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The microstructure of secondary lymphoid organs that
support immune cell trafﬁcking
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Yusuke Kitazawa, Yu Bin, Masaki Yamashita, and Changde Shi
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Summary. Immune cell trafficking in the secondary
lymphoid organs is crucial for an effective immune
response. Recirculating T cells constantly patrol not only
secondary lymphoid organs but also the whole peripheral
organs. Thoracic duct lymphocytes represent an ideal cell
source for analyzing T cell trafficking: high endothelial
venules (HEVs) allow recirculating lymphocytes to
transmigrate from the blood directly, and recirculating
T cells form a cluster with dendritic cells (DCs) to survey
antigen invasions even in a steady state. This cluster
becomes an actual site for the antigen presentation when
DCs have captured antigens. On activation, effector and
memory T cells differentiate into several subsets that
have different trafficking molecules and patterns. DCs
also migrate actively in a manner depending upon their
maturational stages. Danger signals induce the recruitment
of several DC precursor subsets with different trafﬁcking
patterns and functions. In this review, we describe general
and specialized structures of the secondary lymphoid
organs for the trafficking of T cells and DCs by a
multicolor immunoenzyme staining technique. The lymph
nodes, spleen, and Peyer's patches of rats were selected
as the major representatives. In vivo trafﬁcking of subsets
of T cells and DCs within these organs under steady or
emergency states are shown and discussed, and unsolved
questions and future prospects are also considered.
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Introduction
For an effective immune response, intricate cellular
events must occur sequentially. In vivo, the integration
of the complex cellular interactions takes place most
efﬁciently within the organized architecture of secondary
lymphoid organs that include the lymph nodes, spleen,
and mucosa-associated lymphoid tissues. Because the
immune response is associated with dynamic cellular
movements, a study of immune cell trafficking in the
secondary lymphoid organs should provide crucial
information for understanding the host defense system
and the pathogenesis of inﬂammatory diseases. However,
structures and molecules that gui de immune cell
trafficking remain poorly defined. These molecules,
hereafter called trafﬁcking molecules, include adhesion
molecules known as vascular addressins, homing
receptors, and chemotactic cytokines –– including
chemokines and chemokine receptors (Miyasaka and
Tanaka, 2004; Mora and von Andrian, 2006).
The aim of this review is to outline both the structures
and molecules of rat secondary lymphoid organs that
support the trafficking of T cells and dendritic cells
(DCs) by a multicolor immunoenzyme staining technique
(Matsuno, Ezaki, Kotani, 1989; Saiki et al., 2001a, b;
Ueta et al., 2008) using a panel of antibodies to rat cell
and tissue markers (Table 1). The lymph nodes, spleen,
and Peyer's patches were selected as representatives of the
secondary lymphoid organs. Vascular specializations in
target organs are also described and several experimental
models are reviewed and discussed.
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General Structures of the secondary
lymphoid organs
Strategic organization
Essentially, lymph nodes receive antigen either drained
in a free form from tissues or carried by class II major
histocompatibility complex antigen-positive (MHCII +)
dendritic cells (DCs). On the other hand, the spleen
monitors the blood, and mucosa-associated lymphoid
tissues are strategically integrated into mucosal surfaces
of the body as a forward defensive system. Lymphatics
and their associated lymph nodes form an intensive
network for draining the viscera and the superﬁcial body
structures, and return the lymph to the blood by way of
the central lymphatic trunks such as the thoracic duct
(Fig.1). Macrophages are abundant in the secondary
lymphoid organs so as to filter the lymph, blood, or

Table 1. Antibodies used in this study
1st Ab
Antigen
Clone
HIS41A
CD45.2 (RT7b)
CD45R (B220)
HIS24A
CD54 (ICAM-1)
1A29A
CD62E (E-selectin)
(polyclonal)B
CD68?
ED1A
CD163
ED2A
CD169 (sialoadhesin)
ED3A
RT1.Ba/c (donor MHCII)
OX76C
l
RT1.B (recipient MHCII)
OX3C
2nd Ab
Product
Goat Ig to mouse Ig
Rabbit Ig to mouse Ig
Sheep F(ab')2 to rat Ig
Goat F(ab')2 to rabbit Ig
Donkey Ig to rabbit Ig

foreign substances from the skin and mucosal surface.
Communication between these tissues and the rest
of the body is maintained by a pool of recirculating
lymphocytes.
One striking feature of the organization of all
the secondary lymphoid organs is that the T and B
cells are largely segregated into different anatomical
compartments, a process directed to a large extent by
chem okines and adhesion molecules. This segregation
may have developed for creating a microenvironment
where only participating cells in various immune
responses can meet each other appropriately.
Structural components and a minimal basic unit
T cells are mainly conﬁned to a region referred to as the
T cell area, or the thymus-dependent area. This region
is characterized by the presence of DCs, which are

Antigen
Ig μ chain
TCRαβ
BrdU
Type IV collagen
LYVE1
Reticular cell subset
MAdCAM-1
Selectin ligands

Conjugate
Alkaline phosphatase
Alexa ﬂour 594
Horseradish peroxidase
Alkaline phosphatase
Horseradish peroxidase
7-amino-4-methylcoumarin-3-acetic acid

Clone
MARM4 A
R73C
BU1/75D
(polyclonal)E
(polyclonal)F
ED14G
OST2H
2H5I

Source
Sigma, A9316
Invitrogen, A11032
Dako, P161
Sigma, A4812
Cappel, 55693
Jackson 711-155-152

Serotec, B Biovision, C ECACC, D Oxford Biotech, E donated by Dr. Y. Sado (Shigei Med.
Res. Inst., Okayama), also available from LSL, F abcam, G donated by Dr. T.K. van den Berg
(Sanquin Res. Landsteiner Lab. Amsterdam, The Netherlands), H donated by Dr. M. Miyasaka
(Osaka Univ., Osaka), I donated by Dr. R. Kannagi (Aichi Cancer Center, Aichi)
A

T cell and DC trafﬁcking in vivo

scattered in a reticular meshwork formed by ﬁbroblastic
reticular cells in the stroma. These DCs are called
interdigitating cells or DCs because they possess many
cytoplasmic projections that interdigitate each other
with neighboring DCs: in this review we call them
interdigitating DCs. In the T cell area of the lymph
nodes and mucosa-associated lymphoid tissues but
not of the spleen, high endothelial venules (HEVs) are
almost exclusively distributed. HEVs are a specialized
structure differentiated from the postcapillary venules in
the T cell area. They allow recirculating lymphocytes to
transmigrate directly through the vascular wall from the
blood circulation.
The follicular aggregations of B cells are a prominent
feature of the B cell area in the secondary lymphoid
organs. In the unstimulated state, they are present as
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spherical collections of small lymphocytes, and are
termed primary lymph follicles or nodules that consist of
resting, small B cells. Although reticular ﬁbers are rather
scarce in the stroma, it contains follicular dendritic cells
(FDCs), which are distinct from the ordinary DC lineage
(Liu et al., 1996). After antigenic challenge, they form
secondary lymph follicles; they consist of a germinal
center and a surrounding follicle corona (also called
the lymphocyte corona, mantle zone, or dark shell), the
latter being the remainder of the primary follicle. The
germinal center contains large ̶usually proliferating ̶B
lymphoblasts, a minority of follicular T cells (CD4 +) and
macrophages, and a tight network of FDCs.
In inﬂamed conditions in the stroma of non-lymphoid
organs, a solitary lymph follicle with its surrounding T
cell area and the HEV appears de novo (Yoneyama et al.,

