, may be responsible for the polyclonal expansion of B cells
and production of intestinal IgA on conventionalization of germ-free animals
(Fagarasan and Honjo 2003; Jiang et al. 2004). Although the functions of the
natural IgA induced nonspecifically by commensals remain unknown and
controversial, it is possible that these antibodies function similarly to natural
serum IgM [although these are not commensal dependent (Haury et al. 1997),
acting as an early defense system, before the induction of an antigen-specific
immune response (Baumgarth et al. 1999; Ochsenbein et al. 1999)]. Thus this
may be another example in which a commensal dependent benefit to host
biology may be mediated by TLR recognition of the indigenous microflora.

3.4.2
Negative Regulation

Commensal microbiota may also be involved in negative regulation of certain
types of immune responses. Germ-free animals have been shown to have
defects in inducing systemic tolerance to orally administered foreign antigens
(Wannemuehler et al. 1982) and in the regulation of atopic response in the
intestine (Sudo et al. 1997; Tanaka and Ishikawa 2004).
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3.4.2.1
Oral Tolerance

A role of TLRs in inducing systemic tolerance to oral antigens comes from two
lines of evidence. Unlike conventionally raised animals, germ-free BALB/c
mice given sheep RBC via gastric gavage were able to induce potent sys-
temic immune responses as determined by detection of high frequencies of
antigen-specific antibody (IgG, IgM, and IgA)-producing splenocytes on in-
traperitoneal immunization with antigen. When these germ-free mice were
given a single oral dose of LPS, they became hyporesponsive to systemic chal-
lenge (Michalek et al. 1982; Wannemuehler et al. 1982). The role of LPS in the
induction of oral tolerance was further suggested by similar studies in which
tolerance could not be induced in C3H/HeJ (LPS insensitive) compared with
C3H/HeN (LPS-sensitive) mice (Kiyono et al. 1982; Mowat et al. 1986). Both
the lack of oral tolerance in germ-free mice and the role of LPS in mediating
this tolerance were challenged by studies in germ-free and conventionalized
C3H/HeJ mice (Moreau and Corthier 1988) using OVA as fed antigen. How-
ever, these studies used a high dose of OVA, which is known to induce T cell
deletion rather than induction of regulatory T cells (Chen et al. 1995) and may
have been the mode of action in experiments using SRBC.

3.4.2.2
Regulation of Atopic Allergic Responses

The “hygiene hypothesis” suggests that the absence of microbial infection
may lead to the development of IgE-mediated atopic allergy by Th2-polarized
immune responses (Strachan 1989; Umetsu et al. 2002). It is hypothesized
that this may occur through the lack of microbial induced Th1 responses
and associated with increased Th2 responses, or by a defective generation
of immunoregulatory mediators such as regulatory T cells or interleukin-10
(Macpherson and Harris 2004). Evidence that the indigenous microflora may
play a role in regulating IgE responses comes from two lines of evidence:
studies in germ-free mice showing increased IgE response to antigen (Sudo
et al. 1997; Tanaka and Ishikawa 2004) and observations showing the relation-
ship between the composition of the intestinal microflora and the incidence of
atopic allergy in animal models and humans (Bjorksten et al. 2001; Kalliomaki
and Isolauri 2003; Kirjavainen et al. 2002).

A role for commensal-TLR interaction in the regulation of intestinal atopy
was first suggested by studies in which C3H/HeJ mice, compared to BALB/c,
showed severe anaphylaxis, antigen-specific IgE, and plasma histamine levels
on oral administration of both cow’s milk and peanut allergen (PNA) (Morafo
et al. 2003). Bashir et al. demonstrated that commensal-TLR signaling was
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responsible for inhibiting this IgE hyperresponsiveness (Bashir et al. 2004).
This was evidenced by increased levels of serum IgE in TLR4-deficient mice
compared to WT on oral administration of PNA. Antibiotic depletion of com-
mensals in WT mice phenocopied the high serum levels of IgE seen in TLR4−/−

mice and was reversed on feeding the mice with CpG oligonucleotides. Thus
it appeared that both TLR4 and TLR9 ligands on commensal microflora were
capable of inhibiting the IgE induced by oral allergen. In the intestine, im-
munostimulatory DNA from probiotic bacteria may act on TLR9 and mediate
anti-inflammatory effects in an animal model of colitis (Rachmilewitz et al.
2004). A recent report, however, questions the specificity of immunoregula-
tory DNA for TLR9, showing that germ-free mice fed nucleic acids devoid
of CpG motifs were able to skew intestinal immune responses to a Th1 bias
(Sudo et al. 2004).

3.5
Resistance to Infection with Pathogens

Studies in both germ-free animals and those depleted of commensals by
antibiotics have revealed a role of the indigenous microflora in provid-
ing colonization resistance, which helps to prevent infection of the host by
pathogenic microorganisms. In humans, a well-known phenomenon is the
diarrhea caused by Clostridium difficile overgrowth in the intestine follow-
ing the use of broad-spectrum antibiotics (Stoddart and Wilcox 2002). In
mice, oral administration of antibiotics leads to a decrease in the number
of pathogenic organisms, such as Vibrio and Shigella, required for effective
colonization (Freter 1955). Infection studies in germ-free mice have demon-
strated the beneficial role of the commensal microflora in protecting the host
from intestinal pathogens (Filho-Lima et al. 2000; Hudault et al. 2001)

Passive mechanisms may be particularly operative in colonization resis-
tance to infection by intestinal pathogens. Proposed passive mechanisms of
such protection include (a) niche competition, both for nutrients and ep-
ithelial attachment sites, (b) production of antimicrobial compounds, such
as colicins and microcins, and (c) production of metabolites that may be
unfavorable to the growth of intestinal pathogens.

However, recent studies have suggested that the intestinal microflora may
stimulate host cells in the intestine to produce antimicrobial factors, and this
may be one of the ways in which the flora mediates colonization resistance.
Paneth cells located at the base of small intestinal crypts, below the stem cell
zone (Brittan and Wright 2002; Marshman et al. 2002), may play an impor-
tant role in maintaining a sterile environment so as to protect the stem cell
niche. These cells contain apically oriented intracellular granules containing
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numerous factors with known antimicrobial effects such as phospholipase2,
lysozyme, α-defensin, and angiogenin 4 (Ouellette 1999). Comparisons of
genes induced in the ileum on conventionalization or monospecific associ-
ation of B. thetaiotamicron with germ-free mice identified upregulation of
a family of antimicrobial proteins known as angiogenins (Hooper et al. 2001,
2003). In particular, angiogenin 4 (which was specifically expressed in Paneth
cells on colonization of germ-free mice) was shown to have potent microbi-
cidal activity against the bacterial intestinal pathogens, Enterococcus faecalis
and Listeria monocytogenes. Interestingly this protein had very limited ability
to kill B. theatiotamicron itself.

How does the intestinal flora or a symbiont such as B. thetaiotamicron in-
duce the production or secretion of antimicrobial factors? Studies performed
on isolated intestinal crypts have suggested a role of TLR ligation on Paneth
cells in inducing degranulation. Contact with bacteria, both live and dead,
has been shown to induce degranulation of Paneth cells (Ayabe et al. 2000).
A role for TLRs and NOD proteins in inducing Paneth cell degranulation was
suggested by studies showing that degranulation can be induced in isolated
small intestinal crypts by various TLR and NOD ligands, such as LPS, LTA,
lipid A, and muramyl dipeptide (MDP) (Ayabe et al. 2000). The degranula-
tion results in a release of lysozyme, angiogenin 4 (Hooper et al. 2003) and
α-defensins (Ayabe et al. 2000). In addition, intraperitoneal injection of CpG
oligonucleotides was shown to result in Paneth cell degranulation and in-
creased expression of cryptdin-1 in isolated intestinal crypts. Consistent with
these findings, TLR9 was found to be expressed in Paneth cells of both murine
and human small intestine, located mainly at intracellular granules (Rumio
et al. 2004).

3.6
Maintenance of Tissue Homeostasis and Repair

The indigenous microflora may be important in maintaining barrier function,
epithelial integrity, and wound healing in many organs. Germ-free mice have
been shown to be extremely susceptible to nonspecific intestinal epithelial
injury (Kitajima et al. 2001; Pull et al. 2005). Ex vivo studies of rat bowel
loops revealed that some commensal bacteria (such as Lactobacillus brevis),
but not others (Bacteriodes fragilis, Escherichia coli), may maintain epithelial
integrity (Garcia-Lafuente et al. 2001). The commensal microflora may also
play a role in the maintenance of liver homeostasis after injury (Cornell et al.
1990). In various models, germ-free animals show defective healing after
intestinal resection (Okada et al. 1999), skin incision (Okada 1994), tooth
extraction (Rovin et al. 1966), and tongue injury (Rovin et al. 1965).



12 S. Rakoff-Nahoum · R. Medzhitov

The ability of the indigenous flora to produce (SCFA, which are known to
affect various aspects of intestinal epithelial cell biology, perhaps by acting
as an inhibitor of histone deacetylase, may be one way in which microbial
symbionts confer this benefit to the host (Blottiere et al. 2003; Sanderson
2004).

A new role for beneficial commensal-TLR interactions in protecting the
large intestine from injury has recently been suggested (Araki et al. 2005;
Cario et al. 2004; Fukata et al. 2005; Pull et al. 2005; Rakoff-Nahoum et al.
2004). Animals deficient in MyD88, TLR2, and TLR4 showed severe mortality,
weight loss, and intestinal bleeding and epithelial cell injury (Rakoff-Nahoum
et al. 2004). WT mice were rendered susceptible to the epithelial injurious
agent DSS when depleted of all culturable commensals by treatment with
broad-spectrum antibiotics. The susceptibility of commensal-depleted ani-
mals was completely reversed by oral pretreatment with either LPS or LTA
(Rakoff-Nahoum et al. 2004). Additional studies in MyD88−/− mice revealed
an inability to regenerate colonic epithelial cells after whole body irradia-
tion (Rakoff-Nahoum et al. 2004) and DSS administration (Pull et al. 2005).
Together, these studies demonstrated that activation of TLRs by commensal-
derived products is essential for protecting the intestinal epithelium from
injury and for the induction of tissue repair responses. In vitro studies have
recently demonstrated that TLR2 signaling in intestinal epithelium may aid in
maintaining epithelial barrier function by increasing tight junction formation
(Cario et al. 2004).

A LPS-unresponsive mouse strain (C3H/HeJ) was found to have a de-
fect in hepatocyte proliferation after partial resection compared with LPS-
responsiveC3H/HeNmice (Cornell et al. 1990).Acritical roleofTLRs in repair
of the liver after injury was further demonstrated in studies using MyD88−/−

mice (Seki et al. 2005). As the portal vein contains commensal-derived TLR
ligands, such as LPS, this protective effect is likely mediated by commensal
product-TLR interactions in the liver.

A series of experiments performed in rats suggested that microflora of the
skin may aid in skin wound healing. In experiments originally performed
to study the effects of heating scalpels on wounds, the authors revealed
a surprising role for Staphylococcus aureus in accelerating the healing of
epidermal-dermal incisions (Levenson et al. 1983). Further investigation into
this phenomenon revealed that this benefit was mediated by S. aureus cell wall
and specifically by its peptidoglycan (Kilcullen et al. 1998). Thus although in
many circumstances, such as in deep tissue wounds, the microflora of the
skin may cause infection, pattern recognition of the commensal bacteria of
the skin may be important in skin tissue regeneration and repair.



Role of the Innate Immune System and Host–Commensal Mutualism 13

4
Innate Immune Recognition of Commensals
in Symbiosis in Other Organisms

Recent investigations in squid and zebra fish indicate that signaling via TLRs
(or other pattern recognition receptors) may be involved in mediating host–
microbe mutualism in animals other than mammals. Studies in the symbiosis
between thebacteriaVibriofisheri and theHawaiian sepiolid squid,Euprymna
scolopes have revealed that LPS, peptidoglycan, and tracheal cytotoxin may
be responsible for various aspects of light organ development (Foster et al.
2000; Koropatnick et al. 2004; Nyholm et al. 2002). The microbial flora of
the zebra fish digestive tract was found to induce a widespread host gene
expressionprogram(Rawlset al. 2004).Fifty-nineof the212genesupregulated
on microbial colonization of zebra fish were shared with those induced on
introduction of commensals to mice, revealing an evolutionarily conserved
response to the intestinal microflora. These include genes involved in many
biological processes such as epithelial proliferation, nutrient metabolism,
and innate immunity. It is not known whether TLRs are responsible for the
recognition of symbionts or symbiont-derived products in either squid or
zebra fish. Homologs of TLR and TLR signaling intermediates have recently
been identified in zebra fish (Jault et al. 2004; Meijer et al. 2004). One report
has shown that LPS may decrease glutathione-S-transferase activity in these
fish, decreasing the detoxification of cyanobacteria-derived toxins (Best et al.
2002); however, the role that this activity and LPS-zebra fish interactions may
have on other aspects of zebra fish biology is unknown.

5
Conclusions and Perspectives

Complex metazoans coexist with different types of microorganisms rang-
ing from overt pathogens to beneficial symbionts. This co-existence requires
that the host (a) be able to mount protective immune responses to potential
pathogens, (b) allow for the mutualist microbes to confer benefit to host bi-
ology, (c) prevent constitutive immune responses to the indigenous microbes
that would cause immune-mediated pathology, and (d) prevent opportunistic
infections caused by endogenous pathogens (components of the indigenous
microflora).

A predominant theory has been that anatomic compartmentalization ful-
fills these four conditions. According to this hypothesis, symbionts are con-
fined to living outside of the host by a physical barrier. This barrier simultane-
ously prevents both recognition by the host immune system and consequent
immunopathology and also opportunistic infection by the indigenous flora.
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On infection with a pathogen, virulence factors enable the pathogen to tra-
verse this barrier. It is thought that this desequestration allows for recognition
of the microbe by the host immune system and the induction of host defense
responses.

However, as discussed in this review, many of the benefits conferred by
the indigenous microflora do not simply occur by passive means and indeed
could not occur if there was strict compartmentalization between the host
and their symbionts. In many instances, activation of host cell signaling is
required. Furthermore, we have highlighted evidence to suggest that many of
the benefits conferred by symbiotic microorganisms occur through recogni-
tion of commensals by the TLRs. It is this same family of receptors that are
known to be responsible for orchestrating host defense responses to microbial
pathogens. Thus it appears that TLRs do not distinguish between pathogenic
and nonpathogenic microbes on the basis of their ligand specificity.

A future challenge will be to determine how the four conditions of host–
microbe interactions outlined above may be fulfilled given that recognition of
microbes by TLR is involved both in protection from microbial pathogens and
in mediating the benefits of colonization with symbiotic bacteria. It appears
that active regulatory mechanisms, in addition to physical barriers such as
anti-inflammatory cytokines, may be instrumental in setting a threshold of
the immune response of host organisms to their indigenous flora. How these
factors modulate TLR signaling and allow for the induction of both TLR-
mediated host defense to pathogens and homeostatic interactions with the
flora, while simultaneously preventing commensal-induced immunopathol-
ogy, is unknown.

TLRs are thought to have evolved to protect the host from microbial
pathogens. However, as illustrated by many examples discussed in this review,
TLR-mediated recognition of commensals is also highly beneficial to the host.
Therefore, both TLR-mediated recognition of pathogens and TLR-mediated
recognition of commensals have their own benefits that would provide selec-
tive advantage to the host. This implies that either one of the two functions of
TLRs could have evolved on its own right. Thus the question arises as to which
of the two functions has been the primary driving force in the evolution of the
TLR family and which was the secondary adaptation. As discussed at the be-
ginning of this text, the distinctions between commensals and pathogens are
not absolute and static, but rather relative and dynamic. It is likely, therefore,
that TLRs have evolved to detect microorganisms and to induce responses
ranging from inflammatory and antimicrobial to tissue protective and repar-
ative. Which type of response would dominate in any particular situation is
likely determined by multiple variables, including microbial strategy of host
colonization.
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Abstract During evolution, the development of secondary lymphoid organs has
evolved as a strategy to promote adaptive immune responses at sites of antigen
sequestration. Mesenteric lymph nodes (LNs) and Peyer’s patches (PPs) are localized
in proximity to mucosal surfaces, and their development is coordinated by a series
of temporally and spatially regulated molecular events involving the collaboration
between hematopoietic, mesenchymal, and, for PPs, epithelial cells. Transcriptional
control of cellular differentiation, production of cytokines as well as adhesion
molecules are mandatory for organogenesis, recruitment of mature leukocytes, and
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lymphoid tissue organization. Similar to fetal and neonatal organogenesis, lymphoid
tissue neoformation can occur in adult individuals at sites of chronic stimulation
via cytokines and TNF-family member molecules. These molecules represent new
therapeutic targets to manipulate the microenvironment during autoimmune diseases.

Abbreviations
Ag Antigen
BM Bone marrow
CP Cryptopatch
DC Dendritic cell
GC Germinal center
FDC Follicular dendritic cell
GALT Gut-associated lymphoid tissue
HEV High endothelial venule
ICAM-1 Intercellular adhesion molecule 1
IEL Intraepithelial lymphocytes
Ig Immunoglobulin
IKK Inhibitor of κB kinase
ILF Isolated lymphoid follicle
IL Interleukin
LN Lymph node
LT Lymphotoxin
mAb Monoclonal antibody
MAdCAM-1 Mucosal addressin cellular adhesion molecule 1
NALT Nasopharynx-associated lymphoid tissue
NF-κB Nuclear factor-κB
NIK Nuclear factor-κB-inducing kinase
NK Natural killer cell
PNAd Peripheral node addressin
PP Peyer’s patch
RORγ Retinoic acid-related orphan receptor γ
TNF Tumor necrosis factor
TRAF6 TNF receptor-associated factor 6
TRANCE Tumor necrosis factor-related activation-induced cytokine
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor
WT Wild type

1
Evolution of Gut-Associated Lymphoid Tissue

1.1
Phylogenetic Development of Lymphoid Compartments

With the development of adaptive immunity, the requirement of specialized
organs for antigen (Ag) presentation, clonal expansion of T and B lympho-
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cytes, and affinity maturation of B lymphocytes has evolved. Such secondary
(immune response-generating) lymphoid organs have B and T cell compart-
ments and are found in all jawed vertebrates. The capacity to form germinal
centers (GCs) after immunization and hence, efficient production of high-
affinity antibodies (Abs) is a major advantage of secondary lymphoid organs,
which are found in endotherms such as aves and mammalians. In this review,
we summarize current knowledge on the development of organized GALT
such as PPs and isolated lymphoid follicles (ILFs), as well as the organogene-
sis of mesenteric lymph nodes (LNs).

Already inAgnatha (e.g., jawlessfish), primitive lymphoid tissue composed
of accumulating lymphocytes and plasma cells is found in the intestinal lam-
ina propria (Good et al. 1966). On close examination, Agnatha do not possess
true secondary lymphoid organs but rather develop structures resembling
phylogenetic precursors of bone marrow (BM) and thymus (Zapata et al.
1995). Spleen and gut-associated lymphoid tissue (GALT) are the major sec-
ondary lymphoid organs whose presence can be traced throughout vertebrate
phylogeny. In vertebrates, these organs can possess both hematopoietic and
immune response function. The oldest vertebrate group having secondary
lymphoid organs is cartilaginous fish (e.g., shark). Sharks develop a GALT
and a spleen, which is divided into two distinct areas, the white pulp and the
red pulp. Secondary lymphoid organs in sharks are not as organized as in
mammals (Flajnik et al. 2003). After immunization, lymphocyte accumula-
tion can occur resembling GCs. Affinity maturation and Ag-driven hypermu-
tation of immunoglobulins (Ig) are detectable in cartilaginous fish (Dooley
and Flajnik 2005). B cells producing pentameric IgM Abs in sharks may re-
flect an equivalent to B1/marginal zone B cells in mammals, because they
are strongly induced on stimulation with T-independent Ags (Shankey and
Clem 1980). Considering that cartilaginous fish are the most ancient verte-
brates possessing secondary lymphoid organs, the recently reported presence
of memory B cell responses in sharks underlines the importance of these
organs in adaptive immunity (Dooley and Flajnik 2005). Higher amphibians
can display a spleen, GALT, and lymphomyeloid nodes in the neck and up-
per thoracic region, providing sites of lymphoid cell accumulation and Ag
trapping. These structures are clearly different from LNs but may represent
phylogenetic precursor structures. Primitive lymphoid organs in amphibians
lack GCs (Manning and Horton 1982).

LN development occurs far later in evolution than GALT formation, sug-
gesting a necessity of additional lymphoid compartments in higher developed
organisms(Table1).Anadditional explanationmaybe that the innate immune
system is sufficient to mount a protective host defense in earlier vertebrates.
Lymphoid follicles found in reptiles are histologically very different from
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Table 1 Phylogenesis of GALT and LN development

GALT LN T/B zone GC

Agnatha − No No No

Cartilaginous fish
(shark)

+ No Not before
5 months old

Primitive cell cluster

Bony fish
(carp)

+ No Poorly developed Primitive cell cluster

Amphibians
(Xenopus)

+ No No Primitive cell cluster

Reptiles
(python)

+ (+) No FDC-like cells

Aves
(chicken)

+ Bursa + + +

Mammalia
(mouse)

+ + + +

mammalian LNs and appear to filter blood and lymph. Accumulation of T
and B cells in the spleen of reptiles and aves is heterogeneous, and full segre-
gation into T and B cell zones is only found in mammals. Although cell clusters
resembling GCs were already found in cartilaginous fish, and follicular den-
dritic cell (FDC)-type resembling cells were described in reptiles, clear GCs
containing FDCs were only found in aves and mammals. In mammals, unlike
primary hematopoietic organs such as BM and thymus, secondary lymphoid
organs are the major sites of immune responses. Altogether, an increasing ar-
chitectural complexity and specification occurs in lymphoid tissue of higher
vertebrates, with LNs occurring only in endothermic vertebrates such as aves
and mammals (Zapata and Amemiya 2000).

Adaptive immune responses are only generated if diverse subpopulations
of leukocytes are recruited to sites of Ag sequestration. Migration is coordi-
nated by chemokines, a superfamily of specialized cytokines, which directly
trigger chemokine receptors expressed by various leukocytes. In vertebrates,
the most conserved chemokine receptor is CXCR4, which is even found in
Agnatha (Huising et al. 2003; Kuroda et al. 2003). Characterization of mice
deficient for CXCR4 or the corresponding chemokine CXCL12 (SDF-1) have
revealed that this chemokine receptor-ligand pair is mandatory for organo-
genesis and fetal hematopoiesis (Nagasawa et al. 1996; Tachibana et al. 1998).
CXCR4 is involved in regulating the migration of fetal hematopoietic pro-
genitor cells to primary lymphoid organs (Wright et al. 2002). Analysis of
homologous sequences in other species have demonstrated that CXCR4 is
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the earliest known chemokine receptor found in vertebrates having similar
functions to the homolog in mammals (Braun et al. 2002; Liang et al. 2001).
Genomic analysis revealed that numerous chemokine/chemokine receptor
sequences are found in early vertebrates. However, studies on the significance
and function of these chemokines are still lacking, mostly because of the lack
of the appropriate specific detection reagents.

1.2
Inductive Sites for Mucosal Immune Responses

1.2.1
Peyer’s Patches

The GALT is composed of first, lymphoid organs representing inductive sites
for IgA-mediated B cell and for T cell responses and second, the intraepithe-
lial and lamina propria region reflecting effector sites of mucosal immune
responses. The intestinal lymphoid organs are not connected to afferent
lymphatics but instead locate below a characteristic epithelium, the follicle-
associated epithelium (FAE), harboring “microfold” M cells that can transport
luminal Ags to lymphoid follicles. The specification of M-cell-containing FAE
is regulated via lymphoepithelial cell interactions (El Bahi et al. 2002; Kerneis
et al. 1997; Rumbo et al. 2004). Organized GALT are the sites where both
IgA+-commited B cells and memory IgA+ B cells are generated (Brandtzaeg
et al. 2001; Csencsits et al. 1999; Shikina et al. 2004; Wu et al. 1997a).

The most prominent follicles in the intestinal mucosa are PPs located on
the antimesenteric wall of the small intestine (Fig. 1A, B). Dependent on
the species, their development is completed prenatally or postnatally (Azzali
2003; Makala et al. 2002). In humans, PPs occur more frequently in the ileum
than in the jejunum (Makala et al. 2002). The number and size of PPs increase
from birth to adolescence, reach a maximum at puberty, persist at particular
places of the small intestine, and decrease in size on further aging (Cornes
1965). Although microbial content of the gut may influence the size of PPs,
their numbers and positions remain constant. The molecular mechanism of
PP formation during ontogeny is discussed in Sect. 2.3. Like other secondary
lymphoid organs, the PP microarchitecture is organized in B cell follicles
and interfollicular T cell zones (Fig. 2). Similar to LNs, the B cell follicles
contain FDCs and small numbers of follicular CD4+ T cells. The interfollic-
ular T zone contains T lymphocytes, CD11c+CD11b−CD8α+ dendritic cells
(DCs), macrophages and high endothelial venules (HEVs). Circulating lym-
phocytes enter mucosal lymphoid tissue via HEVs, which consist of cuboidal
endothelial cells and express the mucosal addressin cell adhesion molecule 1
(MAdCAM-1). Both α4β7 integrin and L-selectin expressed by lymphocytes
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Fig. 1A–D Organized GALT in adult mice. PPs in the small intestine (A) and
hematoxylin-eosin (HE) staining of frozen sections of PPs in small intestine (B).
ILF (C) and CP (D) localized in the small intestine

can bind to MAdCAM-1 and allow migration to the GALT. The subepithe-
lial CD11c+CD11b+CD8α− DCs are localized in close contact to M cells to
uptake and process Ags (Iwasaki and Kelsall 2000). Moreover, the intestinal
epithelium contains intraepithelial CD11c+CD11b−CD8α− DCs, which can
uptake luminal Ags through direct sampling from the lumen (Niess et al. 2005;
Rescigno et al. 2001). The lymphatic vessels emerge from lymphoid sinuses
draining the serosa and transporting Ags and Ag-loaded DCs via efferent lym-
phatics to the mesenteric LNs. After Ag exposure, mucosal lymphocytes leave
the inductive site and home to mucosal effector sites. PP DCs play a critical
role in priming T cells to home back to the intestine (Mora et al. 2003).
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Fig. 2 Schema of the PP and its functional compartments. Below an M-cell-containing
FAE, B cell follicles harboring FDCs and T cell zones are localized. DC subsets are found
in the epithelium, in the subepithelial region below the FAE and in the T cell zones

1.2.2
Alternative Sites for Immune Responses

Consistent with an essential role of secondary lymphoid organs in adaptive
immune responses, splenectomized mice lacking LNs and PPs because of
a mutation in the aly/aly allele have a severe defect in primary immune re-
sponses to a variety of microorganisms (Karrer et al. 1997; Miyawaki et al.
1994), Ags (Rennert et al. 2001), and allografts (Lakkis et al. 2000). When
mucosal LNs are removed in normal mice, the spleen can partially replace
the function of the LNs, indicating that compartments of primary immune
responses are highly dynamic. Similarly, the BM can compensate for the lack
of LNs and generate primary immune responses to blood-borne Ags (Feuerer
et al. 2003; Tripp et al. 1997). In PP-deficient animals, mucosal immune re-
sponses and oral tolerance are still observed, leading to the concept that
mesenteric LNs may serve as an alternative site for the induction of immune
responses (Spahn et al. 2001; Yamamoto et al. 2000). In addition, inducible
lymphoid tissues exist that can replace conventional secondary lymphoid
organs during adaptive immune responses. For example, in lymphotoxin
(LT) α-deficient mice lacking most LNs, protective immune responses to in-
fluenza virus followed by viral clearance result from the formation of induced
bronchus-associated lymphoid tissue (iBALT) (Moyron-Quiroz et al. 2004).
Perivascular accumulation of leukocytes may be an additional inducible com-
partment in the lung found during immune responses not only in normal
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mice but also in aly/aly mice lacking LNs and PPs (Pabst and Tschernig 2002;
Yasumizu et al. 2000). In the small intestine, multiple isolated lymphoid folli-
cles (ILFs) are localized below an M cell-containing FAE (Hamada et al. 2002;
Lorenz et al. 2003) (Fig. 1C) (see also Sect. 2.4). There is strong evidence that
ILFs are inducible lymphoid organs that can become enlarged on Ag exposure
(Lorenz et al. 2003). Studies on Ag exposure in PP-deficient mice suggest that
protective IgA B cell responses are generated in ILFs, but ILFs cannot fully
compensate for the lack of PPs (Yamamoto et al. 2004).

Other lymphoid aggregates have been described in the intestinal wall of
rodents called cryptopatches (CPs) (Kanamori et al. 1996) (Fig. 1D). CPs were
shown to harbor lineage-negative lymphoid cells expressing c-kit (CD117),
the receptor for stem cell factor (SCF) but have otherwise striking similarities
to ILFs (Pabst et al. 2004, 2005). The earlier hypothesis that CPs represent the
sites of extrathymic T cell development and of generation of intraepithelial
T cells (IEL) was recently challenged by several studies demonstrating that
IEL were thymus derived (Eberl and Littman 2004; Guy-Grand et al. 2003;
Pabst et al. 2005). In contrast to mice, CPs are not found in humans, whereas
ILFs and lymphocyte aggregates within the muscularis mucosa have been
described (Brandtzaeg and Pabst 2004).

An additional component of the gut immune system are colonic lymphoid
patches and ILFs in the large intestine (Kweon et al. 2005; Owen et al. 1991).
The cellular architecture of these organs seems to be similar to that of PPs
and ILFs of the small intestine (Kweon et al. 2005). In colitis models, the
generation and hypertrophy of colonic lymphoid patches has been described,
indicating a role in adaptive immune responses (Dohi et al. 1999; Spahn et al.
2002).

GALT architecture is not fully developed at birth and needs further matu-
ration to become a specific niche for a functional mucosal adaptive immune
system. In mesenteric LNs, the formation of cortex and medulla as well as
segregation into B and T cell compartments develop during the first week
after birth (Cupedo et al. 2004a). GCs as well as FDC networks are not fully es-
tablished before 1–2 weeks after birth (Balogh et al. 2002; Pihlgren et al. 2003).

2
Control of Gut-Associated Fetal Lympho-Organogenesis

2.1
Mesenteric LN Formation: From Vasculature to Lymph Sacs

Although mesenteric LNs do not belong to GALT, they represent inductive
sites for immune responses to mucosal Ags. The earliest morphologically
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detectable signs of LN anlagen are groups of capillaries forming the lymph
sacs at specific embryonic locations (Lewis 1905; Sabin 1909). The nature
of signals that leads to the typical localization of LNs at sites of vascular
junctions remains to be defined. One basic concept is that lymphatic vessels
are derived from primitive veins. In mice, the first sign of a lymphatic com-
petency is the expression of the endothelial hyaluronan receptor 1 LYVE-1
by a few endothelial cells at E9–9.5 (Oliver 2004). The polarized expression of
the homeobox gene Prox 1 in the cardinal vein indicates lymphatic cell-type
specification (Wigle et al. 2002; Wigle and Oliver 1999) and conveys endothe-
lial budding from fetal veins by E10.5 leading to sprouting of endothelial
cells and formation of lymph sacs. Prox 1 appears to be required to program
a population of endothelial progenitor cells into lymphatic endothelial cells.
Interleukin (IL)-3 has been recently identified as a soluble factor able to
induce the expression of Prox-1 and podoplanin, an additional lymphatic
endothelial marker, in human endothelial cells (Groger et al. 2004). Lymph
sacs do not develop until elevated levels of vascular endothelial growth factor
C (VEGF-C) expression are found in surrounding mesenchymal cells. The
corresponding receptor VEGFR3, also known as Fms-like tyrosine kinase
4 (Flt4), is widely expressed on endothelial cells but becomes restricted
to the lymphatic endothelium during late development (Kaipainen et al.
1995). The lymphatic specification is accompanied by repression of genes
that have been associated with the blood vascular endothelial phenotype
(Hong et al. 2002). The separation of lymphatic vessels from the parental vein
requires expression of two signaling molecules: SLP-76 and Syk (Abtahian
et al. 2003). These proteins are expressed by circulating hematopoietic cells.
Mice that have a deletion of these genes have abnormal blood-lymphatic
fusions, resulting in hemorrhage and arteriovenous shunting. The exact
mechanism of how BM-derived cells contribute to the separation of the two
vascular systems remains unknown. The final patterning and maturation
of lymphatic endothelial cells requires the expression of angiopoietin-2,
neuropilin-2, podoplanin, and secondary lymphoid chemokine (SLC), also
known as CCL21 (Breiteneder-Geleff et al. 1999; Gale et al. 2002; Gunn et al.
1998; Kriehuber et al. 2001; Schacht et al. 2003; Yuan et al. 2002). By E15.5, the
formation of the lymphatic vascular network is complete. Lymphoid organ
anlagen form as a result of invagination of mesenchymal stroma into develop-
ing lymph sacs. The lymphoid stroma contains reticular cells, fibroblasts, and
endothelial cells. Finally, fetal hematopoietic cells colonize the developing LN
anlage, inducing further stromal cell differentiation and tissue maturation.
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2.2
Lymphoid Tissue Inducer Cells

CD45+CD4+CD3- cells are among the earliest hematopoietic cells colonizing
the fetal (E13.5) LN anlagen, spleen, stomach, and intestine (Adachi et al.
1997; Mebius et al. 1997; Yoshida et al. 1999). Apart from CD4, these cells
are negative for lymphoid, myeloid, or erythroid lineage markers. They can

Fig. 3 Schema of the molecular crosstalk between hematopoietic inducer and mes-
enchymal organizer cells. Inducer cells express LTα1β2, IL-7R, TRANCER, and
TRANCE. In addition, integrins (α4β1, α4β7) and chemokine receptors (e.g., CXCR4,
CXCR5, CCR7) are found on the surface of inducer cells. The IL-7R or TRANCER
signaling pathway can trigger LT expression by the inducer cells. The organizer cells
produce the corresponding receptors and ligands, respectively. They express LTβR,
TRANCE, and IL-7 and produce adhesion molecules (VCAM-1, ICAM-1, MAdCAM-1)
as well as chemokines (CXCL12, CXCL13, CCL21). Signaling via the classic NF-κB1
and NF-κB2 pathway induces gene expression of adhesion molecules and chemokines
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be generated from a fetal liver cell subset expressing IL-7 receptor α (IL-
7Rα, CD127) and α4β7 integrin (Mebius et al. 2001; Yoshida et al. 2001).
IL-7Rα+ progenitor cells colonize peripheral sites before they start to express
CD4, as both IL-7Rα+CD4+ and IL-7Rα+CD4− cells are found in developing
lymphoid organs (Yoshida et al. 1999). We and others have shown that fetal or
neonatal CD45+CD4+CD3- cells adoptively transferred into PP-deficient mice
are able to restore PP and nasopharynx-associated lymphoid tissue (NALT)
development (Finke et al. 2002; Fukuyama et al. 2002). Moreover, in mice,
which are unable to generate these cells during development, PPs, LNs, and
NALT are not formed (Eberl et al. 2004; Sun et al. 2000; Yokota et al. 1999)
(see also Sect. 3.2). The normal splenic architecture in these mutant mice
demonstrates that lymphoid tissue inducer cells arenot involved in splenicT/B
segregation or marginal zone development. Nishikawa and colleagues have
termed CD45+CD4+CD3- cells inducer cells collaborating with mesenchymal
organizer cells in LN and PP development (Nishikawa et al. 2003) (Fig. 3).
Inducer cells express α4β1 and α4β7 integrin but are negative for L-selectin
(Finke et al. 2002; Mebius et al. 1998). The firm adhesion of inducer and
organizer cells needs the activation of α4β1 integrin expressed by the inducer
cells via an“inside-out” signal (Finkeet al. 2002). Inducer cells expressLTα1β2,
tumor necrosis factor (TNF)-related activation-induced cytokine receptor
(TRANCER, RANK, OPG, TNFRSF11A), TRANCE (RANKL), IL-7Rα, and
various chemokine receptors (e.g. CXCR4, CXCR5, and CCR7) (for review, see
Finke 2005). LTαβ expression by the inducer cells is critical for the formation
of clusters of both CD45+CD4+CD3− inducer and VCAM-1+ organizer cells
(see also Sect. 4.1). The engagement of IL-7R or, alternatively, TRANCER
plays an important role in lymphoid organ development, as both signaling
pathways stimulate the production of membrane LTα1β2 by the inducer cells.

