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In the marginal zone of the spleen the bloodstream passes through an open
system of reticular cells and fibers in which various myeloid and lymphoid cells
are located. Macrophages in this region are well equipped to recognize pathogens
and filter the blood by virtue of unique combinations of pattern recognition
receptors. They interact with a specific set of B cells that can be found only in the
marginal zone and that are able to react rapidly to bacterial antigens in particular.
This combination of strategically located cells is an important factor in our
defense against blood-borne pathogens. New data on the development of the
marginal zone itself and the marginal zone B cells are reviewed and discussed in
light of the function of the spleen in host defense.
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l. Introduction

The marginal zone of the spleen is strategically positioned between the
lymphoid compartment of the spleen, the white pulp, and the more innate,
scavenging red pulp compartment. Most of the arterial blood that enters the
spleen runs through the marginal zone where sets of cells, such as macro-
phages expressing unique combinations of pattern recognition receptors as
well as marginal zone B cells that can be readily activated, are located to
intercept and react to pathogens in the blood.

Although the important function of the spleen has been appreciated for a
long time, the anatomical basis for its function has only gradually emerged.
Less than 25 years ago Bishop and Lansing (1982) started an overview of
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normal and pathological anatomy of the human spleen stating that the spleen is
“an organ of unique anatomic and functional importance, and yet the morpho-
logic correlates of its various functions remain somewhat mysterious.” Our
own review, which appeared a decade later (Kraal, 1992), was probably the first
that focused on the marginal zone only and described the constituents and
function of this area as they were known at that time. It is striking how much
data and new insights have been generated since then, and from how many
different angles of interest the spleen and the marginal zone have been studied.
Especially from the field of developmental immunology, but also from that of
studies on pattern recognition receptors and B cell immunology, many exciting
new data on the function of the spleen and the interactions between the various
cells and molecules have been generated and have helped to solve at least some
of the mysteries. Here we will describe these findings correlated with the
function of the spleen, and the intriguing marginal zone in particular.

The spleen is composed of a branching splenic artery that eventually ends
in venous sinuses. The arterial branches, called central arterioles, are sur-
rounded by a layer of lymphoid tissue as a continuous sheath, the white pulp.
It consists of T cell areas and B cell follicles, more or less resembling the
organization found in lymph nodes, except for the apparent absence of high
endothelial venules. Although smaller branches of the central arteriole run
through the white pulp, most of the arterial blood (Schmidt ez al., 1993) ends
in a sinusoid system in the area surrounding the T and B cell zones, thereby
forming an anatomical border between the white and red pulp, the marginal
zone (Kraal, 1992). It is here that the blood opens up in sinusoid spaces
formed by lining cells continuous with the endothelium of the arterioles.
Especially in rodents, in which the spleen has been investigated most thor-
oughly, the marginal zone is a conspicuous area consisting of a network of
sinus lining cells and reticular fibroblasts through which the blood freely
percolates on its way to the red pulp. Macrophage populations and marginal
zone B cells are firmly attached to this network, thus allowing a continuous
scan of the blood for pathogens and debris. In humans the marginal zone can
be divided into an inner and outer area with a small rim of T cell zone in
between and surrounded by a more diffuse perifollicular zone where macro-
phages can be found that surround endings of blood vessels (Mebius and
Kraal, 2005; Steiniger et al., 2001). The blood runs from the marginal zone
through the red pulp cords into the venous sinuses, whereby the structure of
the venous cords and sinuses, forming the spleen’s red pulp, leads to a
functional slow bloodstream, enabling the spleen to exert its function as a
filter of the blood. The passage from the cords into the sinuses is an impor-
tant step for the selection of effete red blood cells and their removal by the
macrophages of the red pulp. Interestingly, the splenic vein is connected to
the hepatic portal vein, so that all the blood leaving the spleen is then filtered
by the portal system of the liver.
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Il. Cells of the Marginal Zone

Within the reticular framework of the marginal zone, resident cell types can
be found that form more or less permanent populations that are not present
in other lymphoid organs (Fig. 1). These include the marginal zone macro-
phages, the marginal metallophilic macrophages, and the marginal zone B
cells. In addition, many cell types present in the blood are located in the
marginal zone as passing cells, including lymphocytes and granulocytes.
In addition, a rather large number of dendritic cells can be found here.
They are thought to reside temporarily in the marginal zone and to migrate
into the white pulp after stimulation and antigen uptake. Also, lymphocytes
may dwell here for longer periods during the process of transmigration into
the white pulp. The characteristics of the resident cells will first be described,
after which an attempt will be made to correlate the findings on the various
cells in this area to the function of the marginal zone in innate and adaptive
immunity.

A. Macrophages

Armed with a unique set of pattern recognition receptors, the marginal zone
macrophages occupy their strategic position in the marginal zone. In fact, it
is impressive to observe the efficiency and speed by which these cells can clear
the blood from an experimentally administrated antigen for which they have
the appropriate receptors, such as FITC-Dextran. Similar to tissue macro-
phages, they display receptors involved in recognition and phagocytosis of
opsonized particles, such as Fc and complement receptors, but their out-
standing capacity for binding and uptake of nonopsonized particles is based
upon the expression of surface receptors such as the C-type lectin SIGNR 1
(Geijtenbeek et al., 2002a; Kang et al., 2003, 2004), and MARCO, a type |
scavenger receptor (Elomaa et al., 1995; van der Laan et al., 1999) (Fig. 1A
and B).

1. Structure and Function of SIGNR1

That marginal zone macrophages are capable of recognizing polysaccharide
antigens and play a role in T cell-independent antibody responses has been
well established in earlier studies (Amlot and Hayes, 1985; Amlot et al., 1985;
Humphrey and Grennan, 1981; Kraal et al., 1989b). With the discovery of
DC-SIGN as a human dendritic cell-specific C-type lectin (van Kooyk and
Geijtenbeek, 2003) and subsequent isolation of murine homologues, the
SIGNR1 molecule was identified as an important C-type lectin present on
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FIG. 1 The cellular constituents of the marginal zone. Serial sections of a mouse spleen have
been stained with various monoclonal antibodies to reveal the position of the different cell
populations in the marginal zone. In all sections the expression of MAdCAM-1 (red) on the
cells of the marginal sinus is used to clearly indicate the demarcation between white pulp and
marginal zone. In addition, MAdCAM-1 stains cells, probably follicular dendritic cells in the B
cell follicles. In (A) and (B) the marginal zone macrophage population is clearly visible based on
its expression of MARCO [(A) green] and SIGNRI1 [(B) green]. In (C) the compact ring of
sialoadhesin-positive marginal metallophilic macrophages can be seen. In (D) the staining for
Ter119 (green) on erythrocyte membranes demonstrates the strict separation of freely passing
blood in the marginal zone and the red pulp and the absence of erythrocytes in the white pulp,
clearly illustrating the selective barrier that exists for leukocytes to enter the white pulp from the
marginal zone. In (E) the localization of dendritic cells, based on the expression of CDlIc, in
the T cell zone of the white pulp, in a bridging channel [visible in the top of (E)], and in the
marginal zone is seen. Finally, in (F) the presence of B cells, most of them belonging to the
distinct population of marginal zone B cells, can be seen outside the MAdCAM-1-positive
sinus. In addition, within the white pulp two B cell follicles (green), separated by the T cell zone,
can be seen. Magnification: x10.
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marginal zone macrophages and responsible for recognition of carbohydrate
antigens (Geijtenbeek et al., 2002a; Park et al., 2001). The C-type lectin
domain of mouse SIGNR1 has 74% similarity with that of human DC-
SIGN, and the amino acid residues important for both Ca*" and ligand
binding are conserved in the murine homologue (Geijtenbeek et al., 2002b).
The ligand-binding specificities of SIGNRI1 are therefore quite similar to the
ones described for DC-SIGN, based on the presence of the EPN sequence
motif in the carbohydrate recognizing domain (CRD). The EPN motif
determines their affinity, in particular to mannose-containing carbohydrates,
but additional amino acids in the CRD will determine the specific structures
that are recognized (Appelmelk ez al., 2003; Feinberg et al., 2001; Galustian
et al., 2004), and many of the pathogens that are recognized by DC-SIGN
can also interact with SIGNRI1 (see Table I). Detailed analysis of the carbo-
hydrate specificity of SIGNR1 showed interaction with mannose-, fucose-,
and N-acetylglucosamine-terminating oligosaccharides, as demonstrated
by their ability to react with high mannose N-glycans and proteins containing
N-linked glycans such as invertase and soybean agglutinin. That SIGNR1
also reacts with fucose was inferred from binding studies with Lewis antigens
(Galustian et al., 2004).

The SIGNR1 molecule is sufficient for both binding and internalization of
ligands, after which the complex is localized in lysosomes, as shown by

TABLE |
Overview of Pathogens and Molecules that Bind to SIGNR1?

Pathogen or molecule References
ICAM-2 (Geijtenbeek et al., 2002a)
Yeast Zymosan (Takahara et al., 2004;
Taylor et al., 2004)
Candida albicans (Nagaoka et al., 2005)
Bacteria Mycobacterium tuberculosis (Koppel et al., 2004)
(ManLAM)
Streptococcus pneumoniae (Lanoue et al., 2004)
Escherichia coli (Nagaoka et al., 2005)
Salmonella typhimurium (Nagaoka et al., 2005)
Virus Coronavirus (S protein) (Marzi et al., 2004)
Marburg virus (Marzi et al., 2004)
Ebola virus (glycoprotein) (Marzi et al., 2004)
HIV (gp120) (Geijtenbeek e al., 2002a)

“In parentheses is the ligand or subcellular part of the pathogen recognized by SIGNRI.
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transfected cells (Geijtenbeek et al., 2002a). The cytoplasmic region of the
murine SIGNR1 lacks a dileucine motif that is responsible for the in-
ternalization of human DC-SIGN, but it contains a triacid cluster (DDD)
in its cytoplasmic region (Koppel et al., 2004; Park et al., 2001). This motif
functions as an internalization motif in DEC-205, an endocytic receptor
on dendritic cells, where it is responsible for targeting to lysosomes for
antigen processing (Mahnke ez al., 2000). It is therefore assumed that
the lysosomal targeting of internalized ligand—SIGNR1 complexes is due to
this triacidic cluster. Indications that the SIGNRI1 receptor can also inter-
act with other receptors begin to emerge. Cooperation with Dectin-1, the
B-glucan receptor, leads to efficient uptake of zymosan and production of
tumor necrosis factor (TNF)-a (Taylor et al., 2004), although this is probably
not as relevant for the situation in the marginal zone where dectin-1 is hardly
expressed (Reid et al., 2004). For marginal zone macrophages the observed
interaction of SIGNR1 with the Toll-like receptor (TLR) 4 seems to be
more important (Nagaoka et al., 2005). In studies on the ligand specificity
of SIGNRU1 it was observed that lipopolysaccharide (LPS) from Escherichia
coli bound to SIGNRI1 via oligosaccharides in the nonreductive end of
the LPS core region. In transfectant cells with both SIGNR1 and TLR4,
LPS binding to SIGNRI led to oligomerization of TLR4 and degradation of
IkB-o and it was found that SIGNR1 associated with the TLR4—-MD2
complex leading to cytokine production (Nagaoka et al., 2005). It is obvious
that this type of interaction greatly enhances the efficiency by which the
marginal zone macrophages can eliminate pathogens.

In addition to interactions with apparent pathogens, SIGNRI1 also in-
teracts with murine ICAM-2, which is widely expressed on lymphocytes,
and could therefore function as the leukocyte ligand mediating con-
tact between SIGNR1" marginal zone macrophages and leukocytes in the
marginal zone (Geijtenbeek et al., 2002a). Close contacts between B cells
and the marginal zone macrophages have been described, which suggests
that the marginal zone macrophages may play a role in the migration and
retention of B cells in the marginal zone.

In addition, as described in B cell-deficient mice and in mice where B cells
were induced to disappear, B cells are essential for the early differentiation of
the macrophage populations in the marginal zone but also for their mainte-
nance during adult life (Crowley et al., 1999; Karlsson et al., 2003; Nolte
et al., 2004).

2. Role of MARCO on Marginal Zone Macrophages

As for SIGNRI, the expression of the Macrophage Associated Receptor
with COllagenous structure (MARCO) is not restricted to marginal
zone macrophages, but it is the combination of these receptors that makes



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 181

these cells special. Furthermore, the expression of MARCO seems to be
constitutive on marginal zone macrophages, whereas it can be rapidly
induced on many other macrophage populations, such as alveolar macro-
hages and macrophages in the liver (Arredouani et al., 2004; Elomaa et al.,
1995; van der Laan et al., 1999). This enables the body to initiate a swift and
functional upregulation of pattern recognition receptors under conditions of
heavy pathogen load. For MARCO a broad range of pathogenic ligands has
been described, whereby MARCO and SIGNRI1 are often complementary
in their specificity. Bacteria such as Escherichia coli and Staphylococcus
aureus readily bind to MARCO, whereas yeast cells (zymosan) do not
(Elomaa et al., 1995). Ficoll, which is avidly captured by the marginal zone
macrophages, does not bind to MARCO, whereas acetylated low-density
lipoprotein (LDL) does (Kraal et al., 2000). When MARCO is expressed
in other cell types in vitro it induces changes in cell shape, and profound
changes in cytoskeleton rearrangements, which may be related to the func-
tion of the molecule in the cellular changes needed to accommodate phago-
cytosis and engulfment of larger particles (Granucci et al., 2003; Pikkarainen
et al., 1999).

MARCO belongs to the group of class A scavenger receptors (SR-A) that
was originally defined as binding to LDLs and was studied extensively
in relation to the development of artherosclerosis (Suzuki et al., 1997).
Its structure resembles the SR-Al molecule, consisting of a trimer of
disulfide-bonded proteins with a collagenous structure. MARCO has short
intracellular and transmembrane domains, as well as a large extracellular
domain composed of a spacer domain, a long collagenous domain, and a
C-terminal fifth domain, forming a scavenger receptor cysteine-rich domain
(SRCR) (Elomaa et al., 1995).

SRCRs are ancient and highly conserved protein modules of ~100-110
amino acids, of either soluble or membrane-bound receptors expressed by
hematopoietic and nonhematopoietic cells (Resnick et al., 1994; Sarrias et al.,
2004). Based on the numbers of cysteine residues two groups are distin-
guished, with group A containing six cysteine residues, encoded by two
exons, and group B usually containing eight cysteines and encoded by a
single exon. Group A members, to which SR-A1 and MARCO belong, are
multidomain mosaic proteins with single SRCR domains associated with
other functional domains, such as enzymatic (protease) domains or collage-
nous regions. Group B members are composed of tandem repeats of SRCR
domains, thought to be involved in oligomerization but never associated
with protease domains. Representatives of either group are found in different
animal species, from low invertebrates (sponges) to high vertebrates
(mammals), and it is thought that based on the high degree of structural
and phylogenetic conservation of SRCR domains, they have basic functions
in innate immune defense (Lehrer, 2004; Sarrias et al., 2004).
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Using human and mouse MARCO variants with deletions or single
amino acid substitutions the bacteria-binding properties of MARCO were
localized to the fifth SRCR domain, with an RXR motif as an essential
element for high-affinity bacterial binding (Brannstrom et al., 2002). Inter-
estingly, for SR-A1 the ligand-binding function has been localized to the
collagenous domain, and so far not to the SRCR domain (Acton et al., 1993;
Doi et al., 1993).