Fig. 1. A schematic drawing of the structure of the lymph node and trafficking routes for T cells (T) and B cells (B).
Numbers in the square indicate the direction of lymph ﬂow from the initial lymphatic capillary in peripheral organs to the
draining lymph node and then to the blood circulation via the central thoracic duct. A: artery, DC: interdigitating dendritic
cell, HEV: high endothelial venule, Mf: sinus macrophage, MM: marginal metallophilic macrophage, P: plasma cell, V:
vein.
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2001). Because all essential components for the immune
response are present, we consider this structure a minimal
basic unit of the secondary lymphoid organs.
Lymph nodes
Lymph nodes consist of the superficial (outer) cortex,
deep (inner or para-) cortex, medullary cord, and
marginal, cortical, and medullary lymphatic sinuses
(Fig.1, 4). The superﬁcial cortex constitutes B cell area
with the lymph follicle and germinal center and the
interfollicular area; the deep cortex is the T cell area
with DCs and HEVs; the medullary cord is the plasma
cell area with some B cells, while the lymphatic sinuses,
especially medullary sinuses, are intraluminally populated
by numerous ED1 + (CD68-like antigen) sialoadhesin +
macrophages (Fig. 4, 7f).

Spleen
The spleen has three components: the white pulp, the
red pulp, and the interposing marginal zone (Fig. 2,
4). The central artery sends branches to the marginal
zone and the red pulp cord where the blood empties
directly into the reticular stroma. The outer margin
of the white pulp is lined by sialoadhesin + marginal
metallophilic macrophages. Just outside of these cells
in the marginal zone, branches of the central artery
form the marginal sinus and terminate with funnelshaped open ends (Fig. 2) (Matsuno et al., 1986, 1989).
The red pulp cord is populated by a large number of
ED1+CD163+sialoadhesin− scavenger type macrophages.
The spleen constitutes so-called open circulation, by
which this organ acts as a very effective blood ﬁlter for
removing effete blood cells and responding actively to

Fig. 2. A schematic drawing of the structure of the spleen and trafﬁcking routes of T cells (T) and B cells (B). R1 and R2
are two possible entrance gates for migrating immune cells. R1: marginal zone bridging channel, R2: marginal sinus and
marginal metallophilic macrophages (MM) in the outer rim of the PALS. E1 and E2 indicate two possible exit gates, the
bridging channel and the deep splenic lymphatics, respectively. DC: dendritic cell, MZB: marginal zone B cell, MZM:
marginal zone macrophage, P: plasma cell.
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blood-borne antigens before returning to the circulation
via the splenic sinuses. The white pulp consists of the
periarterial lymphoid sheath (PALS, T cell area with
DCs but no HEV) and the lymph follicle with/without the
germinal centers (B cell area). In addition, the marginal
zone is populated by a unique B cell subset, marginal
zone B cells (Mebius and Kraal, 2005) and sialoadhesin+
macrophages. The outer rim of the PALS is called the
outer PALS. This area is populated by not only T cells
and DCs but also B cells, plasmablasts, and CD163 +
macrophages and considered to be a site for the antibody
forming cell response (Matsuno et al., 1989).
It should be noted that a strong species difference exists
in the structure of the splenic marginal zone (Steiniger et
al., 2006). Distinct from rats and mice, no marginal sinus
or marginal metallophilic macrophages exist in humans.
Furthermore, a strong expression of sialoadhesin only
occurs in human macrophages forming perifollicular
capillary sheaths outside the marginal zone, and marginal
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zone B cells appear to reside only in a superficial
follicular compartment.
Peyer's patches
Peyer's patches are clusters of the lymph follicle (B cell
area with a frequent association of germinal centers) and
the interfollicular area (T cell area) in the wall of small
intestine (Fig. 3, 4). Gut antigens enter this organ via the
specialized follicle-associated epithelium (Nicoletti, 2000;
Hase et al., 2009). In fact, numerous DCs are present
within this epithelial layer and the dome area beneath
the epithelium (Fig. 4I)(Wilders et al., 1983). The dome
area is a specialized region where the capillary network is
developed ̶though B and T cells are rather scarce in this
area. In general, the tonsils, appendix, and the bronchusassociated lymphoid tissues as well as the Peyer's patches
are the aggregation of the minimal basic units stated
above, having the associated epithelia.

Fig. 3. A schematic drawing of the structure of Peyer's patches and trafficking route of T cells (T), B cells (B), and
dendritic cells (DC). The exact trafﬁcking of DCs in the dome area is still unsettled. HEV: high endothelial venule.
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Fig. 4. Structural compartments and
the segregation of immune cells (blue
color) in the lymph node (a, d, g, j),
spleen (b, e, h, k), and Peyer's patches
(c, f, i, l). The nuclei of proliferating
cells (BrdU + ) are colored red and
the basement membrane or tissue
frameworks (type IV collagen + ) are
colored brown. T cells (TCR +, a, b, c)
are conﬁned to the paracortex (C) in the
lymph node, the periarterial lymphoid
sheath (PALS, P) in the spleen, and the
interfollicular area (I) in the Peyer's
patches, respectively. B cells (IgM +
or CD45R + , d, e, f) are localized in
the lymph follicle (F) in all 3 organs.
In addition, marginal zone B cells are
confined to the splenic marginal zone
(Z). Macrophages (ED1+ED2+ED3+ g, h,
i) are localized in and around the lymph
sinus in the lymph node. In the spleen,
marginal metallophilic macrophages
surrounding the outer rim of the white
pulp, marginal zone macrophages,
and red pulp macrophages are three
major populations. The Peyer's patches
contain a few macrophages in the
submucosa above the muscular layer
and in the interfollicular area. j, k,
l: Immunofluorescence staining for
MHCII (green), IgM and macrophage
markers (red), and type IV collagen
(blue). Dendritic cells (DCs) are
depicted as MHCII-single positive
cells (green) in the paracortex (C),
the PALS (P), and the interfollicular
area (I). B cells (IgM + MHCII + ) stain
yellow, IgM + plasma cells stain red
(MHCII -), and macrophages are either
yellow (MHCII + ) or red (MHCII - ),
respectively. M: medulla of the lymph
node, R: splenic red pulp.
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Table 2. Phenotype of rat T cell subsets
Subset

Residence

Recent thymic
emigrant (RTE)

Secondary lymphoid
−
organs

Naive T cell
Memory T cell

CD45RC

Recirculating
＋
Thoracic duct lymph

Recirculating
↓
Thoracic duct lymph

CD62L(L
Selectin)

α4 integrin (CD49d) /
αE integrin (CD103)

Chemokine
Other molecules
receptor

References

＋

−

CCR7＋?