2.3
PP Anlage Formation and Mesenchymal Cell Differentiation

Visceral mesoderm in vertebrates differentiates into a complex array of cell
types, including the smooth muscle layers of the intestine, endothelial cells,
and stromal cells. VCAM-1+ MAdCAM-1+ ICAM-1+ stromal cells found in
PPs and LNs were termed organizer cells because of their capacity to establish
lymphoid tissue compartments and to induce the recruitment of mature lym-
phocytes via chemokines (Adachi et al. 1997; Nishikawa et al. 2003; Yoshida
et al. 1999). The organizer cells express mesenchymal marker such as PDGFRα
and PDGFRβ (Hong et al. 2002). Dependent on the expression levels of ad-
hesion molecules, two different types of mesenchymal cells were described
in mesenteric or peripheral LNs of newborn mice (Cupedo et al. 2004b).
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The two populations express different levels of the homeostatic chemokines
CXCL13, CCL19, and CCL21, suggesting that they may differ in the capac-
ity to recruit mature lymphocytes. The initial mesenchymal specification
of organizer cells in developing mesenteric LNs and PPs is independent of
LTαβ, as single VCAM-1+ organizer cells are found in the fetal gut of LTα-
deficient mice (Finke et al. 2002). PP organogenesis proceeds through distinct
steps that have been identified histologically. The earliest sign of PP anlage
formation are clusters of VCAM-1+ LTβ-R+ mesenchymal cells forming at
day 15 of gestation, which appear from the cranial to caudal axis of the
small intestine (Adachi et al. 1997). The clustering of mesenchymal cells re-
quires cell-to-cell contact with fetal hematopoietic cells expressing LTα1β2.
Hashi and colleagues could show that cluster formation is detectable even
in scid/scid mice, indicating that this process proceeds independently of ma-
ture lymphocytes (Hashi et al. 2001). Ligation of LTβR on the stromal cells
leads to activation of two nuclear factor-κB (NF-κB) signaling pathways fol-
lowed by production of homeostatic chemokines (CXCL12, CXCL13, CCL19,
CCL21), proinflammatory chemokines (CCL4, CCL5, CXCL9, CXCL10), adhe-
sion molecules (VCAM-1, MAdCAM-1, ICAM-1, PNAd), IL-7, and TRANCE
(Dejardin et al. 2002; Drayton et al. 2003; Ngo et al. 1999; Nishikawa et al.
2000). Similarly, the FAE starts to become specified, to express CCL20 in
a LTα1β2-dependent manner (Rumbo et al. 2004) and to recruit cells express-
ing the corresponding receptor CCR6 such as subepithelial DCs and diverse
subsets of memory T cells (Cook et al. 2000; Ebert and McColl 2002; Liao et al.
1999). In addition to CCL20, CCL9 is specifically expressed by the FAE but not
by the villus enterocytes (Zhao et al. 2003). Mice lacking CCL9 have a severe
reduction of CD11b+ DCs in the subepithelial dome indicating an important
role of CCL9 for recruitment of DCs. HEVs forming in the developing PP
express MAdCAM-1 and PNAd (Hashi et al. 2001). MAdCAM-1 is the ligand
for α4β7 integrin and leukocyte homing receptor L-selectin and is known
to function predominantly in the mucosa (Butcher and Picker 1996), but is
also transiently expressed in developing peripheral LNs (Mebius et al. 1996).
Mature lymphocytes enter the developing PPs via HEV around E18.5. B220+ B
cells and CD3+ T cells are diffusely distributed before compartmentalization
into B and T cell zones occurs during the first week after birth.

By comparing PP development with formation of other organs, it is likely
that morphogens and growth factors are mandatory for the initial differ-
entiation of the mesenchymal cells. During ontogeny, gut morphogenesis
occurs through epithelial-mesenchymal cell interactions and is controlled
by signaling pathways involving the fibroblast growth factor (FGF), Wnt,
bone morphogenetic protein (BMP)/transforming growth factor (TGF-β),
Sonic Hedgehog (Shh), and Notch ligands (Finke and Kraehenbuhl 2001).
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These morphogens are developmental regulators providing positional infor-
mation and organizing pattern formation (Christian 2000). Foxl1, a member
of the winged helix/forkhead family of DNA binding proteins, is expressed
by mesenchymal cells of the developing gut and is required for the control of
gastrointestinal proliferation and differentiation (Kaestner et al. 1997). Im-
portantly, in Foxl1−/− mice, a delay in fetal PP development was reported that
was correlated with reduced responsiveness of mesenchymal cells to LTαβ as
revealed by the downmodulation of LTβR in the fetal gut (Fukuda et al. 2003).

2.4
Isolated Lymphoid Follicles

ILFs are small, solitary follicles localized below a FAE at the antimesenteric
site of the small intestine (Hamada et al. 2002) (Fig. 1C). In addition, ILFs
are found in the large intestine of mice (Kweon et al. 2005; Owen et al. 1991).
Small intestinal ILFs are generated in T- and B cell- deficient mice (RAG-2−/−,
µm−/−, TCRβ−/−, IL-7Rα−/−, nu/nu−/−), indicating that they develop inde-
pendently of mature lymphocytes (Hamada et al. 2002). They are absent in
neonatal intestines but can be identified 1 or 4 weeks after birth in BALB/c
or C57BL/6 mice, respectively (Hamada et al. 2002). The question of whether
ILFs are secondary lymphoid organs or inducible lymphoid structures that
are assembling de novo at sites of chronic Ag stimulation was investigated in
germ-free mice (Hamada et al. 2002; Lorenz et al. 2003). Whereas Hamada and
colleagues reported the presence of ILFs in germ-free BALB/c mice, Lorenz
et al. could not find mature ILFs in germ-free C57BL/6 animals (Hamada et al.
2002; Lorenz et al. 2003). The discrepancy between the two studies might be
explained by the use of different mouse strains and detection methods or by
the fact that small B cell assemblies were not considered as ILFs in one of
the studies. These data demonstrate that ILFs can develop in the absence of
external stimuli but, depending on mouse strain, can proceed through several
histological maturation steps before Ag stimulation in adult mice can enlarge
the structures. In this regard, it was shown that alterations in the bacterial
flora by antibiotic treatment prevented ILF hyperplasia that was induced by
the deficiency of activation-induced cytidine deaminase (Fagarasan et al.
2002).

There is a debate about the developmental and functional relationship of
ILFs and PPs. Treatment of BALB/ c mice during gestation with anti-IL-7Rα
monoclonal Abs (mAbs) or LTβR-Ig fusion protein disrupted PP but not ILF
development, arguing for different requirements of PP and ILF organogenesis
during ontogeny (Hamada et al. 2002). However, in C57BL/6 mice with a dele-
tion of IL-7Rα, LTα or in mice with the aly/aly mutation, ILFs in adult animals
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were strongly reduced in number or even absent (Hamada et al. 2002). These
diverse results may be explained by either the different mouse strains used in
this study or by the lower efficiency of in utero administration of Ig compared
to genetic deletion of the target genes. Several arguments speak in favor of
the hypothesis that ILFs represent “immature-type” PPs. First, both PPs and
ILFs are localized at the antimesenteric border and are enriched in the distal
part of the small intestine. Second, they are overlaid by an M cell-containing
epithelium. Third, they have a similar architecture containing B cells, T cells,
GCs, and VCAM-1+ stromal cells. Fourth, LTβR signaling controls both PP
and postnatal ILF development in small and large intestine (Hamada et al.
2002; Kweon et al. 2005) (see also Sect. 4.1). A number of mutant mice lacking
PP macroscopically retain solitary intestinal follicles, which are detectable
only by microscopy analysis. Further studies are required to elucidate the
relationship of ILF and PP ontogeny in the gastrointestinal tract. For exam-
ple, it will be important to test whether genes exist that exclusively affect the
development of ILFs but not PPs.

3
Signaling and Transcription Factors Altering the Development
of Secondary Lymphoid Organs

3.1
Mutations Affecting GALT and LN Development

One of the most important signals mediating lympho-organogenesis is the
ligation of LTβR on stromal cells by membrane-bound LTα1β2, expressed by
hematopoietic cells.ActivationofLTβRtriggers twoNF-κBsignalingpathways
(Dejardin et al. 2002) (Fig. 3). The classic (canonical) NF-κB activity consists
of the p50-RelA heterodimer (NF-κB1) and requires the inhibitor of κB kinase
(IKK)γ and IKKβ subunits of the IKK complex (Weih and Caamano 2003).
The alternative pathway involves phosphorylation of the precursor molecule
p100 (subunit of NF-κB2) by the NF-κB-inducing kinase (NIK) and IKKα.

A mouse strain with a spontaneous, autosomal recessive single gene mu-
tation, termed alymphoplasia (aly), was characterized by the absence of LNs
and PPs, disorganized splenic and thymic architecture, and immunodefi-
ciency (Miyawaki et al. 1994; Shinkura et al. 1996). The origin of the defect
is a point mutation within NIK that retains catalytic activity (Shimizu et al.
1999). The precise function of NIK was uncovered by the generation of NIK-
deficient mice (Yin et al. 2001). NIK is involved not only in the LTβR but
also in the CD40, BAFF-R, and to some extent the toll-like receptor signaling
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cascade (Weih and Caamano 2003). Interestingly, aly/aly mice have normal
expression levels of most adhesion molecules in the spleen and intestine,
although MAdCAM-1+ cells are absent from the spleen (Koike et al. 1997).
In addition, ligation of the LTβR was shown to induce a normal increase in
VCAM-1 mRNA levels in aly/aly cells, although VCAM-1 protein levels were
not induced (Dejardin et al. 2002; Matsumoto et al. 1999). Some homeostatic
chemokines (CCL21) were normally expressed, whereas others were reduced
or absent (CCL19, CXCL13) (Fagarasan et al. 2000). Therefore, the severe phe-
notype of aly/aly mice may not exclusively rely on a defective LTβR-signaling
in stromal cells. Supporting this idea, NIK was shown to be involved in the
chemokine signaling pathway of hematopoietic cells, causing an intrinsic
migratory defect of aly/aly lymphocytes (Fagarasan et al. 2000).

Studies in mice with mutations in individual Rel/NF-κB family members
have demonstrated that both NF-κB1 and NF-κB2 signaling pathways are
critical for PP and LN organogenesis and formation of lymphoid tissue ar-
chitecture, although NF-κB1-deficient mice show a milder phenotype. RelB
(NF-κB2-subunit)-deficient mice lack all LNs (Weih et al. 1995). PPs are barely
detectable in RelB−/−, NF-κB2−/−, and IKKα−/− mice, whereas in NF-κB1−/−

mice, LNs are normal, although PPs appear to be reduced in size and number
(Matsushima et al. 2001; Paxian et al. 2002; Weih and Caamano 2003; Yilmaz
et al. 2003). Weih and colleagues could show that the production of B cell
follicle-forming chemokines such as CXCL13 by stromal cells was impaired
in the absence of functional RelB (Weih et al. 2001). RelA (NF-κB1-subunit)-
deletion is lethal in mice at E15 because of TNF receptor (TNFR)I-mediated
apoptosis in hepatocytes. To circumvent this problem, Alcamo and colleagues
have generated RelA-TNFRI-double-deficient mice. Whereas TNFRI−/− mice
generate small PPs, RelA−/−TNFRI−/− mice completely lack peripheral and
mucosal LNs and PPs because of a defect in stromal cells (Alcamo et al. 2002).
Importantly, both RelA−/−TNFRI−/− mice and RelB−/− mice have normal num-
bers of lymphoid tissue inducer cells, indicating that functional NF-κB path-
ways are dispensable for the generation of the fetal hematopoietic cells but
crucial for mesenchymal cell specification during LN and PP development.

NKX homeodomain proteins are members of the transcription factors
implicated in controlling cell type specification, growth, and proliferation.
A vertebrate member of the NK-2 class of homeobox genes is NKX2.3, found
in midgut and hindgut mesoderm and spleen (Pabst et al. 1997). In mice,
targeted deletion of the NKX2.3 gene leads to abnormal gut development,
primarily in the distal part of the small intestine (Pabst et al. 1999). Depending
on the genetic background, occasional asplenia was found in the NKX2.3-
deficient mice. All mutant mice were shown to have morphological defects in
the spleen and to lack marginal zones and expression of MAdCAM-1, a target
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gene of NKX2.3 transactivation, in secondary lymphoid organs (Pabst et al.
2000; Wang et al. 2000). The reduction of MAdCAM-1 expression was not
a consequence of loss of FDCs, as normal numbers of FDC-M1+ cells could
be detected in the white pulp (Wang et al. 2000). PPs were macroscopically
absent, and only by histological analysis were small PPs with reduced follicle
number occasionally found (Pabst et al. 2000; Wang et al. 2000). Segregation
into T and B cell zones occurred normally in rudimentary PPs and in LNs
except in mesenteric LNs, where T cells were abnormally found in the cortical
area of the LN. Obviously, the complexity of the phenotype of mutant mice
requires additional investigations to better understand the role of NKX2.3 for
PP organogenesis and mesenteric LN organization.

The common γ chain (γc) of the IL-2 family receptors (IL-2, IL-4, IL-7, IL-9,
and IL-15) is linked to a Janus family tyrosine kinase JAK3. In IL-7Rα-, JAK3-,
and γc-deficient mice, only mesenteric and occasionally brachial and axillary
LNs were found, whereas inguinal, popliteal, sacral, and iliac LNs as well as
PPs were undetectable. GCs were not found in secondary lymphoid organs
(Adachi et al. 1998; Cao et al. 1995; Park et al. 1995). These data indicate that
the IL-7R-signaling pathway is mandatory for PP and some LN organogenesis
as well as GC formation (see also Sect. 4.2). Importantly, NALT development
occurs independently of IL-7R, LTβR, and NIK signaling, providing evidence
for a differential regulation of mucosal lymphoid tissue formation (Fukuyama
et al. 2002).

3.2
Genes Regulating the Development of Lymphoid Tissue Inducers

Little is known about the origin and the developmental regulation of
CD45+CD4+CD3− lymphoid tissue inducer cells. They are found in normal
numbers in RAG-deficient, scid, or athymic nude mice indicating first,
that they develop independently of RAG recombination and second, that
they do not require a functional thymus for their generation (Mebius
et al. 1997). However, they are barely detectable in mice lacking the basic
helix-loop-helix inhibitor Id2 (Yokota et al. 1999). Id2 plays a crucial role
in lineage commitment and cell specification of hematopoietic cells and
was found to be expressed in lymphoid tissue inducer cells of normal mice
(Yokota et al. 1999). Consistent with the lack of CD45+CD4+CD3− lymphoid
tissue inducer cells, Id2−/− mice failed to develop PPs and LNs. In contrast,
splenic architecture with marginal zone and germinal center formation was
completely normal, clearly demonstrating that CD45+CD4+CD3− lymphoid
tissue inducer cells are dispensable for the maturation of splenic architec-
ture.
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The retinoic acid-related orphan receptor (ROR)γt belongs to a family
of nuclear hormone receptors regulating development and differentiation
(Mangelsdorf et al. 1995). RORγt has been detected only in double-positive
(DP) CD4+CD8+ thymocytes and CD45+CD4+CD3− lymphoid tissue inducer
cells (Sun et al. 2000) and was shown to have an anti-apoptotic function in
DP thymocytes through the expression of the anti-apoptotic factor Bcl-xL.
Deletion of RORγt interrupts the development of LNs and PPs while retaining
the organogenesis of spleen and NALT (Eberl et al. 2004; Harmsen et al. 2002;
Kurebayashi et al. 2000; Sun et al. 2000). The failure to generate LNs and
PPs was accompanied by the absence of CD45+CD4+CD3− cells in these mice
(Eberl et al. 2004; Sun et al. 2000). For more detailed information, see the
chapter by Ivanov et al. in this volume.

The Ikaros gene, a member of the kruppel family of zinc finger DNA-
binding proteins, is required for the development of early hematopoietic
progenitor cells (Georgopoulos et al. 1994). Mice carrying an Ikaros mutation
fail to develop mature T, B, and NK cells and DCs (Wang et al. 1996; Wu
et al. 1997b). In addition, these mice show defective peripheral LN and PP
formation (Georgopoulos et al. 1997; Wang et al. 1996). One explanation could
be that, through the early block of hematopoiesis, lymphoid tissue inducer
cells are not generated in these mice, although this hypothesis remains to be
tested.

3.3
Mutations Affecting Spleen but Not LN and PP Development

Several studies in vertebrates have indicated that the spleen develops from
the dorsal mesogastrium in close proximity to the pancreas. Therefore, the
ontogeny of the spleen is clearly different from that of LNs and PPs. Neverthe-
less, studies on the origin of asplenia can help to understand common rules in
mesenchymal cell differentiation during secondary lymphoid organ forma-
tion. In mice having a deletion of Hox11 gene, which encodes a homeobox-like
DNA-binding protein, normal spleen organogenesis occurs until E11.5, but
by E13.5 the spleen anlage has almost completely disappeared (Dear et al.
1995; Roberts et al. 1994). The early differentiation of mesenchymal cells as
well as the capacity for recruitment of hematopoietic cells is clearly not af-
fected. However, cell maintenance and further differentiation are inhibited in
the absence of Hox11, clearly demonstrating that induction and maintenance
of organ formation are differentially regulated (Kanzler and Dear 2001). It
is possible that Hox11−/− mesenchymal cells lack factors such as adhesion
molecules required for cellular aggregation and retention. Bapx1 gene, the
mouse homologue of Drosophila “bagpipes” and Capsulin, a basic helix-loop-
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helix transcription factor gene, are required for Hox11 expression, reflected
by the absence of a spleen in gene-deleted mice (Lettice et al. 1999; Lu et al.
2000; Tribioli and Lufkin 1999). Other mutations were described affecting the
early steps of spleen formation before the invasion of hematopoietic progeni-
tor cells (Herzer et al. 1999; Searle 1964; Sock et al. 2004; Suto et al. 1995).
Thus, different genes are required for the early and late steps of secondary
lymphoid organ development.

4
Role of Receptor/Ligand Interactions
Between Fetal Hematopoietic and Mesenchymal Cells

4.1
TNF Family Members

Members of the TNF/TNFR superfamily play a major role in multiple path-
ways that orchestrate lymphoid organogenesis, activation, differentiation,
and survival (Locksley et al. 2001). Both TNFα and LTα can be secreted as
homotrimers and signal via either TNFRI (TNFR55) or TNFRII (TNFR75)
(Weih and Caamano 2003). LTβ is a type II integral membrane-bound pro-
tein that can form a heterotrimer with LTα. LTα1β2 heterotrimer binds to
the LTβR. Several members of the TNF/TNFR family have been implicated in
peripheral LN and PP induction and organization of the splenic architecture.
LTβR is ubiquitously expressed (e.g., stromal cells, HEVs, DCs, monocytes,
DP thymocytes), whereas the corresponding ligand LTα1β2 is restricted to
hematopoietic cells in lymphoid organs and the intestine (Browning and
French 2002; Gommerman and Browning 2003). LTα1β2 expressed by the
CD4+CD3− inducer cells triggers LTβR expressed by stromal cells and, in the
case of FAE development, by epithelial cells. In mice lacking LTβ on B cells,
LNs and PPs occur normally (Tumanov et al. 2002), indicating that CD4+CD3−

inducer cells are the major population triggering LTβR signaling in stromal
cells during ontogeny. This is a critical step for PP and LN organogenesis
demonstrated by analysis of mutant mice in which the LTβR or LTα is deleted
(Table 2). LTβR−/− and LTα−/− mice completely lack PPs, solitary follicles
(ILFs, CPs) in the small intestine, and LNs, although the presence of small
rudimentary mesenteric LN anlagen at birth was reported in LTα−/− mice (Fu
et al. 1997a). In contrast, LNs and PPs, although reduced in size and number,
develop in TNFRI−/− or TNFRII−/− mice (Erickson et al. 1994; Neumann et al.
1996; Pasparakis et al. 1997; Pfeffer et al. 1993; Rothe et al. 1993), and in TNF−/−

mice, LNs and PPs develop normally (Pasparakis et al. 1996). Rennert and
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colleagues could show that treatment of mice with a fusion protein blocking
LTβR engagement prevented LN and PP development in a temporally and spa-
tially coordinated manner (Rennert et al. 1996). Conversely, in utero injection
of agonist Abs specific for LTβR was able to restore LN development in LTα−/−

mice (Rennert et al. 1998). Approximately 75% of LTβ−/− mice retain the ca-
pacity to form mesenteric LNs, a phenotype that is rarely found in LTα−/−

mice (Alimzhanov et al. 1997). This observation, together with the occasional
formation of rudimentary mesenteric LNs and cervical LNs in LTα−/− mice,
indicates an incomplete penetrance of the gene deficiency (Banks et al. 1995;
De Togni et al. 1994). In contrast to gene targeting of LTβR in mice leading
to the complete absence of all LNs and PPs (Futterer et al. 1998), in utero
inhibition of LTβR by injecting an antagonist receptor fusion protein was
insufficient to block organogenesis of all LNs. The development of mucosa-
draining LNs such as mesenteric, cervical, sacral and lumbal LNs occurred
normally, although PPs and some peripheral LNs were absent in LTβR-Ig-
treated mice (Rennert et al. 1996, 1997, 1998). Only the combination of both
inhibition of LTβR and TNFRI-signaling was sufficient to completely abrogate
organogenesis of all LNs. Obviously, fusion protein-treatment is less efficient
than gene silencing and hence, other ligands triggering TNFRI such as TNFα
or LTα3 may surpass fusion protein-mediated inhibition of LTβR-signaling
during mesenteric LN development. Evidence for functional synergism of
TNFRI and LTβR ligands is further given by crossing LTβ−/− mice onto the
TNFRI-deficient background, resulting in loss of mesenteric LNs, in addition
to the loss of PPs and peripheral LNs (Koni and Flavell 1998) (Table 2). The
consequence of inhibiting either the LTβR or the TNFRI signaling pathway
on the organization of the GALT was studied in adult mice (Yamamoto et al.
2004). Histological analysis showed that in LTβR Ig- but not TNFRI Ig-treated
mice, the follicle formation and segregation into T- and B cell zones was com-
pletely disrupted in mesenteric LNs, and the number of FDCs was severely
reduced. Furthermore, the average number of PPs in LTβR-Ig-treated mice
was reduced from 6–10 visible PP to 2–4, confirming the critical role of LTβR
even after birth (Dohi et al. 2001). Taken together, signaling pathways through
LTβR but not TNFRI are mandatory for the maintenance of mesenteric LNs
and PPs in adult mice.

LIGHT is a second ligand for LTβR. Although normal LN development
occurs in the absence of LIGHT, combined immune defects such as in
LIGHT−/−LTβ−/− mice result in a more severe phenotype than LTβ−/− mice.
This is similar to the effect of combined deletion of TNFRp55 and LTβ,
suggesting that several TNF family members and both LTβR and TNFR can
contribute to secondary lymphoid organ formation (Kuprash et al. 1999;
Scheu et al. 2002; Wang et al. 2002; Wang et al. 2001).
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Table 2 Organized GALT and MLN development in mutant mouse strains

Mutant mouse GALT MLN Reference
strains PP Solitary

follicles

TNF family members and adapters
LTα−/− − − − 1 De Togni 1994, Banks 1995,

Hamada 2002
LTβ−/− − − + 2 Koni 1998, Alimzhanov 1997,

Papst 2005
B LTβ−/− + nd + Tumanov 2002
LTβR−/− − − − Futterer 1998, Lorenz 2003
LIGHT−/− + nd + Scheu 2002
LIGHT−/− LTβ−/− − nd − 1 Scheu 2002
TNF−/− + nd + Pasparakis 1996
TNF−/− LTβ−/− − nd + Kuprash 1999
TNFRI−/− (+) 3 − + Neumann 1996, Pasparakis 1997,

Lorenz 2003
TNFRI−/− LTβ−/− − nd − Koni 1998
TNFRII−/− + (+) 3 + Erickson 1994, Lorenz 2003
TRANCE−/− + nd − Kong 1999, Kim 2000
TRANCER−/− + nd − Dougall 1999
TRAF6−/− + nd − Naito 1999

NFκB pathway
aly/ aly −/− − − − Miyawaki 1994, Hamada 2002
NIK −/− − nd − Yin 2001
NF-κB1−/− (+) 3 nd + Paxian 2002
RelA−/− TNFR-1−/− − nd − Alcamo 2002
NF-κB2−/− − nd + Paxian 2002,

Yilmaz 2003
IKKα−/− − nd − Matsushimi 2001
RelB−/− − nd − Weih 1995

IL-7R pathway
IL-7−/− − 4 (+) 3 + Laky 2000, Nishikawa 2003
IL-7Rα−/− − (+) 3 + Adachi 1998, Hamada 2002,

Luther 2003
γc−/− − nd + Cao 1995
Jak3−/− − nd + Park 1995
STAT5−/− − 4 (+) 3 + Kang 2004

Gene regulatory factors
Id2−/− − nd − Yokota 1999
RORγ−/− − nd − Sun 2000, Kurebayashi 2000
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Table 2 (continued)

Mutant mouse GALT MLN Reference
strains PP Solitary

follicles

IKAROS−/− − nd − Georgopoulos 1994,
Wang 1996

NKX2.3 − (+) 3 + Wang 2000, Pabst 2000

Chemokines and chemokine receptors
CXCR5−/− − 1 nd + Forster 1996
CXCL13−/− − 1 nd + Ansel 2000
CXCL13−/− IL-7Rα−/− − nd − Luther 2003
CCR7−/− + nd + Forster 1999
CXCR5−/− CCR7−/− − 1 nd + Ohl 2003a
Plt/plt + nd + Nakano 1998

Organized GALT is composed of PPs and solitary aggregates (ILFs, CPs) in the small
intestine. + normal; − undetectable; nd not detectable; 1) occasionally; 2) 75% have
mesenteric LNs; 3) strongly reduced number; 4) VCAM-1+ cell cluster present

TRANCER,amemberof theTNFRsuperfamily,wasdescribedasosteoclast
differentiation factor (Lacey et al. 1998). Importantly, TRANCER is expressed
by lymphoid tissue inducer and CD45+ hematopoietic cells (Kim et al. 2000).
In fetal and adult mice, the corresponding ligand TRANCE is found in lym-
phoid organs such as BM, thymus, spleen, LNs, and PPs, whereas in humans,
TRANCE expression is highly restricted to LNs (Lacey et al. 1998). Kim and
colleagues could show that, in LNs of fetal mice, TRANCE is expressed by lym-
phoid tissue inducer cells (Kim et al. 2000). Targeted deletion experiments
revealed that TRANCE is essential for mesenteric and peripheral LN devel-
opment except for cervical LNs (30% of TRANCE−/− mice examined) but is
dispensable for PP development (Kim et al. 2000; Kong et al. 1999; Wong et al.
1997). This was also confirmed by studies in TRANCER−/− mice, which show
a complete lack of LNs but only a slight reduction in size and number of PPs
(Dougall et al. 1999). Similarly, mice lacking TRAF-6, the signal transducer of
TRANCER, had a defect in LN organization (Naito et al. 1999). As TRANCE
and TRANCER are expressed by the inducer cells, it is possible that the recep-
tor engagement occurs in an autocrine manner, although mesenchymal cells
may be alternative producers of TRANCE. The effect of recombinant TRANCE
was shown to depend on induction of LTαβ production by the inducer cells
(Yoshida et al. 2002). Nevertheless, neither TRANCE overexpression in LTα−/−

mice nor agonist anti-LTβR mAb treatment in pregnant TRANCE−/− mice
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could restore LN organogenesis (Cupedo et al. 2002; Kim et al. 2000)/ indicat-
ing that both TRANCE and LTαβ are mandatory for LN development. Interest-
ingly, in TRANCE+/− mice, some peripheral LNs were lacking but mesenteric
LN development occurred normally. These results indicate that lymphoid
organogenesis may be regulated by threshold-dependent signals and, in the
case of mesenteric LNs, stromal cells either require less activation for differen-
tiation or, alternatively, can be stimulated through a combination of TRANCE
with alternative factors. Therefore, we propose that the requirements for TNF
family ligands are distinct in different secondary lymphoid organs.

Studies on the receptor-ligand interactions during ILF formation have
revealed that in utero treatment with either LTβR Ig or TNFRI/II Ig does not
inhibit the formation of ILFs (Hamada et al. 2002; Lorenz et al. 2003), and
even higher numbers and size of ILF were observed in both small and large
intestine (Kweon et al. 2005; Lorenz et al. 2003; Yamamoto et al. 2004). In
contrast, mice treated with LTβR fusion protein after birth or mutant mice
lacking either LTα or LTβR failed to form ILFs (Lorenz et al. 2003; Yamamoto
et al. 2004). Similarly, TNFRI−/− mice were reported to lack ILFs (Lorenz et al.
2003), althoughblockingof theTNFRI signalingpathwaywith a fusionprotein
after birth was less efficient (Yamamoto et al. 2004). In TNFRII−/− mice, ILF
numbers were strongly reduced (Lorenz et al. 2003). Taken together, the data
demonstrate that ILF formation and maintenance after birth are controlled
by LTβR and to a lesser extent by TNFRI/II. Inflammatory signals augmenting
TNFα production in the gut may trigger ILF hypertrophy via activation of
TNFRI and II. Studies in LTα−/− and LTβR−/− mice have indicated that CP
development is abrogated and, similar to PPs and ILFs, specifically depends
on membrane-bound LTα1β2 interactions with LTβR. In contrast to PPs or
LNs, the adoptive transfer of wild type (WT) BM to adult LTα−/− mice restored
ILF and CP development, indicating that these structures were inducible by
hematopoietic cells (Fu and Chaplin 1999; Fu et al. 1997b; Lorenz et al. 2003;
Taylor et al. 2004). As ILFs are detectable in mice lacking T and B cells,
other LTαβ-expressing BM-derived cells must be required for ILF formation.
Interestingly, the aly/aly mutation did not abrogate CP formation, indicating
that alternative pathways could compensate for the mutation in the LTβR-NIK
pathway (Taylor et al. 2004).

4.2
IL-7 and IL-7R Signaling Pathway

The IL-7R complex is composed of two subunits, the IL-7Rα chain and the
common γ chain (γc) (for review, see Kang and Der 2004). The pleiotropic
cytokine IL-7, known to stimulate IL-7R signaling, was identified as an impor-
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tant factor for proliferation and homeostasis of lymphocytes (Fry and Mackall
2002). In mice lacking one of the IL-7R subunits or Jak3, B and T cell devel-
opment and the formation of PPs were severely disturbed (Adachi et al. 1998;
Cao et al. 1995; Park et al. 1995). In embryonic Jak3−/− mice, VCAM+ organizer
cells failed to aggregate, although IL-7Rα+ inducer cells were present in the
gut, suggesting that inducer cell production and migration to the intestine
were not severely affected (Adachi et al. 1998). However, the hematopoietic
cells appeared to require an activation signal via IL-7R/Jak3 in order to initiate
organizer/inducer cell assembly. Accordingly, the single injection of a block-
ing anti-IL-7Rα mAb before gestation day 16.5 was sufficient to inhibit the
development of PPs (Yoshida et al. 1999). The same mAb was unable to affect
LN development or splenic organization, suggesting that IL-7R is dispensable
for the development of LNs and maturation of the splenic architecture. In
IL-7Rα-, JAK3-, and γc-deficient mice, however, except for mesenteric and
occasionally brachial and axillary LNs, inguinal, popliteal, sacral, and iliac
LNs as well as PPs were reported to be absent. (Adachi et al. 1998; Cao et al.
1995; Kang et al. 2004; Luther et al. 2003; Park et al. 1995). Mice lacking
STAT5, a kinase involved in the IL-7R-signaling-pathway, lack PPs although
LN development is normal (Kang et al. 2004). These data indicate that the IL-
7R-signaling pathway is mandatory for PP development and the maturation
of some LNs. IL-7 was shown to be expressed in the fetal intestine as well as
in primary lymphoid organs (Murray et al. 1998). Nishikawa and colleagues
reported that fetal intestinal organizer cells can produce IL-7 (Nishikawa et al.
2003). One of the key functions of IL-7 during lymphoid organogenesis is the
induction of LTαβ expression by lymphoid tissue inducer cells (Luther et al.
2003; Yoshida et al. 2002). It is conceivable that the availability of cytokines
produced by stromal cells varies between the different LNs and the intestine.
Other cytokines, such as TRANCE, may compensate for the lack of IL-7R
engagement in some but not all LNs. Evidence for the partial redundancy
of the IL-7R and TRANCER/TRAF6 signaling pathway come from studies in
mice lacking TRAF6, the adapter molecule of the TRANCER signaling path-
way. These mice completely lack LNs but have normal PPs. Intraembryonic
IL-7 injection at E13.5–14.5 rescued LN genesis, although histological analy-
sis revealed that the LNs still lacked T/B segregation and FDC development
(Yoshida et al. 2002). These data suggest that IL-7R signaling is able to replace
TRANCER signaling for LN induction but not for maturation into segregated
compartments.

Intriguingly, mice double deficient in the IL-7Rα chain and the fms-like
tyrosine kinase-3 receptor (flt3 or flk2) are completely deficient in mesenteric
LNsandPPs,whereas IL-7Rα or flt3 single-deficient micehavemesenteric LNs
(Sitnicka et al. 2003). Flt3, a cytokine receptor expressed on early hematopoi-
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etic progenitors, is known to be important for B cell development, and hence
flt3−/− mice lack early B cell progenitors (pro-B cells), including common
lymphoid progenitors (Sitnicka et al. 2002). The data obtained from double-
deficient mice suggest that the two cytokine receptors, flt3 and IL-7R, have
a synergistic effect on LN development.

Similar to IL-7R−/− mice, mature PPs are absent in IL-7−/− mice. However,
unlike IL-7R−/− mice, IL-7−/− mice can form rudimentary intestinal VCAM-1+

cell clusters at birth (Laky et al. 2000; Nishikawa et al. 2003) (Table 2). IL-7
transgene expression in enterocytes of IL-7−/− mice was able to restore PP size,
follicular organization, and CP numbers (Laky et al. 2000). Altogether, these
data indicate that although intestinal IL-7 canpromote lympho-organogenesis
in the gut, additional ligands and receptor pathways may exist that function
synergistically to induce PP formation in a threshold-dependent manner. The
spatial restriction of IL-7 expression to the fetal gut and to primary lymphoid
organs (thymus, BM) may explain why a network of alternative cytokines
regulating secondary lymphoid organ development has evolved.

4.3
Chemokines and Adhesion Molecules

Trafficking of mature B and T lymphocytes to lymphoid organs is regulated
by homeostatic chemokines (e.g., CXCL12, CXCL13, CCL19, and CCL21) ex-
pressed by endothelial and stromal cells (Cyster 2005). One of the intriguing
questions that have not been answered yet is how lymphoid tissue inducer
cells home to putative sites of LN and PP development. In vitro, inducer
cells are responsive to a number of chemokines (CXCL13, CCL19, CCL21)
(Honda et al. 2001), but in vivo, expression levels of chemokines in the
developing embryo seem to be rather low (Cupedo et al. 2004a). Inducer
cells were shown to express mRNA for CXCR5 and CCR7 (Hashi et al. 2001;
Mebius et al. 1997), and CXCR4 protein was found on their surface (Finke
et al. 2002). These chemokine receptors and their corresponding chemokine
ligands CXCL13, CCL19, CCL21, and CXCL12 appear to act simultaneously
during lympho-organogenesis. Mice deficient in CXCR5 or CXCL13 lack
most PPs and most LNs, except for cervical, facial, brachial, and mesen-
teric LNs (Ansel et al. 2000; Forster et al. 1996; Ohl et al. 2003b). CCR7−/−

or CCL19−/− and CCL21−/− deficient (plt/plt) mice have a normal pheno-
type with respect to secondary lymphoid organ development (Forster et al.
1999; Nakano et al. 1998). However, by combining the ablation of CXCR5
and CCR7, LN organogenesis was almost completely abrogated. Mesenteric
LNs were still present, but they had a disturbed architecture most likely due
to an impaired migration of B cells (Ohl et al. 2003a). Similarly, combin-
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ing the deficiency of CXCL13 with the plt mutation caused an occasional
block of brachial and axillary LN development, but the mice retained the
capacity to form mesenteric LNs. These results display a cooperative func-
tion of CXCR5 and CCR7 during LN development. The development of the
mesenteric LNs was recently shown to be dependent on at least two pathways
acting via CXCR5 and IL-7Rα, because in CXCL13−/− and IL-7Rα−/− double-
deficient mice, all LNs including the mesenteric LN were absent (Luther et al.
2003).

Inducer cells were recently reported to have a multiple responsiveness
toward either single homeostatic or inflammatory chemokines or toward
a combination of chemokines (Luther et al. 2005). These findings indicate
that several chemokines exert a synergistic function in lymphoid tissue de-
velopment. Messenger RNAs for homeostatic chemokines are expressed by
VCAM+ organizer cells, emphasizing the molecular feedback loops that can
be established between inducer and organizer cells during organogenesis
(Cupedo et al. 2004b; Honda et al. 2001; Luther et al. 2003). Ectopic expres-
sion of CXCL13, CCL19, or CCL21 under the pancreas-specific RIP promoter
caused focal development of lymphoid infiltrates with distinct B- and T cell
zones (Luther et al. 2000a, 2000b, 2002). In CXCL13 transgenic mice, CD4+

CD3− cells were recruited to sites of transgene expression (Luther et al. 2003),
confirming earlier studies that after adoptive transfer, the inducer cells mi-
grate to B cell follicles (Mebius et al. 1997). However, the number of inducer
cells in the developing mesenteric LNs of CXCL13−/− mice is relatively nor-
mal, arguing for additional chemokines regulating lymphoid tissue inducer
cell migration (Luther et al. 2003).