B. Metallophilic Macrophages

In contrast to the position of the marginal zone macrophages that are located
in a seemingly random way throughout the width of the marginal zone,
the marginal metallophilic macrophages form a distinct line of cells at the
border of the marginal zone at the white pulp side of the marginal sinus
(Fig. 1A-C). As such their position closely resembles the rim of macrophages
lying just underneath the subcapsular sinus of the lymph node (Nolte et al.,
2000). Both sites form a transitional area, where cells and molecules can
enter the white pulp or the lymph node parenchyma, suggesting an impor-
tant role for the marginal metallophilic macrophage cells in selection and
scavenging.

Originally, before the development of specific antibodies, the cells at this
site had been characterized as macrophages by the presence of acid phospha-
tase, but differed from other macrophage populations by their high content
of nonspecific esterase (NSE) (Eikelenboom, 1978). A role for this enzyme
in cleaving fatty acids as well as for the detoxification of LPS has been
described, as well as a direct association of NSE and removal of apoptotic
T cells by macrophages in the thymus (Feng ef al., 2002). This suggests that
the marginal metallophilic macrophages are involved in scavenging patho-
gens and apoptotic cells based on the function of NSE in membrane destabi-
lization. In line with this is the abundant expression of Siglec-1 (sialoadhesin)
on these cells (Fig. 1C), a receptor associated with binding to oligosaccharide
self ligands on many cells and extracellular matrix components (Crocker
et al., 1995, 1997). The family of siglecs (sialic acid-binding Ig-like lectins)
can be divided into two subsets, the highly related and large group of CD33-
related siglecs, and a second group composed of sialoadhesin, CD22, and
myelin-associated glycoprotein (MAG). Although the latter group is more
distantly related, it is represented by well-conserved orthologues in all mam-
malian species examined so far (Crocker, 2005). Except for MAG, all siglecs
are expressed on cells of the immune system and consist of an N-terminal
V-set Ig domain that mediates sialic acid binding, and a number of C2-set Ig-
like domains. Furthermore, several of them contain immunoreceptor
tyrosine-based inhibitory motifs (ITIM) in their cytoplasmic tails, suggestive
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of a role in immune regulation, but the precise role of the various siglecs, with
the exception of CD?22, is still not clear. Sialoadhesin, which in addition to its
expression on marginal metallophilic macrophages is also found on macro-
phage subsets at inflammatory sites and in tumors, differs from other siglecs
by the fact that it is constitutively active. Most others siglecs are thought to
be masked through cis interactions with sialylated ligands on the same
plasma membrane and have to be activated, e.g., by sialidases to become
functional. That this is not the case for sialoadhesin could be due to the fact
that with its 17 domains it stands out from the crowd of other molecules in
the plasma membrane and is therefore less likely to interact in cis (Crocker
et al., 1994; Munday et al., 1999).

The role of sialoadhesin in recognition of apoptotic cells was inferred from
the expression of its ligands on many cells, in particular granulocytes, but
remains circumstantial (Crocker er al., 1995). Based on the position of
marginal metallophilic macrophages at the entrance site of the marginal
zone and white pulp, a role for sialoadhesin in lymphocyte migration has
been suggested. Activation of lymphocytes leads to changes in the glycosyla-
tion patterns of molecules such as CD43, CD45, and PSGL-1, all of which
are ligands for sialoadhesin based on expression of clustered sialic acids.
Their interaction may facilitate the retention of lymphocytes in the transit
zone and subsequent entrance into the white pulp (Crocker et al., 1997). In
fact, elimination of macrophages from the marginal zone with the use of
toxic liposomes led to reduced entrance of lymphocytes into the white pulp,
although it cannot be completely ruled out that this was related to general
changes in the hemodynamics in the marginal zone (Kraal ez al., 1989a). Also
for blood-borne tumor cells with altered glycosylation, binding and removal
through sialoadhesin have been suggested (Nath ez al., 1999).

Although it was always assumed that the N-terminal V-set Ig domain of
sialoadhesin was the sole ligand-binding site, it was recently found that siaload-
hesin can also interact with ligands that bind to other parts of the molecule
(Kumamoto et al., 2004). In a study on the migration of dermal macrophages
into lymph nodes it was found that these cells interacted with the sialoadhesin
expressed on the subcapsular macrophages in the node through M galactose
C-type lectins (MGL1). This interaction was independent of sialic acid but
involved N-glycans on the stalk of the sialoadhesin molecule (Kumamoto et al.,
2004). Inlight of the aforementioned similarities between these subcapsular and
the marginal metallophilic macrophages, similar interactions can be expected
to occur in the marginal zone and it will be very interesting to see what cell types
are involved.

Although sialoadhesin is not a phagocytic receptor, it may be involved in
phagocytosis through interaction with other receptors. Uptake of pathogens
for which recognition through sialic acid by sialoadhesin was crucial was
reported for Neisseria meningitides (Jones et al., 2003), and for arterivirus in
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the case of porcine alveolar macrophages (Delputte and Nauwynck, 2004).
Together it is clear that both the strategic position of the marginal metallo-
philic macrophages and the expression of a receptor with some striking
characteristics point to essential functions of these cells at the interface of
the marginal zone and white pulp. However, full appreciation of their role
needs further investigation.

C. B Cells

Marginal zone B cells (MZ B cells) represent a distinct naive B cell lineage
(Fig. 1F), different from mature follicular B cells and the B-1 cell lineage,
predominantly nonrecirculating and specialized to respond rapidly to blood-
borne pathogens (Gray et al., 1982; Martin et al., 2001; Oliver et al., 1997).
Upon encounter with bacteria they respond swiftly by differentiation toward
plasma cells that produce IgM as well as acquiring the capacity to function as
antigen-presenting cells (Martin et al., 2001; Oliver et al., 1999). MZ B cells
are particularly well equipped to deliver a response to T-independent anti-
gens. With their rapid response to bacterial antigen and their strategic
location in the marginal zone, where blood flows into open sinuses between
the red and white pulp, they deliver a first line of defense against blood-borne
pathogens and therefore help to fill the gap between the fast but nonspecific
innate immune response and the adaptive, T cell-dependent antibody re-
sponse that needs considerable time to reach its peak (Lopes-Carvalho and
Kearney, 2004). In addition, they deliver immune complexes to follicular
dendritic cells by migrating into the B cell follicles (Gray et al., 1984; Heinen
et al., 1986).

1. Phenotype and Lineage Commitment of Marginal Zone B Cells

MZ B cells have a unique phenotype by expression of high levels of IgM,
CD21, and CD1d, and low levels of IgD, CD23, and B220, whereas follicular
B cells are characterized by high levels of IgD and CD23, but intermediate to
low levels of IgM, CD1d, and CD21 (Martin and Kearney, 2002). In addi-
tion, CD9 has been identified as a marker to delineate MZ B cells from
follicular B cells (Martin and Kearney, 2002).

To what extent are MZ B cells different from follicular B cells and how is
this determined? Together with the B-1 B cells, MZ B cells are encompassed
in the group of innate lymphocytes, of which the antigen receptor repertoire
is germ-line encoded with limited diversity (Bendelac et al., 2001), and they
are not part of a constantly migrating lymphocyte pool, but instead reside at
certain anatomical sites. The B-1 B cells form an early lineage that already
develops in neonatal life and shows a restricted repertoire of its V genes
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biased to recognize T-independent antigens. B-1 B cells are mainly found in
the peritoneal cavity and along mucosal surfaces (Bendelac et al., 2001). MZ
B cells develop later in life and are also characterized by a restricted reper-
toire and a fixed position. It is now well established that in addition to
negative selection of B cells with the B cell receptor (BCR) reacting strongly
with self (Rolink and Melchers, 1996), B cells are also subjected to positive
selection during their development based on interactions of their BCR,
whereby the affinity of the receptor, accessory signaling molecules, and the
nature of the antigen itself play a role (Lopes-Carvalho and Kearney, 2004).
It is becoming clear that the signaling through the BCR is an important cell-
fate decision step in the differentiation of MZ B cells (Pillai ez al., 2005),
whereby interaction with self-ligands plays an important role in their recruit-
ment and selection (Dammers and Kroese, 2005; Wen et al., 2005). Positive
selection, based on the very nature of the antigen, was very nicely demon-
strated by Martin and Kearney, using mice transgenic for different Ig heavy
chains. They showed clearly that the ability to become an MZ B cell, based
on both phenotypic characteristics and localization, was dependent on the
composition of the Ig molecule (Martin and Kearney, 2000). This means that
the distinct subsets of B cells, B-1 cells, MZ B cells, and follicular B cells, not
only occupy different domains of the immune system, but do so with different
specificities, evolved to deal with antigens that are most likely encountered at
their sites.

2. Precursor Relationships between MZ B Cells and
Follicular B Cells

MZ B cells are quite long-living cells, compared to follicular B cells, as
demonstrated in conditional knockout Rag-1 mice. Whereas in these mice,
upon deletion of Rag follicular B cells gradually disappear, the numbers
of MZ B cells are stable. This is suggestive of a self-renewing capacity,
either through replication of MZ B cells themselves or from recirculating
precursors (Hao and Rajewsky, 2001; Pillai ez al., 2005).

Newly formed B cells, transitional type 1 (T1), emerge from the bone
marrow and predominantly depend on BCR stimulation for their survival.
These cells develop into T2 cells, which need additional survival signals such
as BAFF (B cell-activating factor of the TNF family). These T2 cells will give
rise to both follicular and marginal zone B cells, whereby intermediate
precursor stages are discerned based on expression of various markers
(Fig. 2). The existence of a separate CD23" CD21/35"€" precursor cell for
MZ B cells was suggested (Loder et al., 1999). Cells with this phenotype
are found only in spleen and not in bone marrow, blood, or lymph nodes,
and are absent in mice that lack MZ B cells such as Aiolos null mice and
Notch2 ™~ mice. Because of their absence in Aiolos null mice, they are
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FIG. 2 Developmental pathways of marginal zone B cells and follicular B cells. Both B cell
populations are derived from transitional type 2 (T2) B cells. The existence of a distinct
marginal zone precursor B cell (T2 MZP) has been described but debated, as is the
differentiation of marginal zone B cells from follicular B cells.

thought to be different from precursors for follicular B cells, since the
development of the latter is normal in these mice (Cariappa et al., 2001;
Loder et al., 1999; Saito et al., 2003). Other investigators support the idea
that these CD23" CD21/35M2" cells are transitional cells that develop from
mature follicular B cells (Allman et al., 2004; Srivastava et al., 2005) (Fig. 2).
This is based on observations using lymphopenic mice in which follicular B
cells were transferred and gave rise to marginal zone B cells.

Irrespective of the precise precursor relationship, it is clear that MZ B cells
use differentiation pathways that are distinct from follicular B cells. In
models proposed to explain the two pathways, a major difference emerges:
the difference in signaling strength of the BCR needed to develop the two cell
types. MZ B cell development requires weak BCR signaling, whereas inter-
mediate signaling is required for follicular B cells. Important data to support
this came from studies in Aiolos null mice. As a zinc-finger protein of the
Ikaros family, Aiolos is mainly expressed in B cells, and functions to repress
target genes. When Aiolos is absent, the strength of BCR signaling increases
as seen by enhanced B cell proliferation upon BCR crosslinking, leading
to expanded numbers of follicular B cells, but MZ B cells do not develop
(Wang et al., 1998). This was related to the fact that Aiolos negatively
influences Bruton’s tyrosine kinase (Btk) activity (Cariappa et al., 2001).
Btk is a member of the Tec family of protein tyrosine kinases (PTKs) and
plays a vital role in many cellular processes. Mutations in the Btk gene cause
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the primary immunodeficiency disease X-linked agammaglobulinemia
(XLA) in humans and X-linked immunodeficiency (Xid) in mice (Lindvall
et al., 2005). In Xid mice and Btk null mice, follicular B cells are strongly
reduced in numbers, but MZ B cells are generated, although in smaller
numbers (Kraal er al., 1988a; Loder et al., 1999). In the absence of both
Aiolos and Btk, Cariappa et al. (2001) showed that MZ B cells do develop,
indicating that Btk is a negative regulator of MZ B cell development, sup-
portive of the idea that MZ B cells require low signal strength through their
BCR to differentiate. In contrast, indications that strong BCR signaling,
especially from low-dose self-antigens, is essential for MZ B cell maturation
have recently been given using a monoclonal BCR mouse (Wen et al., 2005).
It is becoming clear that the decision steps for lineage commitment depend on
many factors, partly BCR related, and are strongly influenced by environ-
mental factors. Also signaling in B cells via the NF-kB pathway, and in p50
component in particular, is required for the proper development of MZ B
cells (Cariappa et al., 2000), but this pathway does not seem to interact
directly with Btk activation or to influence the signaling strength of the BCR.

3. Notch Signaling and MZ B Cell Development

In addition to apparent differences in the threshold of BCR signaling, MZ B
cells are critically dependent on Notch2 signaling for their survival and
probably also for their maintenance. Notch signaling is important for
many cell-fate decision steps during ontogenetic development, but also dur-
ing adult life. Furthermore, it has been suggested that there is an inverse
relationship of BCR and Notch signaling, whereby strong BCR signals could
downregulate the Notch pathway by induction of inhibitors or downregula-
tion of activating factors (Pillai ez al., 2004). Notch2 belongs to the group of
four notch receptors described in mammals, which are composed of two
noncovalently linked fragments in the cell membrane. Ligation induces the
release and translocation into the nucleus of the intracellular domain of
Notch (Notch IC), where it interacts with transcriptional repressors such
as RBP-J (repressor recombination binding protein-J) to convert it into a
transcriptional activator. Recent studies with mice targeted in several genes of
the Notch pathways have revealed the role of this signaling route in MZ B cell
development. It was first demonstrated that RBP-J was crucial for the proper
development of MZ B cells (Tanigaki ez al., 2002), followed by the observations
that Notch2 was specifically expressed in MZ B cells, and not in follicular B
cells, coinciding with an absence of MZ B cells in Notch2 ™'~ mice (Saito et al.,
2003). In addition, transfer of fetal liver cells from MINT '~ mice into RAG '~
mice led to the preferential development of MZ B cells (Kuroda et al., 2003).
MINT (Msx2-interacting nuclear target protein) negatively regulates activa-
tion through Notch by interfering with the interaction of Notch IC and RBP-J.
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MINT is highly expressed in follicular B cells, consistent with suppression of
Notch-regulated genes (Kuroda et al., 2003).

4. Additional Transcription Factors

Recently a role for the helix-loop-helix protein E2A in MZ B cell develop-
ment was described, balanced by its antagonist Id3 (Quong et al., 2004). The
E2A gene encodes for two proteins, E12 and E47, which are formed by
alternative splicing, and these E proteins are involved in the early commit-
ment and survival of lymphoid precursors into the B cell lineage (Lazorchak
et al., 2005). E2A™~ mice show an increase in levels of MZ B cells, whereas
follicular B cell numbers decrease. In Id3 null mice more follicular B cells are
generated (Quong et al., 2004). A relationship with Notch signaling was
proposed by the authors as it has been demonstrated that the Notch pathway
negatively regulates E47 activity (Nie ez al., 2003). By controlling the levels
of E47, Notch may regulate the cell-fate decision that leads to MZ B cells.
Id3 levels, on the other hand, are controlled by Pyk-2 kinase activity,
corresponding to the fact that in the absence of this kinase no MZ B cells
can be formed (Guinamard et al., 2000). A complex picture of signaling
pathways that are necessary for the development of MZ B cells versus
follicular B cells slowly starts to emerge, but the unraveling of the precise
interactions of these routes awaits further studies (Fig. 3).