Yang and Bell, 1992

＋

α4 (~5%)

CCR7＋
ICAM-1(~6%)
CXCR4＋

↓

α4↑(~40%)

ICAM-1↑(~60%)

Kv1.3 channels↑ Azam et al., 2007
ICAM-1↑
Matheu et al., 2008

CD90 (Thy1)＋

Westermann et al,
1997, 2005
Westermann et al,
1997; 2005

Effector memory
Target organs
T cell (TEM)

↓

↓

α4↓(skin inﬂammation
CCR7−
model)

Central memory
T cell (TCM)

Recirculating

↓

＋

?

CCR7＋

Intraepithelial
T cell

Gut epithelia
Epidermis

?

?

CD103＋

?

Mostly TCRαβ＋ Vaage et al., 1990
CD8＋ (~75%)
Zhou et al., 2008

Gut epithelia

↓?

↓?

α4↓ CD103↑

CCR9＋?

CD8＋ (~80%)

Epidermis

↓?

↓?

CD103＋CD8＋(~50%)
CD103- CD4＋ (~50%)

Gut-homing
GvHD effector
Skin-homing
GvHD effector

Table 3. DC subsets in rats and mice
Cell (abbreviations)

Origin

Phenotype

Langerhans cell
(LC) (mouse)

Hair region?

Langerin＋ CD103＋ Macrophage
galactose C-type lectin 2−

Interstitial DC
Dermal DC
Lamina propria DC

CD11c＋ CD103＋/−DEC205＋
Bone marrow Macrophage galactose C-type
lectin 2＋ (mouse dermal DC)

Interdigitating DC
in the secondary
lymphoid organs

Peripheral
ED1＋/−CD11b＋ CD11c＋
organs
ICAM1＋ CD103＋/−DEC205＋
Bone marrow

Conventional
DCprecursor

ED1＋ CD11b/c＋ CD103＋/−
Bone marrow (rat)
CD11c＋Lineage− (mouse)

Plasmacytoid DC
precursor (mouse)

Bone marrow

Transmigrating
DC (rat)
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CD11c＋ E-selectin ligand＋
B220＋ (mouse)

Liver
CD11c＋ α4 integrin＋ CD103＋
Bone marrow

KCa3.1 channels↑ Azam et al., 2007
ICAM-1↑
Matheu et al., 2008

Chemokine
Function
receptor

Zhou et al., 2008
Zhou et al., 2008

References

Self tolerance?
Kumamoto et al.,
Migrate to regional lymph nodes 2009

Immunogenic
Migrate to subfollicular area of
the regional lymph nodes

Saiki et al., 2001
Kumamoto et al.,
2009

Immunogenic?

Matsuno and Ezaki,
2000

Immunogenic
CCR1/5＋
Migrate to inﬂamed peripheral
(mouse)
organs

Matsuno et al., 1996
Uwatoku et al., 2001
Yoneyama et al., 2001

CCR1/5＋ TransHEV migration to inﬂamed
Yoneyama et al.,
CXCR3＋ lymph nodes; Help conventional
2004, 2005
DCs (LFA2↑CD40L↑)
(mouse)
Transmigration to spleen, lymph
nodes and Peyer's patches after
liver graft/ bone marrow cell
Ueta et al., 2008
transfer;
Allostimulation
Precursor of interdigitating DCs?
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Fig. 5. Legend on the opposite page.
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Subsets of immune cells
Subsets of T cells
Phenotype and trafﬁcking molecules of rat T cell subsets
are shown in Table 2. According to the differentiation
pathway, T cell subsets are divided into recent thymic
emigrants (Yang and Bell, 1992), naive T cells, effector T
cells (TEFF) of either gut-homing TEFF or skin-homing TEFF,
central memory T cells (T CM), effector memory T cells
(TEM), and so on (Mora and von Andrian, 2006). Intestinal
intraepithelial lymphocytes belong to a unique subset of T
cells. While ~50% of mouse intraepithelial lymphocytes
express T cell receptor γδ and are derived from the
cryptopatches (Ishikawa et al., 2007), the majority of the
rat counterpart is shown to express the conventional T cell
receptor αβ and to be thymus-dependent (Vaage et al.,
1990).
Among memory T cells, the protective immune
memory is mediated by T EM that migrate to peripheral
tissues and display the immediate effector function.
On the other hand, the reactive memory is mediated by
T CM that home to T cell areas of secondary lymphoid
organs and, have little or no effector function but readily
proliferate and differentiate to effector cells in response to
antigenic stimulation (Sallusto et al., 2004). In rat allergic
contact dermatitis (Azam et al., 2007) and delayed type
hypersensitivity (Matheu et al., 2008) , TEM selectively
upregulate voltage-gated Kv1.3 potassium channels,
whereas TCM upregulate KCa3.1 channels. These channels
can be speciﬁc markers for both subsets.
Dendritic cell (DC) subsets
The function and kinetics of DCs are dependent upon
their five stages of maturation (Matsuno and Ezaki,
2000): 1) DC progenitors, the cells that replicate mostly
in the bone marrow; 2) DC precursors, the cells that
enter the blood and seed peripheral tissues; 3) sentinel
DCs (Langerhans cells or interstitial DCs), the cells that
can endocytose antigens; 4) antigen-transporting DCs
(lymph DCs or veiled cells), the cells that leave peripheral
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tissues and migrate to regional lymph nodes via draining
lymphatics, or possibly to the spleen via blood; and 5)
mature DCs (interdigitating DCs) for antigen presentation,
the cells that acquire a unique capacity for the potent
activation of T and B cells in the lymphoid tissues.
In addition to these five stages, we have reported
several distinct subsets of DCs that are recruited from
the bone marrow or other places in response to danger
signals. These are conventional DC precursors (Matsuno
et al., 1996; Uwatoku et al., 2001a; Yoneyama et al.,
2001), plasmacytoid DC precursors (Yoneyama et al.,
2004; 2005), and semimature DCs transmigrating to the
secondary lymphoid organs (Ueta et al., 2008) in rats and/
or mice. Phenotype and trafficking molecules of rat or
mouse DC subsets are shown in Table 3.