Unlike lymphoid tissue inducer cells, B cells upregulate LTαβ expression
after the engagement of CXCR5 (Ngo et al. 1999). We recently reported that
CXCR5 expressed by lymphoid tissue inducer cells is crucial for the acti-
vation of α4β1 integrin expressed by the same cells and that consecutively
activated α4β1 integrin can mediate firm adhesion of inducer cells to VCAM-
1+ organizer cells (Finke et al. 2002). These data are further supported by
the observations that blocking of α4β1 integrin-VCAM-1 interactions dur-
ing embryogenesis by mAb injection into pregnant mice severely affected
the development of PPs in the offspring. This was not a result of inhibiting
recruitment of the inducer cells, as normal numbers of inducer cells were
present in the gut of both anti-β1-integrin and anti-VCAM-1 mAb-treated
mice. Similarly, α4β7 integrin was not mandatory for entry of circulating in-
ducer cells to sites where PPs and LNs develop (Finke et al. 2002; Hashi et al.
2001; Mebius et al. 1998).
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5
Conclusions

During evolution, GALT develops from primitive lymphoid cell clusters with
bothhematopoieticand immune function toorganized tissuesable togenerate
highly specific adaptive immune responses. In mice, the cellular interactions
between lymphoid tissue inducer cells and mesenchymal organizer cells reg-
ulate PP and LN development during ontogeny. The formation of cell clusters
triggers a series of signaling events involving adhesion molecules, cytokines,
chemokines, and TNF-family member molecules. The activation of integrins
via molecular feedback loops appears to be essential for the prolonged cell-
to-cell contact between the inducer and the organizer cells. The expression
of adhesion molecules and chemokines by organizer cells is induced via
LTβR signaling, thus leading to the recruitment and compartmentalization
of mature lymphocyte subsets. The inducer cells are the major cell popula-
tion engaging LTβR on stromal cells via LTαβ. After birth, the maintenance
of organized lymphoid tissue is still dependent on signaling via TNF-family
receptors, and other lymphoid cells such as B cells and T cells as well as
microbial stimuli may trigger lymphoid tissue organization. It is evident that
different TNF family member molecules, cytokines, and chemokines have
a synergistic function in lympho-organogenesis, and the availability of these
factors determines the formation of PPs, mucosa-draining LNs, or peripheral
LNs. Similar mechanisms may operate during the neoformation of lymphoid
tissue at sites of chronic inflammation.
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Abstract During fetal development, lymphoid tissue inducer cells (LTis) seed the de-
veloping lymph node and Peyer’s patch anlagen and initiate the formation of both
types of lymphoid organs. In the adult, a similar population of cells, termed lym-
phoid tissue inducer-like cells (LTi-like cells), supports the formation of organized
gut-associated lymphoid tissue (GALT) in the intestine, including both isolated lym-
phoid follicles (ILFs) and cryptopatches (CPs). Both LTi and LTi-like cells require
expression of the transcription factor RORγt for their differentiation and function,
and mice lacking RORγt lack lymph nodes, Peyer’s patches, and other organized GALT.
In ILFs and cryptopatches, LTi-like cells are in close contact with different populations
of intestinal dendritic cells (DCs), including a subpopulation recently shown to extend
dendrites and sample luminal microflora. This interaction may allow for communica-
tion between the intestinal lumen and the immune cells in the lamina propria, which
is necessary for maintaining homeostasis between the commensal microflora and the
intestinal immune system. The potential functional implications of the organization of
LTi-like cells, DCs, and lymphocytes in the lamina propria are discussed in the context
of maintenance of homeostasis and of infectious diseases, particularly HIV infection.
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1
Introduction

In the intestine, a balance must be maintained between potentially harmful
bacteria and an extensive network of cells that constitute the gut-associated
lymphoid tissues (GALT). The mechanisms that govern this homeostasis re-
mainpoorlyunderstood.When thehomeostasis is compromised, theoutcome
can range from inflammatory bowel disease to food allergies to inflammation-
associated malignancies. In this review, we discuss recent studies that shed
light on the organization of immune cells in the intestine and provide clues as
to how these interact with luminal microorganisms. We describe the role for
an orphan nuclear receptor, RORγt, in the development of lymphoid tissue
inducer (LTi) cells during fetal life and of intestinal cryptopatch (CP) cells
postnatally, resulting in the genesis of secondary lymphoid organs and ter-
tiary lymphoid follicles, respectively. We also review recent studies showing
that dendritic cells (DCs) communicate with the intestinal lumen and trans-
port bacteria from the lumen to the lamina propria (LP). Finally, we propose
a model that describes how sensing of microbial content by specialized DCs
that extend processes across epithelia can regulate the immune response to
the microflora while maintaining the integrity of the intestinal epithelium.

A single layer of intestinal epithelial cells protects the internal organs from
more than 700 species of resident gut bacteria totaling approximately 1014

cells [1–4]. The mucosal immune system contains and regulates this perma-
nent “infection,” but it also supports it, because of the advantages provided
by the microorganisms. The immune system must sense changes in the com-
position of the microflora. These changes may alert the host to the presence
of pathogenic bacteria and activate prompt defense mechanisms. It remains
unclear, however, how host defenses can discriminate between commensal
and pathogenic bacteria, because they share antigens and express identical
Toll-like receptor (TLR) ligands. The intestinal immune system must also have
the capacity to recognize and become tolerized against food antigens. Thus
the mucosal immune system must handle a number of “nonself” antigens
differently—some antigens will induce regulatory or tolerogenic responses,
others will be sequestered, and yet others will induce different types of pro-
tective immune responses.

2
Development of Organized GALT Structures

The GALT consists of secondary lymphoid organs [Peyer’s patches (PPs) and
the mesenteric lymph nodes (MLNs)], tertiary organized lymphoid tissues
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[CPs and isolated lymphoid follicles (ILFs)], dispersed cells [intraepithelial
T lymphocytes (IELs) and LP T and B lymphocytes], and an organized net-
work of specialized DCs. In addition, Paneth cells, specialized epithelial cells
at the base of the intestinal crypts, secrete antimicrobial peptides that exert
their action in the lumen of the intestine. Together, these diverse cells and
organized lymphoid structures are thought to regulate the microflora while
also defending the host from breaches in epithelial integrity and preventing
inflammatory responses against harmless antigens. How these different func-
tions are accomplished remains poorly understood, but it is clear that there
must be extensive communication between the immune system components
within the intestinal mucosa. In addition, the epithelial cell compartment
is also regulated by interactions with components of the mucosal immune
system. Recent studies with genetically modified mice have advanced our un-
derstanding of the organization and relationship between GALT components.
However, the mechanisms and mediators involved in the cross talk between
these components have yet to be elucidated.

In general, the PPs, ILFs, and CPs have been ascribed different functions
based on their developmental and structural differences. However, several
studies, as outlined below, have observed redundant or overlapping functions
between PPs and ILFs. CP function remains undetermined, although our
recent studies suggest that these cells are similar to the LTi cells that, in the
fetus, are required for development of all lymph nodes and PPs. The CP cells,
like fetal LTi cells, are characterized by the expression of the orphan nuclear
hormone receptor RORγt, which is necessary for the development of all three
types of the organized GALT within the LP, as well as for development of
lymph nodes [5, 6].

2.1
Functions of RORγt in Lymphoid Organogenesis and T Cell Development

RORγ and the closely related RORγt isoform are retinoic acid receptor-related
transcription factors for which no ligand has yet been identified. These pro-
teins are encoded by overlapping transcripts with alternative start sites and
differ in sequence at their amino termini. During T cell development, RORγt
is expressed in CD4+CD8+ (double positive, DP) thymocytes, the precursors
for CD4+ helper and CD8+ cytotoxic T cells. In our early studies, we found that
forced RORγ expression in T cells resulted in inhibition of NFAT-mediated
induction of IL-2 transcription. This was due to competition for NFAT binding
sites on DNA by RORγ [7]. In a separate study, He et al. isolated RORγt in
a screen for cDNA clones that inhibited Fas-mediated activation-induced cell
death in a T cell line [8]. This most likely reflects the ability of RORγt to block
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NFAT-dependent induction of FasL. In mice lacking expression of RORγ and
RORγt, survival of DP thymocytes was dramatically reduced, and fewer T cells
differentiated to maturity. This was not related to a defect in FasL expression,
but, instead, was due to the requirement for RORγt to direct expression of the
antiapoptotic factor Bcl-xL in DP thymocytes. Forced expression of Bcl-xL
in the mutant mice rescued development of thymocytes and restored normal
T cell numbers in the periphery [9]. We have proposed that the function of
RORγt in the thymus is to prolong the life span of DP thymocytes, giving
them the opportunity to be selected into the mature T cell pool by inter-
action of their receptors with MHC molecules and thus avoiding “death by
neglect.” Because the T cell receptor α locus can undergo sequential V to J
segment rearrangements, resulting in expression of new TCRs, a longer life
span increases the opportunity for selection by host MHC-peptide complexes.
Indeed, in the absence of RORγt, only proximal Vα to Jα rearrangements were
observed, resulting in a limited TCR repertoire [10].

A second major function of RORγt, revealed in the analysis of the mutant
mice, is to direct the development of lymph nodes and PPs. None of these
secondary lymphoid organs developed in the absence of this nuclear receptor,
although development of splenic follicles was normal [9]. A similar phenotype
was observed in mice lacking the inhibitory HLH transcription factor Id2 [11].
In theabsenceof eitherRORγt or Id2, therewasa lossof the fetalCD4+CD3−IL-
7Rα+ cells proposed by Mebius and Nishikawa to be involved in development
of lymphoid tissues [12–15]. These cells, now named lymphoid tissue inducer
(LTi) cells, are best defined by the expression of RORγt [5]. LTi cells can
be readily visualized in and isolated from mice in which a GFP reporter
has been inserted at the start site of the RORγt gene [5]. They have been
observed in embryos as early as day 12.5 of gestation, in aggregates in regions
where lymph nodes and PPs will develop. Many, but not all, LTi cells express
high levels of CD4. In addition to IL-7Rα, they also express the lymphotoxin
α1β2 heterotrimer (LT), the related TNF family member TRANCE, and the
chemokine receptors CXCR5 and CCR7.

Lymph node and PP development in the fetus has been proposed to be
initiated by localized production in mesenchymal “organizing” centers of the
chemokines CXCL13/BLC, the CXCR5 ligand, and CCL19/ELC or CCL21/SLC,
the CCR7 ligands. The LTi cells then migrate toward the organizer, where they
induce a cascade of events by LT-mediated triggering of the LTβ receptor and
the downstream NF-κB pathway through NIK, a kinase deficient in lymphoid
organ-defective aly/aly mice. This results in upregulation of the integrin lig-
ands ICAM-1 and VCAM-1 on the stroma as well as expression of chemokines
that recruit B and T cells and more LTi cells in a positive feedback loop. Finally,
the cells in the newly formed clusters reorganize to form an organized lymph
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Table 1 Development of LNs and organized GALT as well as induction of sIgA pro-
duction in different mouse models

Model PP MLN PLN ILFs CPs LP B cells sIgA

LTα−/− − − − − − − −

LTβR−/− − − − − − − −

aly/aly − − − − + − −

LTβ−/− − + +/− − − − −

TNF−/− Less + + + + + +

TNFR-I−/− Less/small + + − + ++ Low

TNFR-II−/− + + + + + + +

TRANCE−/− + − − NR NR NR NR

RORγ−/− − − − − − NR NR

IL-7Rα−/− − + + Atrophied + (less) NR NR

γc
−/− − − − − − Very few NR

Id2−/− − − − − − NR NR

IL-7−/− − − − NR NR NR NR

µMT + (small) + + − + + + (half)

RAG-KO + (small) + + − + (large) − −

AID−/− + + + ++
Hyperplasic

+ + (IgM+) −

Germ-free + (small) + + − + Few Very low

TCRβXδ−/− + + + + + + +

NR, not reported

node or PP structure with B cell follicles, T cell areas, and specialized vascu-
lature [16]. This series of events is thought to apply in general to development
of lymphoid organs, but there are some differences as to which gene products
are required for each type of organ, as listed in Table 1. Although the early
inductive events are now reasonably well characterized, there remain many
details to be worked out. For example, the LT signal, although essential for
lymph node development, is not sufficient to induce expression of ICAM-1
and VCAM-1 and the development of the lymph nodes; therefore, the LTi cells
are clearly providing other essential signals [5]. It is also not yet known how
the mesenchymal cell response to LTi cells results in subsequent organization
of lymphoid tissues.

A third function that we can now ascribe to RORγt is its requirement in
the development of tertiary lymphoid tissues in the lamina propria in small
intestine and colon. We observed RORγt-expressing cells in both CPs and
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ILFs, and these structures were absent in the RORγt-deficient mice. Because
RORγt+ cells in the lamina propria have features similar to those of LTi cells,
we believe that they perform inductive functions similar to those that occur
during fetal development of secondary lymphoid organs. We will describe
studies on the functions and potential relationship between CPs and ILFs and
speculate as to the potential role of RORγt+ LTi-like cells in the genesis of
ectopic lymphoid follicles in autoimmune diseases.

Fetal LTi cells and adult LTi-like cells thus play a central role in the devel-
opment of secondary lymphoid organs and organized GALT and require the
expression of RORγt. RORγt-deficient animals differ significantly from other
models that lack organized GALT and/or peripheral lymph nodes (PLNs) (see
Table 1), such as LTα−/−, LTβ−/−, LTβR−/−, and aly/aly or NIK−/− animals. In the
latter models, the defects are at later stages of lymphoid organ development,
whereas the RORγt (and Id2) deficiencies result in early abrogation of inducer
cell development.

2.2
Structure and Function of Organized GALT Structures

To simplify the discussion of immune responses, mucosal immune sites are
customarily divided into inducer (or inductive) and effector sites. The inducer
sites are generally identified as secondary lymphoid organs, which in the
intestine are the PPs and MLNs. The effector sites are within the LP, where
there are populations of B and T lymphocytes as well as multiple populations
of DCs and other myeloid cells, and the epithelium, where the IELs reside.
It is thought that antigens come in contact with the immune system in the
inductive sites, where they are delivered either actively by DCs or passively
through M cells. Upon antigen presentation in the inductive site, lymphocytes
differentiate into effector cells and migrate to effector sites. This separation of
inducer and effector sites rests on the assumption that induction of immune
responses occurs only in organized lymphoid follicles of secondary lymphoid
organs (PPs and MLNs in the intestine), whereas effectors (plasma cells and
activated T cells) accumulate and act in the LP.

Recent findings suggest that this conceptual separation of inductive and
effector sites is not so clear-cut in vivo. For example, PPs and intact MLN ar-
chitecture have been reported to be dispensable for antigen-specific B cell re-
sponses and IgA production [17, 18]. However, other types of lymphoid aggre-
gates in the intestine, such as ILFs, may also serve as inductive sites, and these
have different developmental requirements than PPs. The appearance of func-
tional ILFs may be dependent on signals received by other GALT structures,
such as CPs, or DCs in the LP. In addition, the LP, which was considered an
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exclusive effector site, may have an additional role in B cell activation and class
switching [19]. The primary argument for the exclusive inductive capacity of
PPs and MLNs was that these were thought to be the only sites where antigen
gained access to the mucosal immune system, which is required for the induc-
tive phase of an immune response. PPs contain follicular-associated epithe-
lium (FAE) with specialized intestinal epithelial cells, the M cells, which sieve
antigen from the lumen and deliver it to subpopulations of DCs. These DCs
can then present the antigen in the context of a germinal center (GC) reaction
in the PP or migrate to the MLN and induce immune responses there. How-
ever, recent studies have described at least four alternative means of antigen
uptake directly into the LP, thus circumventing the PP. M cells were also found
in ILFs [20] as well as dispersed in the villus intestinal epithelium [21]. Thus
antigen can potentially gain access to the mucosa through both ILFs and villus
M cells. Other studies have demonstrated that LP DCs can extend dendrites
through theepithelial tight junctionsandsample luminal antigensdirectly [22,
23]. Although it is thought that migration of DCs to the MLN is required to in-
duce an immune response [24], it remains possible that antigen presentation
or induction of immune functions can occur directly within the LP. Finally,
epithelial cells can directly transfer IgG-bound antigen by using the intestinal
neonatal Fc receptor (FcRn) as a shuttle [25], thus delivering the antigen into
the LP, where it will most likely be taken up by phagocytic immune cells.

Despite the lack of a clear functional delineation between inducer and
effector sites, the existence of distinct immune structures within the intestines
is well established. We discuss recent advances in our understanding of their
structure and function during immune responses below.

2.2.1
Peyer’s Patches

The Peyer’s patch (PP) is the largest organized lymphoid tissue of the small
intestine. The central structures are B cell follicles, which are usually multiple
and large. The number of B cell follicles defines the size of the PP. In mice
PPs contain fewer than 10 follicles, usually 3–4, whereas human PPs may be
several centimeters long and contain many tens of follicles [26]. T cells are also
present in the PP. The T cell areas are around high endothelial venules (HEVs),
between theBcell follicles.The luminal sideof thePP is linedwitha specialized
epithelium, called follicle-associated epithelium (FAE). FAE lacks crypts or
villi and, in contrast to the columnar villous epithelium, is cuboid, has few
goblet cells, and does not contain secretory cells such as Paneth cells. The
major featureofFAE is thepresenceof specializedepithelial cells calledMcells.
M cells are derived from adjacent crypts and have specialized microfolds
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instead of microvilli on their luminal surface, which allow for transcytosis of
luminal antigens [27]. On the PP side M cells possess large pockets that are
tightly associated with PP immune cells, represented by clusters of DCs, CD4+

T cells, and B cells [28, 29]. M cells participate in the formation of a regional
environment bellow the FAE that differs in composition of immune cells from
the rest of the PP and the villous epithelium. This region is also known as
the subepithelial dome (SED). M cells are the major portals of antigen entry
into the mucosa and thus direct and deliver the antigen to immune cells
in the SED [30–32]. Pathogenic microorganisms, such as virulent Salmonella
species, Yersinia species, Shigella flexneri, Poliovirus, and reoviruses may take
advantage of the M cells to gain access to the intestinal mucosa.

As in other immune inductive sites, PP DCs are probably responsible for
initiating and directing the subsequent immune response. In the PP, several
populations of DCs have been described [33]. The first is found directly below
the SED. These cells are CD11c+, DEC205−, and M342− and are also found in
the B cell follicle outside of GCs. These cells are mainly immature myeloid
DCs (CD11b+ CD8α−) [34] and appear to take up antigens transported by
M cells. The second population is found in the intrafollicular region and is
seen in close proximity with T cells. These cells are mainly lymphoid DCs
(CD11b− CD8α+) [34] and also express DEC205 and M342, which correlate
with DC maturation. “Double negative” DCs (CD11b− CD8α−) are found in
both locations.

DCs in the PP induce intestine-specific immune responses. Surface pheno-
typic analysis of CD11c+ DC populations revealed that PP DCs express higher
levels of MHC class II molecules, but similar levels of costimulatory and adhe-
sion molecules, compared with splenic DCs [35]. DCs isolated from the spleen
induce a Th1-biased response characterized by high levels of IFNγ production.
In contrast, DCs isolated from PPs, especially those of the myeloid lineage,
induce a Th2 response that includes elevated IL-4 and IL-10 and reduced
IFNγ production by T cells [34, 35]. In addition, stimulation with CD40L or
RANKL leads to IL-10 production by DCs from PPs, but IL-12 production
by DCs from lymph nodes [34–36]. Thus, there exist significant functional
differences between DCs from different tissues.

One of the most prominent roles of the PP is the formation of GCs after
antigenic stimulation, with subsequent production of IgA. Class switching to
IgA occurs in the GCs, and the resulting plasmablasts migrate out of the PP to
the LP to form plasma cells and produce sIgA [37, 38]. B cells play a major role
in the organization of the PP in general and the FAE in particular, because
B cell-deficient mice have very small PPs, FAE and M cell numbers [39].

PPs also play a major role in the activation of T cells and their homing to
the LP. Because PPs are on the major route of lymphocyte recirculation, small
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naïve T cells enter the T cell areas of the PP using L-selectin and CCR7 [40].
After antigen stimulation, secretion of retinoic acid by intestinal DCs causes
the upregulation on T cells of the gut homing receptors α4β7 and CCR9 and
downregulation of E selectin ligands [41], allowing the T cells to preferentially
migrate to the LP.

2.2.2
Isolated Lymphoid Follicles

ILFs are relatively large lymphoid aggregates found throughout the LP, in
both small intestine and colon, with the highest density in the antimesen-
teric wall of the small intestine [20, 42]. They are most abundant in the distal
ileum [42], which may be related to their developmental requirement for in-
testinal flora. ILFs are composed of a single B cell follicle and thus resemble
a small PP. Their similarity to PPs is further underlined by the presence of
a GC and M cells. A recent study implied that ILFs can serve as inductive sites
for mucosal immune responses, especially following signals from pathogenic
bacteria [43]. ILFs are composed of a large central cluster of B cells sur-
rounded by a ring of RORγt+c-kit+IL-7Rα+ cells (see below and Fig. 1F). In
addition, a large number of DCs are present in the ILF [20] (Fig. 2). Besides
size and general morphology, ILFs appear postnatally [44], whereas PPs de-
velop during late fetal life. Although both ILFs and PPs require LTβR signaling
for development, ILFs, but not PPs, require LTβR signaling for maintenance
through adulthood: Treatment of adult mice with LTβR-Ig eliminates ILFs,
but not PPs or MLNs [44]. In addition, ILF development requires stimulation
by commensal intestinal microflora [42]. Thus ILFs were absent in germ-free
mice, which have small PPs [20], but ILF development was induced by re-
colonization with normal flora [42]. Furthermore, ILF hyperplasia correlated
with the increased commensal bacterial load in activation induced cytidine-
deaminase (AID)-deficient mice that cannot class switch and therefore lack
IgA. The ILF hyperplasia was abolished when bacterial load was decreased
by antibiotic treatment [45]. Together, these studies suggest that ILFs form
continuously throughout adult life, in response to the commensal microflora,
and that RORγt+ cells are essential for their induction.

ILFs may be functionally redundant or complementary to PPs. They may
contribute to the production of antigen-specific sIgA [17] or may serve as
inductive sites of pathogen-specific immune responses in vivo [43]. One pos-
sibility is that ILFs form in the absence of PPs, when IgA levels are low, or in
response to the microflora to supplement levels of sIgA, thus serving as a sec-
ond line of defense and aiding the PP. Another possible role for ILFs is that they
are responsible for the induction of sIgA against bacterial stimuli, whereas
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Fig. 1A–H RORγt+ cells act as inducers of all organized GALT in small intestinal LP.
Different sized cryptopatches (CPs) (A–C) are present at the bottom of villi near
the crypt areas (D, E). Cryptopatches contain large clusters of RORγt+ cells (red)
surrounded by CD11c+ DCs (blue in A, B, and E and green in D). Very few B and T cells
are present in CPs (C). RORγt+ cells are also present in ILFs (F) and around B cell
follicles in the PP (G, H). All sections are at ×40 magnification. Colors: A, B, E Red
(RORγ), blue (CD11c); C red (RORγ), blue (CD3), green (B220); D red (RORγ), blue
(DAPI), green (CD11c); F, G red (RORγ), blue (B220); H green (RORγt), blue (B220),
red (CD11c)

PPs and MLNs are more important in the production of antigen-specific sIgA
after oral immunization [17, 18, 43].

Most studies point to a function of ILFs as sensors of intestinal microflora,
receiving signals from the lumen and probably transmitting these signals to
the mucosal immune system. Thus the close association of ILFs with DCs
and RORγt+c-kit+ cells would allow ILFs to receive signals from the DCs that
sample the lumen of the intestine. The presence of hundreds of organized
lymphoid structures throughout the LP, as opposed to the limited number
of PPs, would allow for faster and more efficient sampling and activation of
local immune responses. Keeping the immune response localized would also
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Fig. 2 Cryptopatches and ILFs. Top and middle panels: Cryptopatches are small lym-
phoid aggregates consisting mainly of RORγt+ lymphoid tissue inducer-like cells and
dendritic cells (DCs). ILFs are large aggregates that are readily detectable with DAPI
staining and consist of a large B cell follicle surrounded by RORγt+ inducer-like cells
and DCs. Sections were obtained from the small intestine of an adult RORγt-GFP-KI
mouse. RORγt+ cells (green) and DCs (red) were stained with antibodies against GFP
(Alexa 488) and CD11c (PE). Left panels: DAPI staining only. Bottom panel: Different
stages of ILF development. In this model RORγ+ cells in the cryptopatch receive signals
from DCs and induce stromal cell production of chemokines, such as CXCL13, to re-
cruit B cells and form ILFs. Structures intermediate between CPs and ILFs, containing
small clusters of B cells, are often seen in the LP. Sections were obtained from the small
intestine of a heterozygous CX3CR1-GFP-KI mouse. Staining is with anti-RORγ+ Cy3
(red) and B220-APC for B cells (blue). In the first two panels CX3CR1+ DCs (green)
were stained with an antibody against GFP (Alexa 488)
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reduce the potential damage caused by inflammation, therefore maintaining
the integrity of the intestinal barrier. Additionally, ILF-based immune re-
sponses may precede those in PPs and MLNs, which would require more time
to develop because of the requirement for cell migration to and from these
sites.

2.2.3
Cryptopatches

Cryptopatches (CPs) were first described as clusters of c-kit+Lin− lymphoid-
like cells and DCs in the LP of the small intestine [46]. Their name is derived
from their location in proximity to the bottom of crypt villous areas. CPs are
distinguished from ILFs by the lack of both B and T lymphocytes [20]. It has
been estimated that about 1,500 CPs accumulate over time in the adult mouse
intestine [46, 47].

The exact function of CPs is currently unknown. Because the major
lymphoid-like cells in CPs express the lymphoid precursor markers c-kit
and IL-7Rα, CPs were postulated to be involved in the extrathymic pathway
of IEL differentiation. Initial reconstitution experiments, as well as transfer
of Lin−c-kit+IL-7Rα+ CP cells from nude mice into scid mice, supported this
hypothesis, as IELs were generated in the immunodeficient host [48]. How-
ever, we have recently shown that, in immune-competent mice, CP cells do not
give rise to IELs. This conclusion was made possible by the finding that the
orphan nuclear receptor RORγt is selectively expressed in the lymphoid-like
CP cells in the adult small intestine and is required for the development of
CPs. RORγt−/− mice completely lack CPs ([6], Fig. 3), but there is no reduc-
tion in the number of TCRγδ IELs. The reduced TCRαβ IEL numbers were
due to compromised thymic output in the mutant mice, and these cells were
restored upon forced expression of Bcl-xL, despite continued absence of CP
cells. To determine which cells are precursors of the IEL, we performed fate-
mapping experiments. When RORγt-Cre transgenic mice were crossed with
ROSA26-GFP reporter mice that express GFP only after Cre-mediated exci-
sion of a transcriptional stop signal, all DP-derived T cells, including TCRαβ
IELs, and all CP cells expressed GFP. In contrast, when the ROSA26-GFP mice
were crossed to CD4-Cre mice (in which Cre expression is present in DP cells
and CD4 lineage T cells but not CP cells), GFP could only be seen in the TCRαβ
IELs, but not in CP cells. These experiments supported the finding that most,
if not all, of the TCRαβ IEL are derived from CD4+CD8+ DP thymocytes rather
than from CP cells [6].

In addition, the fate-mapping studies indicated that the RORγt+ fetal LTi
cells and adult CP cells have no apparent lineage progeny. This finding sug-
gests that RORγt+ LTi cells and CP cells are terminally differentiated cells
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Fig. 3 RORγ-KO mice lack CP cells. No c-kithiIL-7Rαhi CP cells are detected in RORγ-
KO and RORγt-KO (not shown) mice. Representative staining of total LP lymphocytes
is shown. The plots were gated on CD45+ lymphocytes. The numbers indicate per-
centage of CD45+ lymphocytes

whose function is to induce lymphoid structures in the appropriate microen-
vironment. Once secondary lymphoid organs are induced during fetal devel-
opment, LTi cells appear to no longer be necessary. In contrast, the RORγt+

CP cells are thought to be continuously replenished in adult animals. Recon-
stitution experiments have shown that CPs and ILFs in LTα and common
γ chain (γc)-deficient mice can be reconstituted by the transfer of wild-type
bone marrow (BM), indicating that adult BM can be a source of precursors
for LTi-like cells [49, 50].

2.3
Cryptopatches as Organizing Centers for Localized Mucosal Responses

In adult mice heterozygous for the RORγtGFP allele, expression of the GFP re-
porter was limited to DP thymocytes and to cells in the lamina propria of the
small and large intestine. In the LP, all Lin−c-kit+IL-7Rα+ CP cells [48] were
GFP+. We also utilized a monoclonal antibody against RORγ/RORγt to assess
its expression in wild-type mice. Combining these two approaches revealed
that CPs consist almost exclusively of RORγt+ cells tightly clustered and sur-
rounded by DCs (Fig. 1A–E). ILFs contain a peripheral layer of RORγt+ cells
in addition to the major B cell follicle (Fig. 1F) and may thus represent a later
stage in GALT development than the CP. Interestingly, RORγt+ cells were also
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found surrounding B cell follicles in the PP (Fig. 1G,H), providing a potential
mechanistic and functional link between all three types of organized GALT.
These structural features suggest that ILFs form from CPs. In support of this
hypothesis we identified structures similar to the ones described by Pabst
et. al. [51], which appear to be an intermediate between ILFs and CPs. These
structures contain mostly RORγt+ cells and DCs but also have small clusters of
B cells. The existence of these intermediate structures suggests a developmen-
tal relationship between ILFs and CPs and they may represent activated CPs
that are in the process of recruiting B cells to develop into an ILF (unpublished
data, Fig. 2, and [51]). The intermediate structures described here may also
correspond to the small B220+ clusters reported by Lorenz et al. and labeled
“immature ILFs” [42], to distinguish them from the much larger mature ILFs.

The temporal development of the two types of structures also hints that
ILFs may be derived from CPs. In the mouse, CPs first develop around 1–
2 weeks of age and ILFs are not observed until the colonization of the intestine
by microflora around weaning time (3–4 weeks) [20, 46].

In addition, as can be seen from Table 1, mice deficient in organized GALT
lack either both ILFs and CPs or only ILFs. For example aly/aly, IL-7Rα,
and RAG-KO mice have CPs but lack ILFs, but there is no mouse model that
specifically lacks CPs while still preserving ILFs. The ILF-like aggregates in
RAG-KO mice [20] are most likely enlarged CPs and not ILFs because they do
not contain any B cells. It is possible that the CPs are hyperactivated in the
RAG-KO LP and recruit, through a positive feedback loop, the only available
lymphoid-like cells in this environment. As a result, these RORγt+ cells form
large CPs instead of ILFs.

CPs may thus activate the intestinal stroma to recruit B cells and form ILFs
and in this way participate in an integrated mucosal immune network. In
the case of fetal LTi cells, developmentally timed signals are likely to activate
the inducer function of these cells (such as lymphotoxin α1β2 and other
still undefined mediators) and subsequent development of lymph nodes and
PPs. If RORγt+ CP cells have a similar inducer function, it is likely that this
is regulated by environmental signals rather than by developmental timing.
Environmental signals emanating in the lumen may be transmitted to the
RORγt+ cells through the surrounding layer of DCs. This may induce the
recruitment of B cells and generation of ILFs. In support of the hypothesis
that RORγt+ cells help recruit naïve B cells to LP, RORγt-KO mice lack CPs and
havevery fewBcells in theLP (I.I. IvanovandD.R. Littman,unpublisheddata).
Correspondingly B cells accumulate in the spleen and peritoneal cavity (our
unpublished data and [52]). Additionally, naïve B cells require intact LTβR-
signaling on stromal cells for their recruitment to the LP [53, 54]. Together,
these data suggest that LTβR-signaling on cryptopatch stroma, most likely
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induced by RORγt+ CP cells, is necessary for the recruitment of naïve B cells
to the LP. Formation of ILFs would then allow for production of sIgA.

DCs probably have an essential role in CP function. Large clusters of
DCs are present at the periphery of the CP, surrounding the RORγt+ cells as
shown in Fig. 1. These DCs are located directly in the subepithelial space of
the crypts and may be the first to receive signals from penetrating bacteria
or bacteria present in the crypts, which would be a signal for a failure in
immune protection. Alternatively, DCs may transmit signals from the lumen
bydirect samplingof its content.The latterwas suggestedby thepresenceat the
peripheryof theCPofapopulationofDCs that express the fractalkine receptor
CX3CR1, as can be seen in Fig. 2. These DCs were recently demonstrated to
form a dense network under the basal lamina and to project dendrites into
the lumen of the intestine, especially in the terminal ileum [22]. The CX3CR1-
expressing DCs can transport bacteria into the LP with these transepithelial
dendrites [22]. DCs that transport bacteria into the lumen may then transmit
the information to the CP as well as to the MLN. In our model, this transport
may induce the differentiation of CP to ILFs. Interestingly, mature ILFs, are
mostly present in the terminal ileum [42], which is colonized by microflora
and is the only region of the small intestine that contains these transepithelial
dendrites. Figure 4 represents schematically a model of the possible function
of CPs and ILFs.

The strategic location of CPs at the base of crypts may indicate that these
structures have functions in addition to inducing differentiation of B cell
follicles. For example, in response to luminal signals, possibly mediated by
the epithelium-associated network of DCs, CPs may induce innate immune
responses in the nearby crypt epithelium. Following signals from the lumen,
RORγt+ CP cells or associated DCs may thus modify the function of Paneth
cells by inducing secretionofbioactivemolecules (e.g., defensins), or they may
participate in the regeneration of epithelium from epithelial stem cells in the
crypt. The latter is an especially attractive possibility in light of the finding
of Medzhitov and colleagues that TLR-mediated signaling supplied by the
intestinal microflora is required for regeneration of the intestinal epithelium
after chemical or radiation-induced damage [55].

3
Dendritic Cells, a Double-Edged Sword

In the model that we propose (Fig. 4), DCs continuously survey the intestinal
lumen for commensal and pathogenic microorganisms and communicate
with other cells in the lamina propria and the epithelium to activate innate
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�
Fig. 4A–D Model of cryptopatch (CP) function in sIgA production A The initial stages
and order of cell recruitment in CP and ILF formation are unclear. RORγt+ LTi-like
cells and DCs are recruited to the base of villi. The signals for this recruitment may
initiate from the DCs, the RORγt+ LTi-like cells, or the stroma. However, RORγt+ cells
were shown to be the major inducer population in fetal lymph node and PP anlagen
and may also play a similar role in the adult. B A CP, consisting of RORγt-expressing
LTi-like cells as well as dendritic cells, is formed. C CPs may receive signals from the
lumen through the sampling action of subepithelial DCs. DCs may deliver bacterial
antigens to the CP in addition to migrating to mesenteric lymph nodes. Activation of
CP cells may lead to induction of B cell recruitment signals from the stroma. D The
recruited B cells form clusters, resulting in ILF formation. B cells are then activated and
class-switch to IgA. IgA-producing cells may differentiate into plasmablasts/plasma
cells in the lamina propria to secrete sIgA into the lumen

host defense mechanisms. In this model, activation of the DCs by microbial
products induces recruitment of B cells as well as some LP T cells into the
CP, resulting in formation of ILFs. This could be due to direct action of CP-
associated DCs on B and T cells, to activation of CP stromal cells by the DC,
or to DC-mediated activation of the RORγt+ CP cells, which, in turn, would
activate the stromal cells, resulting in lymphocyte recruitment. An important
outcome would be the production of sIgA, which limits the concentration of
bacteria in the intestinal crypts. The introduction of antigen would cause the
maturation of a CP into an ILF and allow for a rapid and localized immune
response. Additionally, DCs will migrate to the MLN to induce both mucosal
and systemic immune responses.

The direct detection of antigens by DCs allows for rapid recognition of
pathogens. TheDCs formacomplexnetwork throughout the intestine andcan
rapidly transmit danger signals and recruit immune effector cells. However,
in some pathogenic settings, such as HIV infection, this network and direct
recruitment may lead to an enhancement of infection. DCs can bind HIV
through the cell surface C-type lectin DC-SIGN, which results in virus uptake
and enhanced infection of cocultivated T cells [56, 57]. This interaction may
alsoallow intact virus toexploit the traffickingpropertiesofDCtodisseminate
from the mucosa to secondary lymphoid organs [56, 57]. In addition, the
interaction of intestinal DC with effector memory T cells could explain the
sustained loss of these cells that has been reported in HIV and SIV infections.

Activated memory T cells express the chemokine receptor CCR5. This is
a major coreceptor for both HIV and SIV, making memory T cells a primary
target for both viruses. Mattapallil et al. used quantitative PCR to show that at
the peak of SIV infection 30%–60% of CD4+ memory T cells throughout the
body are infected with the virus. Most of these infected cells disappear within
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4 days [58]. As a consequence, over one-half of all memory CD4+ T cells in
SIV-infected macaques are destroyed directly by the virus during the acute
phase of infection.

Because of the constant activation by oral antigens and the surveillance
necessary in the GI tract, a much higher percentage of T cells in the gut are
memory T cells and an easy target for HIV infection. In 1995, the massive
depletion of CD4+ T cells in the gut was first reported [59]. It wasn’t until 1998
that studies in macaques demonstrated how quickly this depletion occurred.
Veazey et al. reported that 14–21 days after infection with SIV there was
a dramatic decrease in CD4+ T cells in the gut [60]. Strikingly, at this point
in infection there was no decrease in blood or lymph node CD4+ T cells. In
addition, the decrease of T cells seems to be a direct effect of the virus, as peak
virus production in the GI tract in SIV infection coincides with peak number
of infected CD4+ T cells [61]. There is a corresponding depletion of CD4+ cells
in other mucosal areas, as similar depletion has been observed in the vaginal
and lung mucosa [62, 63]. It was further demonstrated that most infected cells
were not recently activated T cells but were resting memory cells [61].

The findings with SIV were recently correlated with two studies of HIV-
infected patients. In HIV+ patients, there is a significant and preferential
depletion of mucosal CD4+ T cells compared with peripheral blood CD4+.
This depletion occurs mainly in the LP instead of in the PP in all stages
of disease [64, 65]. As in macaques infected with SIV, this depletion occurs
preferentially within CCR5+ CD4+ T cells [65].

Cross-sectional analysis of a cohort of primary HIV-1 infection subjects
showed that although chronic suppression of HIV-1 permits near-complete
immune recovery of the peripheral blood CD4+ T cell population, a signifi-
cantly greater CD4+ T cell loss persists in the GI mucosa, despite up to 5 years
of fully suppressive therapy [64].