5. Extracellular Signals Involved in MZ B Cell Generation

In addition to these opposing interactions at the level of gene transcription, it
is necessary to know more about the activating steps at the plasma membrane
that lead to these intracellular signaling pathways. Signaling through Notch
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FIG. 3 Cell fate decisions between marginal zone B cells (MZ B) and follicular B cells (FO B).
The points at which the decision for lineage commitment is made are dependent on the balance
between various signaling cascades that either cooperate or counteract. See the text for details
on these interactions.
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as a receptor complex on the plasma membrane requires interactions with
ligands on cells or extracellular matrix, different from cognate interaction
with antigen and BCR. Delta-like-1 (DI-1) is involved as a molecular ligand,
since genetic ablation of DI-1 also leads to significant loss of MZ B cells.
Furthermore, DI-1 was found to be expressed by dendritic cells in the spleen
(Hozumi et al., 2004). Dendritic cells also produce growth and survival
factors such as BAFF and APRIL (a proliferation-inducing ligand) (Balazs
et al., 2002), and the signaling cascades through these factors may interfere
with the above-mentioned transcription routes and lead to preferential
induction or maintenance of MZ B cells.

Roles for other molecules on the surface of B cells related to BCR signaling
such as CD19, CD21, and CD22 have been amply documented (Lopes-
Carvalho and Kearney, 2004). The CD19 and CD21 molecules seem to act
in concert and help to lower the threshold for BCR triggering. It is not clear
what the ligand for CD19 is, but the molecule is important for the develop-
ment of MZ B cells as shown in gene-targeted mice (Rickert et al., 1995),
whereas the absence of the complement receptor CD21 leads to increased
numbers of MZ B cells (Cariappa et al., 2001). Interestingly, the expression
levels of CD21 on B cells seem to be related to the Notch pathway, since in
Notch2 ™'~ mice B cells exhibit reduced levels of CD21, while in E2™/~ B cells
the levels of CD21 are increased, again allowing a link between Notch2
signaling and the activity of E proteins (Quong ef al., 2004; Saito et al., 2003).

CD22 is also a negative regulator of BCR signaling, based on the presence
of an ITIM in its cytoplasmic tail and the reduced MZ B cell compartment in
CD22—deficient mice (Samardzic et al., 2002). CD22 is a siglec molecule, with
its N-terminal domain binding to glycans containing sialic acids. Recently it
was found that CD22 is predominantly reacting in cis with sialic acids on
other CD22 molecules, forming homomultimeric complexes, thereby mask-
ing its reactivity (Han et al., 2005). Interestingly, MZ B cells express an
unmasked form of CD22, suggestive of an interaction with external stimuli
(Dangzer et al., 2003).

Dendritic cells have been mentioned as putative candidates with which the
MZ B cells can interact during their development, but also the marginal zone
macrophages are likely candidates to provide survival or differentiation
signals. By in vivo infusion of an antibody against the MARCO scavenger
receptor on marginal zone macrophages it was found that MZ B cells started
to migrate out of the MZ and into the follicles (Karlsson et al., 2003).
Recently we analyzed MARCO null mice and mice mutated in both
MARCO and SR-A-I and found an impairment of the T-independent type
2 (TI-2) response in these mice, although no apparent differences in the
presence of MZ B cells were found (Chen et al., 2005). The dependence of
MZ B cell formation on NF-«B-p50 could point to interactions with micro-
bial antigens encountered in the marginal zone and their signaling through
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TLR via the NF-kB route. Together it is clear that the formation of MZ B
cells is a complex process involving delicate balances in signaling pathways of
both BCR and accessory molecules, through interactions with antigen, but
also ligands produced by local cells in the marginal zone.

6. Retention Mechanisms for Marginal Zone B Cells

One of the most obvious outcomes of the complex differentiation schemes
that lead to marginal zone B cells is the fact that they occupy a different niche
and do not recirculate, as compared to follicular B cells. It is not clear
whether the development of marginal zone B cells initially starts in the
marginal zone or whether their retention is a result of this differentiation.
At any rate, some of the molecular bases of why they remain localized are
becoming more clear. An important breakthrough was derived from studies
using the drug FTY720, which was found to have a major impact on
lymphocyte egress from lymphoid organs (Cyster, 2005). Upon injection
the drug becomes readily phosphorylated, thereby mimicking sphingosine-
1-phosphate (S1P), and can engage four of the five known S1P receptors. S1P
is a lysophospholipid, produced by many cells, including macrophages, and
is found in high concentrations in blood compared to lymph. This concen-
tration gradient from lymph to blood may be a driving force for lymphocytes
to exit from lymph node upon expression of S1P receptors. Being G-protein
coupled receptors they transduce signals upon binding to the lysophospho-
lipids by association with G proteins, leading to a variety of downstream
events, including survival signals as well as cell motility. The receptor S1P; is
the most important S1P receptor associated with lymphocyte egress, as
inferred from transfer studies with cells from S1P;-deficient mice. S1P; on
lymphocytes is downregulated and inactivated by the FTY720 drug, leading
to the inability of cells to exit lymphoid organs (Matloubian ez al., 2004).
Marginal zone B cells express high levels of S1P;, which turned out to be
important for the retention of the cells. Not only did treatment of mice with
FTY720 lead to a rapid displacement of MZ B cells from marginal zones into
the white pulp follicles, but in S1P;-deficient mice marginal zones were absent
(Cinamon et al., 2004). Interestingly, normal numbers of B cells with the MZ
B phenotype were found in their spleen, although the mice lacked a clearly
localized population of MZ B cells, suggesting that the development of these
cells may precede the lodging into their anatomical localization (Cinamon
et al., 2004).

In contrast to the active emigration of lymphocytes from lymph nodes
upon S1P; engagement, MZ B cells use S1P; to retain their position. This
apparent discrepancy may be explained by higher concentrations of S1P in
the blood, to which the cells in the marginal zone are continuously exposed,
leading to signaling cascades that favor retention over migration. Effects of
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S1P on cytoskeleton rearrangements and adhesion have been described in
other systems (Rosen and Goetzl, 2005), and a role for integrins and addi-
tional chemokines in MZ B cell retention has been given (Lu and Cyster,
2002). In this respect the selective expression of CD9 on MZ B cells deserves
attention. CD9 belongs to the family of tetraspanin molecules that associates
with signaling receptors on the plasma membrane of leukocytes, thereby
forming so-called microdomains, which are thought to facilitate the signaling
processes on leukocyte membranes (Wright et al., 2004). CD9, in particular,
is associated with integrin molecules (Shaw et al., 1995), and its more or less
restricted expression on marginal zone B cells, as well as on B-1 B cells and
plasma cells, both of which are nonrecirculating cells, may imply a role in the
adhesion and sessile nature of these cell types (Fig. 4).

In addition, S1P; may be involved in survival of the marginal zone B cells,
because it is well established that the intracellular signaling cascades initiated
by S1P can result in antiapoptotic survival signals (Rosen and Goetzl, 2005),
and MZ B cells as a population are long-living cells (Hao and Rajewsky,
2001; Pillai et al., 2004). This involvement of S1P; is not absolute, and other
signaling pathways will also account for their survival, because MZ B cells
are still present in S1P-deficient mice (Cinamon ef al., 2004). Activation with
LPS or with cognate interaction overrides S1P-mediated retention and leads
to immigration of the MZ B cells into the follicles of the spleen (Groeneveld
et al., 1985). This immigration is dependent on the chemokine CXCL13.

MZ B CELL
Antigen O pLPS

BCR

27

ICAM-1
VCAM-1

STROMAL CELL

FIG. 4 Molecular interactions involved in the retention of marginal zone B cells. S1P is crucial
for integrin activation and retention of MZ B cells through adhesion to stromal cells, and this
signal is possibly strengthened through CD9. The signal can be negatively influenced by
activation via the antigen receptor and via Toll-like receptors, leading to enhanced sensitivity of
CXCRS for CXCL13, whereupon the MZ B cell can migrate into the white pulp.
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However, when this chemokine is absent, S1P; is no longer required to keep
the B cells in the marginal zone, showing a hierarchy of responsiveness
(Cinamon et al., 2004). Expression of S1P; on MZB cells was shown to be
required to overcome the chemotactic response toward CXCL13, which is
expressed in the B cell follicles. By triggering of S1P;, B cells cither fail to
respond to CXCLI13, or are induced to express adhesion molecules or other
receptors required for retention in the marginal zone (Fig. 4). As such,
expression of the integrins LFA-1 (aLB,) and a4f; has been implicated as
adhesion molecules required for retention of MZB cells in this compartment
(Lu and Cyster, 2002). Data from gene-targeted mice displaying defects in
integrin and chemokine signaling support these findings. DOCK2 ™~ mice,
which were shown to have a selective defect in chemokine-induced integrin
activation (Nombela-Arrieta et al., 2004), have no MZ B cells. This could be
attributed to the inability of lymphocytes to activate Rac, required for actin
polymerization, which is in turn necessary for migration (Fukui ez al., 2001).
A strong reduction of MZ B cells was found in the absence of Lsc, which
acts downstream of the chemokine receptors in polymerization of actin
(Girkontaite et al., 2001). In all these mice, the inability to correctly signal
through chemokine or lipid receptors can explain the defect in MZB cell
localization.

However, there are still molecule(s) other than S1P involved in this lodging
and retention, since in the absence of S1P; as well as CXCRS5, the receptor for
CXCL13, MZB cells are still retained within this compartment (Cinamon
et al., 2004). Treatment with pertussis toxin leads to the disappearance of the
B cells from the marginal zone. Since this toxin acts on Ga protein signaling,
additional chemokines could be involved to retain MZ B cells (Guinamard
et al., 2000). However, pertussis toxin treatment will also lead to the disap-
pearance of macrophages from the marginal zone, since marginal zone
macrophages require the chemokines CCL21 and, to a lesser extent,
CCL19 to localize to the marginal zone (Ato et al., 2004). Expression of
the scavenger receptor MARCO by marginal zone macrophages was recently
described as essential for localization of B cells to the marginal zone, because
infusion of antibodies against MARCO led to migration of the B cells into
the follicles, suggesting a disruption in the interaction of MZ B cells and
macrophages (Karlsson et al., 2003) (Fig. 5).

Ill. Marginal Zone as a Transit Area for Lymphocytes

Although extensive branching of the central arteriole can be found in the
white pulp, it is generally assumed that there are no formal endings of the
arteriolar bloodstream in the white pulp, and there are only scant indications
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FIG. 5 The cellular interactions between cells in the marginal zone. Marginal zone
macrophages (MZM) and MZ B cells influence each other through several pathways. Viral-
induced production of interferons by MZM acts antiapoptotically and enhances the survival of
MZ B cells. Lymphotoxin-lymphotoxin receptor interaction (LT-LTR) is thought to be
necessary for the survival of MZM, possibly through positive effects on integrin-mediated
retention. MARCO, acting through unknown mechanisms, influences the retention of MZ B
cells. MZM and MZ B cells additionally interact via SIGNR1 and ICAM-2, whereas LT on B
cells may be involved in triggering stromal cells to produce chemokines involved in the retention
of MZ B cells and macrophages.

for specialized parts in blood vessels that allow cells to transverse from blood
to white pulp, comparable to high endothelial venules in lymph nodes
(Grayson et al., 2003). This means that most, if not all, of the lymphoid
and myeloid cells found in the white pulp enter and leave this region through
the marginal zone. The fact that no red blood cells and almost no granulo-
cytes can be found in the white pulp points to an active selection process, and
suggests a role for chemokines (Fig. 1D). This was indeed demonstrated
using pertussis toxin, which blocks chemokine receptor-associated Gal pro-
tein signaling and led to a blockade of the entry of lymphocytes into the white
pulp (Cyster and Goodnow, 1995). The chemokines involved in the localiza-
tion of the T- and B-lymphocytes into their respective white pulp compart-
ments were similar to those in lymph node homing: CCR7-CCL19/CCL21
interactions are necessary for the localization of T cells in the white pulp
T cell zone, and cooperation between CCR7 and CXCRS and their ligands is
required for B cell entry into the follicles (Muller et al., 2003). Whether
chemokine receptor triggering is also essential for the initial activation of
lymphocytes in the marginal zone is not formally proven.
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The selectivity and chemokine involvement point to mechanisms resem-
bling the entry modes described for the entry of lymphocytes into lymph
nodes through high endothelial venules, where the key adhesion molecules
are well established (Kraal and Mebius, 1997). Initial rolling to ligands for
L-selectin or integrins on high endothelial venules is followed by chemokine-
triggered activation and firm adhesion of the cell onto the endothelial wall
by interactions of integrins and integrin receptors. Important integrins that
play a role in the adhesion and diapedesis are LFA-1(CD11a/CD18), a4p;,
and o4f7. In the spleen, however, L-selectin was not found to be important,
as inferred from experiments in which trypsin was used to remove this
important rolling ligand from lymphocytes, nor did LFA-1 seem to play a
major role based on studies with LFA-1~'" mice (Nolte ez al., 2002). In later
studies, using blocking antibodies in transfer experiments, LFA-1 interaction
did seem to be important, especially in combination with o4 (Lo et al.,
2003). As counterreceptors, both ICAM-1 and VCAM-1 were required, but,
because a complete blockade of the immigration could never be found using
mixtures of antibodies against LFA-1 and o4, and their counterreceptors,
other ligands, such as fibronectin, may be involved (Lo et al., 2003).

An obvious molecular candidate that is supposed to play an important role
in the immigration process of cells from marginal zone into white pulp is
MAdCAM-1 (see Fig. 1). Originally described as an integrin ligand on high
endothelial venules in lymphoid organs at mucosal sites, such as mesenteric
lymph nodes and Peyer’s patches, it is expressed on sinus-lining cells of the
marginal zone, right at the border of the white pulp (Kraal et al., 1995).
Several attempts to link this suggestive expression at such a strategic position
to a functional role in cell migration using classic antibody interference
approaches have so far not led to any results (Kraal et al., 1995; Lo et al.,
2003; Nolte et al., 2002). Nevertheless, indirect evidence for a role of MAd-
CAM-1 comes from two sources (Girkontaite et al., 2004; Pabst et al., 2000).
First, targeted disruption of NKX2.3, a transcription factor important
for tissue differentiation, led to the finding that this factor was essential for
the expression of MAdCAM-1 in the spleen, and that this expression was
not only necessary for the proper structure of the splenic marginal zone, but
was also required for cell migration based on the diminished size of the spleen
(Pabst et al., 2000). However, the NKX gene also affected the position of
marginal metallophilic macrophages, and may therefore have more profound
effects than can be ascribed to the lack of MAdCAM-1 only. The second
indication for a role of MAdCAM-1 comes from a study on the S1P; receptor
(Girkontaite et al., 2004). We previously showed that S1P is an important
ligand in the retention of MZ B cells by interactions with its receptors S1P;
and S1P; (Cinamon et al., 2004).