Specialized structures for immune cell
migration
General view
The destination of migrating immune cells is determined
by a series of trafficking molecules (i.e., adhesion
molecules and chemokine receptors) that include
members of the integrin superfamily, chemokine receptors
and selectins. In the T cell area, stromal cells secrete
chemokines CCL19 and CCL21 and bear ICAM-1 that
attract and bind the chemokine receptor CCR7 + and
integrin LFA1 + T cells. In the B cell area, on the other
hand, FDCs and stromal cells produce chemokine
CXCL13 and possess ICAM-1 and VCAM-1 by which
chemokine receptor CXCR5 + and integrin LFA1 + B
cells and follicular T cells are recruited (Mora and von
Andrian, 2006).
Each secondary lymphoid organ possesses both
entrance and exit gates for migrating cells. In the lymph
nodes, there are two entrance gates (Fig. 1, 5): one is the
HEV from the blood, and the other is the marginal sinus
from the afferent lymph. In contrast, Peyer's patches
lack afferent lymphatics (Fig. 3) like the other mucosaassociated lymphoid tissues. Thus, they have only one

Fig. 5. Specialized structures of the lymph nodes for immune cell migration [1]. a– d: Entrance route via the high endothelial
venules (HEVs). Transmigrating T cells are seen within the wall of HEVs (a). Adhesion molecules such as ICAM-1 (b)
and selectin ligands (c) are ubiquitously expressed on HEVs in the lymph nodes and Peyer's patches, but MAdCAM-1 is
selectively expressed on HEVs in the mesenteric lymph nodes (d) and Peyer's patches but not those in the skin lymph nodes
(e). f – i: Entrance route via the marginal sinus (S). Lymphocytes migrating via the afferent lymph are seen in the marginal
sinus (arrows, f). Lymph sinus endothelia (LYVE-1 +, g), marginal metallophilic macrophages (sialoadhesin +, h), and
reticular cell subset (ED14+, i) are depicted as blue cells.
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Fig. 6. Legend on the opposite page.
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entrance gate, the HEV. The exit gate for both the lymph
nodes and Peyer's patches is from the lymphatic sinuses to
the efferent lymphatics.
In contrast, the spleen lacks both the HEVs and the
afferent lymphatics. Furthermore, both entrance and exit
gates in the spleen for the migration of blood immune
cells through the white pulp are still unsettled. The
candidates are the boundary between the marginal zone
and the outer PALS, marginal zone bridging channel,
and the deep splenic lymphatics (Fig. 2, 6), which will be
discussed below in this section.
High endothelial venules (HEVs) in the secondary
lymphoid organs
HEVs allow recirculating lymphocytes to enter the lymph
nodes from the blood directly (Fig. 5a, 7a, b). HEVs
possess trafficking molecules on their luminal surface,
such as ICAM-1, selectin ligands (Tamatani et al., 1995),
and chemokines (Miyasaka and Tanaka, 2004) to meet
corresponding receptors on the surface of migrating
cells (Fig. 5b, c). In addition, HEVs of the mesenteric
lymph nodes and Peyer's patches, but not those of the
peripheral lymph nodes, speciﬁcally possess MAdCAM-1
(Fig. 5d, e), whose ligand, α4β7 integrin, is known as
the lymphocyte homing receptor destined for the gutassociated lymphoid tissues (Iizuka et al., 2000).
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et al., 2004). Because large molecules do not enter this
conduit, the presence of a certain gate is suggested (Gretz
et al., 2000). The endothelia (littoral cells) of lymphatic
sinuses as well as those of lymphatic vessels possess
specific surface molecules, such as LYVE-1 (Fig. 5g)
and podoplanin. The endothelia are internally lined
by sialoadhesin + marginal metallophilic macrophages
(Fig. 5h) and reticular cells scatter in the interfollicular
area (Fig. 5i). It is of note that the processes of the
macrophages project into the sinus lumen as if they are
scanning the antigens or cells in the sinus derived from
the afferent lymph (Fig. 5h)(Matsuno and Ushiki, 1997).
Lymphatic sinus and Efferent lymphatic in the lymph
nodes and Peyer's patches
Cells in transit in the secondary lymphoid organs stay
there for 12 h or longer (Smith and Ford, 1983; Xu et al.,
2008) and then egress from there via the lymphatic sinus
(Fig. 7e. f) connecting with the efferent lymphatics in
case of the lymph nodes and Peyer's patches. Reticular
cells outline the sinus (Fig. 7e) and signaling between
sphingosine-1-phosphate (S1P), and its receptor-1 (S1P1)
is considered to be crucial for cells to enter the sinus
from the parenchyma of lymph nodes and Peyer's patches
(Cyster et al., 2005). In fact, naive T and B lymphocytes
express high amounts of S1P1, and S1P is abundant in the
lymph (Cyster et al., 2005).

Afferent lymphatic and marginal sinus in the lymph
nodes

Marginal zone-bridging channel in the spleen

In the lymph nodes, the marginal sinus covering the
interfollicular area is the actual gate for lymphocytes
and DCs in the afferent lymph to the superficial cortex
(Fig. 5f). This area contains a conduit for migrating
cells and small molecules, such as chemokines: they are
transported into the superficial cortex and then to the
subfollicular area (Sainte-Marie and Peng, 1980; Katakai

In rats and mice, protrusions of the white pulp area
across the marginal zone into the red pulp are called the
marginal zone bridging channel (Mitchell, 1973). As will
be described later, transferred congeneic lymphocytes
were ﬁrst observed in the marginal zone-bridging channel
(Fig.6a) and later found in the more central part of the
PALS in rats. Together with other reports (van Ewijk and