It is formally possible that DC-SIGN-mediated uptake of HIV represents
a mechanism for long-term retention of infectious HIV particles within DCs.
Intestinal DCs therefore represent a potentially sizable reservoir for HIV and
may be important in the transport and dissemination of the virus. Local
dissemination in the lamina propria could involve not only T helper cells
but also the lymphoid-like CP cells. In mouse, about one-third to one-half
of these RORγt+ cells express CD4, and these cells also express a variety of
chemokine receptors that can function as coreceptors for HIV entry. The
equivalent cell population in humans has not yet been described, but it is
highly likely to be present, because ILFs have been identified in human lamina
propria. If these cells also express CD4, they are highly likely to be targets of
HIV within the intestine, and this may contribute to pathogenesis of viral
infection. Understanding the contribution of intestinal DCs and the RORγt+
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CP cells to initiation of immune responses in the LP may therefore lead to
important insights for designing strategies to eliminate HIV from the body.

4
LTi Cells and Ectopic Lymphoid Follicles in Autoimmunity

Several autoimmune diseases, including Crohn’s disease, rheumatoid arthri-
tis, and type I diabetes, are marked by formation of ectopic lymphoid organ-
like structures within the affected tissues. The contribution of such ectopic
follicles to disease pathogenesis remains unexplored. The role of LTi cells or
related inducer cells (such as those found in CPs) in these lesions has yet to
be explored. Forced expression of CXCL13/BLC in pancreatic islet cells re-
sulted in the local formation of lymphoid follicles, but this was independent
of LTi cells, because follicles were also observed in RORγ−/− mice ([66] and
unpublished collaborative result). However, CXCL13 expression by stromal
cells is induced by LTβR signaling. As LTi-like cells are the producers of LTαβ,
this system may bypass the requirement for the cells. In autoimmune dis-
eases, inflammatory stimuli may result in activation of LTi or CP-like cells,
particularly in the intestine, and this could induce excessive follicle forma-
tion. Consistent with this notion, the number of ILFs is increased in dextran
sulfate-induced colitis in mice [67] and also in Crohn’s disease [68] and ul-
cerative colitis [69] in humans . Such tertiary lymphoid tissue could have
a central role in autoimmune disease. Because nuclear receptors are readily
amenable to pharmacological manipulation, inhibition of RORγt function in
vivo may be achievable and may provide a means to control inflammatory
bowel disease.

5
Conclusions

The intestinal immune system is a dynamic environment. By necessity, many
types of detection and inductive sites must exist throughout the intestine.
The intestinal immune system is constantly bombarded with different types
of antigens, which it must rapidly identify and respond to accordingly. If the
antigen is a food antigen, the immune system must become tolerant; if the
antigen is a non-pathogenic commensal bacteria, the immune system must
work to contain it in the lumen of the intestine; if the antigen is a pathogenic
bacteria or virus, the immune system must initiate a protective immune
response. The DC-CP-ILF axis may play a major role in integrating signals
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from the lumen or the crypt, thus allowing for the rapid detection of and
response to a variety of antigens while limiting the response to a local region.
This would allow for control of pathogenic microbes while stronger responses
in either the PP or MLN are being generated. Consequently, this will result
in faster containment as well as limit the potential damage to the delicate
balance of the intestine.

The mechanisms that are involved in sampling microorganisms and
mounting appropriate responses can potentially also be turned against the
host, resulting in autoimmune inflammatory bowel disease or in persistent
infections. A better understanding of the role of the intestinal DC-CP-ILF
axis in immune responses will be necessary to determine its importance in
human disease.
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Abstract To exert immunological activity, T and B cells must leave the blood and enter
different extravascular compartments in the body. An essential step in this process is
their adhesion to microvascular endothelium and subsequent diapedesis into a target
tissue. Naive and effector/memory T and B cells possess distinct repertoires of traffic
molecules that restrict their ability to interact with specialized microvessels in different
anatomic compartments and thus exhibit distinct patterns of migration. In addition,
antigen-experienced lymphocytes are subdivided into different subsets based on their
expression of characteristic sets of adhesion receptors that favor their accumulation
in certain target organs, such as the skin and the gut. This article focuses on recent
discoveries that have broadened our understanding of the “imprinting” mechanisms
responsible for the generation of tissue-specific effector/memory lymphocytes, espe-
cially in the intestine. We discuss how gut-specific homing is acquired, maintained,
and modulated and how these mechanisms might be harnessed to develop improved
vaccine protocols and treatments for intestinal autoimmune diseases.
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1
Introduction

Lymphocyte responses to pathogens are triggered by engagement of antigen
receptors with cognate pathogen-derived antigens presented by other cells.
The initial priming encounter and the transmission of additional prerequisite
costimulatory signals for lymphocyte activation occur in the specialized envi-
ronment of lymphoid organs. Subsequently, the antigen-primed cells relocate
to peripheral sites of infection and exert effector activities on renewed antigen
challenge. To achieve this, the rare antigen-specific lymphocytes must travel
between lymphoid and nonlymphoid organs via the blood and then exit the
circulation to enter antigen-containing tissues. An essential step in this mi-
gration process is the adhesion of circulating lymphocytes to the endothelium
of postcapillary venules, a complex, multistep cascade of events mediated by
specialized adhesion receptors and chemoattractant pathways (Butcher 1991;
von Andrian and Mackay 2000). In the first step, lymphocytes are captured
(“tethering”) and interact loosely with the endothelial cells (“rolling”). Teth-
ering and rolling are mediated by members of the selectin family (L-, P-, and
E-selectin) and their glycoprotein ligands (Ley and Kansas 2004); the two
α4-integrins, α4β1 (VLA-4) and α4β7, can also mediate these initial adhesion
steps in some cases (Alon et al. 1995; Berlin et al. 1995). Once T cells have be-
gun to roll, they can undergo an “activation” step, which is usually (although
not exclusively) mediated by chemokines, secreted polypeptides that are pre-
sented on the endothelial surface (Rot and von Andrian 2004). Chemokines
bind to specific G protein-coupled receptors on rolling lymphocytes and trig-
ger intracellular signals that lead to firm arrest (“sticking”) of T cells on the en-
dothelial surface. The sticking step is mediated by lymphocyte-expressed in-
tegrins (e.g., LFA-1, α4β7, and α4β1), which undergo rapid, chemoattractant-
induced conformational changes to assume an extended configuration. This
transient structural shift greatly enhances the affinity of integrins for their
endothelial ligands (e.g., ICAM-1, ICAM-2, VCAM-1, MAdCAM-1), most of
which belong to the immunoglobulin superfamily (Carman and Springer
2003; von Andrian and Mackay 2000). Only when all steps are successfully
taken can a T cell transmigrate (“diapedese”) into a tissue.

Although the multistep adhesion paradigm applies to all leukocytes, the
molecules involved in the different steps vary depending on the leukocyte
population, tissue, and inflammatory context (Butcher and Picker 1996; Cys-
ter 2003; Springer 1994; von Andrian and Mackay 2000). Recent advances in
the field have unveiled several examples for this exquisite degree of special-
ization, in particular for T cell migration. At the same time, new observations
highlight a previously unexpected degree of dynamic plasticity and malleabil-
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ity in the trafficking behavior of effector/memory T cells. These findings open
the possibility that the expression of tissue-specific traffic molecules on lym-
phocytes can be custom-modified, which might allow us to tailor cellular
immune responses for therapeutic purposes.

In this review, we discuss the migratory pathways of naive as well as
effector/memory T and B cells, including antibody-secreting cells (ASC, i.e.,
plasmablasts and plasma cells), with special emphasis on the mechanisms
responsible for generating gut-tropic lymphocytes.

2
Homing of Naive T and B Cells

Naive lymphocytes preferentially migrate to secondary lymphoid organs,
such as lymph nodes, Peyer’s patches (PP), appendix, tonsils, and the spleen,
tissues where they can meet their cognate antigen in the proper cellular milieu
to become activated (Mackay et al. 1990; von Andrian and Mackay 2000).

Naive T cells express L-selectin, which allows them to interact and roll
in specialized postcapillary microvessels known as high endothelial venules
(HEV) in peripheral (PLN) and mesenteric (MLN) lymph nodes and Peyer’s
patches (PP) (Bargatze et al. 1995; von Andrian 1996) (Fig. 1A and Table 1).
HEV in PLN and MLN express L-selectin ligands collectively known as PNAd
(peripheral node addressin), which are sialylated, sulfated, and fucosylated
glycoproteins (Ley and Kansas 2004; Streeter et al. 1988). In addition, the
chemokines CCL21/SLC and probably also CCL19/ELC are presented in HEV
of LN and PP. These chemokines activate CCR7 expressed on naive T and B
cells as well as central memory T cells (Okada et al. 2002; Stein et al. 2000;
Warnock et al. 2000; Weninger et al. 2001), which triggers the activation of
LFA-1 (and/or α4β7) and lymphocyte arrest in HEV (Bargatze et al. 1995;
Warnock et al. 1998). Recent findings indicate that T cell responsiveness to
these chemokine signals in HEV is enhanced by the presence of blood-borne
sphingosine-1-phosphate, which acts through a T cell-expressed receptor,
S1P1 (Halin et al. 2005).

Naive B cells and central memory T cells use the same traffic molecules as
naive T cells to home to PLN. However, unlike naive T cells, they can addi-
tionally use CXCR4 for integrin activation; the CXCR4 ligand CXCL12/SDF1α
is presented in PLN HEV (Okada et al. 2002; Scimone et al. 2004) (Fig. 1B
and Table 2). In addition, the CXCR5-CXCL13 pathway can also support B cell
homing (Ebisuno et al. 2003; Okada et al. 2002). Thus B cells and central mem-
ory T cells are less dependent on CCR7 signals for homing to PLN than naive
Tcells. On theotherhand,naiveBcells express~50% lessL-selectin thannaive
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�
Fig. 1A, B Differentiation and migratory pathways of naive and antigen experienced
T and B cells. A Naive T cells (TNaive) express L-selectin, CCR7, intermediate levels
of LFA-1, and low levels of α4β7, which allow them to migrate into SLO, such as LN,
PP, and the spleen. Once they are activated by their cognate antigen, they proliferate
and can differentiate into TEM, TCM, or TEFF. The latter two are long-lived because
they express receptors for IL-7 and IL-15, which provide essential signals for survival
and homeostatic proliferation. TCM remain L-selectin+ and CCR7+ and continue to
recirculate through SLO, analogous to TNaive. However, TCM can also migrate to pe-
ripheral inflamed tissues and the bone marrow, and they respond more vigorously to
antigen than TNaive. The mostly short-lived TEFF and the long-lived TEM (which can
arise from TEFF) also respond quickly and very efficiently to recall antigen and, unlike
TCM (at least in some settings), they exert more rapid effector activity, such as cytokine
secretion and cytotoxicity. TCM, TEFF, and TEM express inflammation-seeking traffic
receptors as well as peripheral tissue-specific homing receptors for the small bowel
or the skin. TCM and TEM give rise to TEFF on reactivation. TEM can also give rise to
TCM over longer time intervals, although the mechanisms and the extent to which this
occurs at physiological precursor levels are unclear. B Naive B cells (BNaive, IgM+/IgD+)
express L-selectin, CCR7, CXCR4, CXCR5, and low levels of α4β7, which target them
to SLO. When activated, B cells give rise to ASC, either plasmablasts or plasma cells
(PC), which do not divide. These cells are mostly short-lived, except for a subset of
bone marrow-resident plasma cells that persist for very long times. PC express CD138
(syndecan-1), CD43, and the transcription factors Blimp-1 and XBP-1. Some activated
B cells become memory B cells (BMem, 6B2+), which are long-lived and can proliferate
and give rise to PC (and more BMem) on re-encounter with the antigen and/or TLR ag-
onists. ASC (and probably also BMem) can exhibit specific tropism for mucosal tissues,
bone marrow, and probably other peripheral tissues. BMem can also express receptors
for SLO. IL-7Rα/IL-15Rα, α-subunit of the IL-7 and IL-15 receptors; BLT-1, leukotriene
B4 receptor. Colors indicate preferential migratory specificity: purple, recirculating
through SLO; blue, tropism for nonlymphoid organs and inflammation

T cells, which reduces their ability to engage in productive rolling interactions
in HEV and results in an approximately fivefold lower homing efficiency in
PLN (Gauguet et al. 2004; Tang et al. 1998). This example highlights a regula-
tory mechanism of leukocyte traffic that is often overlooked: The recruitment
efficiency of any given cell population is not merely decided by the presence
or absence of relevant receptor-ligand pairs, but can be greatly influenced by
relatively subtle shifts in the expression level of critical homing receptors.

In PP, HEV do not express PNAd in the lumen (Streeter et al. 1988).
Instead, they express high levels of mucosal addressin cell adhesion molecule-
1 (MAdCAM-1) (Nakache et al., 1989). MAdCAM-1 can interact with both
L-selectin and α4β7 (Berg et al., 1993; Berlin et al., 1993). Although the α4β7
integrin is expressed at low levels on naive T cells it plays an important role
for lymphocyte migration into PP and MLN (Bargatze et al. 1995; Berlin et al.
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1993;Berlin-Rufenachet al. 1999;Wagner et al. 1996) (Table 1).MAdCAM-1on
PP HEV contributes to both rolling and sticking in these organs (Bargatze et al.
1995; Berg et al. 1993; Berlin et al. 1993). Firm arrest of naive T cells in PP HEV
is mediated by LFA-1 and α4β7, which are activated by CCL21-CCR7 (Bargatze
et al. 1995; Warnock et al. 1998). Naive B cells also use L-selectin and α4β7 to
interact with PP HEV, and, as in PLN, they can make use of CXCR4, CXCR5,
and CCR7 for integrin activation (Okada et al. 2002) (Table 2). Interestingly,
there seems to be a spatial distinction between T and B cell firm arrest in
PP, with T cells sticking preferentially within interfollicular HEV segments,
whereas B cells were found to arrest preferentially in follicle-associated HEV
(Warnock et al. 2000).

A special case areMLNwhoseHEVexpress amosaicofbothPNAd(Streeter
et al. 1988) and MAdCAM-1 (Nakache et al. 1989), thus supporting both the
PLN-like and PP-like adhesion cascades for lymphocyte homing (Streeter
et al. 1988; Wagner et al. 1996).

3
Migration of Antigen-Experienced Lymphocytes

3.1
Homing of Effector/Memory T Cells

When naive T cells find their cognate antigen in the context of appropriate
costimulatory signals, usually provided by dendritic cells (DC), they are acti-
vated, proliferate, and differentiate into effector or memory T cells. Antigen-
experienced T cells differ significantly from naive T cells in their migratory
properties. In particular, the former migrate much better to nonlymphoid
tissues and sites of inflammation (Mackay et al. 1990; Masopust et al. 2001;
Reinhardt et al. 2001; Weninger et al. 2001). In addition, memory cells can
be further divided into two main categories, based on distinct migratory
and functional characteristics (Sallusto et al. 1999) (Fig. 1A and Table 1).
The central-memory T cells (TCM) maintain the expression of L-selectin and
CCR7 and, like naive T cells, can migrate into secondary lymphoid organs
(Weninger et al. 2001). In addition, TCM upregulate inflammation-seeking
traffic molecules and also express high levels of CXCR4, which allows them
to migrate efficiently to sites where the CXCR4 ligand CXCL12 is highly ex-
pressed, such as the bone marrow (Mazo et al. 2005) and also PLN (Scimone
et al. 2004). Consistent with their memory status, TCM express IL-7Rα (Kaech
et al. 2003) and can respond faster and more vigorously than naive T cells
when reencountering cognate antigen (Manjunath et al. 2001; Sallusto et al.
1999; Wherry et al. 2003).
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In contrast to CCR7+ TCM, effector T cells (TEFF, short-lived) and effector
memory T cells (TEM, long-lived IL-7Rα+) do not express CCR7, and most
are also L-selectin−. Therefore, TEM and TEFF cannot recirculate efficiently
through LN or PP (Sallusto et al. 1999; Weninger et al. 2001). However, they
migrate efficiently to peripheral/nonlymphoid tissues, like liver, lungs, skin,
gut lamina propria, and sites of inflammation (Masopust et al. 2001; Reinhardt
et al. 2001; Sallusto et al. 1999; Weninger et al. 2001). In addition, in some
assays, only TEFF and TEM, but not TCM, have immediate effector/cytotoxic
activity (Manjunath et al. 2001; Sallusto et al., 1999). However, it should be
cautioned that, in some studies, in vivo differentiated T cells with a TCM

phenotype have been observed to exert effector functions as rapidly and
efficiently as TEM (Debes et al. 2002; Unsoeld et al. 2002), and TCM that arise
after viral infections are superior to TEM at conferring long-lived antiviral
protection (Wherry et al., 2003). It should also be pointed out that in vivo
generated TCM can be CCR7+ and simultaneously express homing receptors
for peripheral tissues, such as the skin and the gut. Indeed, although a CCR7+

and L-selectinHigh phenotype is predictive of a memory cell’s capacity to home
toLN, thisdoesnotpreclude that suchcells canalso infiltrateperipheral tissues
(Campbell et al. 2001). Given these observations, the distinctions between TCM

and TEM can be rather subtle. In the absence of a broad consensus on defining
functional subset characteristics, we will refer to TCM as antigen-experienced
T cells with PLN homing capacity (i.e., memory marker-expressing T cells
that are L-selectinHigh and CCR7+), whereas TEM and TEFF are memory cells
that lack either one or both of these homing receptors.

We recently described a method to differentiate and expand CD8 T cells
with a TCM or TEFF phenotype by activating naive T cells with antigen for 48 h
followed by culture for at least 5 days in IL-15 or IL-2, respectively (Manjunath
et al. 2001). This strategy has allowed us to characterize the in vivo migratory
properties of each T cell subset and to perform intravital microscopy (IVM)
to dissect the molecular mechanisms involved in the interaction of these
cells with PLN HEV and microvessels in bone marrow and inflamed tissues
(Goodarzi et al. 2003; Mazo et al. 2005; Scimone et al. 2004; Weninger et al.
2001) (Table 1).

3.2
Tissue-Specific Homing Receptors: “Zip Codes” Shape Immune Responses

Although TEFF and TEM share the propensity to migrate through nonlym-
phoid tissues, some subsets have been shown to possess remarkable migra-
tory selectivity for certain nonlymphoid tissues, such as the gut and the skin
(Guy-Grand et al. 1978; Kantele et al. 1999b) (Fig. 2A and Table 1). For ex-
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�
Fig. 2A, B Tissue specificity of antigen-experienced T and B cells. A When naive T cells
are activated by dendritic cells from PP or MLN or in the presence of RA, the resulting
TEFF/TEM become α4β7High and CCR9+. By contrast, when T cells are activated in the
absence of RA or by DC from PLN, they upregulate skin-homing molecules, i.e., ligands
for P-selectin (P-Lig) and E-selectin (E-Lig) and CCR4. T cells activated in cervical LN
were recently shown to exhibit tropism for the CNS; it is still unknown how this homing
preference is imprinted on T cells. B Similarly, naive B cell activation in gut-associated
lymphoid tissues generates ASC and BMem that upregulate α4β7 and probably CCR9,
which target them to the small bowel. It is not known whether gut-DC and/or RA are
important to induce gut-homing ASC or BMem. ASC in mucosal tissues also express
CCR10, which is probably important for their homing into all mucosal compartments.
It is unknown where and how CCR10 is upregulated on mucosal ASC and whether
ASC and BMem with tropism for “peripheral” tissues or the bone marrow (BM) require
specific imprinting signals. PP, Peyer’s patches; MLN, mesenteric lymph nodes; P-
/E-Lig, P- and/or E-selectin ligands; FucT-VII, fucosyltransferase-VII; C2GlcNAcT,
core 2 1,6-N-acetylglucosaminyltransferase. Colors indicate preferential migratory
specificity: purple, recirculating through SLO; blue, tropism for nonlymphoid organs
and inflammation; red, small intestine; green, CNS; orange, mucosal sites

ample, skin-tropic TEFF/TEM express E- and P-selectin ligands (Fuhlbrigge
et al. 1997; Picker et al. 1991) and the chemokine receptors CCR4 (Campbell
et al. 1999) and/or CCR10 (Morales et al. 1999), which are critical for efficient
T cell homing into the skin (Biedermann et al. 2002; Homey et al. 2002; Reiss
et al. 2001; Rossiter et al. 1993, 1994; Silber et al. 1994; Tietz et al. 1998; Yan
et al. 1994). E- and P-selectin are upregulated on endothelial cells exposed to
inflammatory mediators in most tissues, including the skin. However, unlike
most other microvascular beds, noninflamed skin venules express functional
E- and P-selectin constitutively, as evidenced by the high frequency of rolling
leukocytes in intact skin (Janssen et al. 1994; Nolte et al. 1994; Weninger
et al. 2000). Both CCR4 and/or CCR10 play a role in skin T cell homing un-
der steady-state and inflammatory conditions (Homey et al. 2002; Reiss et al.
2001; Soler et al. 2003), although other chemokine receptors, like CXCR3, con-
tribute in acute inflammatory states (Flier et al. 2001). The ligands for CCR4
and CCR10 (CCL17/TARC and CCL27/CTACK, respectively) have been found
on inflamed and noninflamed skin endothelium (Campbell et al. 1999; Chong
et al. 2004; Homey et al. 2002). In normal human skin, CCR8 is expressed by
most resident T cells (Schaerli et al. 2004), but the function of CCR8 and its
skin-expressed ligand CCL1 remains to be determined.

Conversely, T cells that migrate to the small intestine lamina propria mostly
do not express skin-homing receptors listed above but express the integrin
α4β7 (Berlin et al. 1993; Wagner et al. 1996) and the chemokine receptor
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CCR9 (Zabel et al. 1999). These traffic molecules are essential for efficient
T cell migration into the small bowel, at least in the absence of inflamma-
tion (Hamann et al. 1994; Hosoe et al. 2004; Johansson-Lindbom et al. 2003;
Svensson et al. 2002; Wagner et al. 1996). Indeed, the principal α4β7 ligand,
MAdCAM-1, is expressed in gut lamina propria venules (Nakache et al. 1989),
and the CCR9 ligand CCL25/TECK is strongly expressed by epithelial cells
in the small intestine (Kunkel et al. 2000), and in lamina propria venules
(Hosoe et al. 2004; Papadakis et al. 2000). However, genetic ablation of CCR9
caused only a mild reduction in the number of (mostly TCRγδ+) small bowel
intraepithelial lymphocytes (IEL) (Uehara et al. 2002; Wurbel et al. 2001).
Nevertheless, CCL25 blockade or CCR9 deficiency significantly reduced the
number of antigen-specific CD8 T cells in the small intestine after intraperi-
toneal immunization (Johansson-Lindbom et al. 2003; Svensson et al. 2002).
It is not clear whether these seemingly contradictory observations are due to
compensatory mechanisms developed in mice with inborn CCR9 deficiency.
Alternatively, CCR9 might be more important for the migration of recently
generated CD8 TEFF to the small bowel, rather than for steady-state traffic
under unstimulated conditions, which has a very slow turnover (Klonowski
et al. 2004). In addition, a substantial proportion of CD4 effector T cells can
migrate to the small bowel independently of CCR9 (Stensted et al. 2006).

Interestingly, T cell homing into the large intestine seems to be controlled,
at least in part, by distinct mechanisms. Although α4β7 is also important
for T cell migration into this gut compartment, even under inflammatory
conditions (Hesterberg et al. 1996; Picarella et al. 1993), α4β1 has also been
implicated (Soriano et al. 2000). Notably, the colon lamina propria is mostly
devoid of CCR9-expressing cells, and CCL25 is not expressed in this tissue
(Kunkel et al. 2000; Papadakis et al. 2000; Zabel et al. 1999). Accordingly, CCR9
desensitization (or CCL25 blockade) significantly blocked the firm adhesion
of T cells in small bowel venules but had no effect on T cell adhesion in
the colon (Hosoe et al. 2004). These results suggest that there may be other
chemoattractant pathway(s) that direct T cell migration to the colon mucosa
(Kunkel and Butcher 2002). For example, the chemokine CCL28/MEC is highly
expressed by colonic epithelial cells (Pan et al. 2000), although its receptor
CCR10 is only found on mucosal antibody-secreting cells (ASC), but not
intestinal T cells (Kunkel et al. 2003).

Another β7 integrin, αEβ7, has also been associated to gut homing. In fact,
αE knockout mice have a slight reduction in the number of IEL and lamina
propria T cells (Schon et al. 1999). However, some studies have shown that
αEβ7 is neither necessary (Lefrancois et al. 1999) nor sufficient (Austrup et al.
1995) to target circulating T cells to the gut. Moreover, no ligand for αEβ7
has been detected so far on intestinal venules. E-cadherin, the only known
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ligand for αEβ7, is only expressed on epithelial cells. Nevertheless, it has
recently been shown that αEβ7 is necessary for the induction of intestinal
graft-versus-host disease (GVHD) (El-Asady et al. 2005), suggesting that this
integrin may play a role in lymphocyte retention/survival or function in the
gut mucosa (Cepek et al. 1994; Higgins et al. 1998). Indeed, recent evidence
suggests that αEβ7 is induced on T cells after they have gained entrance into
the gut (Ericsson et al. 2004).

Of note, CD4+ CD25+ (Foxp3+) regulatory T cells (TREG) also exhibit tissue
specificity, particularly TCM- and TEM-like phenotypes (Huehn et al. 2004),
and gut- and skin-homing molecules (Colantonio et al. 2002; Iellem et al.
2003; Nagatani et al. 2004). This homing receptor versatility may allow TREG

to exert their suppressor function in secondary lymphoid organs during
initial priming events or in peripheral tissues during the effector phase. In
fact, recent evidence suggests that TCM-like and TEFF-like TREG fulfill different
roles in the regulation of immune responses, with TCM-like TREG exerting their
regulatory activity in secondary lymphoid tissues and TEFF-like TREG acting in
inflamed tissues (Huehn et al. 2004). It will be interesting to explore whether
tissue-specificity (e.g., gut- versus skin-specific TREG) is also induced during
TREG activation. In this line, a recent report suggests that TEFF-like TREG need
fucosyltransferase-VII (FucT-VII), an enzyme that is essential to synthesize P-
/E-selection ligands (skin-homing receptors) to exert their regulatory activity
in the skin (Siegmund et al. 2005).

3.3
Homing of Antibody-Secreting Cells (ASC)

After encountering an antigen in secondary lymphoid organs, conventional
B cells (B-2 cells) become either ASC with no proliferative capacity or memory
B cells (Bmem), which can proliferate and give rise to ASC upon reactivation
(McHeyzer-Williams and McHeyzer-Williams 2005) (Fig. 1B). B cells respond-
ing to T cell-independent antigens mainly differentiate into short-lived IgM-
secreting ASC. However, if B cells receive T cell help shortly after activation,
they can form germinal centers where they undergo affinity maturation and
class switching (McHeyzer-Williams and McHeyzer-Williams 2005). ASC that
secrete IgG (and, to a lesser extent, IgE and IgA) leave lymphoid tissues and
travel primarily to the bone marrow, where a small fraction become long-lived
plasma cells (Cyster 2003; Kunkel and Butcher 2003). CXCR4 and probably
α4β1, LFA-1, P-selectin ligands, and CD22 are important for ASC lodging in
the bone marrow (Hargreaves et al. 2001; Nitschke et al. 1999; Sawada et al.
1998; Underhill et al. 2002). However, it is not clear to what extent each of
these pathways contributes to homing, survival, or retention of plasma cells
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in this compartment. Some ASC also home into sites of inflammation; this
migration event is probably mediated by CXCR3 (Cyster 2003).

Early studies have shown that IgA-secreting plasma cells (IgA-ASC) mi-
grate preferentially into the gut (McDermott and Bienenstock 1979; Rudzik
et al. 1975; Tseng 1981). Indeed, human intestinal plasma cells express α4β7
(Farstad et al. 1995), and studies in β7 knockout mice have established that
this integrin is also critical for murine ASC accumulation in the gut (Wagner
et al. 1996) (Fig. 2B and Table 2). Recent observations indicate that plasma
cells in mucosal compartments, including the small intestine, colon, rectum,
mammary gland, salivary gland, and trachea, express CCR10 (Kunkel and
Butcher 2003; Kunkel et al. 2003; Pan et al. 2000; Wilson and Butcher 2004).
This is relevant because the CCR10 ligand CCL28 is expressed by most mu-
cosal epithelial cells (Pan et al. 2000; Wang et al. 2000) and selectively attracts
IgA-ASC (Kunkel et al. 2003; Lazarus et al. 2003). In fact, IgA-ASC require
CCL28 to home efficiently to the colon lamina propria (Hieshima et al., 2004).
Moreover, a subset of IgA-ASC also respond to the CCR9-ligand CCL25 (Bow-
man et al. 2002), and recent evidence shows that ASC, analogously to T cells,
require CCR9 to home to the small intestine (Hieshima et al. 2004; Kunkel
et al. 2003; Pabst et al. 2004) (Fig. 2B and Table 2). In addition, CCL28 sup-
ports IgA-ASC homing to the small bowel mucosa (Hieshima et al. 2004). It is
not clear how and why ASC apparently require both chemokine pathways for
optimal migration into this tissue.

As mentioned before, CCR10 is also expressed on skin-homing T cells
(Homey et al. 2002; Reiss et al. 2001). However, CCR10+ T cells do not ex-
press α4β7, and therefore they cannot home efficiently to the gut. Conversely,
CCR10+ mucosal ASC do not express E- and P-selectin ligands and are there-
fore excluded from the skin. This is a particularly illustrative example of how
the combination of multiple receptors, and not the expression of a partic-
ular one, determines the overall homing potential of lymphocytes (Butcher
1991).

T cell-dependent B cell responses also generate long-lived memory B cells
(BMem), which can give rise to ASC (and more BMem) when they become stim-
ulated (Bernasconi et al. 2002; McHeyzer-Williams and McHeyzer-Williams
2005). It is thought that BMem recirculate through both lymphoid and periph-
eral tissues, but their migratory behavior has been difficult to study because
of their physiologically low abundance. However, BMem conferring protection
against intestinal pathogens express α4β7, indicating that these cells, like their
T cell counterparts, respond to tissue-specific imprinting signals (Weitkamp
et al. 2005; Williams et al. 1998). In addition, it has been estimated that B-1
cells from the peritoneal cavity comprise uo to 50% of the gut-associated
IgA-ASC (Kroese et al. 1989a, 1989b). However, it is unclear whether these
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cells rely on the same homing mechanisms as B-2 cell-derived IgA-ASC to
reach the gut mucosa.

4
Teaching Lymphocytes Where to Go:
Mechanisms Driving “Gut” Versus “Peripheral” Homing

Naive T cells have the capacity to acquire any set of homing receptors on
activation. However, the site of antigen entry exerts a strong influence on
the traffic pattern that lymphocytes acquire. For example, pathogens enter-
ing through the skin, such as herpes simplex virus, preferentially generate
lymphocytes with skin-homing receptors (Gonzalez et al. 2005; Kantele et al.
2003; Koelle et al. 2002, 2005). On the other hand, oral vaccination induces
higher levels of α4β7 on effector/memory T cells (Kantele et al. 1999b; Lundin
et al. 2002; Rojas et al. 2003; Rott et al. 1997) and B cells (Gonzalez et al.
2003; Kantele et al. 1997, 1999a, 2005; Quiding-Jarbrink et al. 1997; Youngman
et al. 2002) than parenteral administration of the same antigen. Importantly,
among memory B and CD8 T cells, only α4β7+ (but not α4β7Neg) cells carried
protection against intestinal rotavirus infection on adoptive transfer (Rose
et al. 1998; Williams et al. 1998). In agreement with these observations, it has
been shown that the homing potential of activated lymphocytes depends on
the lymphoid tissue environment; T cells activated in MLN express higher
levels of α4β7 and CCR9 as compared to those activated in skin-draining
PLN (Campbell and Butcher 2002; Svensson et al. 2002). Conversely, skin-
homing receptors (selectin ligands) are preferentially induced when T cells
are activated in skin-draining PLN (Campbell and Butcher 2002).

In lymphoid tissues, DC are essential for efficient T cell activation (Jung
et al. 2002; Probst and van den Broek 2005). DC modulate a number of T- and
B cell properties in a tissue-specific fashion, such as Th1/Th2 bias (Everson
et al. 1998; Iwasaki and Kelsall 1999; Rissoan et al. 1999) and antibody isotype
switching (Sato et al. 2003; Spalding and Griffin 1986; Spalding et al. 1984).
Recent work by several groups, including ours, has shown that DC are also
responsible for the imprinting of tissue-specific homing potential. Intestinal
DC from PP and MLN are sufficient to imprint activated T cells with the
gut homing receptors α4β7 and CCR9 (Dudda et al., 2004, 2005; Johansson-
Lindbometal. 2003;Moraet al. 2003, 2005; Stagget al. 2002), andapronounced
capacity to home to the small bowel mucosa (Mora et al. 2003) (Fig. 3A). On
the other hand, DC from peripheral lymph nodes (PLN-DC) induce higher
levels of E- and P-selectin ligands on T cells compared with intestinal DC
(Dudda et al. 2004, 2005; Mora et al., 2005). Fucosyltransferase-VII (FucT-
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�
Fig. 3A–D Imprinting mechanisms for gut- and skin-specific lymphocytes. Naive T
and B cells access PLN, MLN, and PP through high endothelial venules (HEV) and
become activated when they encounter a cognate antigen in the local T cell area
or follicles, respectively. Once a lymphocyte has become activated in the lymphoid
organs, it gives rise to tissue-seeking TEFF that leave the SLO via lymphatics or (from
the spleen), enter directly into the blood, and home to peripheral organs through
specializedpostcapillaryvenules thatexpress tissue-specific trafficmolecules (vascular
addressins). A PP-DC and MLN-DC express critical enzymes to metabolize vitamin-A
(retinol) into RA, particularly retinaldehyde dehydrogenases (RALDH-1 and -2). T cell
encounter of antigen in the presence of DC-derived RA induces gut-homing receptors
and suppresses skin-homing molecules. This requires RA signaling through the RAR
family of RA-receptors. It is likely that DC from lamina propria (LP-DC) can also
make RA, but RA can be synthesized by other cells in the intestinal mucosa, such as
enterocytes, which express RALDH-1. B When T cells are activated in skin-draining
PLN, they are exposed to DC that cannot synthesize RA. The T cells then upregulate
skin-homing molecules. The induction of this migratory preference appears to reflect
the default differentiation pathway that T cells take on stimulation without gut-specific
signals. However, it is still possible that skin-associated DC or other environmental
factors are needed to upregulate CCR8 or CCR10 on cutaneous T cells. C B cells that
become activated by oral antigens upregulate gut-homing molecules. Similar to the
situation with T cells, we propose that PP-DC and MLN-DC, possibly by virtue of
their ability to produce RA, may also trigger the acquisition of gut homing molecules
by antigen-experienced B cells. In addition, B cells are exposed to other factors in
the intestinal microenvironment, including TGFβ and RA, which promote isotype
switching to IgA.D Conversely, when B cells are activated in PLN or the spleen, they are
not exposed to RA or other mucosal signals. It is not known whether there are specific
imprinting signals for ASC or BMem targeting to the BM or other peripheral tissues

VII) is an essential enzyme for the generation of selectin ligands (Maly et al.
1996). Accordingly, PLN-DC induce higher levels of FucT-VII in CD8 T cells
compared with DC from PP (PP-DC) (Mora et al. 2005). Interestingly, DC from
spleen, glutaraldehyde-fixed DC (from any lymphoid tissue), or stimulation
by anti-CD3 and anti-CD28 (without DC) also induced high levels of E- and
P-selectin ligands on CD8 T cells (Mora et al. 2005). These results suggest that
the acquisition of skin-homing molecules (at least E-/P-selectin ligands and
probably also CCR4) may be a default pathway whenever T cells are activated
in the absence of gut-derived signals (Mora et al. 2005) (Fig. 3A). However,
it must be cautioned that CCR10 and CCR8 (which can also be expressed on
skin-homing T cells) are not induced by these in vitro conditions, suggesting
that they might be controlled by skin-specific environmental cues.

A recent report has shown that mice depleted of vitamin A have dramat-
ically reduced numbers of effector/memory T cells in the gut mucosa, but



102 J. Rodrigo Mora · U. H. Andrian

not elsewhere (Iwata et al. 2004). Concomitant in vitro experiments showed
that the presence of the vitamin A metabolite retinoic acid (RA) during T cell
activation induces α4β7 and CCR9 on T cells, even in the absence of DC (Iwata
et al. 2004). RA also blocked the activation-induced default upregulation of
E- and P-selectin ligands on T cells (Iwata et al. 2004), a phenomenon that
was also observed when T cells were activated in the presence of PP-DC, even
when the PP-DC did not present the activating antigen (Mora et al. 2005). Im-
portantly, gut DC (from PP and MLN) express higher levels of retinaldehyde
dehydrogenases (RALDHs), which are essential enzymes for RA biosynthe-
sis (Iwata et al. 2004). These enzymes were not detected in DC from PLN
or spleen. Blocking RALDHs in DCs or RA receptors in T cells significantly
decreased the induction of α4β7 by PP-DC and MLN-DC (Iwata et al. 2004).
Therefore, the ability to produce RA is an important mechanism by which gut
DC induce gut-homing molecules and suppress skin-homing molecules on T
cells (Fig. 3A).