In addition, it has been shown that SIP is an important factor in
controlling the organization of endothelial cells through S1P;. Using mice
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deficient in S1P;, a disruption of the normal organization of the marginal
zone was found, and the effects on lymphocyte localization could be attrib-
uted to the initial effects of the lack of S1P signaling on the endothelial cells
expressing MAdCAM-1 (Girkontaite et al., 2004). Again, it cannot be ruled
out that additional effects on the overall structure of the spleen are more
important, and that the effects on MAdCAM-1 are secondary and not
indicative of its precise function in the spleen.

In addition to lymphocytes, the marginal zone is also an important area for
the entry and transit of dendritic cells (DC) (Fig. 1C). It is assumed that
blood-borne DC reside in this zone for longer times and that activation upon
pathogen encounter (Leisewitz et al., 2004) or the uptake of apoptotic cells
(Morelli et al., 2003) will trigger them to actively migrate into the white pulp
T cell zone to present processed antigens. The expression of the chemokine
receptor CCR7 seems to be crucial for this migration process (Gunn et al.,
1999).

The cells that are responsible for the local production of chemokines in
the marginal zone are either stromal cells or endothelial cells, and the
induction of chemokine synthesis is probably dependent on lymphotoxin
signaling. This is based upon the fact that in mice deficient for components
of this signaling pathway, such as LTa, LT, and LTB-receptor (LTB-R) KO,
an intact marginal zone is absent (Martin and Kearney, 2002). The expres-
sion of lymphotoxin o;f, on marginal zone B cells as well as on immigrating
follicular B cells could be needed to induce LTB-R expressing stromal and/or
endothelial cells to upregulate the required chemokines. This means that the
continuous interaction between stromal cells and resident cells is necessary
for an optimal configuration and function of the marginal zone (Fig. 5).

IV. Functions of the Spleen in Host Defense

The major factors in the marginal zone that are instrumental in the removal
and destruction of pathogens or the initiation of adaptive immune responses
against them are the macrophage subtypes, the marginal zone B cells, and the
dendritic cells. New insights in the interactions between the various pattern
recognition receptors on these cells involved in the uptake of particles have
made it clear that phagocytosis inevitably leads to some sort of activation,
and whether this activation has a more pro- or anti-inflammatory nature is
dependent on whether the phagocytized material is apoptotic cells, bacteria,
viruses, or parasites (Stuart and Ezekowitz, 2005). In some extreme cases,
especially after parasitic infections, activation can lead to major changes in
the overall organization of the marginal zone that impede the clearance of the
infection (Engwerda et al., 2002; Weiss, 1990). At any rate, it is clear that
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these activation signals can stimulate other cells leading to an effective
cooperation between the various cells in the marginal zone in their effort to
control homeostasis.

A good example is the role of SIGNR1 on marginal zone macrophages in
the control of pulmonary Streptococcus infection (Koppel et al., 2005). Mice
deficient in this important receptor fail to clear pneumococcal infections
(Koppel et al., 2005; Lanoue et al., 2004); it was suggested that this was
mainly because capture and concentration of the bacteria in the spleen were
insufficient to activate the marginal zone B cells to produce protective IgM
antibodies (Koppel et al., 2005). A similar dependence on the marginal zone
macrophages to control infections by adaptive immune responses has been
described for viral infections (Oehen et al., 2002). Although uptake and
clearance could be important factors to initially reduce the viral load, mar-
ginal zone macrophages can also contribute to viral protection as important
producers of interferons (Eloranta and Alm, 1999). In addition, interferons
give an anti-apototic signal to B cells (Fig. 5) and enhance BCR signaling
(Braun et al., 2002).

A. Marginal Zone and T-Independent Immune Responses

The spleen is regarded as the major lymphoid organ capable of mounting
immune responses against multivalent TI-2 antigens. This is related to the
efficient capturing of these antigens, many of them bacterial capsular poly-
saccharides, by the macrophages in the marginal zone and the role of MZ B
cells in producing antibodies against them. Splenectomy results in increased
susceptibility against encapsulated bacteria, and vaccination against these
pathogens before the age of two is difficult, probably because the marginal
zone is not yet well developed (Cowan et al., 1978; Likhite, 1976). The
important role of marginal zone B cells became clear from experiments in
various mice with gene deficiencies correlating a defect in MZ B cell develop-
ment with a concomitant inability to handle gram-negative bacteria or their
TI-2 antigens (Cariappa et al., 2000; Guinamard et al., 2000; Tanigaki et al.,
2002). Their rapid maturation into plasmablasts upon antigen encounter is
partly due to their BCR, which can respond more strongly, and probably also
to the presence of TLRs on their surface that will help in the recognition of
the bacterial antigens, leading to additional intracellular signaling and matu-
ration of the cell. Also CD21, the complement receptor, which is highly
expressed on MZ B cells, may aid in concentrating complement-coated
polysaccharides (Guinamard et al., 2000; Martin et al., 2001). Although the
MZ B cells are independent of T help for the production of IgM antibodies in
the initial responses, they do interact and need dendritic cells for their
stimulation. Dendritic cells in the marginal zone provide factors such as



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 197

BAFF and APRIL that will sustain the MZ B cell population and are
involved in the generation of T-independent responses. This interaction is
thought to replace the CD40 ligand—CD40 interaction between Th and B
cells during B cell activation (Balazs et al., 2002; Litinskiy et al., 2002).

B. Marginal Zone and T-Dependent Immune Responses

In addition to the presence of marginal zone B cells with their distinct features
as outlined in the previous sections, especially in humans and rats, there is
ample evidence for the existence of B memory cells in the marginal zone.
These cells have been generated as a result of classical T-dependent responses,
involving germinal center reactions, and showing somatic hypermutation and
high affinity of their BCRs (Dunn-Walters et al., 1995; Liu et al., 1991; Shih
etal.,2002; Tierens et al., 1999). They may react swiftly to antigen, and as such
the marginal zone can form a reservoir of memory B cells.

MZ B cells also play a role in T-dependent responses as a result of their
ability to function as antigen-presenting cells. Their basal levels of the
costimulatory molecules CD80 and CD86 can be upregulated by stimulation
via their antigen receptor, CD40 ligation, or LPS, and it has been shown
using mice in which a transgenic anti-HEL BCR was introduced that MZ B
cells can, in fact, readily prime naive CD4 T cells, whereas follicular B cells
cannot (Attanavanich and Kearney, 2004).

A third level at which the marginal zone is important for the generation of
T-dependent immune responses is activation of dendritic cells. It is assumed
that the dendritic cells reside in the marginal zone as sentinels, which start to
migrate into the white pulp upon appropriate activation. It is not known
whether the dendritic cells are efficient enough to scavenge material from
the blood on their own, or benefit from the concentrating effect of the
large marginal zone macrophage population, or from the observed direct
interactions with marginal zone B cells.

C. Autoimmunity and Tolerance

In view of the selection of MZ B cells on the basis of recognition of self-
antigens, there is a potential risk for the development of autoreactive B cell
clones. But in general, MZ B cells do not produce natural antibody and they
do not engage in T cell-dependent responses with high affinity maturation,
whereas autoimmune, pathogenic antibodies are almost always highly so-
matically mutated (Lopes-Carvalho and Kearney, 2004). Nevertheless, in
several autoimmune-prone mice models, indications that MZ B cells could
be involved in the expansion of the autoimmune disease have been given.
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In the autoimmune NZB mouse strain, enhanced numbers of MZ B cells
are found, showing an activated phenotype (Wither et al., 2000), and in a
lupus-prone model, early expansion of MZ B cells is found, which is respon-
sible for the production of anti-DNA antibodies (Schuster ez al., 2002). Also,
studies in which autoreactive transgenic BCRs were introduced showed that
negative selection of these transgenes occurred but that the marginal zone B
cells, in particular, were autoreactive (Goodnow, 1996). Mice overexpressing
BAFF, the factor critical for the survival and maturation of MZ B cells,
spontaneously develop an autoimmune SLE-like syndrome with increased
numbers of MZ B cells (Mackay et al., 1999). Although these and several
other studies (Viau and Zouali, 2005) point to a role for MZ B cells in
autoimmunity, a direct mechanistic link between MZ B cells and the initia-
tion of autoimmunity is not clear.

Autoimmune disorders can be seen as the perturbance of tolerance to self,
which is a highly regulated intrinsic characteristic of B and T cell develop-
ment. In addition, immunologic tolerance can be induced against exogenous
antigens as a result of an active immune response. The best studied examples
are immune responses that are generated along mucosal surfaces against
protein antigens, involving the generation of mucosal regulatory cells
(Faria and Weiner, 2005; Samsom, 2004). The majority of these tolerogenic
responses do not lead to any involvement of the spleen (Samsom e al., 2005;
Unger et al., 2003), with the exception of immune responses that are gener-
ated in the eye (Camelo et al., 2005; Stein-Streilein and Streilein, 2002).
Antigen introduced into the anterior chamber of the eye is carried to the
marginal zone by a subset of macrophages, expressing the F4/80 antigen, and
leads to the induction of CD8 T cells that can suppress the immune response
against the antigen. This anterior chamber-associated immune deviation
(ACAID) model is clearly dependent on the marginal zone of the spleen,
whereby the F4/80 molecule plays a crucial role (Lin et al., 2005). Whether
this involvement of the marginal zone is typical for eye-associated tolerance
or whether the induction of CD8 suppressor cells is a general function of the
marginal zone is an interesting question that needs further investigation.

V. Embryonic Development of the Marginal Zone of
the Spleen

A. Development of the Spleen

During embryonic development of the mouse, the first evidence of splenic
development is the condensation and proliferation of mesenchymal tissues in
the dorsal part of the mesogastrium seen at dE12.5 (embryonic day 12.5 or
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12.5 days postcoitus) (Green, 1967; Roberts et al., 1994). In the following
days the spleen increases in size because of expanding centers of myelopoiesis
and erythropoiesis (Metcalf and Moore, 1971; Sasaki and Matsumura,
1988). The first macrophages that carry the F4/80 antigen, characteristic of
the macrophages in the red pulp, can be detected from dE15, while a subset of
Siglec-1 (sialoadhesin)-positive macrophages appears between dE18 and
birth (Morris et al., 1991, 1992). At this time there is no apparent organiza-
tion of the macrophage populations. Only in the late phase of splenic devel-
opment can lymphocytes be found, and the first mature IgM™ B cells are
present at dE17, although their precursors can be isolated from the spleen as
early as dE13.5 (Godin et al., 1999; Velardi and Cooper, 1984). In rodents
the first mature T cells leave the thymus in large numbers only after birth,
leading to the subsequent development of separate splenic compartments
from that time on (Friedberg and Weissman, 1974; Metcalf and Moore,
1971; Rugh, 1968).

During the development of the spleen, as early as dE13.5, a population of
CD4"7CD3" cells can be found in the splenic anlage. These lineage-restricted
progenitors have been well characterized in early lymph nodes and have the
potential to differentiate to antigen-presenting cells, NK cells, and follicular
cells, but not to T or B cells (Mebius et al., 1996, 1997). Importantly, they are
crucial for the development of several lymphoid organs such as nasal-
associated lymphoid tissue (NALT), Peyer’s patches (PP), and lymph nodes
(Eberl et al., 2004; Finke et al., 2002; Fukuyama et al., 2002) by giving
instructive signals to stromal cells in the organ anlagen that lead to further
differentiation (Mebius et al., 1997). This has been well documented using
mice deficient in genes of the TNF or NF-«B superfamilies. Interestingly, so
far none of these defects, which in some cases can lead to complete absence of
any lymph node, affects the initial formation of the spleen, although devel-
opmental aberrations are found (see below). This means that the formation
of the spleen is regulated by early developmental genes and differs from the
development of other secondary lymphoid organs.

Again, with the help of genetically altered mice some of the molecular
interactions that are intrinsic to the formation of the spleen have been
identified. A mesodermal-derived cell layer, the splanchnic mesodermal
plate (SMP), which is part of asymmetric left-right morphogenic develop-
ment, can be viewed as an organizing center for the development of the
spleen. When the SMP is not formed, as in mice lacking the dominant
hemimelia (Dh) gene or the homeobox transcription factor Bapx1, no spleen
is formed (Green, 1967; Hecksher-Sorensen et al., 2004; Lettice et al., 1999;
Tribioli and Lufkin, 1999). In mice that are deficient in the homeobox gene
Hox11 the anlage of the spleen begins normally at dE11.5, but is rapidly
followed by resorption due to apoptosis (Dear et al., 1995) or persists as an
unorganized rudiment (Kanzler and Dear, 2001). In aggregation chimeras
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generated between Hox11~~ and normal mice the defect could not be
rescued, which indicates that this defect is intrinsic to this cell population
and is not due to the inability of the splenic anlage to attract and retain
lymphocyte precursors (Kanzler and Dear, 2001). Also, deficiency in the
basic helix-loop-helix transcription factor Capsulin (Lu ef al., 2000), and
the Wilm’s tumor gene product Wtl (Herzer et al., 1999), results in the
complete absence of the spleen. Some of these genes may act in concert,
whereby Bapxl and Dh control the development of the SMP. Wtl and
Hox11 are probably regulated independently of each other (Herzer et al.,
1999). Future studies will be necessary to uncover the precise molecular
interactions that are essential for the development of the spleen.

B. Development of the Marginal Zone

In both rats and mice the marginal zone is still not distinguishable at day of
birth and gradually develops in the course of the next 2 weeks (Takeya and
Takahashi, 1992). Macrophages that will later enter into the marginal zone
can be found dispersed throughout the entire spleen during the first neonatal
days, while the actual formation of the marginal zone starts around day 5 in
mice. From this day on these macrophages start to localize at the interface of
the red and white pulp and establish a marginal zone, which is then also
populated by marginal zone B cells (Kraal et al., 1988b; Morris et al., 1992;
Takeya and Takahashi, 1992). Around day 10 the marginal zone attains its
full mature appearance, and at this stage marginal zone bridging channels
can also be recognized, which represent protrusions of the white pulp area
across the marginal zone into the red pulp (Mitchell, 1973; Takeya and
Takahashi, 1992).

C. Molecules Involved in the Organization of the
Marginal Zone

Although little is known about the molecular interactions that regulate the
formation of the separate splenic compartments, development of genetically
altered mice has revealed molecules and pathways that are important in this
process. A large number of knockout mice have been generated in the past
decade that appeared to have minor or major defects in splenic organization.
In mice that lack a single member of the TNF or NF-«B superfamily, severe
defects in the formation of lymphoid tissue, such as the absence of (certain)
lymph nodes and/or Peyer’s patches, are seen (Mebius, 2003). In all these
mice a spleen is formed; however, anatomical abnormalities, with respect to
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the formation of distinct B and T cell areas as well as the marginal zone, are
observed in the spleens of these mice.

1. Lymphotoxin and Its Receptors

Lymphotoxins (LT) are members of a complex communication system be-
tween lymphocytes and surrounding stromal cells. With its close homology
to TNF, it is encompassed in the TNF superfamily, and although TNF and
LT often work together in signaling networks, sharing receptors, it has
become clear that LT has quite a distinct role, especially in the development
of the immune system. Two distinct structural forms of LT can be discerned,
LTo and LT, which form trimeric molecules. As a membrane-bound form it
can be found as a heterotrimer, either LTo,; 3, or LTa,f;, and in in secreted
form as a homotrimer, LTas (Ruddle, 1992; Ware, 2005). Homotrimeric
forms of both TNF-o and LTa can bind and activate each of the two defined
TNF receptors, TNF-RI (p55) and TNF-RII (p75), while the LT heterotri-
mers, but not LTas, interact through the LTB-R (Fu and Chaplin, 1999;
Ware et al., 1995).