Fig. 6. Specialized structures of the spleen for immune cell migration. a – e: 15 min (a), 30 min (b, d), 3 h (b), and 24 h
(e) after intravenous transfer of congeneic lymphocytes (RT7 b,blue). Brown stainings are type IV collagen (a, b, g, h),
sialoadhesin (c, d), and recipient MHCII (e, f), respectively. These cells ﬁrst appear in and around (d, arrows) the bridging
channel (B) and in the outer margin of the white pulp where the marginal metallophilic macrophages (brown) are positioned.
Note the migrating cells in contact with these macrophages (c, arrows). In the PALS, almost all the migrated congeneic
donor cells constantly cluster with recipient MHCII+ DCs (brown, e) even under such an unstimulated condition. f, g, h:
One-way GvH reaction 24 h (f), 2 days (g), and 3 days (h) after parental lymphocyte transfer to F1 hybrid rats. Note that
most donor cells (blue) are clustering (arrowheads) with recipient MHCII+ DCs in the PALS (brown, f) and some are
actively proliferating (BrdU+ red nucleus) there (f, g). Activated donor cells appear in the bridging channel (B) and in the
neighboring red pulp (arrows) by day 3 after transfer (h).
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Nieuwenhuis, 1985; Pellas and Weiss, 1990a,b; Balazs
et al., 2002), we consider this marginal zone-bridging
channel the first possible gate of entry. The problem
is that no specific accumulation of stromal cells or
adhesion molecules has been detected so far in rats. This
area is also a candidate for an exit gate for recirculating
lymphocytes (Mitchell, 1973) or activated T cells to the
red pulp (Fig. 6h) .
Splenic marginal sinus and marginal metallophilic
macrophages
The splenic marginal sinus is the second possible gate
of entry for migrating cells in the splenic white pulp
(Fig. 6c). No specific molecule has been detected
so far in rats, although MAdCAM-1 is expressed in
the marginal sinus endothelia in mice (Mebius and
Kraal, 2005). Interestingly, sialoadhesin + marginal
metallophilic macrophages project their cytoprocesses
into the sinus lumen as in the lymph nodes (Matsuno
and Ushiki, 1997). This analogy leads us to speculate
that marginal metallophilic macrophages may guide the
entrance of migrating cells in the afferent lymph into
the interfollicular area in the lymph nodes or that in
the marginal zone into the PALS in the spleen through
adhesion with their sialoadhesin+ cytoplasmic processes.
Deep splenic lymphatics
In mice, distinctive lymphatics are present in the PALS
running along the central artery to the splenic hilum and
then to the splenic lymph nodes (Fig. 2)(Shimizu et al.,
2009). Transferred mouse lymphocytes are suggested
to enter this vessel and exit the white pulp (Pellas and
Weiss, 1990a, b; Shimizu et al., 2009).
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Trafﬁcking of immune cells within the
secondary lymphoid organs
T cell trafficking under a steady state
N a i v e T c e l l s a n d T CM c o n t i n u o u s l y r e c i r c u l a t e
between the blood and lymph in a steady state for
immunosurveillance (Sparshott and Bell, 1998;
Westermann et al., 1997, 2005). In fact, these cells can
be selectively collected in central lymph by cannulating
the thoracic duct in rats (Smith and Ford, 1983; Matsuno
et al., 1995). Rat thoracic duct lymphocytes (TDLs)
are highly viable and up to 2×108 cells are yielded by
overnight collection. Normal TDLs of ACI rat strain
comprise approximately 65% of CD4+, 15% of CD8+, and
20% of B cells. Among T cells, approximately >90% are
naive T cells. Accordingly, TDLs represent an ideal cell
source for analyzing the in vivo trafﬁcking of migrating T
cells by adoptive transfer. Although technically difﬁcult,
mouse TDLs can be collected as well (Ionac, 2003).
When normal TDLs are intravenously transferred to
recipient rats in a congeneic combination without an
antigen challenge, migrated donor cells attach to the HEV
of the lymph nodes and Peyer's patches, and instantly
transmigrate through its wall to enter the paracortex (Fig.
7a, b) or the interfollicular area. In the spleen, they appear
in and around the marginal zone-bridging channel or in
the boundary between the marginal zone and the outer
PALS in 10–15 min and quickly enter the PALS (Fig. 7a,
c, d). Donor T cells accumulate in the T cell area of the
secondary lymphoid organs by 3 h after transfer (Fig. 7b).
When T cells enter the lymph nodes via the afferent
lymph, they readily migrate from the marginal sinus into
the superﬁcial cortex at the interfollicular region (Fig. 5f)
(Sainte-Marie and Peng, 1980; Xu et al., 2008).
To note, most of the migrating T cells in the T cell
area have contact with the resident interdigitating DCs
and form a DC-T cell cluster there to survey the antigen

Fig. 7. Specialized structures of the lymph nodes for immune cell migration [2]. a, b: 15 and 30 min after intravenous
transfer of congeneic lymphocytes (blue). Brown stainings are type IV collagen (a, b, c, e, f) and recipient MHCII (d),
respectively. While most donor cells are confined within the high endothelial venules in a (arrows), many cells are
transmigrated into the parenchyma in b (arrows). c, d: One-way GvH reaction. 2 days after the parental lymphocyte transfer
to F1 hybrid rats. Many donor cells are proliferating (blue cells with BrdU + red nucleus, c). Note most donor cells (blue)
clustering (arrowheads) with recipient MHCII+ DCs (brown, d). e – f: The exit route for migrating cells from lymph nodes.
Lymph sinuses are outlined by reticular cells (ED14 +, e) and populated by many sialoadhesin+ macrophages (ED3+, f). Three
days after induction of a lethal GvH disease, exiting donor cells (blue) are seen in the sinus lumen (g) and appear in the
blood (h). Arrows indicate proliferating donor lymphoblasts (BrdU+ red nucleus).
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Fig. 8. Legend on the opposite page.
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even in a steady state (Fig. 6e). Because their antigen is
not mounted in the steady state, no activation occurs and
bound donor cells soon leave the cluster.
Recirculating lymphocytes also constantly migrate to
peripheral non-lymphoid organs for patrolling the whole
body (Smith, McIntosh, Morris, 1970; Smith and Ford,
1983). In fact, TDLs, when intravenously transferred to
the congeneic recipient, readily migrate to the liver (Xu et
al., 2008). They accumulate in the portal area and quickly
translocate into the draining lymphatics (Fig. 5f) in a
fashion similar to DC transfer study (Kudo et al., 1997;
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Saiki et al., 2001b). Surprisingly, the minimal transit
time in the liver is 3 – 4 h. This rapid transit might enable
an efficient surveillance of the liver portal area by the
recirculating lymphocytes.
T cell trafficking in the secondary lymphoid organs
under emergency
When antigen reaches a lymph node, recirculating
lymphocytes are massively recruited via the HEV and
a dramatic fall in the output of cells in the efferent

Fig. 9. A diagram depicting the trafﬁcking of naive T cells (N) and recent thymic emigrants (RTE) under a normal
steady state. Dotted lines indicate the minor route for naive T cells. The origin of intraepithelial lymphocyte (IEL)
and the differentiation site for central memory T cells are unsettled. Blood circulation is colored pink and the lymph
pathway light blue. TCM: central memory T cell.

Fig. 8. Entrance route for migrating effector cells in the lamina propria of the small intestine (a, c, e, g) and the skin dermis
(b, d, f, h). Adhesion molecules such as ICAM-1 (a, b) are expressed on the small vessels of both organs, but MAdCAM-1
(c, d) and E-selectin (e, f) are selectively expressed on those in the small intestine (c) and skin (f), respectively (arrowheads).
Transmigrating T cells (blue) are seen in and around the small vessels (arrows) 3 days and 4 days after induction of systemic
GvH disease (g, h), respectively. Arrowheads show transmigrated cells (g) and a cell further entering the epidermis (h).
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lymphatics is observed. The latter phenomenon is known
as '1ymphocyte trapping' (Kotani et al., 1980) and is
thought to result from the antigen-induced release of
chemokines from DCs and T cells. As a consequence,
antigen-reactive cells disappear from the recirculating
pool of lymphocytes within 24 h of antigen challenge
(Wilson et al., 1976).
When parental TDLs are intravenously injected into
F 1 hybrid recipient rats, one-way graft-versus-host
reaction occurs. In the early stage, donor T cells behave
in the same manner as congeneic T cells. They quickly
transmigrate to the HEV or enter the splenic PALS,
accumulate in the T cell areas, and have contact with the
recipient interdigitating DCs (Fig. 6f, 7d). The difference
is that some T cells in the cluster stay there and start to
synthesize DNA (i.e., become BrdU+) and proliferate (Fig.
6f, g, 7c, d). Therefore, this cluster is an actual site for the
alloantigen presentation where T cells become activated

and start to expand and differentiate to T EFF (Saiki et al.,
2001b; Ueta et al., 2008). After massive expansion in the
T cell area of the whole secondary lymphoid organs, TEFF
egress from there either via the medullary sinus (Fig. 7g)
and efferent lymphatics of the lymph nodes (Fig. 1), via
efferent lymphatics of the Peyer's patches (Fig. 3), or via
the bridging channel (Fig. 6h) and the red pulp sinus of
the spleen (Fig. 2). TEFF appear in the recirculating pool
(i.e., the thoracic duct lymph and the blood) (Fig. 7h) on
their way to target organs.
T EFF and T EM down-regulate CCR7 and L-selectin
and, instead, acquire tropism to either the gut or skin
via tissue-specific homing receptors (Mora and von
Andrian, 2006). In mice, gut-tropic TEFF and TEM migrate
preferentially to the lamina propria of the small intestine
and express high levels of the integrin α4β7 and the
chemokine receptor CCR9. The principal α4β7 ligand,
MAdCAM-1, is expressed in venules of the gut lamina