It should be mentioned that even though intestinal DC are sufficient to in-
duce gut homing molecules in vitro, it is formally possible that other sources
of RA may contribute in vivo. For example, enterocytes in the small intes-
tine express high levels of RALDH-1 (Iwata et al. 2004), and it has been
shown that RA can be produced by a small intestinal epithelial cell line in
vitro (Lampen et al., 2000) (Fig. 3A). On the other hand, intraperitoneal im-
munization efficiently generates gut-homing T cells (Campbell and Butcher
2002; Johansson-Lindbom et al. 2003; Svensson et al. 2002), and some nonin-
testinal viral infections also induce the generation of α4β7+ T cells (Masopust
et al. 2004). Thus it is possible that gut-homing T cells can be imprinted in
regions other than gut-associated lymphoid tissues. It will be interesting to
determine whether RA synthesis can be induced in nonintestinal DC under
inflammatory or infectious conditions and whether there are additional, RA-
independent mechanisms of intestinal imprinting (Mora and von Andrian
2004). Moreover, the expression of α4β7 and CCR9 is not always linked. For
example, naive CD8 T cells express high levels of CCR9 (Carramolino et al.
2001) but low levels of α4β7 (Mora et al. 2003), and T cells infiltrating the
colon mucosa are α4β7High, but CCR9− (Zabel et al. 1999). Because RA in-
duces both gut-homing molecules simultaneously (Iwata et al. 2004), these
findings suggest that there are additional mechanisms that may regulate the
expression of α4β7 and/or CCR9 (Mora and von Andrian 2004).

It should also be emphasized that although PP-DC generate T cells that
potently migrate to the small intestine, PP-DC-induced effector T cells do
not migrate efficiently to the colon (Mora et al. 2003). Moreover, T cells acti-
vated with appendix-derived DC did not migrate better to the colon mucosa
than those activated with PP-DC (Mora and von Andrian, unpublished obser-
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vations), suggesting that there additional, still unknown factors involved in
the imprinting of colon-homing T cells (assuming that specific colon-tropic
T cells exist).

Asdiscussedabove,many IgA-ASCexpressα4β7andCCR10, andsomealso
express CCR9 (Cyster 2003; Kunkel and Butcher 2003). PP-DC can affect B cell
function in a tissue-specific fashion by promoting class-switching to IgA (Sato
et al. 2003; Spalding and Griffin 1986; Spalding et al. 1984). Similarly, B cell
exposure to RA induces class-switching to IgA (Tokuyama and Tokuyama
1999). Therefore, it will be interesting to determine whether gut DC and/or
RA can also imprint gut tropism in ASC and to understand how is this linked
to IgA switching (Fig. 3B).

5
Modulation of Lymphocyte Homing for Therapeutic Purposes

Some genetic defects in adhesion mechanisms result in variable degrees of im-
munodeficiency, for example, leukocyte adhesion deficiency (LAD)-1 (lack of
functional β2 integrins) (Kishimoto et al. 1987), LAD-2 (deficiency in selectin
ligands) (Etzioni et al. 1992), orLAD-3 (defects in integrinactivation) (Kinashi
et al. 2004).Theseparadigmatic “experimentsofnature” imply that themanip-
ulation of leukocyte adhesion/homing could be a useful immunotherapeutic
tool. In fact, a mAb against the integrin LFA-1 (efalizumab) is being used in
the clinic for the treatment of psoriasis (Lebwohl et al. 2003). Anti-LFA may
also be effective in the treatment of refractive cutaneous GVHD (Stoppa et al.
1991) and possibly other inflammatory/immune-mediated diseases. However,
blocking either LFA-1 or one of its ligand ICAM-1 has not been successful
in stroke, myocardial infarction, and traumatic shock (Schreiber et al. 2001;
Yacyshyn et al. 2002; Yonekawa and Harlan 2005). On the other hand, because
LFA-1 and ICAM-1 are required for lymphocyte adhesion in a multitude of
tissues, interfering with these molecules could cause undesired immunosup-
pression. It has been postulated that modulating lymphocyte adhesion in
a tissue-specific fashion could be an effective and less immunosuppressive
alternative in this regard.

Recent events have prompted intense discussion on the validity of this
argument. Clinical trials with Natalizumab (Tysabri), a mAb that blocks the
binding of both α4β1 (VLA-4) to VCAM-1 and α4β7 to MAdCAM-1 on Th1
cells that infiltrate the brain and gut, respectively (von Andrian and Engel-
hardt 2003), have shown that the mAb is efficacious in the treatment of both
Crohn disease (Ghosh et al. 2003) and, especially, multiple sclerosis (Miller
et al. 2003). These exciting clinical results were initially hailed as validation
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of the approach of blocking traffic molecules to treat autoimmune inflam-
matory diseases. However, Natalizumab was subsequently withdrawn from
the market when it was learned that a small percentage of patients treated
with this drug developed progressive multifocal leukoencephalopathy (PML),
a deadly opportunistic CNS infection caused by JC polyomavirus. The oc-
currence of PML in this setting was unanticipated because this condition is
normally only seen in patients with severely impaired cell-mediated immu-
nity, such as in AIDS, leukemia, or organ transplantation. The majority of
humans have detectable antibody titers against JC virus, and many individu-
als test positive for viral DNA but never experience viral disease. Therefore,
although Natalizumab blocked the entry of encephalitogenic CD4+ T cells
and the subsequent CNS demyelination, the drug apparently also inhibited
the prerequisite immunosurveillance by (presumably) a subset of T cells that
normally protect the brain against JC virus infection.

Another tissue with defined homing specificity is the skin. Consistent with
the role of E- and P-selectin in skin homing, mice lacking these receptors
have a compromised delayed-type contact hypersensitivity response and suf-
fer from spontaneous skin infections (Hirata et al. 2002; Staite et al. 1996). In
nonhuman primates, recruitment of lymphocytes into DTH skin depended on
VCAM-1 and E-selectin (Silber et al. 1994), and blocking of the E-selectin lig-
and CLA prevented migration of human T cells into human skin transplanted
into SCID mice (Biedermann et al. 2002). However, blocking E-selectin alone
was ineffective in clinical trials for psoriasis (Bhushan et al. 2002). This failure
could have been due to the redundancy of P- and E-selectin expression and
function in the skin (Schon et al. 2004; Staite et al. 1996; Weninger et al. 2000).
Similarly, although blocking the CCR10-ligand CCL27 effectively decreased
skin inflammation in DTH and atopic dermatitis in mice (Homey et al. 2002),
there is likely redundancy among the skin-associated chemokine receptors
CCR10 and CCR4, at least in some settings of skin inflammation (Reiss et al.
2001). Moreover, it is possible that other inflammation-induced receptors play
a role in inflamed skin. In fact, clinical trials are currently underway targeting
CCR1 and CXCR3 in psoriasis (Johnson et al. 2005).

The gut mucosa is arguably the most paradigmatic example of tissue-
specific homing. Blockade of α4β7 in a spontaneous model of colitis in non-
human primates rapidly reverts the disease (Hesterberg et al. 1996). Similarly,
in a chronic colitis model caused by transfer of CD45RBHi CD4 T cells into
SCID mice, blocking β7 integrins and/or MAdCAM-1 inhibited the develop-
ment of colitis (Picarella et al. 1997). Consistent with these data, Natalizumab
has been efficacious in clinical trials of Crohn disease (Ghosh et al. 2003).
However, as discussed above, there are important safety concerns associated
with global inhibition of α4 integrins (Steinman 2005). Nevertheless, a recent
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trial in ulcerative colitis selectively targeting the gut-homing receptor α4β7
has successfully reached its therapeutic end point (Feagan et al. 2005). Because
this approach does not interfere with α4β1 pathway in the CNS, it seems less
likely to elicit susceptibility to PML or other opportunistic infections.

Another pathology involving the gut is GVHD, and interfering with the
function of α4 or α4β7 has been effective in preventing gut and liver (but not
cutaneous) GVDH in mice (Murai et al. 2003; Petrovic et al. 2004; Tanaka et al.
1995). However, it is possible that other molecules induced on inflammation
are also involved in this pathology, for example, the chemokine receptors
CXCR3 (Duffner et al. 2003) and CCR5 (Murai et al. 2003).

Interestingly, in some studies of acute experimental colitis, blocking tissue-
specific homing receptors has been only partially or not at all effective. For
instance, blocking VCAM-1, but not the α4β7 ligand MAdCAM-1, was shown
to attenuate DSS colitis (Soriano et al. 2000). This could be due in part to
the fact that DSS-induced colitis does not depend on T and B lymphocytes
(Axelsson et al. 1996). In addition, it is possible that other non-tissue-specific
adhesion molecules induced under inflammatory conditions could (at least
in part) override the role of some tissue-specific homing receptors and ad-
dressins. Consistent with this possibility, blocking the CCR6-ligand CCL20 (in
addition to MAdCAM-1) was necessary to decrease the accumulation of T and
B cells in DSS-induced colitis (Teramoto et al. 2005). Additionally, blocking
α1β1, a collagen-binding integrin upregulated in many inflammatory settings,
decreases TNBS-induced acute colitis in mice (Fiorucci et al. 2002). Moreover,
it has been found in humans that CCR2 is expressed by most CD4 T cells in-
filtrating the lamina propria in Crohn’s ileitis (Connor et al. 2004), suggesting
that this receptor (with or without CCR9) might play a role in this intestinal
pathology. Furthermore, in SAMP-1/Yit mice, a strain that develops spon-
taneous chronic enteritis similar to Crohn’s disease, blocking ICAM-1 plus
VCAM-1 reduced inflammation (Burns et al. 2001). Interestingly, blocking β7,
α4β7, or MAdCAM-1 alone did not prevent ileitis, but blocking L-selectin in
combination with MAdCAM-1 or α4 ameliorated the disease, suggesting that
under chronic intestinal inflammation, non-gut-specific molecules such as
α4β1 and L-selectin might play important roles in the pathogenesis of these
diseases (Rivera-Nieves et al. 2005). However, using the same mouse model,
another group has reported recently that blocking MAdCAM-1 alone was not
only effective but even better than VCAM-1 blockade (Matsuzaki et al. 2005).
Whether the discrepancies among these reports could have been due to dif-
ferences in experimental treatment schedules or some other factors remains
to be determined.
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6
Re-educating Tissue-Specific T Cells—
A New Platform for Immunomodulation?

An important question is whether effector/memory lymphocytes, after hav-
ing been imprinted to express a set of tissue-specific homing molecules, can
change or modulate their homing potential. There is mounting evidence that
the answer to this question is affirmative in most if not all cases. For example,
CD4 T cells can sequentially up- or downregulate the skin-homing receptor
CLA when they are reactivated under Th1 or Th2 conditions, respectively
(Teraki and Picker 1997). TEM cells can spontaneously reacquire L-selectin
and CCR7 expression and thus revert to a TCM phenotype in vivo (Wherry
et al. 2003). In addition, most TCRαβ/CD8αβ T cells in the intestinal lamina
propria are α4β7Low/neg (Mora et al. 2003). Indeed, recent findings suggest that
α4β7 is downregulated whereas αEβ7 is upregulated after T cells have entered
the intestinal mucosa (Ericsson et al. 2004). Even skin and gut homing com-
mitment are not immutable properties but apparently reflect rather dynamic
functional states. T cells that have been imprinted with gut- or skin-homing
potential by intestinal DC or PLN-DC, respectively, become “reprogrammed”
when they are restimulated by the “opposite” DC (Dudda et al. 2005; Mora
et al. 2005) (Fig. 4A). Consistent with a pivotal role of RA during intestinal
imprinting (Iwata et al. 2004), memory T cells that were restimulated in the
presence of exogenous RA acquired a marked gut-homing phenotype irre-
spective of their prior tissue commitment or the nature of the stimulus (i.e.,
antibodies or DC from different tissues) used for reactivation (Mora and von
Andrian, unpublished observations). Re-education of memory lymphocytes
may also be possible in humans. When volunteers were immunized orally
or parenterally and then reimmunized with Salmonella through the same
or the opposite pathway with respect to the first immunization, the last im-
munization was dominant over the first one regarding the expression of the
gut-homing receptor α4β7 on antigen-specific ASC (Kantele et al. 2005). Thus
memory B cells may also possess plasticity in their homing commitment
(Fig. 3B). The new concept that has emerged from the above observations is
that tissue selectivity is a dynamic and pliable property of lymphocytes. This
plasticity could be an attractive target for therapeutic intervention. On one
hand, the pharmacological provision of homing instructions may allow for
improved targeting of effector/memory lymphocytes to improve vaccination
protocols in infectious diseases or cancer. On the other hand, it might be
possible to divert pathogenic lymphocytes away from a site of autoimmune
attack to other tissues where the redirected cells remain harmless.
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Fig. 4 Plasticity in lymphocyte homing potential. Effector/memory T cells with gut-
homing potential are rapidly converted to skin-homing T cells if they are reacti-
vated with peripheral DC (i.e., in the absence of RA). Reciprocally, cutaneous effec-
tor/memory T cells readily acquire a gut-homing phenotype when they are restimu-
lated by intestinal DC (i.e., in the presence of RA)

7
Future Directions

A growing body of evidence indicates that the division between TCM and
TEFF/TEM can be complex and fluid. For example, some human cells with a TCM

phenotype express not only LN homing receptors but also traffic molecules
for peripheral tissues, and such cells have been detected in extralymphoid
organs (Campbell et al. 2001). In addition, at least in certain mouse models,
some TCM-like cells exhibit immediate effector activity comparable to that of
TEFF (Debes et al. 2002; Unsoeld et al. 2002; Wherry et al. 2003). Given these
observations, there are no universally accepted criteria for unambiguous
distinction between these memory T cell subsets, other than their differential
capacity to migrate to PLN.

The molecular mechanisms driving the homing of effector/memory lym-
phocytes to the small intestine and the skin have been partially elucidated.
Although gut DC and RA seem to be necessary and sufficient to imprint T cell
with small bowel tropism under steady-state conditions, it will be interesting
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to explore whether there are additional mechanisms to generate gut-homing
lymphocytes under inflammatory conditions. Moreover, T cells seem to re-
quire different signals to migrate into the large bowel (Kunkel and Butcher
2002; Mora et al. 2003), and it will be important to determine the specific
multistep cascade for colon homing.

Is there truly "homing imprinting" for tissues other than the gut? Recent
evidence suggests that the induction of skin homing (at least selectin ligands
and CCR4) is a default pathway in the absence of gut-derived signals (Mora
et al. 2005). It will be interesting to determine whether other skin-associated
receptors, such as CCR10 and CCR8, require skin-specific molecular signals.
In addition, it will be important to explore other proposed tissue-specific
lymphocyte imprinting pathways, such as those for the lung (Ainslie et al.
2002; Xu et al. 2003), liver (Geissmann et al. 2005; Sato et al. 2005), bone
marrow (Mazo et al. 2005), and central nervous system (Calzascia et al. 2005).

Similarly, although ASC can exhibit gut tropism, which depends on the
site of antigen encounter (Kunkel and Butcher 2003), it is presently unknown
whether and how B cells get imprinted. Are tissue-specific DC and/or RA in-
volved in this process (Fig. 3B)? What mechanisms coordinate the expression
of α4β7 and CCR10 and/or CCR9 in ASC? How is B cell imprinting correlated
with switching to IgA versus IgG production?

Most studies on lymphocyte migration to the gut have focused on steady-
state, noninflamed conditions. However, recent evidence suggests that other
adhesion molecules, different from the canonical gut-specific homing recep-
tors, may be invoked under inflammatory conditions (Rivera-Nieves et al.
2005). To devise optimal therapeutic strategies, it will be important to dissect
the relative contribution of tissue-specific versus non-tissue-specific traffic
molecules in different inflammatory settings.

Because gut-associated DC play an active role in programming T cells
to express gut-homing molecules (Iwata et al. 2004; Mora and von Andrian
2004), it will be important to understand how DC themselves are "educated"
to acquire this tissue-specific imprinting potential. It is likely that "DC edu-
cation" happens in the periphery after bone marrow-derived DC precursors
have established a tissue residence, but the alternative, a priori specialization
of precursors in the bone marrow, has not been ruled out. Wherever DC im-
printing specialization may have its origin, the signals involved in this process
are unknown. Possible candidates include the gut microflora, signals through
toll-like receptors, the influence of epithelial and/or other stromal cells, intrin-
sic differentiation programs triggered during hematopoiesis, or a mixture of
these diverse factors. The elucidation of this mechanism(s) may have implica-
tions for the design or improvement of DC-based vaccines targeting mucosal
immune responses, such as in HIV and cancer.
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Abstract The lower intestine of mammals is colonised by a dense flora composed
mainly of non-pathogenic commensal bacteria. These intestinal bacteria have a wide-
ranging impact on host immunity and physiology. One adaptation following intestinal
colonisation is increased production and secretion of polyspecific intestinal IgA. In
contrast to the strong mucosal immune response to bacterial colonisation, the systemic
immune system remains ignorant of these organisms in pathogen-free mice. Small
numbers of bacteria can penetrate the epithelial surface overlying Peyer’s patches and
survive in dendritic cells to induce IgA by T-dependent and T-independent mecha-
nisms. These dendritic cells loaded with live commensal organisms can home to the
mesenteric lymph nodes but do not reach systemic secondary lymphoid structures, so
induction of mucosal responses is focused in mucosal lymphoid tissues. The secretion
of antibodies across the intestinal epithelial surface in turn limits the penetration of
commensal organisms, but this is one of many mechanisms which adapt the intestinal
mucosa to co-existence with commensal bacteria.

1
Introduction

1.1
The Intestinal Bacterial Microflora—Complexity and Uncertainty

The lower intestine of mammals is a marvellous habitat for microorganisms.
The temperature is a steady 34–40°C and there is a reliable supply of car-
bon sources, vitamins, minerals and water. It is therefore not surprising that
immense numbers of bacteria inhabit the distal small intestine (ileum), the
caecum, and the colon. Their densities range up to 1012 organisms/ml intesti-
nal contents, so overall the bacteria that we carry outnumber our own cells,
and within about 1,000 species present there are approximately 100 times as
many genes as on our own chromosomes (Hooper et al. 2001). In normal cir-
cumstances, this habitat can never remain sterile for long, so we are colonised
just after birth and carry these microbial passengers throughout life (Mackie
et al. 1999).

This review summarises experiments carried out to examine the way in
which the immunesystemhasadapted to thepresenceof commensal intestinal
bacteria for mutual co-existence, with an emphasis on the secretory IgA
response.

The relationship with intestinal bacteria, and microbes that colonise other
body surfaces, is usually mutually beneficial. In the intestine, bacteria salvage
energy from carbon sources that cannot be digested by mammalian enzymes
and supply the host with vitamin precursors. They also appear to compete
effectively with pathogenic bacteria, leading to the use of commensal bacteria
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(Tvede and Rask-Madsen 1989) or non-pathogenic Saccharomyces (McFar-
land et al. 1994) as therapeutic ‘probiotics’ to treat recurrent infections with
toxigenic Clostridium difficile or some forms of relapsing inflammatory bowel
disease (Cummings and Kong 2004). Although there is epidemiological ev-
idence that these treatments work, the mechanisms are largely speculative
because we understand so little about the complex consortia of bacteria that
live in or adjacent to the mucus layer overlying the single-cell-thick sheet of
epithelia cells. This has immense practical importance, because the bacteria
that are seen by the immune system are probably mainly those intimately as-
sociated with the epithelium in biofilms. Conversely, we assume that mucosal
immunity has an important effect on the composition and density of these
biofilms, but there is very little information to show whether this is true in
vivo. We still need much better information about the dynamics and plasticity
of the commensal intestinal flora.

1.2
Tools to Investigate Mutualism
Between Commensal Intestinal Bacteria and the Host Immune System

Three main different experimental setups have been used in our lab and oth-
ers to study the bacterial-host interactions described in this article. First, we
can take germ-free animals with no intestinal bacteria whatsoever and study
the changes in the host mucosal and systemic immune systems as bacteria
colonise the intestine: to recolonise germ-free animals it is only necessary to
put a normal animal containing an intestinal flora in the same cage. Alter-
natively, animals may be selectively colonised by deliberate inoculation with
one or more bacterial species. Second, we can deliberately challenge specific
pathogen-free (SPF) animals with doses of live bacteria given into the stom-
ach, or directly into the intestine. SPF animals have a simple flora of intestinal
bacteria (Macpherson and Harris 2004), so challenging them with test doses
of organisms increases the bacterial load (Macpherson and Uhr 2004). The
test organism can, of course, be engineered to express a chimeric protein in
order to measure specific immune responses (Macpherson et al. 2000). The
third experimental setup is to compare the density and composition of the
unmanipulated bacterial flora in animals with known genetic lesions with the
flora in control animals (Fagarasan et al. 2002). These approaches are assumed
to be giving complementary information, for example, that the changes oc-
curring as an animal acquires a flora from the germ-free state are exaggerated
when animals with an established flora are challenged with intestinal bacteria.

In general terms, it is necessary to do strictly in vivo studies, because we are
investigating the interactionsofat least two interactingcomplexsupersystems:
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host immunity and intestinal bacteria consortia. The availability of large
numbers of mouse strains with distinct genetic lesions affecting immunity
and the ability to manipulate their flora are key to the progress of this field,
because mechanisms of immune adaptation to commensal intestinal bacteria
can be dissected in vivo with experiments using different strain combinations.

1.3
Mutual Adaptation of the Host and the Intestinal Bacterial Flora

Interest in the relationships between animals and their intestinal bacteria
has a long history (Cushing and Livingood 1900; Metchnikoff 1908). Classic
observations established that nutrition has a profound influence on the com-
position of the intestinal flora [reviewed by Dubos and Schaedler (1960)],
including the special medically important situation when formula feeding is
substituted for breast feeding in human infants (Tissier 1905), causing the
luminal content of lactobacilli to fall and gram-negative bacilli and clostridia
to rise.

Pasteur considered that microbes would be essential to the viability of
plants and animals (Pasteur 1885). It was nevertheless shown that life is
possible without microbes by raising animals in an aseptic environment,
initially for several weeks (Cohendy 1912, 1914) and later over a normal full
life span. The programme to maintain a variety of laboratory rodents germ
free long term started at Notre Dame University in 1928 (Reyniers 1959).
Although germ-free animals are viable, the benefits of commensal bacteria
to their host were shown by comparing animals kept in germ-free conditions
with the same strain colonised with environmental bacteria. For example,
animals kept in sterile conditions suffered nutritional (vitamin) deficiencies
(Gustafsson 1959) and had immature lymphoid structures (Glimstedt 1936;
Miyakawa 1959) and low levels of serum gamma globulins (Thorbecke 1959).

Subsequent investigations have shown that the germ-free animal has many
other differences compared with the same strain colonised with bacteria. The
germ-freemucosal immunesystemhasonlya sparse contentof laminapropria
IgA-secreting cells (Benveniste et al. 1971a, 1971b; Moreau et al. 1978), and
the mucosal lymphoid structures—the Peyer’s patches—are hypoplastic with
few B cell follicles and germinal centres (Yamanaka et al. 2003). The content
of some intestinal epithelial lymphocyte subsets, particularly those bearing
the CD8αβ heterodimer and double-positive CD4+ CD8+ subsets, are also re-
duced (Guy-Grand et al. 1978; Helgeland et al. 1996, 1997; Takimoto et al. 1992;
Umesaki et al. 1993). In the systemic immune system, isotype-switched im-
munoglobulins are generally at low levels, the secondary lymphoid structures
are relatively poorly formed (Bauer et al. 1963; Manolios et al. 1988) and the
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high endothelial morphology is abnormal (Manolios et al. 1988). The immune
response to immunisation appears to have a smaller non-specific (polyclonal)
component (Bakker et al. 1995). The age-related diversification of the B cell
repertoire also appears to be reduced (Williams et al. 2000). Where studied,
these differences are shown to be reversed within weeks of introduction of
a bacterial flora to a previously germ-free animal (Macpherson and Harris
2004; Shroff et al. 1995).

Adaptation to commensal intestinal bacteria is by no means restricted to
the immune system. Elegant experiments on the gene expression profile of
intestinal epithelial cells have shown that there is reprogramming in the pres-
ence of commensals (Hooper and Gordon 2001; Hooper et al. 2001, 2003).
For example, there is upregulation of antimicrobial proteins including angio-
genin 4 (Hooper et al. 2003), and signals that determine body metabolism
are altered, such as the circulating lipoprotein lipase inhibitor Faif, which
is suppressed by colonisation with intestinal bacteria (Backhed et al. 2004).
Paradoxically, even the homeostasis of the epithelial cell barrier of the mu-
cosa requires signalling from the intestinal bacterial molecule ligands for the
Toll-like receptors, including TLR-2 and TLR-4 (Rakoff-Nahoum et al. 2004).

We can therefore conclude that many systems in the body are highly
adapted to the presence of intestinal bacteria, although the functional conse-
quences of most of these alterations are unclear.

2
Immune Responses to Commensal Intestinal Bacteria

2.1
Mucosal Immune Responses to Commensal Intestinal Microorganisms

As discussed in Sect. 1.3, it has long been clear that IgA is one of the most strik-
ing adaptations to the presence of intestinal bacteria (Benveniste et al. 1971a,
1971b). It is induced more than an order of magnitude 3–4 weeks after germ-
free mice are recolonised (Shroff et al. 1995). This means that in colonised
mammals IgA constitutes approximately 70% of all antibody production, and
it is mostly secreted across mucous membranes. The requirements for class
switch recombination to IgA have been studied in cell culture experiments
and in a series of elegant in vivo studies using cholera toxin as a mucosal
adjuvant [reviewed in Johansen and Brandtzaeg (2004)]. These (neutralising)
exotoxin-induced IgA responses are highly T cell dependent (Gardby et al.
1998; Hörnquist et al. 1995; Lycke and Holmgren 1986; Vajdy et al. 1995).

Using Western blots of membrane protein preparations of Enterobacter
cloacae (the principal aerobe in our colony of SPF mice in Zürich), we
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found that intestinal secretory IgA bound to many different bacterial pro-
teins (Macpherson et al. 2000). Binding to other purified cell wall components
was also seen in ELISA assays. Within this polyspecific IgA binding profile, no
additional proteins were bound if the bacterial IgA preparations were isolated
from wild-type animals containing T cells, rather than mice deficient in T cells
as a result of targeted genetic lesions of both the β and δ T cell receptor chains
(TCRβ−/−δ−/−; Macpherson et al. 2000). Moreover, although the total amount
of IgA produced in TCRβ−/−δ−/− mice was reduced to about a quarter of that
in wild-type animals, there was still significant IgA production without T cell
help (Macpherson et al. 2000).

We also studied strains deficient in lymphoid structure formation to exam-
ine the requirements for secondary lymphoid structures within the intestinal
mucosa for IgA induction to take place. We found that IgA is normally pro-
duced in the p55 tumour necrosis factor receptor I-deficient strain, which
lacks follicular dendritic cell (DC) networks and has few Peyer’s patches that
are highly disorganised structures with lymphocytes interspersed between
epithelial cells (Pasparakis et al. 1997). In contrast, two strains of mice with
generalised lymphoid structuredeficiencies, includingabsentBcell structures
in the intestine, lacked IgA. For example, the lymphotoxin α-deficient mouse
(De Togni et al. 1994), which lacks most secondary lymphoid structures, in-
cluding isolated lymphoid follicles and Peyer’s patches, expresses no IgA. The
other IgA-deficient strain studied was the alymphoblastic (aly/aly) mouse,
which carries a spontaneous point mutation in an exon-intron splice site for
NFκB-inducing kinase (Shinkura et al. 1999; Macpherson and Uhr 2003): this
results in absent lymphoid structures (including Peyer’s patches and isolated
lymphoid follicles) apart from the spleen and thymus, which are disorgan-
ised (Hamada et al. 2002; Miyawaki et al. 1994). Even if the B cell defect in
aly/aly mice (Karrer et al. 2000) is corrected by reconstitution with wild-type
bone marrow, there is no reconstitution of intestinal IgA, although about half
the serum IgA is recovered (Macpherson et al. 2001). Our interpretation of
these results was that primitive disorganised lymphoid structures in the mu-
cosa were sufficient for intestinal mucosal IgA induction to occur, whereas
about half the serum IgA is independently expressed without intestinal induc-
tion. Fagarasan and her colleagues subsequently presented evidence for IgA
switching outside the Peyer’s patches within the lamina propria (Fagarasan
et al. 2001), although these are very demanding experiments in which it is
possible that there was a problem with contamination of the lamina propria
leukocyte preparations with isolated lymphoid follicles (Shikina et al. 2004).
Nonetheless, it is still unclear whether the vast majority of precursors for IgA-
secreting intestinal plasma cells are IgA+ B cells induced in the Peyer’s patches
and recirculate through the mesenteric lymph and blood stream as described
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in classic experiments (Craig and Cebra 1971; Husband and Gowans 1978), or
whether there are other pathways of in situ IgA switching or direct migration
out of intestinal lymphoid structures without recirculation (Yamamoto et al.
2004).

By colonising SPF mice with recombinant bacteria-expressing novel
chimeric proteins, it was possible to show that a proportion of the T-in-
dependent intestinal IgA response was antigen specific (Macpherson et al.
2000). As with most immune responses, this is certainly only a component of
the total IgA response (Bos et al. 2001). It is probable that T cell-independent
signalling for the IgA class switch reaction and response amplification also
occurs independently of the B cell receptor (Casola et al. 2004), for example,
by DC expression of the TNF family molecules BAFF and APRIL (Castigli
et al. 2004, 2005; Litinskiy et al. 2002) or through TLR ligand stimulation.

The conclusion is that the secretory IgA immune response is a rather
primitive system that is not dependent on cognate T cell help and probably
does not require complex organisation of the secondary lymphoid structures
containing B cells in the intestinal wall. This is supported by almost normal
production of IgA in the MHC Class II-deficient mouse (Snider et al. 1999)
and by the restricted diversity of VHα sequences in both mouse (Stoel et al.
2005) and human (Holtmeier et al. 2000), without evidence for sequential ac-
cumulation of somatic mutations expected in a conventional germinal centre
reaction to improve binding affinity. Within the complex secretory IgA reper-
toire we do not yet have good information about binding affinities, but we
assume that the system is producing relatively low-affinity antibodies capable
of binding a diverse range of redundant epitopes in the bacterial flora (Bouvet
and Fischetti 1999; Macpherson et al. 2000).

2.2
Systemic Immune Ignorance of Commensal Intestinal Microorganisms

In contrast to the profound mucosal IgA responses that occur in unmanipu-
lated mice, provided the animals are kept in pathogen-free (SPF) conditions
the systemic immune system is ignorant of commensal organisms. This was
shown by the lack of specific serum IgG binding in Western blot experiments
with membrane proteins of the dominant aerobic commensal E. cloacae sim-
ilar to those described in Sect. 2.1 for IgA. This was a true negative, because
if the mice are deliberately infected intravenously (i.v.) with 104–106 c.f.u.
E. cloacae, there is consistent induction of specific serum IgG 14 days later
(Macpherson et al. 2000). Serum IgG responses are therefore a sensitive indi-
cator of the penetration of commensal intestinal bacteria into systemic sec-
ondary lymphoid structures. Some spontaneous priming of anti-E. cloacae
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IgG was seen in the aly/aly and IgA-deficient strains, suggesting that the secre-
tion of antibodies at mucosal sites is required to protect against penetration
of commensal organisms (Macpherson et al. 2000).

Healthy adult humans normally contain serum IgG antibodies against
model commensal organisms, suggesting that they have responded to sys-
temic penetration of commensal organisms to systemic lymphoid tissues at
some point in the past (Macpherson et al. 1996). This is not surprising be-
cause of the many infections, drugs, foodstuffs and alcoholic drinks that have
the potential to damage the intestinal permeability barrier (Bjarnason et al.
1995); however, this is still consistent with the observation in clean mice that
powerful mucosal immune induction occurs in the face of systemic immune
ignorance of commensal organisms. This geographical separation of the han-
dling of commensal bacteria allows the systemic immune system only to
respond as required, for example, when there is bacteriaemia or an infection
from commensals, such as mastitis. In general, it is only necessary to induce
systemic immune responses to commensals if they reach systemic secondary
lymphoid structures in sufficient numbers, because innate mechanisms are
normally sufficient to clear commensal bacteraemias (Shiloh et al. 1999).

3
Mechanisms of Mucosal IgA Induction to Commensal Intestinal Bacteria

3.1
Regional Separation of Culturable Organisms
After Challenge Doses of Enterobacter cloacae

In an attempt to understand the way in which the mucosal immune system
functionally protects the intestinal surface from the penetration of commen-
sals, we challenged mice either by gavage (109 c.f.u.) or i.v. injection (107 c.f.u.)
with E. cloacae. When the organism was administered i.v., not surprisingly, we
found abundant culturable bacteria in splenocytes but very few in leukocytes
from the mesenteric lymph nodes (MLN). Conversely, when the bacteria were
given into the intestine, smallnumbersof culturableorganismswere recovered
from the MLN over approximately 60 h, whilst the spleen and other systemic
secondary lymphoid structures remained sterile (Macpherson and Uhr 2004).

The reason for studying the MLN rather than mucosal tissues directly was
that the latter were inevitably contaminated with culturable organisms from
the intestinal lumen when tissues were disrupted in leukocyte extraction pro-
tocols. This can be experimentally overcome by incubating tissue fragments
in antibiotics before disruption to kill extracellular but not intracellular bac-
teria. With this method (with MLN fragments treated similarly) the uptake of
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live bacteria was shown to start in the Peyer’s patches 5–9 h after the intestinal
dose, after which lower numbers of organisms were detected in the mesenteric
leukocytes after 12 h (Macpherson and Uhr 2004).

To determine which cell type contained the bacteria we carried out sorting
experiments with magnetic beads or flow cytometry 18 h after administering
the bacteria (Macpherson and Uhr 2004). The results were essentially iden-
tical, but the flow cytometry data have been described because the purities
were always far better (>98%). Our intention had been to measure the live
bacterial load in CD11b+ CD11c− macrophages according to whether or not
mice secreted intestinal antibodies, but it was the CD11b+ CD11c+ DC com-
partment that contained the live bacteria. Using ex vivo assays of macrophage
killing of bacteria, we found that this could be explained by the fact that killing
was almost complete within the 4–6 h that it took us to isolate the leukocytes,
run the cell sort and plate out the cell fractions for bacterial culture. In con-
trast, DC have relatively poor microbiocidal mechanisms (Delamarre et al.
2005). Different subsets of DC have been described in the Peyer’s patches
(Kelsall and Strober 1996) and the intestinal lamina propria (Becker et al.
2003; Huang et al. 2000; Niess et al. 2005), but we found similar recoveries of
live bacteria from CD11c+ mesenteric leukocytes in both the CD8+ and the
CD8− fractions.

The data showing sampling of luminal bacterial material by DC could
be reproduced in standard flow cytometry, by transforming E. cloacae to
express green fluorescent protein (GFP) under the control of the constitutive
rpsM (ribosomal protein) promoter (Macpherson and Uhr 2004). In this case
we were not dependent on live culture as a readout, and green fluorescence
could also be seen in the macrophage fractions. GFP could also be seen
directly within Peyer’s patch CD11c+ DC with immunofluorescence. We did
not see significant numbers of organisms either by live culture or by FACS
in lamina propria DC, although evidence has been presented by two other
groups (Becker et al. 2003; Niess et al. 2005) of sampling of luminal commensal
bacteria by subepithelial DC in the ileum (distal part of the small intestine).
The tissue in most of our experiments was usually taken over the entire
length of the small intestine, diluting the signal on a regional effect, and
our technique of pulsing the intestine with bacteria may have allowed easier
access to DC in the Peyer’s patches because the mucus covering and surface
glycocalyx are thinner. Despite these caveats, our data suggest that the Peyer’s
patches and isolated lymphoid follicles are probably the predominant site for
sampling luminal intestinal bacteria, whereas small numbers of bacteria that
reside beneath the mucus close to the surface epithelial cells can be sampled
by subepithelial DC subsets of the lamina propria (Becker et al. 2003; Niess
et al. 2005).
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3.2
Induction of IgA by Dendritic Cells Loaded with Live Enterobacter cloacae

To examine the function of DC loaded with commensal bacteria, we set up
culturesofB220+Bcells andCD4+Tcellspurified frommesenteric leukocytes
ofSPFC57BL/6mice thathadnotbeenchallengedwithE. cloacaewithCD11c+
cells purified from the Peyer’s patches of C57BL/6 mice gavaged with live E.
cloacae. Similar B and T cell cultures from unchallenged C57BL/6 mice were
set up with CD11c+ cells purified from Peyer’s patches of mice challenged with
heat-killed E. cloacae (Macpherson and Uhr 2004). The results were that the
addition of DC from mice gavaged with live E. cloacae caused a population of
IgA+ Bcells (1.9±0.6%)and theproductionof supernatant IgA(950±90ng/ml)
absent from cultures incubated with DC from the Peyer’s patches of mice
treated in vivo with heat-killed E. cloacae (0.09±0.04%; <50 ng/ml).

We also found that the addition of purified CD11c+ cells from the Peyer’s
patches of animals that had been treated with live E. cloacae also induced
IgA+ B cells (1.2±0.3%; 610±65 ng/ml) and production of supernatant IgA
when T cells were omitted from the cultures. This was shown not to be due
to low level contamination with T cells, because the IgA induction with DC
loaded with live bacteria also worked when B cells were purified from animals
deficient in T cells as a result of targeted genetic lesions of the β and δ T cell
receptor chains (TCRβ−/−δ−/−-).