Genetic disruption of either the LTa gene or the LTP gene results in
complete disruption of the splenic microarchitecture: follicles, their follicular
dendritic cells (FDC), and germinal centers are lacking, as well as normal
constituents of the marginal zone, such as macrophages, B cells, and sinus
lining cells (Alimzhanov et al., 1997; Banks et al., 1995; De Togni et al., 1994;
Matsumoto et al., 1996). In LTo-deficient mice, T and B cells have no
separate areas and are completely intermingled, while LTp-deficient mice
show B cells localized in a ring around a central T cell area (Koni ez al., 1997).
Compared to LTp-deficient mice, LTp-receptor-deficient mice showed an
even more severe phenotype, suggesting the involvement of additional
ligands. It was found that LIGHT, a closely related trimeric ligand, was
responsible (Wang et al., 2002). The introduction of LIGHT as a transgene in
LTo-deficient mice did lead to restoration of most of the defects in the spleen,
except for the organization of the marginal zone, emphasizing the impor-
tance of LTa in the development of this region. The importance of LT for the
architecture of the spleen was also evident from studies that used a soluble
LTp-R-Ig fusion protein to block normal LTaf/LTB-R interactions. Injec-
tion of this fusion protein as a decoy receptor during embryonic life severely
interferes with the formation of the marginal zone and the T and B cell
compartments of the white pulp, comparable to the phenotype of LTp-
deficient mice (Ettinger et al., 1996; Rennert et al., 1996). Interestingly,
experiments in which adult animals with a functional marginal zone were
treated with the LTP-R-Ig fusion protein showed a disturbed marginal
zone and loss of B cell follicles. This clearly indicates that signaling through
LTB-R is not only important for adequate development of normal
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splenic organization, but also for its maintenance in adult life (Mackay et al.,
1997).

2. TNF-« and Its Receptors

Although LT signaling appears to be crucial for proper postnatal develop-
ment and proper compartmentalization of the spleen, signaling through
TNF-a and its receptors is also important in this process: in mice that are
deficient in either TNF-o or TNF-RI the marginal zones are present, but they
are clearly less well developed than in wild-type mice. Reduced numbers of
marginal zone and metallophilic macrophages are found, while MAdCAM-1
expression is completely absent (Matsumoto et al., 1996; Neumann et al.,
1996b; Pasparakis et al., 2000). In addition these mice lack splenic follicles
and FDCs, although T and B cells are segregated as seen in LT-deficient
mice (Korner et al., 1997; Le Hir et al., 1996; Pasparakis et al., 1996). In
contrast, spleens of TNF-RII-deficient mice appear normal, indicating that
this receptor is either not important in splenic formation or that its function
can be taken over by TNF-RI (Matsumoto ez al., 1996; Neumann et al.,
1996a; Pasparakis et al., 2000).

Soluble TNF-RI-Ig can reduce the expression of MAdCAM-1 (not other
marginal zone markers) and disrupt the splenic T/B cell compartments, but
only when this receptor decoy is administered during ontogeny (Rennert
et al., 1996, 1997). In contrast to the findings with LTB-R, injections of
soluble TNF-RI-Ig in adult mice did not lead to any effects, thus indicating
that signaling through this receptor is important only for splenic develop-
ment, but not for its maintenance (Mackay et al., 1997). Importantly, bone
marrow transplantation experiments have revealed that expression of TNF-
RI and LTB-R, required for proper development of the splenic microarchi-
tecture, is necessary on radioresistant stromal cells, while LTa, LT, and
TNF-a are derived from cells of hematopoietic origin, which are most likely
B cells (Endres et al., 1999; Matsumoto et al., 1996, 1997; Mebius et al., 1998;
Tkachuk ez al., 1998). This could explain why the marginal zone in B cell-
deficient mice is not developed, and when B cells are experimentally depleted
in adult life, this leads to a disappearance of marginal zone macrophages and
the expression of MAdCAM-1 (Nolte et al., 2004). LTB-R or TNF-R trig-
gering leads downstream to the activation of NF-kB. This ubiquitously
expressed transcription factor family is involved in numerous cellular
responses and serves as a critical regulator of the inducible expression of
many genes (de Winther ez al., 2005). In mammalian systems, this family is
composed of subunits p50, p52, RelA (p65), c-Rel, and RelB, which can all
form dimeric complexes, depending on the cell type and activation state
(Baeuerle and Henkel, 1994; Ghosh et al., 1998; Mercurio and Manning,
1999). These dimers exist in the cytoplasm in an inactive form, due to
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interaction with inhibitory proteins termed IkBs. Upon activating signals,
these IkBs are phosphorylated and consequently degraded, which results in
nuclear translocation of the NF-kB dimeric complex and transcription of its
target genes (de Winther et al., 2005; Hayden and Ghosh, 2004).

Several phenotypes that affect the marginal zone by deficiencies in the
NF-xB route exhibit defects that are similar to those seen with LTpB-R-
deficient mice, being parts of the same activation and signaling route.
This is the case for mice deficient in NIK, the natural mutant aly/aly mice
(Shinkura et al., 1999), which in addition to lacking lymph nodes and
Peyer’s patches, have no marginal zone (Karrer et al., 1997; Koike et al.,
1996; Miyawaki et al., 1994; Yamada et al., 2000). Also, relB expression is
absolutely required for the development of the splenic marginal zone (Weih
et al., 2001). RelB acts downstream of LTB-R, and perhaps TNF-R, and is
most likely expressed by endothelial and/or stromal cells present in the
marginal zone (Weih and Caamano, 2003).

VI. Concluding Remarks

In summarizing the multitude of data that have been generated on the
function and development of the splenic marginal zone, the most obvious
conclusion involves the complex interplay that takes place in this region
between cell types from completely different lineages. Compared to our
knowledge a decade ago, it is clear that a general picture of what the marginal
zone was and how it functioned existed, but little was known about these
intricate cellular interactions. It is clear that the marginal zone is a highly
dynamic region in which the continuous interaction of the various resident
and transmigrating cells is necessary to maintain its active state. In particu-
lar, the interaction between macrophages, MZ B cells, and dendritic cells is
crucial for the integrity of this region. Through growth factors and hormones
and cell-cell contacts, a picture of delicately balanced interactions is
emerging, and any perturbance of this balance can have direct consequences
for the function of the marginal zone.

References

Acton, S., Resnick, D., Freeman, M., Ekkel, Y., Ashkenas, J., and Krieger, M. (1993). The
collagenous domains of macrophage scavenger receptors and complement component Clq
mediate their similar, but not identical, binding specificities for polyanionic ligands. J. Biol.
Chem. 268, 3530-3537.



204 KRAAL AND MEBIUS

Alimzhanov, M., Kuprash, D., Kosco-Vilbois, M., Luz, A., Turetskaya, R., Tarakhovsky, A.,
Rajewsky, K., Nedospasov, S., and Pfeffer, K. (1997). Abnormal development of secondary
lymphoid tissues in lymphotoxin beta-deficient mice. Proc. Natl. Acad. Sci. USA 94,
9302-9307.

Allman, D., Srivastava, B., and Lindsley, R. C. (2004). Alternative routes to maturity: Branch
points and pathways for generating follicular and marginal zone B cells. Immunol. Rev. 197,
147-160.

Amlot, P. L., and Hayes, A. E. (1985). Impaired human antibody response to the thymus-
independent antigen, DNP-Ficoll, after splenectomy. Implications for post-splenectomy
infections. Lancet 1, 1008-1011.

Amlot, P. L., Grennan, D., and Humphrey, J. H. (1985). Splenic dependence of the antibody
response to thymus-independent (TI-2) antigens. Eur. J. Immunol. 15, 508-512.

Appelmelk, B. J., van Die, 1., van Vliet, S. J., Vandenbroucke-Grauls, C. M., Geijtenbeek,
T. B., and van Kooyk, Y. (2003). Cutting edge: Carbohydrate profiling identifies new
pathogens that interact with dendritic cell-specific ICAM-3-grabbing nonintegrin on dendritic
cells. J. Immunol. 170, 1635-1639.

Arredouani, M., Yang, Z., Ning, Y., Qin, G., Soininen, R., Tryggvason, K., and Kobzik, L.
(2004). The scavenger receptor MARCO is required for lung defense against pneumococcal
pneumonia and inhaled particles. J. Exp. Med. 200, 267-272.

Ato, M., Nakano, H., Kakiuchi, T., and Kaye, P. M. (2004). Localization of marginal zone
macrophages is regulated by C-C chemokine ligands 21/19. J. Immunol. 173, 4815-4820.
Attanavanich, K., and Kearney, J. F. (2004). Marginal zone, but not follicular B cells, are

potent activators of naive CD4 T cells. J. Immunol. 172, 803-811.

Bacuerle, P. A., and Henkel, T. (1994). Function and activation of NF-kappa B in the immune
system. Annu. Rev. Immunol. 12, 141-179.

Balazs, M., Martin, F., Zhou, T., and Kearney, J. (2002). Blood dendritic cells interact with
splenic marginal zone B cells to initiate T-independent immune responses. Immunity 17,
341-352.

Banks, T. A., Rouse, B. T., Kerley, M. K., Blair, P. J., Godfrey, V. L., Kuklin, N. A., Bouley,
D. M., Thomas, J., Kanangat, S., and Mucenski, M. L. (1995). Lymphotoxin-alpha-deficient
mice. Effects on secondary lymphoid organ development and humoral immune responsive-
ness. J. Immunol. 155, 1685-1693.

Bendelac, A., Bonneville, M., and Kearney, J. F. (2001). Autoreactivity by design: Innate B and
T lymphocytes. Nat. Rev. Immunol. 1, 177-186.

Bishop, M. B., and Lansing, L. S. (1982). The spleen: A correlative overview of normal and
pathologic anatomy. Hum. Pathol. 13, 334-342.

Brannstrom, A., Sankala, M., Tryggvason, K., and Pikkarainen, T. (2002). Arginine residues in
domain V have a central role for bacteria-binding activity of macrophage scavenger receptor
MARCO. Biochem. Biophys. Res. Commun. 290, 1462-1469.

Braun, D., Caramalho, I., and Demengeot, J. (2002). IFN-alpha/beta enhances BCR-dependent
B cell responses. Int. Immunol. 14, 411-419.

Camelo, S., Kezic, J., and McMenamin, P. G. (2005). Anterior chamber-associated immune
deviation: A review of the anatomical evidence for the afferent arm of this unusual
experimental model of ocular immune responses. Clin. Exp. Ophthalmol. 33, 426-432.

Cariappa, A., Liou, H. C., Horwitz, B. H., and Pillai, S. (2000). Nuclear factor kappa B is
required for the development of marginal zone B lymphocytes. J. Exp. Med. 192, 1175-1182.

Cariappa, A., Tang, M., Parng, C., Nebelitskiy, E., Carroll, M., Georgopoulos, K., and Pillai, S.
(2001). The follicular versus marginal zone B lymphocyte cell fate decision is regulated by
Aiolos, Btk, and CD21. Immunity 14, 603-615.

Chen, Y., Pikkarainen, T., Elomaa, O., Soininen, R., Kodama, T., Kraal, G., and Tryggvason, K.
(2005). Defective microarchitecture of the spleen marginal zone and impaired response to a



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 205

thymus-independent type 2 antigen in mice lacking scavenger receptors MARCO and SR-A.
J. Immunol. 175, 8173-8180.

Cinamon, G., Matloubian, M., Lesneski, M. J., Xu, Y., Low, C., Lu, T., Proia, R. L., and
Cyster, J. G. (2004). Sphingosine 1-phosphate receptor 1 promotes B cell localization in the
splenic marginal zone. Nat. Immunol. 5, 713-720.

Cowan, M.J., Ammann, A.J., Wara, D. W., Howie, V. M., Schultz, L., Doyle, N., and Kaplan, M.
(1978). Pneumococcal polysaccharide immunization in infants and children. Pediatrics
62, 721-727.

Crocker, P. R. (2005). Siglecs in innate immunity. Curr. Opin. Pharmacol. 5, 431-437.

Crocker, P. R., Mucklow, S., Bouckson, V., McWilliam, A., Willis, A. C., Gordon, S., Milon, G.,
Kelm, S., and Bradfield, P. (1994). Sialoadhesin, a macrophage sialic acid binding receptor for
haemopoietic cells with 17 immunoglobulin-like domains. EMBO J. 13, 4490-4503.

Crocker, P. R., Freeman, S., Gordon, S., and Kelm, S. (1995). Sialoadhesin binds preferentially
to cells of the granulocytic lineage. J. Clin. Invest. 95, 635-643.

Crocker, P. R., Hartnell, A., Munday, J., and Nath, D. (1997). The potential role of
sialoadhesin as a macrophage recognition molecule in health and disease. Glycoconj. J. 14,
601-609.

Crowley, M. T., Reilly, C. R., and Lo, D. (1999). Influence of lymphocytes on the presence and
organization of dendritic cell subsets in the spleen. J. Immunol. 163, 4894-4900.

Cyster, J. G. (2005). Chemokines, sphingosine-1-phosphate, and cell migration in secondary
lymphoid organs. Annu. Rev. Immunol. 23, 127-159.

Cyster, J. G., and Goodnow, C. C. (1995). Pertussis toxin inhibits migration of B and T
lymphocytes into splenic white pulp cords. J. Exp. Med. 182, 581-586.

Dammers, P. M., and Kroese, F. G. (2005). Recruitment and selection of marginal zone B cells
is independent of exogenous antigens. Fur. J. Immunol. 35, 2089-2099.

Danzer, C. P., Collins, B. E., Blixt, O., Paulson, J. C., and Nitschke, L. (2003). Transitional and
marginal zone B cells have a high proportion of unmasked CD22: Implications for BCR
signaling. Int. Immunol. 15, 1137-1147.

Dear, T. N., Colledge, W. H., Carlton, M. B., Lavenir, 1., Larson, T., Smith, A. J., Warren,
A.J., Evans, M. J., Sofroniew, M. V., and Rabbitts, T. H. (1995). The Hox11 gene is essential
for cell survival during spleen development. Development 121, 2909-2915.

Delputte, P. L., and Nauwynck, H. J. (2004). Porcine arterivirus infection of alveolar
macrophages is mediated by sialic acid on the virus. J. Virol. 78, 8094-8101.

De Togni, P., Goellner, J., Ruddle, N. H., Streeter, P. R., Fick, A., Mariathasan, S., Smith, S. C.,
Carlson, R., Shornick, L. P., and Strauss-Schoenberger, J. (1994). Abnormal development of
peripheral lymphoid organs in mice deficient in lymphotoxin. Science 264, 703-707.

de Winther, M. P., Kanters, E., Kraal, G., and Hofker, M. H. (2005). Nuclear factor kappaB
signaling in atherogenesis. Arterioscler. Thromb. Vasc. Biol. 25, 904-914.

Doi, T., Higashino, K., Kurihara, Y., Wada, Y., Miyazaki, T., Nakamura, H., Uesugi, S.,
Imanishi, T., Kawabe, Y., Itakura, H., ez al. (1993). Charged collagen structure mediates the
recognition of negatively charged macromolecules by macrophage scavenger receptors.
J. Biol. Chem. 268, 2126-2133.