Fig. 10. A diagram depicting the trafﬁcking of effector T cells (T EFF), effector memory T cells (T EM), central
memory T cells (TCM), and antigen-transporting dendritic cells (DCs) in emergency states with high levels of
antigen entry. Numbers in the square indicate sequential events from antigen entry to migration of TEFF and TEM
to the target organs. Blood circulation is colored pink and the lymph pathway light blue. IEL: intraepithelial
lymphocyte.
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propria (Iizuka et al., 2000). The CCR9 ligand CCL25
is strongly expressed by epithelial cells in the small
intestine and in lamina propria venules. Mice skin-tropic
TEFF and TEM express E- and P-selectin ligands (cutaneous
lymphocyte antigen) and the chemokine receptors CCR4
and/or CCR10. Skin venules also express functional Eand P-selectin constitutively and the ligands for CCR4
and CCR10 (Mora and von Andrian, 2006). In rats,
the venules of the gut lamina propria also selectively
express MAdCAM-1 (Fig. 5d, e, 8c, d) and skin venules
E-selectin (Fig. 8f, e) and P-selectin. In addition, the HEV
in the Peyer's patches and mesenteric lymph nodes of rats
and mice express MAdCAM-1. These findings suggest
the presence of a T cell subset in a steady state that
constantly recirculates through the gastrointestinal tract
and associated secondary lymphoid organs.
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The existence of donor T EFF subsets responsible for the
graft-versus-host disease (GvHD) of either the gut (Fig.
8g) or skin (Fig. 8h) is still undetermined. We found that
CD103 + CD8 + donor T cells predominantly infiltrated
into the gut epithelium and were responsible for the
manifestations of intestinal GvHD. Their precursors,
CD8 +α4 integrin +CD103 −, are selectively produced in
the mesenteric lymph nodes, indicating that this pathology
is dependent on the gut lymph nodes (Zhou et al., 2008).
Furthermore, CCR9 + is upregulated in these lymph
nodes (unpublished result). Further studies may facilitate
clinical intervention to prevent a serious intestinal
complication of GvHD selectively without suppressing
the graft-versus-leukemia effectors.

Fig. 11. A diagram depicting the danger signal-induced recruitment and trafficking of conventional and
plasmacytoid dendritic cell precursors (cDCp and pDCp) and semimature transmigrating DC (TM-DC). Numbers
in the square indicate sequential events from the induction of recruitment to the immune response. Number 3
indicates 3 possibilities of antigen transport: in a free form (3-1), by resident DCs (3-2), and by recruited and
remobilized cDC precursors (3-3). N: naive T cell, TCM: central memory T cell, TEFF: effector T cell, TEM: effector
memory T cell.
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DC trafficking under steady state
Even in the absence of invading pathogens, sentinel DCs
constantly leave peripheral organs and enter the draining
lymph (Matsuno and Ezaki, 2000). The hepatic lymph
of normal rats contains the antigen-transporting DCs
that constantly migrate from the liver to regional lymph
nodes (Matsuno et al., 1995). After entering the lymph
nodes, these DCs migrate from the marginal sinus into
the superﬁcial cortex at the interfollicular region, which
is the same route as that of migrating lymphocytes. These
DCs then accumulate in the area beneath the lymph
follicle and are considered to become the interdigitating
DCs (Matsuno and Ezaki, 2000). This subfollicular area
is suggested to be a main site for the immune response in
the lymph nodes and proposed as the immune platform
(Kat akai et al., 2004). In the Peyer's patches, DCs
are located in the dome area and within the follicleassociated epithelia (Fig.4I). They may also migrate to
the interfollicular area (Wilders et al., 1983; Hase et al.,
2009) and then enter the draining lymph and accumulate
in the mesenteric lymph nodes (Steer, 1980). These DCs
may present environmental antigens to T and B cells
(Hase et al., 2009).
DC trafficking in response to danger signals
Danger signals induce the accelerated trafficking of
DC lineages, resulting in a timely and appropriate
immune response. In skin inflammation models, a role
of interstitial DCs in the dermis has become increasingly
important. A recent report indicates that contact
hypersensitivity is induced not by Langerhans cells but
by the dermal interstitial DCs, which express macrophage
galactose type C-type lectin 2 (Kumamoto et al., 2009).
In infection models, conventional DC precursors
are recruited to the liver sinusoid in response to
intravascular particulates in rats (Matsuno et al., 1996)
and Propionibacterium acnes bacilli in mice, both via
CCL3 (MIP1α)-CCR1/5 chemokine signaling. Kupffer
cells produce CCL3 to recruit these cells (Matsuno et al.,
2002). These precursors capture antigens and migrate to
the portal area, and then on to the regional hepatic lymph
nodes via lymph, where they induce immune response
(Fig.11)(Yoneyama et al., 2002).
Bacterial and viral infections in mice also induce a
signiﬁcant number of plasmacytoid DC precursors in the
circulation. These cells further transmigrate the HEV and
accumulate in the inﬂamed lymph nodes in a CXCL9- and
E-selectin-dependent manner (Fig.11). Tumor necrosis
factor-α induces systemic CCL3 secretion but also
chemokine up-regulation on HEVs of the lymph nodes

(Yoneyama et al., 2004). Furthermore, lymph noderecruited plasmacytoid DC precursors have helped DCs
in the lymph nodes to induce cytotoxic lymphocytes
in a model of cutaneous herpes simplex virus infection
(Yoneyama et al., 2005).
In rat transplantation models, sentinel DCs in the heart
allografts undergo reverse transmigration via the graft
vessels into the recipient circulation (Saiki et al., 2001a).
Of note, DCs go to not only the spleen but also the liver
and translocate from the liver sinusoid to the hepatic
lymph. This is also the case for the lymph DCs at the
antigen transporting stage when intravenously transferred
(Kudo et al., 1997). In the sinusoid, these cells selectively
bind to Kupffer cells by using macrophage GalNAc
lectin-like receptors (Uwatoku et al., 2001a, b). After
being released from Kupffer cells, these DCs may enter
the Disse's space and migrate to the portal area and ﬁnally
enter the lymphatics.
Recently, we have reported that the rat liver as well as
bone marrow contains a semimature DC population that
can systemically transmigrate through blood vessel walls
of the recipient secondary lymphoid organs ̶not only the
spleen but also lymph nodes and Peyer's patches (Fig.11).
There they quickly mature, and induce the diffuse
intrahost CD8+ T cell responses, which may promote graft
rejection (Ueta et al., 2008). These DCs are distinct from
the lymph DCs or sentinel DCs described above because
the latter do not transmigrate to the lymph nodes or
Peyer's patches from the blood. As blood-borne seeding of
DC precursors to the secondary lymphoid organs has been
recently suggested (Bonasio et al., 2006), this population
might correspond to precursors of the interdigitating DCs.