DC have previously been shown in spontaneous ex vivo culture exper-
iments to be a key cell type required for the class switch recombination
reaction to express IgA (Fayette et al. 1997; Schrader and Cebra 1993). In our
experiments the translocation of live commensal bacteria, and their uptake
by DC, has been shown to promote this effect, but we do not know whether
the mechanism is a consequence of signalling from bacterial surface molec-
ular patterns through Toll-like receptors on DC or by direct stimulation of B
cells (for example, after regurgitation of whole bacteria by the DC) to provide
bacterial surface molecular arrays which would potentially be able to bind
even low-affinity Ig binding sites. We also do not yet know whether heat-
killed E. cloacae are not effectively taken up by intestinal DC, or whether live
bacteria are required at a cellular level for the response.

3.3
Induction of IgA by Intestinal Conditioning of Mice In Vivo
with Live Enterobacter cloacae

To determine whether the induction of IgA by the protocol of loading live
commensal bacteria worked in vivo we repeatedly challenged wild-type SPF
C57BL/6 mice with E. cloacae in the intestine by giving gavage doses of
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107 organisms every third day for a month (Macpherson and Uhr 2004).
These SPF mice already contained a simple flora of intestinal bacteria, and
the protocol was designed and shown to increase intestinal bacterial density.
Seven days after the last dose we found that there was a four- to fivefold in-
creased number of IgA-producing cells in the intestinal lamina propria over
sham-treated animals both by ELISPOT analysis and by immunohistochem-
istry. The serum IgA level was also increased five- to tenfold. Induction of IgA
through this mechanism was not T cell dependent because it worked (at lower
levels) in T cell-deficient (TCRβ−/−δ−/−) animals, but it did require gavaging
with live bacteria, because the response was absent in groups in mice treated
with the same preparation of E. cloacae that had been split and heat-treated
before administration.

The in vivo IgA induction protocol with live commensal bacteria also
worked when Enterobacter faecalis, Bacillus puminatus and Staphylococcus
saprophyticus (MacphersonandUhr2004)wereused inplaceofE. cloacae. It is
also important to note that intestinal bacterial conditioning is very effective at
inducing total intestinal and serum IgA, yet the response is isotype specific—
unlike induction of IgA with intestinal administration of cholera toxin (Elson
and Ealding 1984a, b; Snider et al. 1994), there is no increase in serum IgM, IgG
or IgE. In addition to the substantial increase in total IgA, use of recombinant
bacteria expressing a specific chimeric protein at a high level indicates that
a proportion of this IgA response is bacterial antigen specific (Macpherson
et al. 2000).

Just as the colonisation of germ-free mice leads to substantial induction
of IgA during adaptation to the presence of intestinal bacteria, so repeated
challengeofSPFmicealreadycontainingacommensalflorawithexperimental
dosesof livebacteriagiven into the intestine leads to selective IgA induction. In
the latter case, the mechanism can be shown to be dependent on the uptake of
live commensal bacteria which have penetrated the epithelial layer by DC and
subsequent stimulation of B (and probably T) cell responses. However, it is still
an assumption that the in vivo repeated challenge protocol accurately models
the spontaneous induction from the germ-free to the colonised state, because
measurement of the low levels of spontaneous penetration of commensal
bacteria is at the limit of current detection methods.
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4
Compartmentalisation of Mucosal Immune
Responses to Commensal Bacteria

4.1
Induction by Dendritic Cells Loaded with Commensal Bacteria
Focuses the Process Within the Mucosal Immune System

As described in Sect. 2.1, the systemic immune system of SPF mice remains
ignorant of their commensal intestinal flora, but specific serum IgG responses
can easily be induced by administration of 104–106 live organisms into the
tail vein. On one hand, it makes good sense that the systemic immune sys-
tem is not repeatedly primed to commensal organisms, because the diverse
responses (which would be largely superfluous since innate mechanisms are
very effective at killing these bacteria) could potentially trigger allergy or
autoimmunity. On the other, it is important not to be generally tolerant of
commensal bacteria, as this may lead to an inability to mount neutralising
responses against pathogenic bacterial epitopes. The question is, how can
a powerful mucosal immune response be achieved while maintaining sys-
temic ignorance of commensals?

It was striking that administration of challenge doses of E. cloacae or other
intestinal bacteria led to penetration of a small proportion (≈0.001%) of
the live bacteria as far as the MLN, but not to the spleen or other systemic
secondary lymphoid structures. To show that this penetration was within mi-
grating DC rather than as free bacteria we carried out experiments in which
two segments of small intestine were disconnected from the main intestinal
stream and each was separately attached with a stoma to the skin surface
so bacteria could be injected into the loop. The vascular and lymphatic sup-
plies to these segments of intestine were not disturbed, and the remaining
ends of the small intestine (from which the loops had been removed) were
anastomosed with microsurgical techniques to restore intestinal continuity
and allow the animal to feed normally. Once the animal had recovered from
surgery, we challenged one loop with E. cloacae which had been made stably
naladixic acid resistant as a bacterial chromosomal mutation and the other
loop with E. cloacae that had been made rifampicin resistant. After 18 h we
isolated mesenteric leukocytes and plated them on bacterial growth medium.
If we lysed the mesenteric leukocytes before plating we found that there was
a 20±7% increase in the number of bacterial colonies, indicating that a pro-
portion of the leukocytes (shown by the flow cytometric sorting experiments
described earlier to be DC) contained more than one bacterium. The question
nowwas whether those DC containing multiple bacteria always had organisms
of a single antibiotic resistance (in which case the DC would have picked up the
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bacteria and carried them to the MLN) or whether both antibiotic resistances
were present (when free bacteria would have penetrated and been taken up
by DC in the MLN). After plating out the mesenteric leukocytes on unselec-
tive nutrient bacterial agar and then using this as a master plate for replica
plating on antibiotic-containing selective growth medium, we showed that
only a single antibiotic resistance was ever present in colonies arising from
the leukocytes. If both NalR E. cloacae and RifR E. cloacae were both injected
into a single loop, the replica plating experiment showed that approximately
12% of colonies on the master plate had both antibiotic resistances.

Because the E. cloacae surface was identical whether it carried the NalR or
RifR marker, the only way to keep the different antibiotic resistances separated
within different cells would be if the bacteria had been taken up by the DC
in the intestinal loops (where each isolated intestinal segment was injected
with E. cloacae carrying only one distinct antibiotic resistance) and carried
from there within the DC to the MLN. Additional evidence for carriage within
DC was that virtually no bacteria were recovered from the MLN of CCR
7-deficient mice (Forster et al. 1999), in which lymph node homing signals
are disrupted by a targetted genetic deficiency. The bacteria that do reach the
MLN within DC in wild-type animals do not penetrate further to reach the
spleen or other systemic secondary lymphoid structures (Macpherson and
Harris 2004). This is probably because DC are relatively short-lived, and once
they die, local macrophages take up and kill any residual bacteria.

4.2
Dendritic Cells Loaded with Commensal Bacteria Are Retained in the Mesenteric
Lymph Nodes and Do Not Reach Systemic Secondary Lymphoid Structures

The concept that the MLN are an important barrier for translocated bacteria
within DC was addressed experimentally by examining the results of intesti-
nal bacterial challenge and serial intestinal bacterial conditioning in C57BL/6
mice without MLN (Macpherson and Uhr 2004). If MLN were surgically re-
moved by dissecting along the superior mesenteric artery, it could be shown
that the lymphatics had reanastomosed after a month during healing by gav-
aging a mouse with olive oil and seeing the resultant brilliant white lymphatic
vessels containing chylomicrons, but without MLN present. After such mesen-
teric adenectomy the conditioning protocol was carried out as described in
Sect. 3.3: Giving SPF C57BL/6 mice gavage doses of 107 E. cloacae organisms
every third day for a month induced IgA normally, but at the end of the ex-
periment there was massive splenomegaly in the MLN− animals with priming
of specific systemic IgG responses. A single challenge dose of E. cloacae also
resulted in culturable organisms in the spleen of MLN− animals.
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The conclusion from these experiments is that small numbers of live com-
mensal bacteria can penetrate the surface epithelium, especially the M cells
overlying Peyer’s patches and isolated lymphoid follicles. These live bacteria
are confined to the mucosal immune system because they are rapidly killed
if taken up by macrophages and can only survive in low numbers within
intestinal DC, which do not penetrate further into the body than the MLN.

5
Function of IgA in Mutual Adaptation
to the Presence of Commensal Intestinal Bacteria

Although secretory IgA constitutes the bulk of our bodily antibody output, we
have only limited information about its function. Selective IgA deficiency in
either mouse or human has a relatively benign phenotype, but this is probably
because IgM can substitute for IgA in both species. For either IgA or IgM to
be transported through the surface epithelial cells into the intestinal lumen,
they must be in polymeric form, containing J chain, and undergo transcytosis
bound to the polymeric immunoglobulin receptor (Brandtzaeg 1973, 1974).
Mice deficient for this pIgR show a protein losing enteropathy, indicative of
low-grade intestinal inflammation (Johansen et al. 1999).

To address the function of secretory immunoglobulin in protecting the
mucosa against commensal bacteria we performed two different sorts of ex-
periments (Macpherson and Uhr 2004). The first was to follow recolonisation
of germ-free C57BL/6 (wild type) and JH

−/− (antibody deficient) animals in
parallel as they acquired an SPF flora from a sentinel animal. In the first 48 h
of the experiment there was overgrowth of both aerobic and anaerobic organ-
isms, which then settled to steady-state levels with no significant differences
between the strains. However, the penetration of culturable aerobes from the
lumen to the MLN was greater in the JH

−/− strain and persisted longer (from
day 5 until day 42). Because the MLN do become sterile after a delay in the
JH

−/− strain, secreted antibodies are only part of the adaptation mechanism to
commensal bacteria; they are not essential. In a different experimental setup
we challenged SPF C57BL/6 wild-type mice and SPF JH

−/− antibody-deficient
animals (already containing an SPF flora) with graded doses of E. cloacae and
compared the levels of live bacterial penetration to the MLN18 h later. This
experiment also showed that the antibody-deficient strain had slightly higher
levels of penetration at each dose compared with the wild-type control. In
contrast, wild-type animals that had been conditioned with E. cloacae for
a month and then rested for 7 days before challenge (resulting in a substan-
tial increase in IgA levels as described in Sect. 3.3) had lower levels at every
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challenge dose compared with wild-type controls that had not been condi-
tioned. Therefore, secreted antibodies appear to protect the mucosa overall
from bacterial penetration beneath the epithelial surface.

Other experiments show that the function of IgA is probably not just im-
mune exclusion. Studies of the activation-induced cytidine deaminase (AID)
knockout strain, which is deficient in both isotype class switch recombination
and affinity maturation, have shown that there is overgrowth of anaerobes
and lymphonodular hyperplasia in the ileum (Fagarasan et al. 2002; Suzuki
et al. 2004). This can be corrected by reconstituting IgA expression (Suzuki
et al. 2004). A third possible functional consequence of IgA coating of intesti-
nal bacteria may even be to increase the uptake via specialised IgA receptors
on epithelial M cells overlying the Peyer’s patches (Mantis et al. 2002; Roy and
Varvayanis 1987; Weltzin et al. 1989), facilitating sampling of luminal bacteria.

The overall functional consequence of IgA expression is to limit pene-
tration of bacteria beneath the intestinal epithelial surface. The IgA system
therefore can work by negative feedback, whereby increased penetration of
commensals into DC leads to IgA induction, which in turn limits bacterial
translocation through the mucosa. Although secretory IgA is a protective
mechanism against commensal bacteria, it is not essential—evolution has
ensured that there are a number of protective responses against damage by
the immunostimulatory molecules in the luxuriant intestinal commensal bac-
terial flora (Sansonetti 2004).
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Abstract Our intestine is colonized by an impressive community of commensals that
has profound effects on the immune functions. The relationship between gut mi-
crobiota and the immune system is one of reciprocity: Commensals have important
contributions in nutrient processing and education of the immune system, and, con-
versely, the immune system, particularly gut-associated lymphoid tissues (GALT),
plays a key role in shaping the repertoire of gut microbiota. In this chapter we attempt
to discuss the mechanisms that underlie this reciprocity and emphasize the key role of
mucosal IgA in maintenance of an appropriate segmental distribution of microbiota,
which is necessary for immune homeostasis.
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1
Introduction

The prokaryotic kingdom represents the largest component of the biosphere
that has undoubtedly functioned as a major selective force for evolution of
eukaryotic organisms. Adaptive coevolution of mammals and bacteria led
to the establishment of commensal and symbiotic relationships that have
contributed to the development of the immune system and maintenance of
our normal physiology (Backhed et al. 2005; Hooper and Gordon 2001).

One site with perhaps the most complex and dynamic mutualistic eukary-
otic-prokaryotic relationships is the gastrointestinal tract. The gut is thought
to harbor 500–1,000 microbial species (the size of the microbiome exceeding
our individual genome by a factor of 100), which provide metabolic traits in-
cluding the ability to break down otherwise undigestible dietary components,
as well as natural defense against colonization with pathogens (Sonnenburg
et al., 2004). Besides these functions, and perhaps the most important, is the
role that the gut microbiota plays in education of the immune system. The
continuous dialog between immune cells and bacteria ensures the fitness of
the immune system, which is translated into a state of hyporesponsiveness
against some environmental antigens (such as dietary antigens and commen-
sals) and, paradoxically, a state of readiness that allows efficient and prompt
responses against other antigens, such as pathogens.

A conspicuous response of the immune system that follows the microbial
gut colonization is the production of IgA by the gut-associated lymphoid
tissues (GALT).

In humans, at least 80% of all plasma cells are located in the gut lamina pro-
pria (LP), and together they produce more IgA (40–60 mg/kg/day) than any
other immunoglobulin isotypes combined (van der Heijden et al. 1987; van
Egmond et al. 2001). The IgA is secreted mainly as dimers or larger polymers
(pIgA), after incorporation of the J chain and association with a transmem-
brane epithelial glycoprotein known as polymeric-immunoglobulin receptor
(pIgR) (Mostov 1994).

The finding that IgA is the most abundant Ig isotype in mucosal secretions
led immunologists to search for the origin of IgA plasma cell precursors, the
sites and mechanisms of their induction and migration, and the role of IgA at
mucosal surfaces. The major concepts derived from more than four decades
of intensive research, which was initiated by landmark experiments of Cebra
(Craig and Cebra 1971) are as follows:

1. The majority of intestinal IgA+ plasma cell precursors reside in the gut
follicular structures such as Peyer’s patches (PP).
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2. IgA+ B cell development is dependent on antigenic stimulation and T cell
help, which induces germinal center (GC) formation.

3. PP GC are intrinsically different to other GC, owing to the presence of spe-
cial T cells (CD4+) and dendritic cells (DC) that promote class-switching
specifically to IgA.

4. There is a preferential homing of IgA+ B cells but not IgM+ or IgG+ B
cells to the mucosal tissues, because of special adhesion molecules as
well as factors derived from local environments that selectively attract the
circulating precursors of mucosal IgA plasma cells.

5. IgA provides protection against bacterial, parasitic, and viral mucosal
pathogens.

These conclusions represent a solid foundation that allowed further sci-
entific quests into the complexity, diversity, and dynamism of the immune
responses and reciprocal relationships between bacteria and the immune
system.

In this chapter we attempt to combine the classic view of the mucosal
immune system with recent developments that have revealed new layers of
complexity relating to the sites, mechanisms, and function of gut IgA. We dis-
cuss the contribution of intestinal bacteria to development of the gut immune
system and emphasize the key role of IgA in shaping the gut microbiota and,
as such, in regulation of local and systemic immune responses.

2
Generation of Mucosal IgA in Organized Follicular Structures

TheGALT,which is themain site for generationofmucosal immune responses,
is generally divided into two compartments: inductive sites, represented by
organized follicular structures, and effector sites, represented by diffuse tis-
sue of the intestinal LP (Brandtzaeg et al. 1999; Fagarasan and Honjo 2003).
The major inductive sites in the small intestine are PP and solitary follicles
that are scattered throughout the intestine, called isolated lymphoid follicles
(ILF) (Hamada et al. 2002), which develop before and after birth, respec-
tively. Their organization requires multiple interactions between inducer cells
of hematopoietic origin and organizer mesenchymal cells (Nishikawa et al.
2003). Among the key events absolutely necessary for PP and ILF formation
is the expression of LTα1β2 on CD3-CD4+IL-7R+ inducer cells on stimula-
tion through IL-7R and its interaction with LTβR+ organizer cells (Honda
et al. 2001; Lorenz et al. 2003; McDonald et al. 2005; Yoshida et al. 2002). Sev-
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eral feedback loops necessary for PP and ILF formation involve chemokines
and adhesion molecules such as CXCR5-CXCL13 and CXCR5-induced α4β1-
VCAM-1 interactions (Finke et al. 2002).

Cellular studies suggested that bone marrow-derived precursors for IgA+

plasma cells are mainly generated in the PP (Cebra and Shroff 1994; Tseng
1981, 1984), and a clonal relationship between IgA+ B cells in the PP and IgA
plasma cells in the (LP has been demonstrated (Dunn-Walters et al., 1997;
Stoel et al., 2005).

It is generally accepted that IgA B cell development depends on the anti-
genic stimulation and induction of GC, a microenvironment that allows strong
interactions between B cells, antigens trapped on follicular dendritic cells
(FDC) and local CD4 T cells, that facilitate B cell proliferation, class switch
recombination (CSR) and somatic hypermutation (SHM) and affinity mat-
uration which are necessary for efficient humoral responses (Butcher et al.
1982; Strobel et al. 2005; Weinstein and Cebra 1991).

Indeed, neonatal mice or germ-free mice are almost completely devoid
of IgA+ B cells in gut. However, gut IgA+ B cells are detected after bacte-
rial colonization, around the peak of the GC reaction in PP, and these IgAs
commonly have specificities against molecules such as phosphocholine, β2-
1 fructosyl and β galactosyl groups associated with bacteria present in the
intestine (Cebra 1999).

In conventionally reared mice, PP as well as ILF, which are induced to
develop by bacterial stimulation (see later discussion), continuously exhibit
GC and contain the highest proportion of actively dividing IgA+ B cells as
compared with GC from spleen or peripheral lymph nodes, in which the
predominant switched isotype is IgG (Cebra 1999).

The IgA+ B cells in PP or ILF are generated by in situ switching of IgM+

B cells after antigenic stimulation. This is demonstrated by the presence of
large amounts of AID, the master molecule for CSR and SHM (Muramatsu
et al. 2000), in IgM+ B cells from PP (Fagarasan et al., 2001). Furthermore,
footprints for recent switching can be detected in PP IgA+ B cells. These are
short-lived transcripts, known as α circle-transcripts (αCT), which are ini-
tiated from the Iα promoter located in the circular DNA that is looped out
during IgA switching (Fagarasan et al. 2001; Kinoshita et al. 2001). This pref-
erential switching to IgA in PP led to the proposal that PP GC are intrinsically
different from other GC, most likely because of the constant antigenic stimu-
lation, the presence of special regulatory T cells and dendritic cells (DC) that
through costimulatory molecules (CD40-CD40L, CD80/CD86-CD28) and Th2
cytokines would promote efficient switching to IgA (Cebra and Shroff 1994;
Lycke 1998).
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3
Generation of Mucosal IgA Outside Organized Follicular Structures

Multiple studies in genetically manipulated mice, however, revealed a poor
correlation between the presence of GC, organized follicular structures such
as PP and IgA plasma cells in the LP, implying the existence of multiple, intri-
cate pathways for IgA B cell development in gut. For example, fully functional,
somatically mutated gut IgA against T-dependent antigens does not neces-
sarily require the presence of GC. CD28−/− mice that lack GC and have an
impaired systemic response show normal mucosal IgA responses to a T-de-
pendent antigen (Gardby et al. 2003). This would imply that T cell activation
by the B7-CD28 signaling pathway that is essential for serum IgA (and IgG)
responses can be complemented by an alternative, mucosa-specific, and GC-
independent mechanism.

Peritoneal B1 cells, which are known to be unable to migrate to GC in PP,
generate large amounts of gut IgA, at least in mice (Fagarasan and Honjo 2000;
Fagarasan et al. 2000; Kroese et al. 1989). Unlike the IgA generated in the PP,
IgA production by B1 cells appears to be independent of T cell help, and func-
tionally the B1-derived IgAs appear to be fully capable of preventing systemic
invasion of intestinal bacteria (Fagarasan and Honjo 2000; Macpherson et al.
2000).

Furthermore, mice deficient for inhibitor of bHLH transcription factor
(Id2), retinoic acid-related orphan receptor (ROR)γt−/− mice, or bone marrow
(BM)-reconstituted LTα−/− or TNF-LTα−/− mice, which lack PP, mesenteric
lymph nodes (MLN), or any other gut follicular structures including ILF, do
have IgA plasma cells in the intestine, although their number varies depending
on the mouse background and rearing conditions. These observations clearly
indicate that gut IgAs can be also generated outside GC or gut organized fol-
licular structures (Eberl and Littman 2004; Kang et al. 2002; Ryffel et al. 1998).

4
Homing of IgA+ B Cells from the Inductive to the Effector Sites

It is still generally accepted that from PP IgA+ B cells migrate to the drain-
ing MLN, where they further proliferate and differentiate into plasmablasts,
which, via the thoracic duct and blood, home preferentially to the gut LP
(Guy-Grand et al. 1974; McWilliams et al. 1977). The tissue specificity of IgA+

B cell homing is the result of complex interactions between receptors present
on the lymphocytes and their ligands expressed on the vascular endothelium
of the target tissues (Youngman et al. 2005). The selective migration to gut
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LP is principally achieved through downregulation of L-selectin and strong
induction of integrin α4β7, which allows a preferential interaction of intesti-
nal lymphocytes with vascular addressin molecule MadCAM-1, abundantly
expressed by postcapillary venules in the gut LP (Berlin et al. 1993). The pref-
erential homing of IgA+ but not IgM+ or IgG+ B cells to the gut LP in normal
mice is explained by the selective response of the former to TECK/CCL25,
a chemokine expressed within the small intestine, especially in the epithelial
crypts (Bowman et al. 2002; Kunkel et al. 2000). Further migration into the LP
of the villi is proposed to depend on CXCL12, as IgA+ B cells (as well as IgM+

and IgG+ cells) respond to CXCL12, and this chemokine is also expressed in
the gut (Cyster 2003).

5
Recruitment of IgM+ B Cells to the Gut LP

Generation of IgA plasma cells independent of GALT and the presence of IgM+

B cells in the LP suggest that some IgM+ B cells are able to directly migrate to
the LP. Recent studies revealed that functional LTβR signaling on LP stromal
cells is crucial for thepresenceof IgM+ Bcells andIgAplasmacells in thegutLP.

Indeed, LTβR−/− mice and aly/aly mice, which have impaired signaling
through LTβR because of a point mutation in the downstream signaling
molecule nuclear factor-κB-inducing kinase (NIK) (Shinkura et al. 1999),
are completely devoid of IgM+ B cells and IgA plasma cells in the gut LP
(Fagarasan et al. 2000; Kang et al. 2002). Reconstitution of aly/aly or LTβR−/−

with BM cells fails to restore the number of B cells and IgA plasma cells in the
gut, unless coinjected with NIK-sufficient gut stromal cells or transplanted
with a segment of normal small intestine (Kang et al. 2002; Suzuki et al. 2005).
These facts, together with the observation that administration of LTβR an-
tagonists after birth causes a marked decrease in the number of LP B cells
and plasma cells (Newberry et al. 2002), demonstrate the essential role of
permanent signaling through LTβR/NIK on gut stromal cells for the B cell
recruitment to gut. Although the impaired LTα-LTβR interaction is suggested
to affect the local concentration of adhesion molecules such as MadCAM-1
and homeostatic chemokines (Fagarasan et al. 2000; Kang et al. 2002), the
cellular and molecular mechanisms by which defects in LTβR and/or NIK
signaling in gut stromal cells selectively affect B cell recruitment still remain
to be elucidated.

However, unlike naive BMBcells, migration of gut-activated Bcells appears
to be independent of gut stromal cells with a functional NIK. This is supported
by the observation that IgM+ B cells from PP or naive BM B cells that had been
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allowed to experience a normal gut environment (after short-term parabiosis
of BM reconstituted aly with RAG-2−/− mice) can migrate to LP of aly/aly mice
(Suzuki et al. 2005).

Together these observations imply that naive and gut-activated B cells
have different requirements for migration to the gut and strongly suggest that
normal gut environment imprints not only T cells but also B cells with gut-
seeking properties (Iwata et al. 2004; Johansson-Lindbom et al. 2003; Krivacic
and Levine 2003; Mora et al. 2003; Suzuki et al. 2005).

6
IgA Switching and Generation of IgA Plasma Cells in the Gut LP

Thus IgM+ B cells present in the LP can be either gut-experienced cells em-
igrating from the PP and ILF or naive B cells recruited from the blood by
LTβR/ NIK-sufficient gut stromal cells. Although is it extremely difficult to
estimate the extent to which these two pathways participate in recruitment
of IgM+ B cells to LP in a normal gut, it is likely that IgA generated in GALT-
deficient mice must be derived from the IgM+ B cells that were recruited
in a NIK-dependent manner, switched in situ to IgA+ B cells, and further
differentiated to IgA plasma cells in the LP. Indeed, activated IgM+ B cells
expressing large amounts of AID and α-germline transcripts, as well as IgA+

cells, can be detected in LP preparations of GALT-deficient mice, namely, in LP
of aly/aly after double reconstitution with BM and NIK-sufficient gut stromal
cells (Suzuki et al. 2005). Furthermore, stromal cells isolated from the gut LP
appear to support preferential switching to IgA+ B cells and differentiation to
IgA plasma cells of activated IgM+ B cells regardless of their provenience (PP,
MLN, or spleen), even in the absence of T cells (Fagarasan et al. 2001). IgA
switch-inducing activity of LP stromal cells is due to their capacity to produce
and secrete large amounts of active TGF-β, because anti-TGF-β antibodies
drastically decrease the efficiency of switching to IgA. Further differentiation
of IgA+ B cells to plasma cells is supported by IL-6, IL-10, and probably other
cytokines or chemokines produced by LP stromal cells (Fagarasan et al. 2001).
Thus gut stromal cells are capable not only of supporting recruitment of IgM+

B cells but also of facilitating their local differentiation to IgA plasma cells.

7
Biological Relevance of Gut IgA for Immune Homeostasis

The almost exclusive predominance of IgA in the gut as well as the existence
of multiple pathways for its generation, independent of T cell help or follicular
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organization, makes pertinent the proposal that IgA is a constitutive Ig isotype
in the gut that represents an evolutionarily primitive form of the adaptive
immunity. Then what has led to the evolution of such a system that generates
almost under any conditions large amounts of IgA in the intestine? In other
words, what is the physiological importance of IgA secretion in the gut?

Numerous studies inanimalmodels and inhumanshaveprovidedevidence
that oral immunization confers protection against various mucosal pathogens
(Russell and Kilian 2005). However, mice unable to produce IgA (because of
deletion of the Cα gene) or unable to assemble and transport polymeric Ig
(because of the J chain gene deletion) have yielded conflicting results with
regards to susceptibility to mucosal pathogens (Harriman et al. 1999; Lycke
et al. 1999).

Fig.1a,b Regulation of gut bacterial communities by IgA. FACS profiles of lamina pro-
pria cells, and composition of small intestine microbiota from AID−/− mice (a) without
and (b) with B220−IgA+ plasma cells, reconstituted after parabiosis with normal mice.
Intestinal flora in the biopsies from upper and lower segments of the small intestine
of aged matched AID−/− mice was analyzed based on culture-independent 16S rRNA
sequence analyses
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Our own studies on mice deficient for AID, which have a complete block
of CSR and SHM and thus are able to produce and secrete only nonmutated
IgM in gut, clearly indicate that hypermutated mucosal IgAs are critical for
regulation of bacterial composition in gut. The absence of IgA leads to an ab-
normal expansion of anaerobic bacteria in all segments of the small intestine.
Among the bacteria expanded, uncultured anaerobes originally designated
as segmented filamentous bacteria (SFB), strongly adherent to the epithelium
of the small intestine, are the dominant population (Fig. 1). Significantly, re-
constitution of AID−/− mice with normal IgA (by long-term parabiosis with
normal animals) leads to a retreat of SFB to the large intestine and a complete
normalization of composition of microbiota in the small intestine (Suzuki
et al. 2004) (Fig. 1). A similar anaerobic expansion is observed in immun-
odeficient mice, such as RAG-2−/− mice, raised under specific pathogen-free
conditions. This anaerobic shift in RAG-2−/− small intestine persists after
their reconstitution with BM from AID−/− mice but is abolished by transfer
of BM from normal mice, in concomitance with normalization of IgA levels
in intestinal secretions (Suzuki et al. 2004). A delay in colonization of the

Fig. 2a–c IgA deficiency leads to mucosal and systemic B cell hyperplasia. a Duodenal
segment of the small intestine of AID−/− mouse, showing hypertrophy of Peyer’s patch
and isolated lymphoid follicles (ILF). b ILF consist of IgM+ B cells, and a few scattered
CD3+ T cells, assembling on a CD21+ follicular dendritic cell (FDC) network. Note the
presence of many IgM+ plasma cells in the lamina propria of AID−/− mice. c Germinal
center in spleens of nonimmunized wild-type and AID−/− mice
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Fig. 3a–c Antibiotic treatment decreases the anaerobic expansion and abolishes B cell
hyperplasia in AID−/− mice. a Composition of cultured microbiota in small intestine
of AID−/− mice before and 2 weeks after antibiotic treatment. b The change in bacterial
composition after administration of antibiotics leads to a drastic reduction of germinal
center B cells (B220+PNA+ cells) in the lamina propria of treated mice. c Total number
of B220+PNA+ cells in control and antibiotic-treated AID−/− mice. One set of mice
received a mixture containing ampicillin, imipenem, and neomycin for 2 weeks (brown
bars). Another set of mice received the same mixture for 1 week, followed by 1 week
of metronidazole (blue bars). Although both treatments decreased the numbers of GC
B cells in gut, only the anaerobic-specific treatment abolished systemic activation
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small intestine with SFB and the retreat of SFB to the large intestine were also
reported in mice neonates in relation with the presence of IgA, acquired by
passive transfer or later generated by IgA plasma cells in the LP (Jiang et al.
2001).

The anaerobic shift of the gut microbiota has a profound effect on the
immune system. Persistent activation by strongly adherent anaerobic bacte-
ria causes an enhanced recruitment of IgM+ B cells in the small intestine, as
demonstrated in AID−/− mice, in which LP IgM+ B cell number is increased by
a factor of 10 compared with wild-type littermates. IgM+ B cells accumulated
in ILF anlagen, leading to organization and ultimately to hypertrophy of ILF
as well as induction and accumulation of GC B cells (Fig. 2a, b). The IgM
B cell hyperplasia is, however, not restricted to the gut LP, as accumulation
of IgM+B cells with a GC phenotype can be seen essentially in all lymphoid
tissues (Fagarasan et al. 2002) (Fig. 2c). This hyperactivated phenotype is also
observed in patients with AID deficiency or those with common variable im-
munodeficiency syndrome (CVID), which have enlarged GC in lymph nodes
and develop nodular lymphoid hyperplasia of the small intestine (Bastlein
et al. 1988; Burt and Jacoby 1999). In both mice and humans, an antibiotic
treatment that decreases the gut bacterial load, particularly anaerobes, re-
sults in loss of intestinal hyperplasia and a drastic reduction of mucosal and
systemic GC B cells (Fig. 3). The same results are obtained after reconstitu-
tion of normal IgA levels in the intestine, which leads to normalization of
gut microbiota, followed by disappearance of lymphoid hyperplasia (Suzuki
et al. 2004). These observations established the relevance of IgA present in
the gut, which are clearly important for regulation of the intestinal bacterial
community, and maintenance of an appropriate “geographical” distribution
of bacteria in intestinal segments.

8
Conclusions and Perspectives

Taken together, the new advances in the mucosal immunity field, briefly
presented in this chapter and summarized in Fig. 4, would imply the following
amendments to the classic concepts for mucosal IgA synthesis:

1. Intestinal IgA plasma cells are generated by multiple, intricate pathways in
bothorganized (PP, ILF,MLN)aswell asnonorganized (LP)gut structures.

2. IgA represent a constitutive Ig isotype in gut, and IgA B cell development
is dependent on microbial colonization but does not necessarily require
T cell help and GC formation.
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Fig. 4 Multiple pathways for generation of IgA in gut. Schematic representation of
gut, with organized lymphoid structures, Peyer’s patches (PP) and isolated lymphoid
follicles (ILF), and diffuse tissues of lamina propria (LP). PP and ILF are composed
of a subepithelial dome rich in dendritic cells (DCs), T cells, and B-cell follicle(s) that
contain germinal centers (GCs). In these organized follicular structures B cells undergo
efficient class switch recombination to IgA and somatic hypermutation and acquire
gut-seeking properties through activation of integrin α4β7. Migration of both IgM+

and IgA+ B cells into the intestinal villi takes place through MadCAM-1+ postcapillary
venules (PCV) and does not require NIK-dependent activation of NF-κB in LP stromal
cells (LP-SC). In the absence of PP or ILF, IgA plasma cells are generated by an
alternative pathway and require NIK-dependent activation of LP-SC. NIK-signaling in
LP-SC is necessary for recruitment of naive α4β1+ IgM+ B cells into the gut, which
will switch and differentiate to IgA plasma cells in situ in the LP. IgA secreted into the
intestinal lumen regulates both composition and appropriate segmental distribution of
gut microbiota. T cell- and follicular-dependent pathway for IgA generation is shown
in green. The alternative, T cell and/or follicular-independent pathway, is depicted in
pink
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3. There is apreferential homingofnotonly IgA+ but also IgM+ gut-activated
B cells to the LP. The gut-seeking properties of IgM+ B cells are most likely
acquired in organized follicular structures of the gut. By contrast, naive
IgM+ B cell migration to LP and generation of IgA plasma cells require
a LTβR/NIK-sufficient gut stromal compartment.

4. Intestinal IgA, besides providing protection against mucosal pathogens,
plays a key role in selection and maintenance of a spatially diversified gut
bacterial community.

There is now strong evidence that regulation of microbial composition
through IgA in gut is required for initiation and maintenance of the fitness
of our immune system. The absence of IgA homeostatic control results in
a disregulation of gut microbiota, which in turn causes hyperactivation of the
whole immune system.

The challenges for understanding molecular foundations for immune fit-
ness, with multiple feedback and feed-forward controls involving both bacte-
ria and immune cells, are great. The rewards for tackling such a complex issue
certainly should include new insights into genetic strategies that our immune
system has adopted over the last 250 million years of evolution, understanding
of commensal tolerance, and new approaches for the prevention and therapy
of mucosal disorders involving the immune system.
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Abstract In conventionally reared mice germinal centers (GCs) are chronically in-
duced in Peyer’s patches (PP), mesenteric lymph node (MLN), and isolated lymphoid
follicles (ILF) of gut-associated lymphoid tissues (GALT), as a result of continuous
B cell stimulation by commensal bacteria. It is generally thought that BCR-mediated
antigen recognition controls the recruitment and thus selection of B cells within GALT
GCs. However, recent results challenge this view and suggest that engagement of in-
nate immune receptors by microbial antigens promotes B cell recruitment to, and
maintenance within, the GC, irrespective of BCR specificity. We propose a scenario in
which microbial determinants presented by follicular dendritic cells (FDCs) to innate
receptors on B cells within the GC support the survival and concomitant expansion
of somatically mutated, IgA-class-switched B cell clones expressing a variety of BCR
specificities. From this pool, B cell mutants recognizing gut-derived antigens through
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their BCR are either, in GCs, drawn into the process of affinity maturation, or, in the
lamina propria (LP) of the gut, locally selected to differentiate into plasmablasts, thus
contributing to the continuous production of IgA antibodies required for an efficient
protection against commensal and pathogenic microorganisms.

1
Introduction

A functional antibody system depends on the presence of a pool of B lympho-
cytes expressing a diversified repertoire of immunoglobulin (Ig) receptors. In
humans and mice, diversification of the primary antibody repertoire is gener-
ated through the rearrangement of multiple V, D, and J segments occurring in
the bone marrow as a life-long process (Rajewsky 1996). In other species in-
cluding rabbit, sheep, and chicken (also called ‘GALT species’), combinatorial
diversity is limited and the preimmune antibody repertoire is largely deter-
mined by postrearrangement processes including gene conversion (chicken
and rabbit; Becker and Knight 1990; Reynaud et al. 1987; Thompson and
Neiman 1987) and somatic hypermutation (sheep and rabbit; Reynaud et al.
1991; Weinstein et al. 1994) that occur in GALT (Reynaud and Weill 1996).
Diversification of the antibody repertoire in the GALT is accompanied by in-
tense B cell proliferation in primary B cell follicles or germinal centers (GCs)
(Pospisil and Mage 1998), is triggered by recognition of self- or foreign anti-
gens, and occurs in specific anatomical sites during a restricted time window
of pre- and/or postnatal life (Pospisil and Mage 1998; Reynaud et al. 1991,
1994).