Dunn-Walters, D. K., Isaacson, P. G., and Spencer, J. (1995). Analysis of mutations in
immunoglobulin heavy chain variable region genes of microdissected marginal zone (MGZ)
B cells suggests that the MGZ of human spleen is a reservoir of memory B cells. J. Exp. Med.
182, 559-566.

Eberl, G., Marmon, S., Sunshine, M. J., Rennert, P. D., Choi, Y., and Littman, D. R. (2004).
An essential function for the nuclear receptor RORgamma(t) in the generation of fetal
lymphoid tissue inducer cells. Nat. Immunol. S, 64-73.

Eikelenboom, P. (1978). Characterization of non-lymphoid cells in the white pulp of the mouse
spleen: An in vivo and in vitro study. Cell Tissue Res. 195, 445-460.



206 KRAAL AND MEBIUS

Elomaa, O., Kangas, M., Sahlberg, C., Tuukkanen, J., Sormunen, R., Liakka, A., Thesleff, I.,
Kraal, G., and Tryggvason, K. (1995). Cloning of a novel bacteria-binding receptor
structurally related to scavenger receptors and expressed in a subset of macrophages. Cel/ 80,
603-609.

Eloranta, M. L., and Alm, G. V. (1999). Splenic marginal metallophilic macrophages and
marginal zone macrophages are the major interferon-alpha/beta producers in mice upon
intravenous challenge with herpes simplex virus. Scand. J. Immunol. 49, 391-394.

Endres, R., Alimzhanov, M., Plitz, T., Futterer, A., Kosco-Vilbois, M., Nedospasov, S.,
Rajewsky, K., and Pfeffer, K. (1999). Mature follicular dendritic cell networks depend on
expression of lymphotoxin beta receptor by radioresistant stromal cells and of lymphotoxin
beta and tumor necrosis factor by B cells. J. Exp. Med. 189, 159-168.

Engwerda, C. R., Ato, M., Cotterell, S. E., Mynott, T. L., Tschannerl, A., Gorak-Stolinska,
P. M., and Kaye, P. M. (2002). A role for tumor necrosis factor-alpha in remodeling the
splenic marginal zone during Leishmania donovani infection. Am. J. Pathol. 161, 429-437.

Ettinger, R., Browning, J. L., Michie, S. A., van Ewijk, W., and McDevitt, H. O. (1996).
Disrupted splenic architecture, but normal lymph node development in mice expressing a
soluble lymphotoxin-beta receptor-IgG1 fusion protein. Proc. Natl. Acad. Sci. USA 93,
13102-13107.

Faria, A. M., and Weiner, H. L. (2005). Oral tolerance. Immunol. Rev. 206, 232-259.

Feinberg, H., Mitchell, D. A., Drickamer, K., and Weis, W. 1. (2001). Structural basis for
selective recognition of oligosaccharides by DC-SIGN and DC-SIGNR. Science 294,
2163-2166.

Feng, J. M., Wu, J. S., Campagnoni, A. T., and Chen, W. F. (2002). Nonspecific esterase
released from thymic macrophages accumulates in the apoptotic thymocytes: An indication
for this enzyme participating in the clearance of apoptotic thymocytes. Eur. J. Immunol. 32,
1386-1392.

Finke, D., Acha-Orbea, H., Mattis, A., Lipp, M., and Kraehenbuhl, J. (2002). CD4"CD3" cells
induce Peyer’s patch development. Role of a4f1 integrin activation by CXCRS. Immunity 17,
363.

Friedberg, S. H., and Weissman, 1. L. (1974). Lymphoid tissue architecture. II. Ontogeny of
peripheral T and B cells in mice: Evidence against Peyer’s patches as the site of generation of
B cells. J. Immunol. 113, 1477-1492.

Fu, Y. X., and Chaplin, D. D. (1999). Development and maturation of secondary lymphoid
tissues. Annu. Rev. Immunol. 17, 399-433.

Fukui, Y., Hashimoto, O., Sanui, T., Oono, T., Koga, H., Abe, M., Inayoshi, A., Noda, M.,
Oike, M., Shirai, T., and Sasazuki, T. (2001). Haematopoietic cell-specific CDM family
protein DOCK2 is essential for lymphocyte migration. Nature 412, 826-831.

Fukuyama, S., Hiroi, T., Yokota, Y., Rennert, P. D., Yanagita, M., Kinoshita, N., Terawaki, S.,
Shikina, T., Yamamoto, M., Kurono, Y., and Kiyono, H. (2002). Initiation of NALT
organogenesis is independent of the IL-7R, LTbetaR, and NIK signaling pathways but requires
the 1d2 gene and CD3(—)CD4(+)CD45(+) cells. Immunity 17, 31-40.

Galustian, C., Park, C. G., Chai, W., Kiso, M., Bruening, S. A., Kang, Y. S., Steinman, R. M.,
and Feizi, T. (2004). High and low affinity carbohydrate ligands revealed for murine SIGN-
R1 by carbohydrate array and cell binding approaches, and differing specificities for SIGN-
R3 and langerin. Int. Immunol. 16, 853-866.

Geijtenbeek, T. B., Groot, P. C., Nolte, M. A., van Vliet, S. J., Gangaram-Panday, S. T., van
Duijnhoven, G. C., Kraal, G., van Oosterhout, A. J., and van Kooyk, Y. (2002a). Marginal
zone macrophages express a murine homologue of DC-SIGN that captures blood-borne
antigens in vivo. Blood 100, 2908-2916.

Geijtenbeek, T. B., van Duijnhoven, G. C., van Vliet, S. J., Krieger, E., Vriend, G., Figdor,
C. G., and van Kooyk, Y. (2002b). Identification of different binding sites in the dendritic



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 207

cell-specific receptor DC-SIGN for intercellular adhesion molecule 3 and HIV-1. J. Biol
Chem. 277, 11314-11320.

Ghosh, S., May, M. J., and Kopp, E. B. (1998). NF-kB and REL proteins: Evolutionarily
conserved mediators of immune responses. Annu. Rev. Immunol. 16, 225-260.

Girkontaite, 1., Missy, K., Sakk, V., Harenberg, A., Tedford, K., Potzel, T., Pfeffer, K., and
Fischer, K. D. (2001). Lsc is required for marginal zone B cells, regulation of lymphocyte
motility and immune responses. Nat. Immunol. 2, 855-862.

Girkontaite, 1., Sakk, V., Wagner, M., Borggrefe, T., Tedford, K., Chun, J., and Fischer, K. D.
(2004). The sphingosine-1-phosphate (S1P) lysophospholipid receptor S1P3 regulates
MAdCAM-1+ endothelial cells in splenic marginal sinus organization. J. Exp. Med. 200,
1491-1501.

Godin, I., Garcia-Porrero, J. A., Dieterlen-Lievre, F., and Cumano, A. (1999). Stem cell
emergence and hemopoietic activity are incompatible in mouse intraembryonic sites. J. Exp.
Med. 190, 43-52.

Goodnow, C. C. (1996). Balancing immunity and tolerance: Deleting and tuning lymphocyte
repertoires. Proc. Natl. Acad. Sci. USA 93, 2264-2271.

Granucci, F., Petralia, F., Urbano, M., Citterio, S., Di Tota, F., Santambrogio, L., and
Ricciardi-Castagnoli, P. (2003). The scavenger receptor MARCO mediates cytoskeleton
rearrangements in dendritic cells and microglia. Blood 102, 2940-2947.

Gray, D., MacLennan, 1. C., Bazin, H., and Khan, M. (1982). Migrant mu+ delta+ and static
mu+ delta- B lymphocyte subsets. Eur. J. Immunol. 12, 564-569.

Gray, D., Kumararatne, D. S., Lortan, J., Khan, M., and MacLennan, I. C. (1984). Relation of
intra-splenic migration of marginal zone B cells to antigen localization on follicular dendritic
cells. Immunology 52, 659—-669.

Grayson, M. H., Hotchkiss, R. S., Karl, I. E., Holtzman, M. J., and Chaplin, D. D. (2003).
Intravital microscopy comparing T lymphocyte trafficking to the spleen and the mesenteric
lymph node. Am. J. Physiol. Heart. Circ. Physiol. 284, H2213-H2226.

Green, M. C. (1967). A defect of the splanchnic mesoderm caused by the mutant gene dominant
hemimelia in the mouse. Dev. Biol. 15, 62-89.

Groeneveld, P. H., Erich, T., and Kraal, G. (1985). In vivo effects of LPS on B lymphocyte
subpopulations. Migration of marginal zone-lymphocytes and IgD-blast formation in the
mouse spleen. Immunobiology 170, 402-411.

Guinamard, R., Okigaki, M., Schlessinger, J., and Ravetch, J. V. (2000). Absence of marginal
zone B cells in Pyk-2 deficient mice defines their role in the humoral response. Nat. Immunol.
1, 31-36.

Gunn, M. D., Kyuwa, S., Tam, C., Kakiuchi, T., Matsuzawa, A., Williams, L. T., and Nakano, H.
(1999). Mice lacking expression of secondary lymphoid organ chemokine have defects in
lymphocyte homing and dendritic cell localization. J. Exp. Med. 189, 451-460.

Han, S., Collins, B. E., Bengston, P., and Paulson, J. C. (2005). Homomultimeric complexes of
CD22 in B cells revealed by protein-glycan cross-linking. Nat. Chem. Biol. 1, 93-97.

Hao, Z., and Rajewsky, K. (2001). Homeostasis of peripheral B cells in the absence of B cell
influx from the bone marrow. J. Exp. Med. 194, 1151-1164.

Hayden, M. S., and Ghosh, S. (2004). Signaling to NF-kappaB. Genes Dev. 18, 2195-2224.

Hecksher-Sorensen, J., Watson, R. P., Lettice, L. A., Serup, P., Eley, L., De Angelis, C.,
Ahlgren, U., and Hill, R. E. (2004). The splanchnic mesodermal plate directs spleen and
pancreatic laterality, and is regulated by Bapx1/Nkx3.2. Development 131, 4665-4675.

Heinen, E., Braun, M., Coulie, P. G., Van Snick, J., Moeremans, M., Cormann, N., Kinet-
Denoel, C., and Simar, L. J. (1986). Transfer of immune complexes from lymphocytes to
follicular dendritic cells. Eur. J. Immunol. 16, 167-172.

Herzer, U., Crocoll, A., Barton, D., Howells, N., and Englert, C. (1999). The Wilms tumor
suppressor gene WTT1 is required for development of the spleen. Curr. Biol. 9, 837-840.



208 KRAAL AND MEBIUS

Hozumi, K., Negishi, N., Suzuki, D., Abe, N., Sotomaru, Y., Tamaoki, N., Mailhos, C., Ish-
Horowicz, D., Habu, S., and Owen, M. J. (2004). Delta-like 1 is necessary for the generation
of marginal zone B cells but not T cells in vivo. Nat. Immunol. 5, 638-644.

Humphrey, J. H., and Grennan, D. (1981). Different macrophage populations distinguished by
means of fluorescent polysaccharides. Eur. J. Immunol. 11, 221-228.

Jones, C., Virji, M., and Crocker, P. R. (2003). Recognition of sialylated meningococcal
lipopolysaccharide by siglecs expressed on myeloid cells leads to enhanced bacterial uptake.
Mol. Microbiol. 49, 1213-1225.

Kang, Y. S., Yamazaki, S., Iyoda, T., Pack, M., Bruening, S. A., Kim, J. Y., Takahara, K.,
Inaba, K., Steinman, R. M., and Park, C. G. (2003). SIGN-R1, a novel C-type lectin
expressed by marginal zone macrophages in spleen, mediates uptake of the polysaccharide
dextran. Int. Immunol. 15, 177-186.

Kang, Y. S., Kim, J. Y., Bruening, S. A., Pack, M., Charalambous, A., Pritsker, A., Moran,
T. M., Loefller, J. M., Steinman, R. M., and Park, C. G. (2004). The C-type lectin SIGN-R1
mediates uptake of the capsular polysaccharide of Streptococcus pneumoniae in the marginal
zone of mouse spleen. Proc. Natl. Acad. Sci. USA 101, 215-220.

Kanzler, B., and Dear, T. N. (2001). Hox11 acts cell autonomously in spleen development and
its absence results in altered cell fate of mesenchymal spleen precursors. Dev. Biol. 234,
231-243.

Karlsson, M. C., Guinamard, R., Bolland, S., Sankala, M., Steinman, R. M., and Ravetch,
J. V. (2003). Macrophages control the retention and trafficking of B lymphocytes in the
splenic marginal zone. J. Exp. Med. 198, 333-340.

Karrer, U., Althage, A., Odermatt, B., Roberts, C., Korsmeyer, S., Miyawaki, S., Hengartner,
H., and Zinkernagel, R. (1997). On the key role of secondary lymphoid organs in antiviral
immune responses studied in alymphoplastic (aly/aly) and spleenless (Hox11—/—) mutant
mice. J. Exp. Med. 185, 2157-2170.

Koike, R., Nishimura, T., Yasumizu, R., Tanaka, H., Hataba, Y., Hataba, Y., Watanabe, T.,
Miyawaki, S., and Miyasaka, M. (1996). The splenic marginal zone is absent in
alymphoplastic aly mutant mice. Eur. J. Immunol. 26, 669—675.

Koni, P. A., Sacca, R., Lawton, P., Browning, J. L., Ruddle, N. H., and Flavell, R. A. (1997).
Distinct roles in lymphoid organogenesis for lymphotoxins alpha and beta revealed in
lymphotoxin beta-deficient mice. Immunity 6, 491-500.

Koppel, E. A., Ludwig, 1. S., Hernandez, M. S., Lowary, T. L., Gadikota, R. R., Tuzikov,
A. B., Vandenbroucke-Grauls, C. M., van Kooyk, Y., Appelmelk, B. J., and Geijtenbeek,
T. B. (2004). Identification of the mycobacterial carbohydrate structure that binds the C-type
lectins DC-SIGN, L-SIGN and SIGNRI1. Immunobiology 209, 117-127.

Koppel, E. A., Wieland, C. W., Litjens, V., Van den berg, M., Florquin, S., Van Kooyk, Y.,
Van der Poll, T., and Geijtenbeek, T. B. H. (2005). Specific ICAM-3 grabbing nonintegrin-
related 1 (SIGNR1) expressed by marginal zone macrophages is essential for the defense
against pulmonary Streptococcus pneumoniae infection. Eur. J. Immunol. 35, 2962-2969.

Korner, H., Cook, M., Riminton, D. S., Lemckert, F. A., Hoek, R. M., Ledermann, B.,
Kontgen, F., Fazekas de St. Groth, B., and Sedgwick, J. D. (1997). Distinct role for
lymphotoxin-o and tumor necrosis factor in organogenesis and spatial organization of
lymphoid tissue. Eur. J. Immunol. 27, 2600-2609.

Kraal, G. (1992). Cells in the marginal zone of the spleen. /nt. Rev. Cytol. 132, 31-73.

Kraal, G., and Mebius, R. E. (1997). High endothelial venules: Lymphocyte traffic control and
controlled traffic. Adv. Immunol. 65, 347-395.

Kraal, G., Hoeben, K., and Janse, M. (1988a). Splenic microenvironment of the CBA/N mouse:
Immunohistochemical analysis using monoclonal antibodies against lymphocytes and
nonlymphoid cells. Am. J. Anat. 182, 148-154.



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 209

Kraal, G., Janse, M., and Claassen, E. (1988b). Marginal metallophilic macrophages in the
mouse spleen: Effects of neonatal injections of MOMA-1 antibody on the humoral immune
response. Immunol. Lett. 17, 139-144.