Unsolved questions and future prospects
There are several crucial questions to be solved in this
research area. First) can lymphocytes enter the blood via
the HEVs in the reverse direction? So far, this reverse
transmigration has not been reported (Mora and von
Andrian, 2006). If yes, this route may become a short
cut for the lymphocyte homing to target organs. Second)
what are the trafﬁcking molecules in the marginal sinus
and metallophilic macrophages of both lymph node and
spleen, and those also in the marginal zone bridging
channel? This will provide us with crucial information
concerning a whole view of trafficking molecules. The
third question is which molecules can decide the homing
property of effector T cells to non-epithelial organs such
as the bone marrow? Further ﬁndings on organ-speciﬁc
trafﬁcking molecules will enable us to treat organ-speciﬁc
diseases such as ulcerative colitis by the regulation of
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pathogenic TEFF and TEM trafﬁcking through blocking of
these molecules. Finally, is the role of the Peyer's patches
different from that of the mesenteric lymph nodes? This
answer will provide important information concerning the
mechanism of the oral tolerance and B cell differentiation
and the role of each organ for these topics.
Acknowledgements
Special thanks to Ms. Junko Sakumoto in her excellent
immunostaining. We are grateful to Drs. Hiroyuki
Yoneyama, Hiromitsu Kimura, and Profs. Taichi Ezaki,
Kouji Matsushima, Masayuki Miyasaka, and Tatsuo
Ushiki for valuable discussions and suggestions. We also
thank Drs. Takuya Tamatani and Yoshikazu Sado, Profs.
Reiji Kannagi, Masayuki Miyasaka, and Frans Kroese for
kindly donating monoclonal antibodies or hybridomas.

References
Azam P, Sankaranarayanan A, Homerick D, Griffey
S, Wulff H: Targeting effector memory T cells with
the small molecule Kv1.3 blocker PAP-1 suppresses
allergic contact dermatitis. J Invest Dermatol 127:
1419-1429 (2007).
Balazs M, Martin F, Zhou T, Kearney J: Blood dendritic
cells interact with splenic marginal zone B cells to
initiate T-independent immune responses. Immunity 17:
341-352 (2002).
Bonasio R, Scimone ML, Schaerli P, Grabie N, Lichtman
AH, von Andrian UH: Clonal deletion of thymocytes
by circulating dendritic cells homing to the thymus. Nat
Immunol 7: 1092-1100 (2006).
Cyster JG: Chemokines, sphingosine-1-phosphate, and
cell migration in secondary lymphoid organs. Annu Rev
Immunol 23: 127-159 (2005).
Gretz JE, Norbury CC, Anderson AO, Proudfoot
AE, Shaw S: Lymph-borne chemokines and
other low molecular weight molecules reach high
endothelial venules via specialized conduits while
a functional barrier limits access to the lymphocyte
microenvironments in lymph node cortex. J Exp Med
192: 1425-1439 (2000).
Hase K, Kawano K, Nochi T, Pontes GS, Fukuda
S, Ebisawa M, Kadokura K, Tobe T, Fujimura Y,
Kawano S, Yabashi A, Waguri S, Nakato G, Kimura
S, Murakami T, Iimura M, Hamura K, Fukuoka S,
Lowe AW, Itoh K, Kiyono H, Ohno H: Uptake through
glycoprotein 2 of FimH(+) bacteria by M cells initiates

19

mucosal immune response. Nature 462: 226-230
(2009).
Iizuka T, Tanaka T, Suematsu M, Miura S, Watanabe T,
Koike R, Ishimura Y, Ishii H, Miyasaka N, Miyasaka
M: Stage-speciﬁc expression of mucosal addressin cell
adhesion molecule-1 during embryogenesis in rats. J
Immunol 164: 2463-2471 (2000).
Ionac M: One technique, two approaches, and results:
thoracic duct cannulation in small laboratory animals.
Microsurgery 23: 239-245 (2003).
Ishikawa H, Naito T, Iwanaga T, Takahashi-Iwanaga H,
Suematsu M, Hibi T, Nanno M: Curriculum vitae of
intestinal intraepithelial T cells: their developmental
and behavioral characteristics. Immunol Rev 215: 154165 (2007).
Katakai T, Hara T, Sugai M, Gonda H, Shimizu A:
Lymph node fibroblastic reticular cells construct the
stromal reticulum via contact with lymphocytes. J Exp
Med 200: 783-795 (2004).
Kotani M, Matsuno K, Ezaki T, Ueda M: The increase in
permeability of postcapillary venules in lymph nodes
subjected to the regional graft-versus-host reaction. Lab
Invest 42: 589-595 (1980).
Kudo S, Matsuno K, Ezaki T, Ogawa M: A novel
migration pathway for rat dendritic cells from the
blood: hepatic sinusoids-lymph translocation. J Exp
Med 185: 777-784 (1997).
Kumamoto Y, Denda-Nagai K, Aida S, Higashi N,
Irimura T: MGL2 Dermal dendritic cells are sufﬁcient
to initiate contact hypersensitivity in vivo. PLoS One 4:
e5619 (2009).
Liu YJ, Grouard G, de Bouteiller O, Banchereau J:
Follicular dendritic cells and germinal centers. Int Rev
Cytol 166: 139-179 (1996).
Matheu MP, Beeton C, Garcia A, Chi V, Rangaraju S,
Safrina O, Monaghan K, Uemura MI, Li D, Pal S, de
la Maza LM, Monuki E, Flugel A, Pennington MW,
Parker I, Chandy KG, Cahalan MD: Imaging of effector
memory T cells during a delayed-type hypersensitivity
reaction and suppression by Kv1.3 channel block.
Immunity 29: 602-614 (2008).
Matsuno K, Ezaki T: Dendritic cell dynamics in the liver
and hepatic lymph. Int Rev Cytol 197: 83-136 (2000).
Matsuno K, Ushiki T: the analogies between splenic
marginal-zone and marginal sinus of lymph nodes.
In: The Lymphatics (in Japanese) (Osamu O, Kato S,
Uchino S, ed). Nishimura Co., Ltd., Niigata, 1997 (p.
68-71).
Matsuno K, Fujii H, Kotani M: Splenic marginal-zone
macrophages and marginal metallophils in rats and
mice. Cell Tissue Res 246: 263-269 (1986).
Matsuno K, Ezaki T, Kotani M: Splenic outer periarterial