In mice, the GALT represent sites of intense B cell activation, proliferation,
and terminal differentiation in response to foreign antigens, in particular of
bacterial origin. The major function of the GALT is to protect the organism
from the attack of microorganisms present in the gut lumen. This is mainly
achieved through the production of large amounts of secretory IgA (sIgA) by
plasma cells residing in the LP of the intestine. sIgA is actively transported to
the gut lumen in a dimeric or polymeric form (Kraehenbuhl and Neutra 1992).
Although its precise role in the gut lumen is still unknown, it is thought that,
by coating commensal and pathogenic bacteria, sIgA prevents their adhesion
to the intestinal epithelia and hence penetration of luminal microorganisms
through the intestinal wall. Luminal sIgA bound to opsonized bacteria may
also be transported back to the subepithelial region of Peyer’s patches (PP)
through specialized epithelial microfold (M) cells, thereby facilitating the
induction of local humoral response against specific microorganisms (Weltzin
et al. 1989).
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Production of sIgA is dependent on the presence of the commensal flora
(Shroff et al. 1995) and, to a large extent, on the induction of GC responses
in PP, ILF (Shikina et al. 2004) and mesenteric lymph nodes (MLN) (Cebra
1999; Talham et al. 1999). Here, chronic GC responses are triggered as
a result of the continuous stimulation of B cells with antigens derived from
a spectrum of commensal bacteria transported through the epithelia by M
cells and delivered to the subepithelial region of PP and ILF, rich in B cells, T
cells, and dendritic cells (DCs). Sampling of bacterial antigens from the gut
lumen may also take place through specialized LP DCs extending dendrites
between the epithelial cells of the small intestine (Rescigno et al., 2001).
Recent work has shown that LP DCs can also engulf and transport live
commensal bacteria, delivered to them by M cells, to the draining MLN where
bacterial antigens are processed and presented to T cells (Macpherson and
Uhr 2004). Somatically mutated, surface IgA+ B cells, generated in GALT GCs,
migrate to the draining MLN and, via the thoracic duct lymph and the blood,
reach the intestinal LP, where they undergo terminal differentiation into
plasmablasts on antigen re-encounter (Craig and Cebra 1971; Husband and
Gowans 1978). Direct IgA isotype switching in LP by IgM+ B cells followed
by terminal differentiation in response to stimulation by microbial antigens
in the presence of a specific cytokine milieu produced by DCs and stromal
cells has been also proposed (Fagarasan et al. 2001).

Two major subsets of mature B cells contribute to the generation of IgA-
secreting plasma cells in mouse GALT. Conventional B cells (also called B-2
cells) are predominantly recruited into GALT GCs, where they undergo Ig
somatic mutation and class switch recombination to become IgA+ B cells.
Another subset ofB cells that cangive rise inmice to IgA-secretingplasmacells
consists of B-1 cells (Kroese et al. 1989). Located in the peritoneal and pleural
cavities, these cells can migrate to GALT to undergo terminal differentiation
upon encounter with microbial antigens, presumably in a T cell-independent
manner (Fagarasan et al. 2000; Macpherson et al. 2000). In general, B-1 cells
do not participate in GALT GC responses. However, IgA+ gut plasmablasts
derived from these cells carry frequently somatically mutated Ig genes (Bos
et al. 1996; Stoel et al. 2005). The contribution of B-1 cells to the generation of
“natural” and antigen-specific mucosal IgA responses in immunoproficient
mice has recently been questioned (Thurnheer et al. 2003).

It is generally assumed that specific antigen recognition through the B
cell antigen receptor (BCR) is an essential condition for the recruitment
and subsequent selection of GC B cells (MacLennan 1994). However, studies
performed in the rabbit have suggested that GALT GC represent sites for
antigenindependent diversification of the preimmune antibody repertoire
(Lanning et al. 2000).
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What is the contribution of antigen in mouse GALT GC responses? On
which basis are B cells recruited and selected in mouse GALT GCs? What are
the contributions of the commensal flora and of innate immune receptors to
these responses? Which T cell subset supports B cells in GC responses, and by
which mechanism is T cell help delivered?

In the remaining part of this review we discuss a series of recent findings
that address these long-standing questions, with special emphasis on the role
of BCR-mediated antigen recognition in the recruitment and selection of GC
B cells.

2
LMP2A Knock-in Mice: A Tool to Study the Role
of BCR-Mediated Antigen Recognition in GALT GC Responses

2.1
LMP2A Drives B Cell Differentiation in the Absence of BCR Expression

The Epstein-Barr virus (EBV)-encoded latent membrane protein (LMP) 2A is
amultispanning transmembraneprotein expressed in latently infectedhuman
B lymphocytes and in tumor cells of several malignancies including Hodgkin
disease and nasopharyngeal carcinoma (Thorley-Lawson 2001). With Igα
and Igβ, the signaling subunits of the BCR complex, LMP2A shares in its
cytoplasmic domain the immunoreceptor tyrosine activation motif (ITAM)
that is constitutively phosphorylated in EBV-infected B cells (Fruehling and
Longnecker 1997). Through the phosphorylated ITAMs, LMP2A recruits non-
receptor tyrosine kinases and adaptor proteins, many of which are also critical
for BCR signaling (Miller et al. 1995). Thus it was suggested that LMP2A acts as
a BCR surrogate. Studies in vivo with LMP2A transgenic mice have confirmed
this hypothesis, showing that LMP2A can support survival of B cells lacking
BCR expression (Caldwell et al. 1998).

In an effort to develop a mouse model of Hodgkin lymphoma to study the
contribution of LMP2A to the transformation process, we generated knock-in
animals in which expression of the viral protein is induced in a cell-type and
stage-specific manner by the Cre/loxP recombination system (Casola et al.
2004). The conditional LMP2A allele was inserted into the IgH genomic locus,
replacing the JH segments (Fig. 1). As a result, homozygous LMP2A mice are
unable to rearrange the IgH chain variable region genes and are thus BCR
deficient. Two independent lines of IgH knock-in mice expressing different
levels of LMP2A, as a result of different promoter usage, were generated
(Fig. 1). In homozygous mutant mice of both these lines, Cre-dependent
expression of the viral protein starting from the early B cell precursors led
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Fig. 1a, b a A conditional LMP2A transgene (LMP2AflSTOP) was inserted into the IgH
locus replacing the JH segments. On Cre-mediated deletion of a loxP-flanked transcrip-
tion and translation STOP cassette, expression of LMP2A is driven from two alternative
promoters. In DHLMP2A mice, LMP2A expression is under the control of the weak
promoter of the DQ52 gene segment. In VHLMP2A mice, expression of the transgene
is under the control of a stronger promoter isolated from the VH186.2 variable re-
gion gene. b Flow cytometric analyses of splenocytes isolated from mice homozygous
for the different LMP2A alleles. Staining of CD19+ gated B cells for CD21 and CD23
reveals the follicular B (CD21+CD23+) and marginal zone B (CD21hiCD23lo) cell sub-
sets. Coexpression of CD19 and CD5 on splenic B cells identifies B-1a B cells. Numbers
indicate percentages of B cells and/or B cell subsets falling within the lymphocyte
gate

to a significant accumulation of BCR-less B cells in peripheral lymphoid
organs. A phenotypic analysis of these cells indicated similarities with those
belonging to themajor subsets ofmatureBcells ofwild-typemice. Specifically,
DHLMP2A knock-in mice expressing low levels of LMP2A developed B-2 and
marginal zone (MZ) B cells and lacked peritoneal B-1 cells. In contrast, mice
with high expression levels of LMP2A (VHLMP2A) limited B cell development
exclusively to the B-1 subset (Fig. 1). These studies suggested that LMP2A
promotes differentiation as well as survival of BCR-deficient B cells and, most
importantly, that expression levels and thus signal strength through the viral
BCR surrogate determines the fate of the developing B cells (Casola et al.
2004).
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2.2
Spontaneous GALT GC in BCR-Deficient LMP2A Mice

The availability of LMP2A knock-in mice gave us the unique chance to study
the contribution of BCR-mediated antigen recognition to the induction of
GC responses. Intraperitoneal immunization of LMP2A mice with T cell-
dependent (TD) antigens revealed a lack of GCs in the spleen of these mice
(Casola et al. 2004).The sameresultwasobtainedregardlessofwhether theB-2
and MZ or the B-1 B cell subsets constituted the majority of B cells present in
the different LMP2A strains. This indicated that GC responses induced during
conventional TD immune responses are strictly dependent on specific antigen
recognition through the BCR.

Surprisingly, when LMP2A mice were analyzed for the occurrence of spon-
taneous GCs in PP and MLN, a normal fraction of GC B cells showing the
typical increased surface expression of the death receptor Fas and of the re-
ceptor for peanut agglutinin (PNA) was identified by flow cytometric analysis.
The GC identity was confirmed by histological analysis demonstrating areas
of intense staining for the GC B cell-specific marker BCL-6 within PP and
MLN (Fig. 2). Functionally, GALT GC B cells in LMP2A mice resembled those
of wild-type animals in that they underwent somatic hypermutation of rear-
ranged IgL chain variable region genes and Ig class switch recombination as
a result of induction of expression of activation-induced cytidine deaminase
(AID), which is required for both processes (Casola et al. 2004, Muramatsu
et al. 2000).

B-2 cells represent the major subset of B cells recruited into GCs of the
GALT in mice and humans. In accordance with this notion, normal numbers
of GC, of normal size, were observed in PP and MLN of the LMP2A strain
that developed B-2 and MZ B cells. In contrast, LMP2A mice whose B cells
were predominantly of the B-1 phenotype lacked spontaneous GCs in MLN
and only occasionally had some in PP. Thus, when B-2 cells are missing, B-1
cells can occasionally participate to GCs reactions in PP (Fig. 2).

Together, these results indicated that the special microenvironment of the
GALTsupports the inductionofGCresponses in theabsenceof specificantigen
recognition through the BCR and thus BCR-mediated antigen presentation.
This predicts the existence in B cells of an alternative (non-specific) mecha-
nismof antigen internalization thatwouldallow its subsequentprocessingand
presentation via major histocompatibility complex (MHC)-class II molecules
to antigen-specific T cells to obtain the required costimulation for the induc-
tion of a GC response (see Sect. 6). Alternatively, T cell-help could derive from
bystander T cells that become activated in response to gut-derived antigens
presented to them by LP/PP DC (see Sect. 6).
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Fig. 2a, b Spontaneous GC formation in GALT of VH and DHLMP2A homozygous
knock-in mice (both on a BALB/c genetic background) as revealed by flow cytometric
analyses (a) and histology (b). GC B cells are defined as CD19+ gated B cells that
express high levels of Fas and the peanut agglutinin (PNA) receptor. For VHLMP2A
mice, a case is displayed in which a high percentage of GC B cells was observed in PP.
GC B cells in PP of DHLMP2A mice resemble those found in wild-type BALB/c mice
as they express high levels of the GC-B cell-specific marker BCL-6 (stained in brown)
(b). Numbers indicate percentages of B cells falling within the GC B cell boxed gate

3
Spontaneous GC Responses in GALT of Mice
with a Limited Repertoire of Antibody Specificities

The spontaneous recruitment of B cells into GCs of the GALT in LMP2A mice
predicts that B cells can be driven into these structures in the absence of
specific antigen recognition. To test this hypothesis, we analyzed three inde-
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Fig. 3 Spontaneous GCs in PP of three independent BCR transgenic mice as revealed
by flow cytometric analyses. Shown are CD19+ gated B cells. Percentages of boxed GC
B cells within the CD19+ B cell gate are indicated

pendent transgenic mouse strains expressing non-autoreactive prerearranged
IgH + IgL chain genes (Casola et al. 2004). In one strain of mice (MD4) the
specificity of the BCR receptor is known (hen egg lysozyme), in the other
two (B1-8Hi;3-83κi, and B1-8Hi;D23κi) no specific antigen has been so far
identified. In all three BCR transgenic mouse strains the vast majority of the
peripheral B cells expressed the original BCR specificity. Spontaneous GCs
were observed in PP and MLN of all three transgenic strains (Fig. 3). The
fraction of GC B cells was comparable to that of wild-type mice. Importantly,
molecular analysis of sorted GC and non-GC B cells of PP of the three trans-
genic strains excluded the possibility that B cells in the GALT GCs of these
animals were selected on the basis of the expression of a second BCR gener-
ated through secondary IgL chain rearrangements (Casola et al. 2004). These
results support the concept that efficient recruitment of B cells into GALT GCs
can occur in the absence of antigen recognition through the BCR.

4
Role of the Intestinal Microflora in GALT GC Responses

Commensal bacteria are essential to induce GALT GC responses and to pro-
motebothantigen-specific andnatural IgAantibody titers.Germ-free animals
lack spontaneous GCs in PP and in other GALT sites, and IgA antibody titers
are strongly diminished in these mice (Shroff and Cebra 1995). Colonization
of the gut of germ-free mice with a single commensal strain leads to a rapid
induction of GALT GC responses resulting in a vigorous IgA antibody re-
sponse (Talham et al. 1999). The molecular mechanisms responsible for the
induction of GALT GCs by the intestinal microflora are still largely unknown,
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although BCR-mediated antigen recognition of bacterial antigens has been
suggested.

To test the latter hypothesis, we studied the contribution of commensal
bacteria to GALT GC responses of BCR-deficient LMP2A mice. Specifically, 3-
week old LMP2A mice received for 2 weeks in the drinking water a cocktail of
antibiotics against a spectrum of both aerobic and anaerobic Gr+ and Gr− bac-
teria. Flow cytometric analysis of single-cell suspensions from PP and MLN
of LMP2A mice revealed a significant and selective reduction in the fraction
of GC B cells in treated animals, compared with their littermate controls kept
on antibiotic-free water (Casola et al. 2004). These results suggest that GCs in
GALT of LMP2A mice are, as in wild-type animals, dependent on the presence
of the intestinal microflora. Thus we conclude that bacterial stimulation can
recruit B cells into GALT GCs irrespective of their BCR specificity, possibly
through the engagement of innate immune receptors. A similar mechanism
may also account for the induction of GC responses in the rabbit appendix
undergoing primary diversification of the antibody repertoire as a result of
postnatal encounter with commensal bacteria of the intestinal flora (Rhee
et al. 2004).

5
Involvement of Complement Activation
and Toll-Like Receptor Signaling in GALT GC Responses

Transport across the epithelial barrier operated by M cells provides the under-
lying B cell follicles of PP and ILF with a rich source of microorganisms. We
hypothesized that direct activation of the complement cascade on the surface
of the bacteria in these sites may lead to their presentation to B cells by FDC
that express high levels of the complement receptors Cr1/Cr2. Indeed, we
could show deposition of active complement fragments on the FDC network
present within GCs in PP of wild-type and LMP2A mice. In addition, as the
latter animals lack any form of immunoglobulin, activation of complement
in these sites is likely to have occurred on the surface of the microorganisms
through the alternative or mannose lectin-binding pathway (Walport 2001).

In search for the mechanisms responsible for BCR-independent recruit-
ment of B cells into GALT GCs, we postulated that engagement of Toll-like
receptors (TLR) on B cells by microbial ligands, potent activators of B cell
proliferation and terminal differentiation (Kearney and Lawton 1975; Krieg
et al. 1995), could play an important role in this context. For this purpose we
recently analyzed GALT GC responses in LMP2A mice lacking the adaptor
protein MyD88, which is essential for signaling through most TLR (Akira
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and Takeda, 2004). Preliminary experiments revealed a strong reduction of
spontaneous GC in PP of the compound mouse mutant strains (S. Casola
and K. Rajewsky, unpublished results). The contribution of TLR signaling to
GALT GC responses may extend beyond a direct effect on B cells. DC play
a major role in the homeostasis of the GALT. By sorting, processing, and thus
presenting microbial antigens to different T cell subsets, LP/PP DCs are es-
sential for a rapid and efficient induction of a local immune response against
commensal bacteria, thereby limiting their ability to disseminate systemically
(MacphersonandUhr, 2004).AsTLRgreatly enhance theantigenpresentation
properties of DCs and their ability to secrete cytokines, they may facilitate
DC-dependent activation of T cells, which are essential to provide help to
B cells in the GC response through cell-to-cell interactions and/or production
of specific cytokines (see below).

6
T Cell Control of GALT GC Responses

Previous reports have indicated that spontaneous GCs in mouse GALT are
strictly dependent on T cell help provided by αβ and/or γδ T cells (Koni and
Flavell 1999; Macpherson et al. 2000). An absolute requirement for T cells was
also observed for the induction of spontaneous GALT GC responses in the
BCR transgenics and LMP2A knock-in animals that we have tested (Fig. 4
and Casola et al. 2004). The latter result suggests that the cross talk between
B and T cells required to induce and sustain GC responses in PP and MLN
can occur in the absence of BCR-dependent antigen presentation. This result
led us to investigate whether MHC-II-restricted antigen presentation was es-
sential for triggering GALT GC responses in mice. To our surprise, 30% of
MHC-II deficient animals (Madsen et al. 1999) had a normal representation
of GC B cells within the pool of B cells in PP and MLN (Fig. 5 and S. Ca-
sola and K. Rajewsky, unpublished results). In support of this observation,
a recent report showed that on intranasal infection of mice with Influenza
virus, normal antigen-specific mucosal IgA titers were produced in the ab-
sence of direct interactions between antigen-specific B cells and CD4+ T cells
through the MHC class II-TCR complex (Sangster et al. 2003).These results
suggest that T cells other than conventional CD4+ T-helper cells can support
GC responses in the GALT. A possible candidate is represented by natural
killer-T (NK-T) cells, which play a critical role in the regulation of both adap-
tive and innate immune responses in mice and humans (Kronenberg 2004).
They represent a subset of thymus-derived, double-negative or CD4+, T cells
expressing a semi-invariant TCR repertoire selected by self-antigens (Zhou
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Fig. 4 Flow cytometric analysis of spontaneous GC responses in PP of B1-8Hi/3-83Ki
BCR transgenic mice on either a Rag-2 proficient (rag-2+) or deficient (rag-2−) genetic
background. Percentages of boxed GC B cells falling within the CD19+ B cell gate are
indicated

Fig. 5 Flow cytometric analysis of spontaneous GCs in GALT of MHC-class II deficient
mice. Shown are PP CD19+ gated B cells from representative cases of MHC class
II mutant animals (on a C57BL/6 genetic background), either lacking or retaining
a significant fraction of boxed GC B cells. Wild-type C57BL/6 mice obtained from the
same animal husbandry were used as controls. Numbers indicate percentages of GC
B cells falling within the CD19+ B cell gate

et al. 2004) presented on the invariant MHC-class Ib molecule, CD1 (Brigl and
Brenner 2004). A large fraction of NK-T cells is consistently found within the
mucosal sites of the intestine (Kaser et al. 2004). Here, NK-T cells may become
activated on recognition of self-ligands and/or microbial antigens presented
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by several CD1d-expressing cell types including DC, B cells, and enterocytes
(Brigl et al. 2003; Kaser et al. 2004; Mattner et al. 2005). Experiments to analyze
the contribution of NK-T cells in GALT GC responses are in progress.

The so-called mucosa-associated invariant T (MAIT) cells represent an-
other subset of invariant T cells found in mucosal sites of the intestine (Treiner
et al. 2005). MAIT cells originate in the thymus and are selected on the
MHC-class I-like molecule MR1. Interestingly, the development of MAIT cells
is strictly dependent on the commensal flora and on MR1-mediated anti-
gen presentation by B cells (Treiner et al. 2005). So far no MR1-restricted
self-ligand(s) has been identified. Future studies on MR1-deficient mice will
determine whether MAIT cells contribute to GALT GC responses.

Thus, extrapolating from our own work and that of others, B cells in the
GALT may receive T cell help through distinct, non-mutually exclusive mech-
anisms. GCs may be initiated upon conventional T-B cell interactions after
BCR-mediated recognition, internalization, processing, and presentation of
antigen to antigen-specific T cells by MHC class II molecules. This interaction
likely involves conventional CD4+ T helper cells. Alternatively, B cells may
receive help from bystander T cells (CD4+ T helper and/or NK-T, MAIT cells)
activated in MLN and PP upon recognition of microbial antigens and/or self
ligands presented to them by DC via MHC class II and/or MHC class I-like
(CD1d, MR1) molecules. Activated T cells in GALT may trigger B cell re-

Fig. 6 CD40 deficiency leads to impairment of GALT GC responses. Numbers indicate
percentages of GC B cells falling within the CD19+ B cell gate as determined by flow
cytometric analyses
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cruitment into GCs by releasing Th2-type cytokines such as IL-4, essential
for GALT GC responses (Vajdy et al. 1995) and/ or by interacting with B cells
through several costimulatory receptors including CD40L. A critical role for
the CD40-CD40L interaction in the induction of GALT GCs is supported by
the significant impairment in GALT GC responses observed in CD40-deficient
mice (Fig. 6).

7
Principles of B Cell Selection in GALT GC

Within GCs, B cells undergo an initial stage of intense proliferation that is
associated with the onset of somatic hypermutation (SHM) of IgH and IgL
chain variable region genes. In response to cytokines produced by different
cell types including T cells and DCs, a large fraction of GC B cells also activate
germline transcription of IgH constant region genes downstream of Cµ and
Cδ. In GALT, local production of TGF-β by T cells and other cell types drives
GC B cells to transcribe preferentially the Cα locus, thus leading to IgA isotype
switching (Cazac and Roes 2000; Weinstein et al. 1991).

What is the fate of the of B cells generated in the GC that express mutated
BCRs?

In conventional T cell-dependent immune responses, a stringent selection
process involving interactions with FDCs and T cells favors the survival of
a limited set of mutated B cells, expressing antigen-specific, high-affinity
BCRs. The remaining GC B cells that either lack a functional BCR or whose
BCR has lost antigen specificity because of SHM die by apoptosis (MacLennan
1994).

In GALT GCs, the nature and extent of microbial stimulation, together with
the particular cytokine milieu produced by activated B, T, DCs, and epithelial
cells, may significantly interfere with clonal selection of high-affinity mutants.
Rather, the continuous availability of non-limiting amounts of gut-derived
microbial determinants, exposed on the surface of FDC, may support the
survival and expansion of B cells within GCs in the absence of antigen-driven
affinity maturation, through interactions with innate immune receptors. In
this context, a “tonic” BCR signal is likely still essential for the survival of the
cells (Kraus et al. 2004), such that only BCR-positive, potentially functional
cells persist. Alternatively, poly/oligoclonal expansion of somatically mutated
B cells in GALT GCs may result from signals originating from BCR interac-
tions with bacterial or self-encoded superantigens through VH framework
regions, as recently suggested (Rhee et al. 2005). The existence of a putative
superantigen of self or bacterial origin in mouse GALT GCs remains to be
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demonstrated. This general scenario predicts that B cells leaving GCs in the
GALT express a broad repertoire of somatically mutated BCRs, whose speci-
ficities would only partly be generated through classic affinity maturation,
although it is still possible that antigen recognition through the BCR is re-
quired for the cells to transit into a post-GC compartment. A further step
of selection of the cells on the basis of antigen recognition could be their
“trapping” in the LP of the gut, where plasmablasts expressing somatically
mutated IgA antibodies of a restricted repertoire are indeed found (Stoel et al.
2005). Thus the LP, in addition to the GC light zone, may serve as a site of B
cell positive selection, where GALT GC emigrants [which specifically migrate
into this location (Craig and Cebra 1971)] are selected by an ever-changing
antigenic environment that originates from the gut flora, and where cells
expressing “useless” BCRs are eliminated (Husband and Gowans 1978), like
T cells lacking specificity for self in the thymus. Overall, an efficient system of
antibody-based defense against gut-borne infections would result, in which
invading pathogens would encounter both a polyclonal population of B cells
expanding in GC and ready to undergo rapid affinity maturation in response
to the infection and, potentially, post-GC IgA+ B cells in the LP selected on the
basis of a previous encounter of the same or a cross-reacting pathogen. This
system would also be able to contain the commensal flora in the gut such that
it peacefully coexists with the host. Indeed, antibodies against commensal
bacteria of the gut are present in the “natural” sIgA produced by B cells in the
GALT (Macpherson et al. 2000).
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Abstract The mucosal regions of the body are responsible for defense against environ-
mental pathogens. Particularly in the lumen of the gut, antibody-mediated immune
responses are critical for preventing invasion by pathogens. In this chapter, we review
structural studies that have illuminated various aspects of mucosal immunity. Crystal
structures of IgA1-Fc and IgA-binding fragments of the polymeric immunoglobulin
receptor and FcαRI, combined with models of intact IgA and IgM from solution scat-
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tering studies, reveal potential mechanisms for immune exclusion and induction of
inflammatory responses. Other recent structures yield insights into bacterial mecha-
nisms for evasion of the host immune response.

Abbreviations
SIgA Secretory IgA
SIgM Secretory IgM
Ig Immunoglobulin
pIgR Polymeric Ig receptor
SC Secretory component
Fab Antigen-binding fragment
Fc Crystallizable fragment
Fcγ Fc fragment of IgG
Fcε Fc fragment of IgE
pIgA Polymeric IgA
J chain Joining chain
ADCC Antibody-dependent cell-mediated cytotoxicity
FcR Fc receptor
ITAM Immunoreceptor tyrosine activation motif
Fcα Fc fragment of IgA
pIg Polymeric Ig
dIgA Dimeric IgA
Fcµ Fc fragment of IgM
MDCK Madin-Darby canine kidney
CD Circular dichroism
cDNA Complementary DNA
D1 Domain 1
CDR Complementarity-determining region
KIR Killer cell Ig-like receptor
LIR Leukocyte Ig-like receptor
FcRn Neonatal Fc receptor
SSL7 Staphylococcal superantigen-like protein 7
OB Oligonucleotide/oligosaccharide-binding
CbpA Choline-binding protein A
EBV Epstein-Barr virus
NMR Nuclear magnetic resonance

1
Introduction

In humans, the mucosal regions of the body represent the first line of defense
against many pathogens, including those that are ingested or inhaled. The
mucosae form an intermediate zone in the body that separates the external
environment from the internal systems of the body. The unique requirements
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of this boundary zone dictate certain characteristics of the mucosal immune
response. Rather than mounting a robust inflammatory response, the primary
goal in the mucosae is preventing pathogens from adhering to and invading
the thin mucosal epithelial layer that protects the interior region of the body.
This distinction is particularly critical in the gut, which contains a high bac-
terial load, encompassing pathogens as well as benign commensal bacteria.
A chronic inflammatory response to commensal bacteria would itself compro-
mise the integrity of the mucosal epithelial barrier. The mucosal immune re-
sponse is therefore a specialized subset of the immune system capable of meet-
ing these varied requirements.Mucosal immunity, particularly in the lumenof
the gut, is primarily mediated by humoral rather than cellular responses, and
important roles are played by secretory IgA (SIgA) and IgM (SIgM) antibodies.

SIgA and SIgM are produced via specific transcytosis of polymeric forms
of IgA and IgM across the mucosal epithelium by the polymeric Ig receptor
(pIgR) (Mostov 1994). Once transcytosed, the pIgR ectodomain (called secre-
tory component, SC) is cleaved, releasing the SC-bound antibody, known as
secretory Ig, intomucosal secretions (Norderhaugetal. 1999). Inaddition to its
role in transcytosis of pIgs, SC protects secretory antibodies from proteolytic
cleavage in the harsh environment of the mucosae (Crottet and Corthesy 1998)
and anchors SIgA within the mucus layer overlaying epithelial cells, which
facilitates immune exclusion of bacterial pathogens (Fernandez et al. 2003).
SIgA and, to some extent, SIgM function as the immune system’s first line of
defense in mucosal secretions by binding to pathogens and sterically blocking
their adherence to, and invasion of, mucosal epithelial cells, a process known
as immune exclusion (Brandtzaeg et al. 1999; Monteiro and van de Winkel
2003). SIgA also plays an important role in antigen sampling in the gut by
delivering intestinal antigens to submucosal gut-associated lymphoid tissue
via an IgA2-specific M cell receptor in Peyer’s patches (Mantis et al. 2002). De-
spite steric hindrance resulting from binding SIgA, pathogens do occasionally
breach the mucosal epithelium; in these cases, serum IgA, as well as other anti-
body isotypes, can recognize the pathogen and trigger a robust inflammatory
response. Pathogen-bound serum IgA antibodies, which lack SC, can activate
potent inflammatory responses via the IgA-specific receptor FcαRI (Monteiro
et al. 1990; van Egmond et al. 2000). In contrast, SIgA antibodies do not trigger
FcαRI except in the presence of an integrin coreceptor, consistent with the pri-
marily passive role SIgA plays in immune exclusion (van Egmond et al. 2000;
van Spriel et al. 2001; Vidarsson et al. 2001). Bacteria have evolved several
mechanisms to evade IgA-mediated immune responses, both in the gut and
in the serum. These include the secretion of IgA1-specific proteases by several
bacterial genera (Plaut et al. 1975), release of IgA-binding proteins that mask
the FcαRI-binding site by Streptococcus and Staphylococcus species (Pleass



176 A. E. Hamburger et al.

et al. 2001; Langley et al. 2005), and expression of a choline-binding protein
by Streptococcus pneumoniae that binds to the pIgR ectodomain and allows
S.pneumoniae tohijack itsway into themucosal epithelium(Zhangetal. 2000).

High-resolution structures of IgG, IgE, IgA, and IgM antibody fragments
and even intact IgG antibodies have been known for several years. Until
recently, however, there was a paucity of information on structural aspects of
mucosal immunity. In the last few years, there have been several advances in
the structural biology of IgA, Fc receptors, and bacterial proteins involved in
evasion of the IgA-mediated immune response. This review focuses on these
recent structural studies that have illuminated important aspects of antibody-
mediated mucosal immune responses and bacterial evasion of host mucosal
immunity.

2
Antibody Structure and Function

2.1
Antibody Structures

All antibodies exhibit a similar basic architecture, with two light chains and
two heavy chains. Each light chain contains an N-terminal variable and a C-
terminal constant region, whereas the heavy chain contains one N-terminal
variable and three or four C-terminal regions. In simple terms, the conforma-
tion of most antibodies can be thought of as a capital letter Y, in which each
of the two arms of the Y corresponds to an antigen-binding fragment (Fab)
and the base of the Y corresponds to the Fc region (called the crystallizable
fragment, based on the propensity of IgG-Fc to form crystals). Each Fab is
composed of a light chain and the two N-terminal Ig domains of a heavy
chain and is connected by a hinge region to the Fc, which is a dimer of the two
C-terminal domains of each heavy chain. Regions of highly variable sequence
within the light and heavy chains in each Fab combine to form a specific
antigen-binding site, whereas the Fc region is comprised of constant regions
of the heavy chains and interacts with isotype-specific Fc receptors. Fc recep-
tors are responsible for a number of important biological processes including
activation of immune effector functions, transport of antibodies to specific
cellular locations, and protection of secretory antibodies from proteolytic
degradation. The five human classes of antibody (IgG, IgE, IgD, IgM, and
IgA) are defined by the features of their heavy chains, which differ in their
sequences, the number and position of their disulfide bonds, the number and
type of carbohydrates attached, the length of their hinge regions, and the
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number of C-terminal domains (Janeway et al. 1999). High-resolution struc-
tures of intact IgG (Harris et al. 1992, 1998) and fragments of IgG (Huber et al.
1976; Matsushima et al. 1978), IgA (Satow et al. 1986; Suh et al. 1986; Herr
et al. 2003), IgM (Corper et al. 1997), and IgE (Wurzburg et al. 2000; Wan et al.
2002) have been solved by X-ray crystallography, as well as low-resolution
structures of intact IgA1 (Boehm et al. 1999), IgA2 (Furtado et al. 2004), and
IgM (Perkins et al. 1991) by small-angle X-ray and neutron scattering.

IgG, the most abundant serum Ig, was the first antibody isotype for which
high-resolution structural information became available. Crystal structures
of IgG Fab fragments and Fab-antigen complexes revealed a four-domain
β-barrel arrangement and showed that, in some cases, the antibody com-
bining site is a concave pocket into which the antigen binds. In other cases,
portions of the antibody protrude into the antigen (reviewed in Wilson et al.
1991). IgG-Fc fragments (called Fcγ) also have four β-barrel Ig domains with
extensive contact surface between the Cγ3 domains and no protein-protein
contacts between the Cγ2 domains (Huber et al. 1976). An N-linked carbo-
hydrate attached to the inner surface of the Cγ2 domain interacts with the
domain through both polar and hydrophobic residues (Deisenhofer 1981).
The N-glycans attached to each heavy chain occupy the space between the
Cγ2 domains and mediate the proper domain orientation required for binding
to Fcγ receptors (Fig. 2a). Intact IgG structures have provided several snap-
shots of these flexible molecules with an overall Y or T shape but each with
an asymmetric arrangement of the Fab and Fc fragments, consistent with
the flexible nature of antibodies (Harris et al. 199, 1998). Another antibody
isotype, IgE, is present at low concentrations in serum and primarily targets
parasites. The interaction of IgE with its receptor is responsible for inflamma-
tion and allergic reactions. The crystal structure of IgE-Fc (Fcε) revealed that
the overall structure is very similar to Fcγ, including the position of the N-
linked carbohydrate between the Cε3 domains, which is an analogous location
to the carbohydrate on Cγ2 in IgG (Garman et al. 2000; Wurzburg et al. 2000).
However, IgE (and IgM) contain an Ig domain in place of the flexible hinge
region, and the crystal structure of Fcε containing this hingelike Ig domain
revealed that it is folded back onto the surface of the Fc region, presumably
introducing a pronounced bend in the intact IgE structure (Wan et al. 2002).

2.2
Antibodies of the Mucosae

IgA is found in both serum and mucosal secretions and is the most abun-
dant human Ig isotype overall, as well as the principal mucosal antibody
(Kerr 1990). Indeed, more IgA is produced in adult humans per day than
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all other antibody isotypes combined (Monteiro and van de Winkel 2003).
IgA in mucosal secretions has been described as the “first line of defense”
of the immune system against pathogens, and serum IgA forms a “second
line of defense” against those pathogens that have penetrated the epithelial
barrier (van Egmond et al. 2000). Serum IgA is predominantly found in the so-
called monomeric form (actually a heterotetramer of two heavy and two light
chains), although approximately five to ten percent of serum IgA is polymeric.
Polymeric IgA (pIgA) is composed of two or more IgA monomers linked by
disulfide bonds between a small protein called J (“joining”) chain and C-ter-
minal extensions called the tailpieces on each IgA monomer. Polymeric IgA
is delivered to mucosal secretions by pIgR, a receptor that actively transcy-
toses J chain-containing pIgs from the basolateral side to the apical surface of
epithelial cells (Mostov 1994). Once in secretions, SIgA binds pathogens and
their toxins and prevents their attachment to, and invasion of, the host. SIgA
can neutralize pathogens by directly blocking interactions between bacterial
adhesins and their cellular receptors or by inhibiting the movement of the
bacteria by cross-linking them or interacting with their flagella (reviewed in
Lamm 1997). Binding can occur specifically to defined antigens by the IgA
antigen-binding site (Outlaw and Dimmock 1990; Armstrong and Dimmock
1992; Lamm 1997) or nonspecifically to bacterial lectins by carbohydrate moi-
eties in the hinge region of IgA1 or on pIgR (Wold et al. 1990). In addition
to its barrier function in mucosal secretions, SIgA is also a major compo-
nent in human breast milk and provides passive immunization to newborns
(reviewed in Brandtzaeg 2003; van de Perre 2003; Cleary 2004).

IgA has long been considered noninflammatory because it does not bind
and activate complement by the classic pathway (Russell et al. 1989; Kaet-
zel et al. 1991). However, many studies have now shown that aggregated
serum IgA triggers cellular functions similar to IgG such as phagocytosis,
antibody-dependent cell-mediated cytotoxicity (ADCC), degranulation, and
respiratory burst after binding to its receptor, FcαRI (reviewed in Monteiro
and van de Winkel 2003). Intracellular signaling by IgA, IgG, and IgE re-
ceptors is transduced via the same coreceptor, the FcR γ chain, which con-
tains a cytoplasmic immunoreceptor tyrosine activation motif (ITAM) that
recruits SH2-containing signaling molecules (Monteiro and van de Winkel
2003). Monomeric and dimeric forms of IgA, but not SIgA, can elicit strong
inflammatory responses via FcαRI; however, SIgA is unable to trigger FcαRI
except in the presence of an integrin coreceptor (van Egmond et al. 2000; van
Spriel et al. 2001; Vidarsson et al. 2001). As described above, the main func-
tion of SIgA is immune exclusion at mucosal surfaces, where the body is in
constant contact with antigens from pathogens but also commensal bacteria
and ingested food. Therefore, it would actually be disadvantageous for SIgA to
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elicit inflammatory signals to foreign substances because the body would be
in a constant state of mucosal inflammation, which would eventually damage
the protective barrier of the epithelial lining. However, the ability of serum IgA
to trigger these cellular functions when pathogens have breached the epithe-
lium provides additional protection in the serum. Recent work has indicated
that FcαRI itself is able to mediate both inflammatory and noninflammatory
responses, depending on the extent of receptor clustering. Transient cross-
linking of FcαRI leads to recruitment of the tyrosine phosphatase SHP-1 and
inhibition of FcγR and FcεRI signaling, whereas prolonged FcαRI clustering
due to multivalent interactions with antigen-bound IgA recruits the Syk ki-
nase, displacing SHP-1 and triggering downstream inflammatory responses
(Pasquier et al. 2005). The structural basis for the ability of monomeric and
dimeric IgA but not SIgA to initiate phagocytosis is described below.

IgM, the first antibody produced in the humoral response to infection, is
present in both serum and mucosal secretions (Janeway et al. 1999). Although
SIgA is the primary Ig in secretions, SIgM is also present at lower concentra-
tions and clears pathogens via similar mechanisms (Norderhaug et al. 1999).
Serum IgM is able to activate the classic complement pathway very effectively,
whereas SIgM in mucosal secretions does not (Davis et al. 1988; Randall et al.
1990; Wiersma et al. 1998). In patients with IgA deficiency, IgM is thought to
substitute for the function of IgA (Brandtzaeg et al. 1987). A small percentage
of plasma cells in the lamina propria secrete IgG. Although there is no known
active transport of IgG to mucosal secretions in humans, damage to the ep-
ithelial layer can result in passively transferred IgG molecules, particularly
at mucosal surfaces with low proteolytic activity such as the respiratory and
reproductive tracts. Therefore, IgG provides some, albeit minimal, protection
at mucosal surfaces (Lamm 1997; Norderhaug et al. 1999).