Kraal, G., Rodrigues, H., Hoeben, K., and Van Rooijen, N. (1989a). Lymphocyte migration in
the spleen: The effect of macrophage elimination. Immunology 68, 227-232.

Kraal, G., Ter Hart, H., Meelhuizen, C., Venneker, G., and Claassen, E. (1989b). Marginal
zone macrophages and their role in the immune response against T-independent type
2 antigens: Modulation of the cells with specific antibody. Eur. J. Immunol. 19, 675-680.

Kraal, G., Schornagel, K., Streeter, P. R., Holzmann, B., and Butcher, E. C. (1995). Expression
of the mucosal vascular addressin, MAdCAM-1, on sinus-lining cells in the spleen. Am. J.
Pathol. 147, 763-771.

Kraal, G., van der Laan, L. J., Elomaa, O., and Tryggvason, K. (2000). The macrophage
receptor MARCO. Microbes Infect. 2, 313-316.

Kumamoto, Y., Higashi, N., Denda-Nagai, K., Tsuiji, M., Sato, K., Crocker, P. R., and
Irimura, T. (2004). Identification of sialoadhesin as a dominant lymph node counter-receptor
for mouse macrophage galactose-type C-type lectin 1. J. Biol. Chem. 279, 49274-49280.

Kuroda, K., Han, H., Tani, S., Tanigaki, K., Tun, T., Furukawa, T., Taniguchi, Y., Kurooka, H.,
Hamada, Y., Toyokuni, S., and Honjo, T. (2003). Regulation of marginal zone B cell
development by MINT, a suppressor of Notch/RBP-J signaling pathway. Immunity 18,
301-312.

Lanoue, A., Clatworthy, M. R., Smith, P., Green, S., Townsend, M. J., Jolin, H. E., Smith,
K. G., Fallon, P. G., and McKenzie, A. N. (2004). SIGN-R1 contributes to protection
against lethal pneumococcal infection in mice. J. Exp. Med. 200, 1383-1393.

Lazorchak, A., Jones, M. E., and Zhuang, Y. (2005). New insights into E-protein function in
lymphocyte development. Trends Immunol. 26, 334-338.

Le Hir, M., Bluethmann, H., Kosco-Vilbois, M. H., Muller, M., di Padova, F., Moore, M.,
Ryffel, B., and Eugster, H. P. (1996). Differentiation of follicular dendritic cells and full
antibody responses require tumor necrosis factor receptor-1 signaling. J. Exp. Med. 183,
2367-2372.

Lehrer, R. 1. (2004). Primate defensins. Nat. Rev. Microbiol. 2, 727-738.

Leisewitz, A. L., Rockett, K. A., Gumede, B., Jones, M., Urban, B., and Kwiatkowski, D. P.
(2004). Response of the splenic dendritic cell population to malaria infection. Infect. Immun.
72, 4233-4239.

Lettice, L. A., Purdie, L. A., Carlson, G. J., Kilanowski, F., Dorin, J., and Hill, R. E. (1999).
The mouse bagpipe gene controls development of axial skeleton, skull, and spleen. Proc. Natl.
Acad. Sci. USA 96, 9695-9700.

Likhite, V. V. (1976). Immunological impairment and susceptibility to infection after
splenectomy. Jama 236, 1376-1377.

Lin, H. H., Faunce, D. E., Stacey, M., Terajewicz, A., Nakamura, T., Zhang-Hoover, J.,
Kerley, M., Mucenski, M. L., Gordon, S., and Stein-Streilein, J. (2005). The macrophage
F4/80 receptor is required for the induction of antigen-specific efferent regulatory T cells in
peripheral tolerance. J. Exp. Med. 201, 1615-1625.

Lindvall, J. M., Blomberg, K. E., Valiaho, J., Vargas, L., Heinonen, J. E., Berglof, A.,
Mohamed, A. J., Nore, B. F., Vihinen, M., and Smith, C. 1. (2005). Bruton’s tyrosine kinase:
Cell biology, sequence conservation, mutation spectrum, siRNA modifications, and
expression profiling. Immunol. Rev. 203, 200-215.

Litinskiy, M. B., Nardelli, B., Hilbert, D. M., He, B., Schaffer, A., Casali, P., and Cerutti, A.
(2002). DCs induce CD40-independent immunoglobulin class switching through BLyS and
APRIL. Nat. Immunol. 3, 822-829.



210 KRAAL AND MEBIUS

Liu, Y. J.,, Zhang, J., Lane, P. J., Chan, E. Y., and MacLennan, 1. C. (1991). Sites of specific B
cell activation in primary and secondary responses to T cell-dependent and T cell-
independent antigens. Eur. J. Immunol. 21, 2951-2962.

Loder, F., Mutschler, B., Ray, R. J., Paige, C. J., Sideras, P., Torres, R., Lamers, M. C., and
Carsetti, R. (1999). B cell development in the spleen takes place in discrete steps and is
determined by the quality of B cell receptor-derived signals. J. Exp. Med. 190, 75-89.

Lopes-Carvalho, T., and Kearney, J. F. (2004). Development and selection of marginal zone B
cells. Immunol. Rev. 197, 192-205.

Lu, J., Chang, P., Richardson, J. A., Gan, L., Weiler, H., and Olson, E. N. (2000). The basic
helix-loop-helix transcription factor capsulin controls spleen organogenesis. Proc. Natl. Acad.
Sci. USA 97, 9525-9530.

Lu, T. T., and Cyster, J. G. (2002). Integrin-mediated long-term B cell retention in the splenic
marginal zone. Science 297, 409-412.

Mackay, F., Majeau, G. R., Lawton, P., Hochman, P. S., and Browning, J. L. (1997).
Lymphotoxin but not tumor necrosis factor functions to maintain splenic architecture and
humoral responsiveness in adult mice. Eur. J. Immunol. 27, 2033-2042.

Mackay, F., Woodcock, S. A., Lawton, P., Ambrose, C., Baetscher, M., Schneider, P.,
Tschopp, J., and Browning, J. L. (1999). Mice transgenic for BAFF develop lymphocytic
disorders along with autoimmune manifestations. J. Exp. Med. 190, 1697-1710.

Mahnke, K., Guo, M., Lee, S., Sepulveda, H., Swain, S. L., Nussenzweig, M., and Steinman,
R. M. (2000). The dendritic cell receptor for endocytosis, DEC-205, can recycle and enhance
antigen presentation via major histocompatibility complex class II-positive lysosomal
compartments. J. Cell Biol. 151, 673-684.

Martin, F., and Kearney, J. F. (2000). Positive selection from newly formed to marginal zone B
cells depends on the rate of clonal production, CD19, and btk. Immunity 12, 39-49.

Martin, F., and Kearney, J. F. (2002). Marginal-zone B cells. Nat. Rev. Immunol. 2, 323-335.

Martin, F., Oliver, A. M., and Kearney, J. F. (2001). Marginal zone and B1 B cells unite in the
early response against T-independent blood-borne particulate antigens. Immunity 14,
617-629.

Marzi, A., Gramberg, T., Simmons, G., Moller, P., Rennekamp, A. J., Krumbiegel, M., Geier, M.,
Eisemann, J., Turza, N., Saunier, B., Steinkasserer, A., Becker, S., Bates, P., Hofmann, H., and
Pohlmann, S. (2004). DC-SIGN and DC-SIGNR interact with the glycoprotein of Marburg
virus and the S protein of severe acute respiratory syndrome coronavirus. J. Virol 78,
12090-12095.

Matloubian, M., Lo, C. G., Cinamon, G., Lesneski, M. J., Xu, Y., Brinkmann, V., Allende,
M. L., Proia, R. L., and Cyster, J. G. (2004). Lymphocyte egress from thymus and peripheral
lymphoid organs is dependent on S1P receptor 1. Nature 427, 355-360.

Matsumoto, M., Mariathasan, S., Nahm, M. H., Baranyay, F., Peschon, J. J., and Chaplin,
D. D. (1996). Role of lymphotoxin and the type I TNF receptor in the formation of germinal
centers. Science 271, 1289-1291.

Matsumoto, M., Fu, Y.-X., Molina, H., Huang, G., Kim, J., Thomas, D. A., Nahm, M. H., and
Chaplin, D. D. (1997). Distinct roles of lymphotoxin o and the type I tumor necrosis factor
(TNF) receptor in the establishment of follicular dendritic cells from non-bone marrow-
derived cells. J. Exp. Med. 186, 1997-2004.

Mebius, R. E. (2003). Organogenesis of lymphoid tissues. Nat. Rev. Immunol. 3, 292-303.

Mebius, R. E., and Kraal, G. (2005). Structure and function of the spleen. Nat. Rev. Immunol. 5,
606-616.

Mebius, R. E., Streeter, P. R., Michie, S., Butcher, E. C., and Weissman, 1. L. (1996). A
developmental switch in lymphocyte homing receptor and endothelial addressin expression
regulates lymphocyte homing and permits CD4"CD3 " cells to colonize lymph nodes. Proc.
Natl. Acad. Sci. USA 93, 11019-11024.



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 211

Mebius, R., Rennert, P. D., and Weissman, 1. L. (1997). Developing lymph nodes collect
CD4"CD3~ LTB" cells that can differentiate to APC, NK cells, and follicular cells but not T
or B cells. Immunity 7, 493-504.

Mebius, R. E., Van Tuijl, S., Weissman, I. L., and Randall, T. D. (1998). Transfer of primitive
stem/progenitor bone marrow cells from LT-alpha(—/—) donors to wild-type hosts:
Implications for the generation of architectural events in lymphoid B cell domains.
J. Immunol. 161, 3836-3843.

Mercurio, F., and Manning, A. M. (1999). Multiple signals converging on NF-kB. Curr. Opin.
Cell Biol. 11, 226-232.

Metcalf, D., and Moore, M. (1971). Embryonic aspects of haemopoiesis. In “Frontiers of
Biology” (A. Neuberger and E. L. Tatum, Eds.). North-Holland Publishing Co., Amsterdam.

Mitchell, J. (1973). Lymphocyte circulation in the spleen. Marginal zone bridging channels and
their possible role in cell traffic. Immunology 24, 93-107.

Miyawaki, S., Nakamura, Y., Suzuka, H., Koba, M., Yasumizu, R., Ikehara, S., and Shibata, Y.
(1994). A new mutation, aly, that induces a generalized lack of lymph nodes accompanied by
immunodeficiency in mice. Eur. J. Immunol. 24, 429-434.

Morelli, A. E., Larregina, A. T., Shufesky, W.J., Zahorchak, A. F., Logar, A. J., Papworth, G. D.,
Wang, Z., Watkins, S. C., Falo, L. D., Jr., and Thomson, A. W. (2003). Internalization of
circulating apoptotic cells by splenic marginal zone dendritic cells: Dependence on complement
receptors and effect on cytokine production. Blood 101, 611-620.

Morris, L., Graham, C. F., and Gordon, S. (1991). Macrophages in haemopoietic and other
tissues of the developing mouse detected by the monoclonal antibody F4/80. Development
112, 517-526.

Morris, L., Crocker, P. R., Hill, M., and Gordon, S. (1992). Developmental regulation of
sialoadhesin (sheep erythrocyte receptor), a macrophage-cell interaction molecule expressed
in lymphohemopoietic tissues. Dev. Immunol. 2, 7-17.

Muller, G., Hopken, U. E., and Lipp, M. (2003). The impact of CCR7 and CXCR5 on
lymphoid organ development and systemic immunity. fmmunol. Rev. 195, 117-135.

Munday, J., Floyd, H., and Crocker, P. R. (1999). Sialic acid binding receptors (siglecs)
expressed by macrophages. J. Leukoc. Biol. 66, 705-711.

Nagaoka, K., Takahara, K., Tanaka, K., Yoshida, H., Steinman, R. M., Saitoh, S., Akashi-
Takamura, S., Miyake, K., Kang, Y. S., Park, C. G., and Inaba, K. (2005). Association of
SIGNR1 with TLR4-MD-2 enhances signal transduction by recognition of LPS in gram-
negative bacteria. Int. Immunol. 17, 827-836.

Nath, D., Hartnell, A., Happerfield, L., Miles, D. W., Burchell, J., Taylor-Papadimitriou, J.,
and Crocker, P. R. (1999). Macrophage-tumour cell interactions: Identification of MUCI1 on
breast cancer cells as a potential counter-receptor for the macrophage-restricted receptor,
sialoadhesin. Immunology 98, 213-219.

Neumann, B., Luz, A., Pfeffer, K., and Holzmann, B. (1996a). Defective Peyer’s patch
organogenesis in mice lacking the 55-kd receptor for tumor necrosis factor. J. Exp. Med. 184,
259-264.

Neumann, B., Machleidt, T., Lifka, A., Pfeffer, K., Vestweber, D., Mak, T. W., Holzmann, B.,
and Kronke, M. (1996b). Crucial role of 55-kilodalton tnf receptor in tnf-induced adhesion
molecule expression and leukocyte organ infiltration. J. Immunol. 156, 1587-1593.

Nie, L., Xu, M., Vladimirova, A., and Sun, X. H. (2003). Notch-induced E2A ubiquitination
and degradation are controlled by MAP kinase activities. EMBO J. 22, 5780-5792.

Nolte, M. A., Hoen, E. N., van Stijn, A., Kraal, G., and Mebius, R. E. (2000). Isolation of
the intact white pulp. Quantitative and qualitative analysis of the cellular composition of the
splenic compartments. Eur. J. Immunol. 30, 626-634.



212 KRAAL AND MEBIUS

Nolte, M. A., Hamann, A., Kraal, G., and Mebius, R. E. (2002). The strict regulation of
lymphocyte migration to splenic white pulp does not involve common homing receptors.
Immunology 106, 299-307.

Nolte, M. A., Arens, R., Kraus, M., van Oers, M. H., Kraal, G., van Lier, R. A., and Mebius,
R. E. (2004). B cells are crucial for both development and maintenance of the splenic
marginal zone. J. Immunol. 172, 3620-3627.

Nombela-Arrieta, C., Lacalle, R. A., Montoya, M. C., Kunisaki, Y., Megias, D., Marques, M.,
Carrera, A. C., Manes, S., Fukui, Y., Martinez, A. C., and Stein, J. V. (2004). Differential
requirements for DOCK2 and phosphoinositide-3-kinase gamma during T and B lymphocyte
homing. Immunity 21, 429-441.

Ochen, S., Odermatt, B., Karrer, U., Hengartner, H., Zinkernagel, R., and Lopez-Macias, C.
(2002). Marginal zone macrophages and immune responses against viruses. J. Immunol. 169,
1453-1458.

Oliver, A. M., Martin, F., Gartland, G. L., Carter, R. H., and Kearney, J. F. (1997). Marginal
zone B cells exhibit unique activation, proliferative and immunoglobulin secretory responses.
Eur. J. Immunol. 27, 2366-2374.

Oliver, A. M., Martin, F., and Kearney, J. F. (1999). [gMhighCD21high lymphocytes enriched
in the splenic marginal zone generate effector cells more rapidly than the bulk of follicular B
cells. J. Immunol. 162, 7198-7207.

Pabst, O., Forster, R., Lipp, M., Engel, H., and Arnold, H. H. (2000). NKX2.3 is required for
MAdCAM-1 expression and homing of lymphocytes in spleen and mucosa-associated
lymphoid tissue. EMBO J. 19, 2015-2023.

Park, C. G., Takahara, K., Umemoto, E., Yashima, Y., Matsubara, K., Matsuda, Y., Clausen,
B. E., Inaba, K., and Steinman, R. M. (2001). Five mouse homologues of the human
dendritic cell C-type lectin, DC-SIGN. Int. Immunol. 13, 1283-1290.

Pasparakis, M., Alexopoulou, L., Episkopou, V., and Kollias, G. (1996). Immune and
inflammatory responses in TNF o-deficient mice: A critical requirement for TNF o in the
formation of primary B cell follicles, follicular dendritic cell networks and germinal centers,
and in the maturation of the humoral immune response. J. Exp. Med. 184, 1397-1411.

Pasparakis, M., Kousteni, S., Peschon, J., and Kollias, G. (2000). Tumor necrosis factor and the
pSSTNF receptor are required for optimal development of the marginal sinus and for
migration of follicular dendritic cell precursors into splenic follicles. Cell. Immunol. 201,
33-41.

Pikkarainen, T., Brannstrom, A., and Tryggvason, K. (1999). Expression of macrophage
MARCO receptor induces formation of dendritic plasma membrane processes. J. Biol. Chem.
274, 10975-10982.

Pillai, S., Cariappa, A., and Moran, S. T. (2004). Positive selection and lineage commitment
during peripheral B-lymphocyte development. Immunol. Rev. 197, 206-218.

Pillai, S., Cariappa, A., and Moran, S. T. (2005). Marginal zone B cells. Annu. Rev. Immunol.
23, 161-196.

Quong, M. W., Martensson, A., Langerak, A. W., Rivera, R. R., Nemazee, D., and Murre, C.
(2004). Receptor editing and marginal zone B cell development are regulated by the helix-
loop-helix protein, E2A. J. Exp. Med. 199, 1101-1112.

Reid, D. M., Montoya, M., Taylor, P. R., Borrow, P., Gordon, S., Brown, G. D.,and Wong, S. Y.
(2004). Expression of the beta-glucan receptor, Dectin-1, on murine leukocytes in situ correlates
with its function in pathogen recognition and reveals potential roles in leukocyte interactions.
J. Leukoc. Biol. 76, 86-94.

Rennert, P. D., Browning, J. L., Mebius, R. E., Mackay, F., and Hochman, P. S. (1996).
Surface lymphotoxin o/f complex is required for the development of peripheral lymphoid
organs. J. Exp. Med. 184, 1999-2006.



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 213

Rennert, P. D., Browning, J. L., and Hochman, P. S. (1997). Selective disruption of
lymphotoxin ligands reveals a novel set of mucosal lymph nodes and unique effects on lymph
node cellular organization. Int. Immunol. 9, 1627-1639.

Resnick, D., Pearson, A., and Krieger, M. (1994). The SRCR superfamily: A family reminiscent
of the Ig superfamily. Trends Biochem. Sci. 19, 5-8.

Rickert, R. C., Rajewsky, K., and Roes, J. (1995). Impairment of T-cell-dependent B-cell
responses and B-1 cell development in CD19-deficient mice. Nature 376, 352-355.

Roberts, C. W., Shutter, J. R., and Korsmeyer, S. J. (1994). Hox11 controls the genesis of the
spleen. Nature 368, 747-749.

Rolink, A., and Melchers, F. (1996). B-cell development in the mouse. Immunol. Lett. 54,
157-161.

Rosen, H., and Goetzl, E. J. (2005). Sphingosine 1-phosphate and its receptors: An autocrine
and paracrine network. Nat. Rev. Immunol. 5, 560-570.

Ruddle, N. H. (1992). Tumor necrosis factor (TNF-alpha) and lymphotoxin (TNF-beta). Curr.
Opin. Immunol. 4, 327-332.

Rugh, R. (1968). “The Mouse: Its Reproduction and Development.” Burgess Publishing Co.,
Minneapolis, MN.

Saito, T., Chiba, S., Ichikawa, M., Kunisato, A., Asai, T., Shimizu, K., Yamaguchi, T.,
Yamamoto, G., Seo, S., Kumano, K., Nakagami-Yamaguchi, E., Hamada, Y., Aizawa, S.,
and Hirai, H. (2003). Notch2 is preferentially expressed in mature B cells and indispensable
for marginal zone B lineage development. Immunity 18, 675-685.

Samardzic, T., Marinkovic, D., Danzer, C. P., Gerlach, J., Nitschke, L., and Wirth, T. (2002).
Reduction of marginal zone B cells in CD22-deficient mice. Eur. J. Immunol. 32, 561-567.
Samsom, J. N. (2004). Regulation of antigen-specific regulatory T-cell induction via nasal and

oral mucosa. Crit. Rev. Immunol. 24, 157-177.

Samsom, J. N., van Berkel, L. A., van Helvoort, J. M., Unger, W. W., Jansen, W., Thepen, T.,
Mebius, R. E., Verbeek, S. S., and Kraal, G. (2005). Fc gamma RIIB regulates nasal and oral
tolerance: A role for dendritic cells. J. Immunol. 174, 5279-5287.

Sarrias, M. R., Gronlund, J., Padilla, O., Madsen, J., Holmskov, U., and Lozano, F. (2004).
The scavenger receptor cysteine-rich (SRCR) domain: An ancient and highly conserved
protein module of the innate immune system. Crit. Rev. Immunol. 24, 1-37.

Sasaki, K., and Matsumura, G. (1988). Spleen lymphocytes and haemopoiesis in the mouse
embryo. J. Anat. 160, 27-37.

Schmidt, E. E., MacDonald, 1. C., and Groom, A. C. (1993). Comparative aspects of splenic
microcirculatory pathways in mammals: The region bordering the white pulp. Scanning
Microsc. 7, 613-628.

Schuster, H., Martin, T., Marcellin, L., Garaud, J. C., Pasquali, J. L., and Korganow, A. S.
(2002). Expansion of marginal zone B cells is not sufficient for the development of renal
disease in NZBxNZW F1 mice. Lupus 11, 277-286.

Shaw, A. R., Domanska, A., Mak, A., Gilchrist, A., Dobler, K., Visser, L., Poppema, S.,
Fliegel, L., Letarte, M., and Willett, B. J. (1995). Ectopic expression of human and feline
CD9 in a human B cell line confers beta 1 integrin-dependent motility on fibronectin and
laminin substrates and enhanced tyrosine phosphorylation. J. Biol. Chem. 270, 24092-24099.

Shih, T. A., Meffre, E., Roederer, M., and Nussenzweig, M. C. (2002). Role of BCR affinity in
T cell dependent antibody responses in vivo. Nat. Immunol. 3, 570-575.

Shinkura, R., Kitada, K., Matsuda, F., Tashiro, K., Ikuta, K., Suzuki, M., Kogishi, K.,
Serikawa, T., and Honjo, T. (1999). Alymphoplasia is caused by a point mutation in the
mouse gene encoding NF-kappa b-inducing kinase. Nat. Genet. 22, 74-77.

Srivastava, B., Lindsley, R. C., Nikbakht, N., and Allman, D. (2005). Models for peripheral B
cell development and homeostasis. Semin. Immunol. 17, 175-182.



214 KRAAL AND MEBIUS

Steiniger, B., Barth, P., and Hellinger, A. (2001). The perifollicular and marginal zones of the
human splenic white pulp: Do fibroblasts guide lymphocyte immigration? Am. J. Pathol. 159,
501-512.

Stein-Streilein, J., and Streilein, J. W. (2002). Anterior chamber associated immune deviation
(ACAID): Regulation, biological relevance, and implications for therapy. Int. Rev. Immunol.
21, 123-152.

Stuart, L. M., and Ezekowitz, R. A. (2005). Phagocytosis: Elegant complexity. Immunity 22,
539-550.

Suzuki, H., Kurihara, Y., Takeya, M., Kamada, N., Kataoka, M., Jishage, K., Ueda, O.,
Sakaguchi, H., Higashi, T., Suzuki, T., Takashima, Y., Kawabe, Y., Cynshi, O., Wada, Y.,
Honda, M., Kurihara, H., Aburatani, H., Doi, T., Matsumoto, A., Azuma, S., Noda, T.,
Toyoda, Y., Itakura, H., Yazaki, Y., Kodama, T., ef al. (1997). A role for macrophage
scavenger receptors in atherosclerosis and susceptibility to infection. Nature 386, 292-296.

Takahara, K., Yashima, Y., Omatsu, Y., Yoshida, H., Kimura, Y., Kang, Y. S., Steinman,
R. M., Park, C. G., and Inaba, K. (2004). Functional comparison of the mouse DC-SIGN,
SIGNRI1, SIGNR3 and Langerin, C-type lectins. Int. Immunol. 16, 819-829.

Takeya, M., and Takahashi, K. (1992). Ontogenic development of macrophage subpopulations
and Ia-positive dendritic cells in fetal and neonatal rat spleen. J. Leukoc. Biol. 52, 516-523.

Tanigaki, K., Han, H., Yamamoto, N., Tashiro, K., Ikegawa, M., Kuroda, K., Suzuki, A.,
Nakano, T., and Honjo, T. (2002). Notch-RBP-J signaling is involved in cell fate
determination of marginal zone B cells. Nat. Immunol. 3, 443-450.

Taylor, P. R., Brown, G. D., Herre, J., Williams, D. L., Willment, J. A., and Gordon, S. (2004).
The role of SIGNR1 and the beta-glucan receptor (dectin-1) in the nonopsonic recognition of
yeast by specific macrophages. J. Immunol. 172, 1157-1162.

Tierens, A., Delabie, J., Michiels, L., Vandenberghe, P., and De Wolf-Peeters, P. (1999).
Marginal-zone B cells in the human lymph node and spleen show somatic hypermutations
and display clonal expansion. Blood 93, 226-234.

Tkachuk, M., Bolliger, S., Ryffel, B., Pluschke, G., Banks, T. A., Herren, S., Gisler, R. H., and
Kosco-Vilbois, M. H. (1998). Crucial role of tumor necrosis factor receptor I expression on
nonhematopoietic cells for B cell localization within the splenic white pulp. J. Exp. Med. 187,
469-477.

Tribioli, C., and Lufkin, T. (1999). The murine Bapxl homeobox gene plays a critical role in
embryonic development of the axial skeleton and spleen. Development 126, 5699-5711.

Unger, W. W., Hauet-Broere, F., Jansen, W., van Berkel, L. A., Kraal, G., and Samsom, J. N.
(2003). Early events in peripheral regulatory T cell induction via the nasal mucosa.
J. Immunol. 171, 4592-4603.

van der Laan, L. J., Dopp, E. A., Haworth, R., Pikkarainen, T., Kangas, M., Elomaa, O.,
Dijkstra, C. D., Gordon, S., Tryggvason, K., and Kraal, G. (1999). Regulation and
functional involvement of macrophage scavenger receptor MARCO in clearance of bacteria
in vivo. J. Immunol. 162, 939-947.

van Kooyk, Y., and Geijtenbeek, T. B. (2003). DC-SIGN: Escape mechanism for pathogens.
Nat. Rev. Immunol. 3, 697-709.

Velardi, A., and Cooper, M. D. (1984). An immunofluorescence analysis of the ontogeny of
myeloid, T, and B lineage cells in mouse hemopoietic tissues. J. Immunol. 133, 672-677.
Viau, M., and Zouali, M. (2005). B-lymphocytes, innate immunity, and autoimmunity. Clin.

Immunol. 114, 17-26.

Wang, J., Foster, A., Chin, R., Yu, P., Sun, Y., Wang, Y., Pfeffer, K., and Fu, Y. X. (2002). The
complementation of lymphotoxin deficiency with LIGHT, a newly discovered TNF family
member, for the restoration of secondary lymphoid structure and function. Eur. J. Immunol.
32, 1969-1979.



CELL BIOLOGY OF THE SPLENIC MARGINAL ZONE 215

Wang, J. H., Avitahl, N., Cariappa, A., Friedrich, C., Ikeda, T., Renold, A., Andrikopoulos, K.,
Liang, L., Pillai, S., Morgan, B. A., and Georgopoulos, K. (1998). Aiolos regulates B cell
activation and maturation to effector state. Immunity 9, 543-553.

Ware, C. F. (2005). Network communications: Lymphotoxins, LIGHT, and TNF. Annu. Rev.
Immunol. 23, 787-819.

Ware, C. F., VanArsdale, T. L., Crowe, P. D., and Browning, J. L. (1995). The ligands and
receptors of the lymphotoxin system. Curr. Top. Microbiol. Immunol. 198, 175-218.

Weih, D., Yilmaz, Z., and Weih, F. (2001). Essential role of RelB in germinal center and
marginal zone formation and proper expression of homing chemokines. J. Immunol. 167,
1909-1919.

Weih, F., and Caamano, J. (2003). Regulation of secondary lymphoid organ development by
the nuclear factor-kappaB signal transduction pathway. Immunol. Rev. 195, 91-105.

Weiss, L. (1990). The spleen in malaria: The role of barrier cells. Immunol. Lett. 25, 165-172.

Wen, L., Brill-Dashoff, J., Shinton, S. A., Asano, M., Hardy, R. R., and Hayakawa, K. (2005).
Evidence of marginal-zone B cell-positive selection in spleen. Immunity 23, 297-308.

Wither, J. E., Paterson, A. D., and Vukusic, B. (2000). Genetic dissection of B cell traits in New
Zealand black mice. The expanded population of B cells expressing up-regulated
costimulatory molecules shows linkage to Nba2. Eur. J. Immunol. 30, 356-365.

Wright, M. D., Moseley, G. W., and van Spriel, A. B. (2004). Tetraspanin microdomains in
immune cell signalling and malignant disease. Tissue Antigens 64, 533-542.

Yamada, T., Mitani, T., Yorita, K., Uchida, D., Matsushima, A., Iwamasa, K., Fujita, S., and
Matsumoto, M. (2000). Abnormal immune function of hemopoietic cells from alymphoplasia
(aly) mice, a natural strain with mutant NF-kappa B-inducing kinase. J. Immunol. 165,
804-812.

Further Reading

Lin, C. G, Lu, T. T., and Cyster, J. G. (2003). Integrin-dependence of lymphocyte entry into
the splenic white pulp. J. Exp. Med. 197, 353-361.



	New Insights into the Cell Biology of the Marginal Zone of the Spleen
	Introduction
	Cells of the Marginal Zone
	Macrophages
	Structure and Function of SIGNR1
	Role of MARCO on Marginal Zone Macrophages

	Metallophilic Macrophages
	B Cells
	Phenotype and Lineage Commitment of Marginal Zone B Cells
	Precursor Relationships between MZ B Cells and Follicular B Cells
	Notch Signaling and MZ B Cell Development
	Additional Transcription Factors
	Extracellular Signals Involved in MZ B Cell Generation
	Retention Mechanisms for Marginal Zone B Cells


	Marginal Zone as a Transit Area for Lymphocytes
	Functions of the Spleen in Host Defense
	Marginal Zone and T-Independent Immune Responses
	Marginal Zone and T-Dependent Immune Responses
	Autoimmunity and Tolerance

	Embryonic Development of the Marginal Zone of the Spleen
	Development of the Spleen
	Development of the Marginal Zone
	Molecules Involved in the Organization of the Marginal Zone
	Lymphotoxin and Its Receptors
	TNF-alpha and Its Receptors


	Concluding Remarks
	References