2.3
IgA Structure

IgA has two subclasses, IgA1 and IgA2, that differ from each other in the
number of N-linked oligosaccharide attachment sites and in the length of the
hinge region. IgA1 contains a heavily O-glycosylated 23-residue hinge region
and two N-linked glycosylation sites, whereas IgA2 has a 13-residue deletion,
including the five O-linked glycosylation sites, in the hinge region compared
to IgA1 and contains additional N-linked oligosaccharide attachment sites.
Serum IgA is predominantly monomeric IgA1, whereas mucosal IgA is mainly
dimeric with a relative increase in IgA2 (Kett et al. 1986; Mestecky and McGhee
1987; Kerr 1990). Early electron microscopic studies of IgA revealed a domain
arrangement of Fab and Fc fragments similar to that of IgG (Svehag and Bloth
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1970). More recently, structural models derived from small-angle X-ray and
neutron solution scattering experiments have provided more detailed infor-
mation about the orientation of the Fab and Fc domains in both IgA1 (Boehm
et al. 1999) and IgA2 (Furtado et al. 2004). Interestingly, the best-fit model of
IgA1 has a significantly extended conformation for the hinge region (Boehm
et al. 1999) (Fig. 1a). As described below, the hinge region of IgA1 is a target of
a number of bacterial IgA1-specific proteases. Consistent with the 13-residue
deletion in the IgA2 hinge region, the solution structure of IgA2 reveals a more
compact structure than seen for IgA1 (Furtadoet al. 2004) (Fig. 1b). Thediffer-
ence in hinge regions between IgA1 and IgA2 results in significantly different
spacing and orientation of the two Fab regions of the two antibody subtypes
(Fig. 1c). This may allow IgA1 and IgA2 to recognize a wider range of antigens
on the surface of different pathogens, such as viruses and bacteria (Furtado
et al. 2004). The solution scattering studies also indicated that the best fit to the
data was obtained when the C-terminal 18-residue extension (the tailpiece) in
both IgA1 and IgA2 is folded up against the Cα3 domain rather than extended
from the base of the Fc region (Boehm et al. 1999; Furtado et al. 2004).

Although a high-resolution crystal structure of intact IgA is not presently
available, crystal structures of Fab and Fc fragments from IgA have been
solved. Murine Fab fragment crystal structures confirmed the β-sandwich
conformation expected, similar to a number of IgG Fab structures (Satow et al.
1986; Suh et al. 1986). A recent crystal structure of IgA1-Fc (Fcα), however,
has revealed notable differences between Fcα and previously determined
structures of Fcγ and Fcε (Fig. 2a,b) (Herr et al. 2003). It should be noted
that the structure of free Fcα has not yet been reported; the Fcα structure
described here was extracted from the cocrystal structure of Fcα in complex
with the FcαRI receptor (Herr et al. 2003). The overall architectures of Fcα,
Fcγ, and Fcε are very similar: like Fcγ and Fcε, the Fcα region is formed by two
heavy chains comprised of Ig domains, called Cα2 and Cα3. As with all known
Fc structures, the Cα3 domains at the base of the Fc region form an extensive
noncovalent dimer interface, which buries over 2,000 Å2 of accessible surface
area. However, the location of N-linked glycans in Fcα is significantly different
from that observed in Fcγ and Fcε. Both Fcγ and Fcε have a conserved N-linked
glycosylation site on each heavy chain (at Asn297 on the Cγ2 domain of Fcγ
or the analogous residue Asn394 on the Cε3 domain of Fcε). The N-glycans
from each heavy chain are located in the interior cavity between the Cγ2
(or Cε3) domains, preventing these domains from coming into direct contact
(Fig. 2a). Indeed, the separation of these domains mediated by the N-glycans is
necessary for binding of Fcγ or Fcε to their cognate Fc receptors, as seen in the
crystal structures of Fcγ bound to FcγRIII (Sondermann et al. 2000) and Fcε
bound to FcεRI (Garman et al. 2000). In contrast, the N-linked glycosylation
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Fig. 1a–d Solution structures of intact IgA and IgM. a Structure of IgA1 determined
by solution scattering (Boehm et al. 1999). Note the extended hinge region and the
wide separation of Fab regions. b Structure of IgA2 determined by solution scattering
(Furtado et al. 2004). c Top view of IgA1 (blue/magenta) and IgA2 (tan/green) after su-
perposition of their Fc regions. Note the distinct Fab positions in the two IgA isotypes.
d Solution structure of pentameric IgM with J chain (Perkins et al. 1991). Alternating
IgMmonomersarecoloredblueandgreen, and the J chainmodel is shownas red spheres

site on Fcα is at Asn263, which is located on the exterior surface of the Cα2
domain (Fig. 2b). The N-glycan extends downward from the Cα2 domain and
contacts the Cα3 domain as well, unlike the glycans of Fcγ and Fcε. Because of
their unusual location, the N-glycans of IgA are solvent accessible and would
easily be able to interact with other macromolecules. This is consistent with
reports that IgA can activate the lectin complement pathway (Roos et al. 2001)
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�
Fig. 2a–h Crystal structures of proteins involved in mucosal immunity. a Crystal
structure of Fcγ (DeLano et al. 2000). Note the position of N-linked glycans between
the Cγ2 domains. b Crystal structure of Fcα taken from the FcαRI-Fcα complex (Herr
et al. 2003), shown in front and side views. Note the external location of the N-linked
glycans and the disulfide bonds tethering the Cα2 domains. c Crystal structure of
pIgR D1, with the CDR loops shown in red (Hamburger et al. 2004). d CDR1 residues
of pIgR D1 implicated in binding to dIgA. e Binding sites for pIgR (blue) and FcαRI
(green) mapped onto the surface of Fcα (gray). Note that the two binding sites overlap,
specifically in the FG loop region. The arrow indicates the location of Cys311, which
forms a disulfide bond with D5 of SC in SIgA. f Crystal structure of the FcαRI-Fcα
complex (Herr et al. 2003). Two FcαRI molecules bind the Fcα dimer, one at each
Cα2-Cα3 interface. g Crystal structure of SSL7, a staphylococcal IgA-binding protein
(Al-Shangiti et al. 2004). The N-terminal OB domain is shown in green, and the C-ter-
minal β-grasp domain is shown in red/orange. The putative IgA- or C5-binding site is
found on the external surface of the OB domain (Langley et al. 2005). h NMR solution
structure of the R2 repeat of S. pneumoniae CbpA, which binds pIgR and mediates
invasion by reverse transcytosis (Luo et al. 2004). Residues in the hexapeptide motif
that contribute to formation of the hydrophobic cluster implicated in pIgR binding are
shown as spheres

and that N-glycans are important for IgA1 binding to the transferrin receptor
(Moura et al. 2004). Residue 299 of Fcα, which is analogous to Asn297 of
Fcγ (to which the N-glycans attach), is instead a cysteine. Cys299 of each IgA
heavy chain forms an interdomain disulfide bond with Cys242 of the opposite
heavy chain, resulting in two interchain disulfide bonds that tether the Cα2
domains together to form a small Cα2-Cα2 interface (275 Å2 total buried
surface area). The tethered orientation of the two Cα2 domains is in contrast
to the separation of the Cγ2 and the counterpart Cε3 domains required for
binding to the FcγRIII and FcεRI receptors; it is perhaps no surprise then that
the primary IgA-specific inflammatory Fc receptor, FcαRI, uses a different
binding mode for IgA recognition (Herr et al. 2003), as described below.
Although there are additional differences between IgA and IgG or IgE in the
hinge and tailpiece regions, the Fcα construct crystallized did not include
either the tailpiece or the hinge, so detailed information on the conformation
of these regions awaits further structural developments.

2.4
Polymeric IgA and IgM

IgA and IgM, unlike IgG, IgD and IgE, are unique in that they can form higher-
order oligomers. Serum IgA is predominantly monomeric along with a small
percentage of J chain-linked polymeric species (Monteiro and van de Winkel
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2003). In contrast, mucosal IgA is predominantly dimeric, and higher-ordered
trimers and tetramers have also been isolated (Vaerman et al. 1995). Serum
IgM is primarily composed of J chain-containing pentamers with low levels
of a J chain-free hexameric form, whereas mucosal IgM is pentameric (Davis
et al. 1988; Niles et al. 1995). Because they are multivalent, pIgs can effectively
cross-link several pathogens at once to limit their mobility and facilitate their
clearance (Lamm 1997). The Fabs of polymeric Igs (pIgs), especially IgM, bind
their antigens with relatively low affinities, an effect that is compensated for by
the high avidity resulting from the presence of four identical binding sites in
the case of dIgA and ten recognition sites in pIgM. Polymerization of IgA and
pentameric IgM is dependent on covalent interactions between the tailpieces
on the antibody heavy chains and the J chain. The tailpiece sequences in
human IgA and IgM differ at seven amino acid positions (Yoo et al. 1999),
but both contain a penultimate cysteine residue that is essential for efficient
polymerization as well as a highly conserved N-linked glycosylation site that
is required for efficient polymer assembly (Atkin et al. 1996; Wiersma et al.
1997). Besides the tailpiece, additional structural elements within the Cα3,
and to a lesser extent Cα2, domains of IgA and the analogous Cµ4 and Cµ3
domains of IgM are required for J chain incorporation and polymer formation
(Yoo et al. 1999).

Based on mutagenesis experiments and electron microscopy, a model for
dIgA structure has been proposed (Feinstein et al. 1971; Garcia-Pardo et al.
1981; Bastian et al. 1995; Krugmann et al. 1997). One J chain molecule co-
valently bridges two IgA molecules arranged in an end-to end configuration
(Garcia-Pardo et al. 1981). J chain Cys15 forms a disulfide bond with tailpiece
Cys471 in the first Fcα homodimer, and J chain Cys69 forms a second disulfide
bond with Cys471 in the tailpiece from the second Fcα homodimer. The two
remaining tailpieces, one from each homodimer, are linked directly to each
other by a disulfide bond between their penultimate cysteine residues (Bastian
et al. 1995; Krugmann et al. 1997) (Fig. 3a). Pentameric IgM contains J chain
(Fig. 3b) and, like pIgA, is actively transported to mucosal secretions by pIgR,
but hexameric IgM lacks J chain and therefore does not bind to or get secreted
by pIgR (Randall et al. 1990). The polymerization state of IgM depends on the
amount of J chain, as IgM is secreted as hexamers in the absence of J chain and
increased J chain production favors secretion of pentameric IgM (Niles et al.
1995). J chain is not found in small IgM assembly intermediates, suggesting
that it does not get incorporated until late in the assembly (Randall et al. 1990;
Brewer and Corley 1997). Pentameric IgM appears to be the substrate for
J chain incorporation. A model proposes that five IgM molecules are joined
by J chain, excluding a sixth IgM molecule that would normally be added to
form hexameric IgM in the absence of J chain (Brewer and Corley 1997).
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Fig.3a–c Cartoon diagrams of polymeric IgA and IgM, and secretory IgA. a Diagramof
dimeric IgA, illustrating thedisulfidebonds (magenta spheres) between IgAmonomers
and J chain. b Diagram of polymeric IgM with J chain. Compare this figure with the so-
lution structure of IgM in Fig. 1d. c Diagram of SIgA, showing a dimeric IgA complexed
with pIgR D1-D5 (secretory component, SC). This model shows one possibility for the
orientation of SC in SIgA, with D1 bound to the Cα3 domain of one IgA molecule and
D5 forming a disulfide bond with the Cα2 domain of the other IgA molecule
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Perkins and colleagues have reported the solution structure of intact pen-
tameric IgM by X-ray and neutron scattering (Perkins et al. 1991). As with
the solution structures of IgA1 and IgA2 (Boehm et al. 1999; Furtado et al.
2004), this approach allows accurate placement of individual domains but not
detail at the level of side chains or atomic positions. The structure of IgM
forms approximately a flat pseudo-pentameric star (Fig. 1d) in which the Fcµ
regions form an inner ring with the insertion of a single J chain between two
Fcµ regions. The authors tested a number of different orientations of the Fab
regions and found that moderate (up to 45°) rotations of the Fab regions either
side-to-side or out of the plane of the Fcµ ring were consistent with the data
but more pronounced (90°) tilting of the Fab regions out of the plane was not.
These data are consistent with electron microscopy results showing a planar
form of free IgM, which is distinct from the antigen-bound “staple” confor-
mation of IgM (Feinstein and Munn 1969) that is capable of C1q binding and
complement activation (Janeway et al. 1999).

2.5
Joining (J) Chain

J chain, a 15-kDa polypeptide, was first identified as a component of SIgA and
SIgM (Halpern and Koshland 1970; Mestecky et al. 1971). J chain is expressed
by B cells that secrete various Ig classes (Brandtzaeg 1974); however, in the
absence of IgA or IgM, J chain is degraded intracellularly (Mosmann et al.
1978). The number of J chain molecules in dIgA and pIgM is commonly
accepted to be one (Zikan et al. 1986); however, early immunochemical studies
suggested that dIgA may contain two and pIgM may contain three to four
J chains (Brandtzaeg 1975). Although the exact function of J chain is not
clear, it appears to be essential for the specific transport of pIgs by pIgR, and
although it facilitates or stabilizes polymer formation, it is not essential for
Ig polymerization (Hendrickson et al. 1995; Vaerman et al. 1998; Johansen
et al. 2001). In mice in which the J chain gene was disrupted, a higher ratio
of monomeric to dimeric IgA was observed, but low levels of dIgA were still
present (Hendrickson et al. 1995). Increased serum IgA and reduced biliary
and fecal IgA levels were also reported because J chain-deficient IgA are not
actively transported by the hepatobiliary transport mechanism in rodents,
and the lack of transfer of IgA from J chain-null mice was confirmed in
vitro in Madin-Darby canine kidney (MDCK) cells (Hendrickson et al. 1995).
Further analyses of these mice showed that SC was not associated with IgA and
although IgA levels were decreased in bile and feces, they were unaffected in
mucosal and glandular secretions, suggesting the possibility of an alternative
mechanism for the transport of J chain-deficient IgA from wild-type IgA



Structural Insights into Antibody-Mediated Mucosal Immunity 187

(Hendrickson et al. 1996). J chain-null mice showed no change in serum IgM
levels in one study (Hendrickson et al. 1995), but a reduction in serum IgM
with impaired ability to activate complement was observed in another study
(Erlandsson et al. 1998).

Mature human J chain contains 137 amino acids including eight cys-
teine residues (Max and Korsmeyer 1985), of which six are involved in
intramolecular disulfide bonds and two form disulfide bonds to the tailpiece
penultimate cysteine in pIgs (Bastian et al. 1992; Frutiger et al. 1992; Bastian
et al. 1995). J chain also has an N-linked oligosaccharide attachment site,
which appears to be important for the efficient assembly of dIgA (Krugmann
et al. 1997). The three-dimensional structure of J chain remains elusive.
Although the sequence of J chain does not resemble any known protein,
several models have been proposed for its secondary structure. In the first
model, a two-domain structure was proposed in which the N-terminal
domain was predicted to contain a β-sheet followed by a mixture of α-helical,
β-sheet, and random coil structures in the C-terminal domain (Cann et al.
1982). In the second model, J chain was suggested to form an eight-stranded
β-sandwich based on its circular dichroism (CD) spectra and amino acid
profiles for β-sheet propensity and hydrophobicity (Zikan et al. 1985),
despite having only a low degree of sequence identity with other Ig domains.
However, the proposed intramolecular disulfide bonds in this model were
later shown to be incorrect (Frutiger et al. 1992). A third model based on
conserved sequence features and the inter- and intramolecular disulfide bond
pattern of J chain was also proposed (Frutiger et al. 1992). In this model, J
chain contains two antiparallel β-sheets held together by two disulfide bonds,
which is associated with a hairpin-like region composed of an α-helix and
two β-strands (Frutiger et al. 1992). A similar two-domain model has recently
been proposed, predominantly containing β-strands along with extended
coils and two short α-helices (Johansen et al. 2001).

3
Fc Receptors Implicated in Mucosal Immunity

3.1
pIgR Function

The most extensively studied IgA and IgM receptor is pIgR, which was iden-
tified almost 40 years ago as a component of pIgA isolated from mucosal se-
cretions. This glycoprotein expressed by secretory epithelial cells was shown
to occur in both a transmembrane and a secreted free form (Tomasi et al.
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1965; Brandtzaeg 1974). Since that time, pIgR transport of J chain-containing
pIgs has been demonstrated both in vivo and in vitro. Expression of either
rabbit or human pIgR cDNA in polarized MDCK cells, which normally do not
express pIgR, results in the basolateral localization of pIgR and transport of
the receptor to the apical surface in a ligand-independent manner (Mostov
and Deitcher 1986; Tamer et al. 1995). Although pIgR transcytosis is consti-
tutive, binding by dIgA stimulates increased transcytosis (Song et al. 1994).
Disrupting the mouse pIgR gene results in a drastic increase of serum IgA,
a slight increase in serum IgG and IgE, but unchanged IgM levels (Shimada
et al. 1999). Additionally, IgA levels were reduced but not negligible in bile,
feces, and intestinal secretions, further suggesting that dIgA is mainly trans-
ported by pIgR although a small amount may be secreted via an alternative
pathway (Shimada et al. 1999).

pIgR is a type I transmembrane glycoprotein consisting of a 620-residue
extracellular region arranged as five tandem Ig-like domains, a 23-residue
transmembrane anchor, and a 103-residue cytoplasmic region. Human pIgA
and pIgM bind to the extracellular region of pIgR (SC) with an affinity of
approximately 10 nM (Natvig et al. 1997; Roe et al. 1999). Binding of human
pIgR to dIgA takes place in two steps. In the first step, the pIgR N-terminal
domain (D1), which contains loops analogous to the threee antigen-binding
complementarity determining regions (CDRs) Ig variable domains, binds the
Cα3, and possibly Cα2, domains of dIgA (Frutiger et al. 1986; Geneste et al.
1986). In the second step, Cys467 of the human pIgR domain 5 (D5) forms
a disulfide bridge with Cys311 in the Cα2 domain of the second IgA molecule
in dIgA (Fallgreen-Gebauer et al. 1993) in a late transcytotic compartment
(Chintalacharuvu et al. 1994). Unlike dIgA, pIgM does not become covalently
bound to human pIgR (Brandtzaeg 1975). Mutagenesis and peptide binding
experiments have been used to localize the pIgR D1 regions responsible for
binding pIgA and pIgM. For pIgA binding, all three pIgR D1 CDR loops were
shown to be essential, as was the EF loop, which is located on the opposite
side of the domain from the CDRs (Coyne et al. 1994) (Fig. 2c). In binding
of pIgR to pIgM, pIgR D1 CDR2 appears most critical for the interaction,
although the CDR1 and CDR3 loops are also required for maximal affinity
(Roe et al. 1999). Peptide binding studies have identified residues in pIgA
that participate in binding to pIgR. The potential binding sites are in the Cα3
domain of pIgA and involve residues 402–410 in the DE loop and residues
430–443 in the FG loop (Hexham et al. 1999; White and Capra 2002) (Fig. 2e).
Because J chain-containing pIgs are preferentially bound and transcytosed by
pIgR (Vaerman et al. 1998), J chain may also contact pIgR directly.

The intracellular trafficking of pIgR and SIgA has been studied extensively
(Rojas and Apodaca 2002). The 103-residue cytoplasmic tail of pIgR contains
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a number of cellular sorting signals. Deletion of the cytoplasmic tail results in
a truncated pIgR that is able to bind ligand but is transported from the Golgi
apparatus directly to the apical surface where it can be cleaved to SC (Mostov
et al. 1986). Newly synthesized wild-type protein is targeted from the trans-
Golgi network to the basolateral surface of epithelial cells via a 17-residue
signal immediately C-terminal to the transmembrane region (Casanova et al.
1991). pIgR-pIg complexes are initially internalized by clathrin-coated pits
and delivered to basolateral early endosomes (Mostov 1994). After sorting
in this compartment, the pIgR-pIg complexes are targeted to common re-
cycling endosomes. The complexes are then delivered to the apical surface,
either directly from the common recycling endosome or via apical recycling
(Mostov 1994), where pIgR is cleaved from the cell by an unidentified pro-
tease, releasing free SC or SIg. Multiple C-terminal truncations of released
pIgR have been identified, indicating that multiple cleavage sites exist (Eiffert
et al. 1984; Asano et al. 2004). Some pIgR escapes cleavage, however, and is
internalized and delivered to apical early endosomes and recycled to either
the apical surface or the basolateral surface by reverse transcytosis (Rojas and
Apodaca 2002).

Protection from pathogens has been proposed to occur at several different
stages during pIgR-mediated transport of dIgA (Monteiro and van de Winkel
2003). SIgA in external secretions can bind and cross-link pathogens, thereby
slowing their mobility and inhibiting their ability to adhere to epithelial
cells (Lamm 1997). SIgA can also intercept and neutralize pathogens, pri-
marily viruses, intracellularly during transepithelial transport, assuming the
pathogen and SIgA go through the same intracellular compartment (Mazanec
et al. 1992). Furthermore, dIgA can bind bacteria and viruses that have al-
ready invaded target cells at the basolateral surface of the protective epithelial
layer, and pIgR can shuttle the antibody-antigen complex to the apical surface,
safely removing the pathogen (Kaetzel et al. 1991; Lamm et al. 1992). Finally,
free SC has been shown to bind to pathogens and bacterial toxins, even in
the absence of association with IgA (Dallas and Rolfe 1998; de Oliveira et al.
2001).

3.2
pIgR D1 Structure

The N-terminal ligand-binding domain of pIgR (D1) is necessary and suffi-
cient to bind pIgs in the absence of the other pIgR domains (Frutiger et al.
1986; Bakos et al. 1994). pIgR D1, regardless of its glycosylation state, binds
dIgA with an equilibrium dissociation constant of 300 nM but does not bind to
monomeric forms of IgA1-Fc (Hamburger et al. 2004). The crystal structure
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of pIgR D1 (Fig. 2c) confirmed a folding topology similar to immunoglobulin
variable domains. D1 has two disulfide bonds, one of which is the conserved
disulfide bond found within the hydrophobic core of Ig domains, and an ad-
ditional disulfide bond linking the C and C’ strands. There are significant
differences between D1 and antibody variable domains in the counterparts
of the CDRs, which display highly noncanonical conformations (Hamburger
et al. 2004). CDR1, the primary determinant in dIgA binding, contains a single
helical turn composed of residues that are highly conserved across different
species. An interesting consequence of the helical turn in pIgR D1 is that
a hydrophobic residue (Val29), whose counterpart is normally buried in the
extended structure of the CDR1 loops in antibody variable Ig domains, is
solvent exposed and may be located at the pIg-binding interface. The crystal
structure also clarified the roles of other residues that had been implicated
in pIg binding by earlier peptide binding and mutagenesis studies, suggest-
ing that some provide direct contacts with pIgs (Fig. 2d) and others serve as
anchors to stabilize structural features within D1. CDR2, the main structural
element conferring binding specificity for pIgM, is a very short, tightly turning
loop with a glutamic acid likely required for pIgM binding. Interestingly, only
humanandbovinepIgRbindpIgMwith high affinity (SockenandUnderdown
1978), and these are the only two species that contain a charged residue in their
CDR2 loops. The main difference between pIgR D1 and variable Ig domains
is seen in the position of the CDR3 loop, which is in an unusual orientation,
pointingaway fromtheotherCDRs.Thepositionof theCDR3 loop is stabilized
by hydrogen bonds between highly conserved residues in the loop and the ad-
jacent β-sheet, resulting in the burial of a highly conserved tyrosine residue.
In antibody variable domains, the CDR3 loop is typically found extending
outward from the Fab core and contributes to both the antigen-binding site
and the dimer interface between adjacent variable (VL and VH) domains. The
pIgR D1 CDR3 conformation instead resembles that of camel single-chain
antibodies, in which the CDR3 folds back and covers the hydrophobic surface
that would form a dimer interface in human Fabs (Desmyter et al. 1996).

Althoughnostructural informationhasbeenreported forotherdomainsof
pIgR, significant sequence similarity between D1 and the remaining domains
indicates that D2 through D5 adopt a similar fold. In particular, the buried
disulfide bond common to Ig domains is conserved in each pIgR domain,
and the secondary disulfide bond linking the C and C’ strands in D1 is also
conserved in domains D3 through D5. However, the sequences corresponding
to the CDR loops of D1 are divergent in D2 through D5, consistent with their
ligand-binding role in D1. The sequence of pIgR D1 also shows 43% sequence
identity with the N-terminal domain of Fcα/µR, an IgA- and IgM-specific Fc
receptor expressed on most B lymphocytes and macrophages (Shibuya et al.
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2000). It is not yet known whether Fcα/µR recognizes IgA or IgM using the
same mechanism as pIgR, although the high sequence identity suggests the
possibility.

3.3
IgA–Receptor Interactions: Implications for Signaling

Whereas pIgR is responsible for transcytosis of pIgs across the mucosal epi-
thelium, the IgA-specific Fc receptor FcαRI (also known as CD89) mediates
inflammatory responses to pathogens in the serum. FcαRI is a type I trans-
membrane receptor with two extracellular Ig domains, a transmembrane
anchor and a cytoplasmic tail lacking typical signaling motifs (Maliszewski
et al. 1990; Monteiro and van de Winkel 2003). Although FcαRI is a member
of the Ig superfamily of Fc receptors like FcγRIII and FcεRI, it shares higher
sequence similarity with members of the leukocyte receptor cluster on chro-
mosome 19, such as the killer cell Ig-like receptors (KIRs) and the leukocyte
Ig-like receptors (LIRs) (Wende et al. 1999). FcαRI is expressed on the surface
of monocytes, eosinophils, neutrophils, and macrophages and binds both
monomeric and dimeric forms of IgA (Monteiro and van de Winkel 2003).
FcαRI mediates immune effector responses such as phagocytosis, ADCC, res-
piratory burst, and cytokine release (Monteiro et al. 1990). Monomeric and
polymeric IgA, but not SIgA, can bind FcαRI to trigger phagocytosis through
the clustering of the receptor (van Egmond et al. 2000; Vidarsson et al. 2001).

Recent crystal structures of the FcαRI ectodomain (Ding et al. 2003; Herr
et al. 2003) and its complex with IgA1-Fc (Fcα) have shed some light on
IgA-mediated immune responses (Herr et al. 2003). The FcαRI ectodomain
is comprised of two Ig domains oriented at approximately right angles to one
another (Ding et al. 2003; Herr et al. 2003). Although the FcγRs (Maxwell
et al. 1999; Sondermann et al. 1999; Sondermann et al. 2000) and FcεRI
(Garman et al. 1998) also have overall bent structures, D1 of FcαRI is rotated
in the opposite direction to resemble the KIR and LIR folds (Fan et al. 1997;
Chapman et al. 2000). In contrast to the 1:1 interaction between FcR and
antibody hinge region observed in the FcγRIII:Fcγ (Sondermann et al. 2000)
and FcεRI:Fcε (Garman et al. 2000) complexes, two molecules of FcαRI bind to
one Fcα homodimer, one at each Cα2-Cα3 interface (Fig. 2f) (Herr et al. 2003),
consistent with analytical ultracentrifugation experiments in solution (Herr
et al. 2003). This binding surface is analogous to the Cγ2-Cγ3 interface of Fcγ,
where a number of proteins, including FcRn, bind to IgG (DeLano et al. 2000;
Martin et al. 2001). The FcαRI:Fcα interface is made up of residues from D1
of FcαRI binding primarily to the Cα3 domain of Fcα as well as a few residues
from the Cα2 domain. A significant percentage of the buried surface area in
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the interface is contributed by residues in the FG loop of the Cα3 domain of
Fcα (Herr et al. 2003). This loop was shown to be one of the binding sites for
pIgR D1 (White and Capra 2002) (Fig. 2e). Furthermore, the FG loop is only
~10 Å away from Fcα Cys311 (Herr et al. 2003), which forms a disulfide bond
with pIgR D5 (Fallgreen-Gebauer et al. 1993). The overlapping FcαRI and
pIgR binding sites on Fcα, combined with the close proximity of the pIgR D5
disulfide bridge, have been suggested (Herr et al. 2003) to explain why SIgA
does not bind to or activate FcαRI in the absence of an integrin coreceptor
(van Egmond et al. 2000; van Spriel et al. 2001; Vidarsson et al. 2001).

Comparison of the FcαRI:Fcα complex to other complexes involving re-
lated receptors from the leukocyte receptor complex on chromosome 19 il-
lustrates divergence of the ligand binding sites on these receptors. FcαRI
binds Fcα using the N-terminal portion of D1 (Herr et al. 2003) (Fig. 2f), in
contrast to the KIR receptors, whose binding site for MHC class I molecules
is located at the D1-D2 junction (Boyington et al. 2000). Interestingly, LIR-1
uses residues in both the D1-D2 interface and the N-terminal region of D1
to recognize HLA-A2 (Willcox et al. 2003). This suggests that FcαRI and KIR
receptors have evolved divergently from a common LIR-1 precursor, which
uses both binding modes to recognize its target ligand (Willcox et al. 2003).

4
Pathogen Evasion of Host Mucosal Immunity

4.1
IgA1 Proteases

Bacteria have evolved several mechanisms for evading immune responses in
the gut. These approaches include interfering with passive and active im-
munity by specifically cleaving secretory IgA1, preventing FcαRI activation
by sterically occluding the receptor-binding site on IgA, and even hijacking
the transcytotic pathway via interaction with pIgR to invade the mucosal
epithelium. The first two avenues for immune evasion have not yet been
fully elucidated through high-resolution crystal structures, although we can
gather some insight from knowledge of the solution structure of intact IgA1
and the crystal structure of IgA1-Fc. IgA1 proteases are secreted by a num-
ber of bacterial genera, including Neisseria, Streptococcus, and Haemophilus
species (Plaut et al. 1975; Male 1979). These proteases share a common feature
of specificity for Pro-Thr or Pro-Ser dipeptides in the hinge region of IgA1
(Kilian et al. 1980), although the IgA1-Fc region has also been implicated in
substrate recognition (Chintalacharuvu et al. 2003). As described above, IgA1
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has an elongated hinge region that is found in an extended conformation, due
to both its amino acid sequence and its high levels of O-linked glycosylation
(Fig. 1a). These characteristics render the IgA1 hinge a suitable substrate for
the IgA1 proteases. Given that IgA2 has a 13-residue truncation in the hinge
region, this subclass is not susceptible to proteolysis. Cleavage of the hinge
region of IgA1 would leave only the Fab regions specifically bound to the
bacterial surface, thus significantly minimizing steric occlusion arising from
an intact secretory IgA1 (Reinholdt and Kilian 1987). Furthermore, in Strep-
tococcus pneumoniae, anticapsular Fab fragments remaining after cleavage
of IgA1 facilitate adhesion to epithelial cells, apparently by minimizing the
negative charge of the bacterial capsule (Weiser et al. 2003).

4.2
IgA-Binding Proteins

Bacteria that have already managed to breach the mucosal epithelium can
prevent inflammatory responses via FcαRI by secreting IgA-binding proteins
that sterically block the receptor-binding site. These include Sir22 and Arp4
from Streptococcus pyogenes, β-protein secreted by group B Streptococcus
(Pleass et al. 2001), and the superantigen-like protein 7 (SSL7) of Staphylococ-
cus aureus (Langley et al. 2005). Sir22 has been shown to bind tightly to serum
and secretory IgA1 and IgA2, with a KD of 4 nM. The binding domain was
localized to a 29-residue predicted α-helical region. A 50-residue construct
incorporating this region that was cross-linked by an N-terminal cysteine
retained specific IgA-binding activity, with a KD of 20 nM (Sandin et al. 2002).
Each of the streptococcal IgA-binding proteins interacts with the Cα2-Cα3
region of IgA (Pleass et al. 2001), which corresponds to the FcαRI-binding
site, as described above (see Fig. 2f) (Herr et al. 2003). As would be expected,
these streptococcal proteins inhibit the ability of IgA to bind FcαRI, and Arp4
can inhibit respiratory burst from neutrophils triggered by FcαRI (Pleass et al.
2001). Like Sir22, the staphylococcal protein SSL7 binds IgA with low nanomo-
lar affinity but also binds avidly to the complement protein C5 and inhibits
complement-mediated bacterial cell lysis (Langley et al. 2005). The structure
of SSL7 has been determined, revealing a superantigen-like fold composed
of an N-terminal OB (oligonucleotide/oligosaccharide binding) domain and
a C-terminal “β-grasp” domain consisting of a β-sheet wrapped around an
α-helix (Al-Shangiti et al. 2004) (Fig. 2g). Although no direct information is
yet available on the IgA- or C5-binding surfaces on SSL7, Langley et al. have
mapped conserved residues from several known SSL7 alleles onto the exter-
nal face of the OB domain, and they suggest that this may correspond to an
IgA- or C5-binding site (Langley et al. 2005). Preliminary mutational results



194 A. E. Hamburger et al.

indicate that SSL7, like the streptococcal IgA-binding proteins, also binds to
the Cα2-Cα3 region of IgA (Langley et al. 2005).

4.3
pIgR-Binding Proteins

In addition to secreting proteins that can cleave IgA1 or block the FcαRI-
binding site on IgA, Streptococcus pneumoniae can directly mediate inva-
sion of the mucosal epithelium by hijacking the transcytosis pathway via
pIgR. S. pneumoniae (or pneumococcus) secretes a choline-binding protein
A (CbpA) that is anchored to the bacterial surface via a highly conserved
choline binding motif (Jedrzejas 2001). CbpA was shown to be important for
bacterial adherence (Rosenow et al. 1997), and the human host receptor for
S. pneumoniae was identified as pIgR (Zhang et al. 2000). Either insertional
knockout of cbp or antibodies against CbpA or pIgR abolished bacterial ad-
herence and invasion, and two CbpA domains, R1 and R2, were shown to bind
to the extracellular domains of human pIgR (Zhang et al. 2000). R1 and R2
share 89% sequence identity and are highly conserved in CbpA from many
strains of the bacteria. Peptide mapping and mutagenesis results highlighted
the importance of a conserved hexapeptide motif (YRNYPT) within the R
domains (Hammerschmidt et al. 2000; Elm et al. 2004). Domain deletion, mu-
tagenesis, and peptide binding studies have recently revealed that domains 3
and 4 of pIgR (D3-4) are necessary and sufficient to bind and uptake CbpA (Lu
et al. 2003; Elm et al. 2004). Interestingly, while SIgA and free SC in mucosal
secretions inhibit pneumococcal invasion, pneumococci translocate across
nasopharyngeal epithelial cells using the pIgR reverse transcytosis pathway
(Zhang et al. 2000). Epstein-Barr virus (EBV) complexed with EBV-specific
pIgA has also been shown to invade mucosal epithelial cells via pIgR (Sixbey
and Yao 1992). However, it is not clear whether this occurs in vivo, because
EBV is transcytosedacrosspolarized epithelial cells but only infects single-cell
suspensions of epithelial cells (Gan et al. 1997).

The solution NMR structure of the R2 domain of CbpA from S. pneumoniae
has been reported along with binding studies using the intact protein (Luo
et al. 2004). The R2 domain consists of three antiparallel α-helices that are
nearly coplanar (Fig. 2h). One face of the domain shows high negative electro-
static potential, whereas the opposite face exhibits strong positive electrostatic
potential. TheYPTsequence fromtheconservedhexapeptidemotif is found in
the loop connecting the first two α-helices. This conserved region extends out-
ward from the domain and forms a highly hydrophobic region flanked by a ly-
sine and an arginine, which together create a zone of neutral electrostatic po-
tential. Mutations in the tyrosine or proline of the YPT motif diminished bind-
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ing of CbpA to both SIgA and free SC (Luo et al. 2004). The high sequence iden-
tity between R1 and R2, along with similarities in their CD and NMR spectra,
indicate that R1 and R2 share the same fold. Interestingly, the authors found
that R1 and R2 could each independently bind two sites on pIgR with simi-
lar affinity and that an R1-R2 construct containing both domains bound with
nearly the same affinity as the isolated R1 or R2 domains. The basis for this was
revealed by isothermal titration calorimetry experiments, which indicated
that loss of conformational freedom of the R1-R2 pair on binding resulted in
an unfavorable entropy change that compensated for the more favorable en-
thalpy change for R1-R2 binding compared to R1 or R2 alone (Luo et al. 2004).

5
Future Directions

In the last few years, several new three-dimensional structures have provided
significant insight into mechanisms of mucosal immunity. However, several
important issues remain unresolved and await further structural work. In par-
ticular, the structure of full-length SC (i.e., D1–D5 of the pIgR ectodomain)
would be of great interest in order to better understand its interactions with
IgA and CbpA from S. pneumoniae. In a similar vein, the structures of dimeric
IgAandsecretory IgA(or at least structuresof theFcα-J chain-SCcoreof SIgA)
will be important additions to the structural repertoire. Generation of suf-
ficient quantities of pure, homogeneous dIgA or SIgA has been the limiting
factor in these types of studies, although expression systems have been de-
scribed recently for production of specific dIgA and SIgA (Chintalacharuvu
and Morrison 1999; Corthesy 2002). Finally, structures of various IgA-binding
receptors and bacterial proteins, alone and in complex with IgA, combined
with biophysical studies of their interactions will provide important insights
into gut immunology and may lead to effective therapeutic strategies. For
instance, understanding how the M cell receptor on Peyer’s patches recog-
nizes IgA2 could eventually lead to the development of effective oral vaccines,
which would be of particular interest in developing regions of the world.
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