20

K. Matsuno et al.:

lymphoid sheath (PALS): an immunoproliferative
microenvironment constituted by antigen-laden
marginal metallophils and ED2-positive macrophages
in the rat. Cell Tissue Res 257: 459-470 (1989).
Matsuno K, Kudo S, Ezaki T, Miyakawa K: Isolation of
dendritic cells in the rat liver lymph. Transplantation
60: 765-768 (1995).
Matsuno K, Ezaki T, Kudo S, Uehara Y: A life stage of
particle-laden rat dendritic cells in vivo: their terminal
division, active phagocytosis, and translocation from
the liver to the draining lymph. J Exp Med 183: 18651878 (1996).
Matsuno K, Nomiyama H, Yoneyama H, Uwatoku R:
Kupffer cell-mediated recruitment of dendritic cells
to the liver crucial for a host defense. Dev Immunol 9:
143-149 (2002).
Mebius RE, Kraal G: Structure and function of the spleen.
Nat Rev Immunol 5: 606-616 (2005).
Mitchell J: Lymphocyte circulation in the spleen.
Marginal zone bridging channels and their possible role
in cell trafﬁc. Immunology 24: 93-107 (1973).
Miyasaka M, Tanaka T; Lymphocyte trafficking across
high endothelial venules: Dogmas and enigmas. Nat
Rev Immunol 4:360-370 (2004).
Mora JR, von Andrian UH: T-cell homing speciﬁcity and
plasticity: new concepts and future challenges. Trends
Immunol 27: 235-243 (2006).
Nicoletti C: Unsolved mysteries of intestinal M cells. Gut
47: 735-739 (2000).
Pellas TC, Weiss L: Migration pathways of recirculating
murine B cells and CD4+ and CD8+ T lymphocytes.
Am J Anat 187: 355-373 (1990a).
Pellas TC, Weiss L: Deep splenic lymphatic vessels in
the mouse: A route of splenic exit for recirculating
lymphocytes. Am J Anat. 187: 347-354 (1990b).
Saiki T, Ezaki T, Ogawa M, Matsuno K: Trafﬁcking of
host- and donor-derived dendritic cells in rat cardiac
transplantation: allosensitization in the spleen and
hepatic nodes. Transplantation 71: 1806-1815 (2001a).
Saiki T, Ezaki T, Ogawa M, Maeda K, Yagita H, Matsuno
K: In vivo roles of donor and host dendritic cells in
allogeneic immune response: cluster formation with
host proliferating T cells. J Leukoc Biol 69: 705-712
(2001b).
Sainte-Marie G, Peng FS: Thymic cell migration in the
subnodular spaces of draining lymph nodes of rats. Cell
Immunol 52: 211-217 (1980).
Sallusto F, Geginat J, Lanzavecchia A: Central memory
and effector memory T cell subsets: function,
generation, and maintenance. Annu Rev Immunol 22:
745-763 (2004).
Shimizu K, Morikawa S, Kitahara S, Ezaki T: Local

lymphogenic migration pathway in the normal mouse
spleen. Cell Tissue Res (2009, in press).
Smith JB, McIntosh GH, Morris B: The traffic of cells
through tissues: a study of peripheral lymph in sheep. J
Anat 107: 87-100 (1970).
Smith ME, Ford WL: The recirculating lymphocyte pool
of the rat: a systematic description of the migratory
behaviour of recirculating lymphocytes. Immunology
49: 83-94 (1983).
Sparshott SM, Bell EB: Lymphocyte trafficking: CD4
T cells with a 'memory' phenotype (CD45RC-) freely
cross lymph node high endothelial venules in vivo.
Immunology 93: 447-454 (1998).
Steer HW: An analysis of the lymphocyte content of rat
lacteals. J Immunol 125: 1845-1848 (1980).
Steiniger B, Timphus EM, Barth PJ: The splenic marginal
zone in humans and rodents: an enigmatic compartment
and its inhabitants. Histochem Cell Biol 126: 641-648
(2006).
Tamatani T, Suematsu M, Tezuka K, Hanzawa N, Tsuji
T, Ishimura Y, Kannagi R, Toyoshima S, Homma M:
Recognition of consensus CHO structure in ligands for
selectins by novel antibody against sialyl Lewis X. Am
J Physiol 269: H1282-1287 (1995).
Ueta H, Shi C, Miyanari N, Xu XD, Zhou S, Yamashita
M, Ezaki T, Matsuno K: Systemic transmigration of
allosensitizing donor dendritic cells to host secondary
lymphoid organs after rat liver transplantation.
Hepatology 47: 1352-1362 (2008).
Uwatoku R, Suematsu M, Ezaki T, Saiki T, Tsuiji
M, Irimura T, Kawada N, Suganuma T, Naito
M, Ando M, Matsuno K: Kupffer cell-mediated
recruitment of rat dendritic cells to the liver: roles
of N-acetylgalactosamine-specific sugar receptors.
Gastroenterology 121: 1460-1472 (2001a).
Uwatoku R, Akaike K, Yamaguchi K, Kawasaki T, Ando
M, Matsuno K: Asialoglycoprotein receptors on rat
dendritic cells: possible roles for binding with Kupffer
cells and ingesting virus particles. Arch Histol Cytol 64:
223-232 (2001b).
Vaage JT, Dissen E, Ager A, Roberts I, Fossum S,
Rolstad B: T cell receptor-bearing cells among rat
intestinal intraepithelial lymphocytes are mainly alpha/
beta+ and are thymus dependent. Eur J Immunol 20:
1193-1196 (1990).
van Ewijk W, Nieuwenhuis P: Compartments, domains
and migration pathways of lymphoid cells in the splenic
pulp. Experientia 41: 199-208 (1985).
Westermann J, Geismar U, Sponholz A, Bode U,
Sparshott SM, Bell EB: CD4+ T cells of both the naive
and the memory phenotype enter rat lymph nodes and
Peyer's patches via high endothelial venules: within the

T cell and DC trafﬁcking in vivo

tissue their migratory behavior differs. Eur J Immunol
27: 3174-3181 (1997).
Westermann J, Bode U, Sahle A, Speck U, Karin N,
Bell EB, Kalies K, Gebert A: Naive, effector, and
memory T lymphocytes efﬁciently scan dendritic cells
in vivo: contact frequency in T cell zones of secondary
lymphoid organs does not depend on LFA-1 expression
and facilitates survival of effector T cells. J Immunol
174: 2517-2524 (2005).
Wilders MM, Sminia T, Plesch BEC, Drexhage HA,
Weltevreden EF, Meuwissen SGM: Large mononuclear
Ia-positive veiled cells in Peyer's patches. II.
Localization in rat Peyer's patches. Immunology 48:
461-467 (1983).
Wilson DB, Marshak A, Howard JC: Speciﬁc positive and
negative selection of rat lymphocytes reactive to strong
histocompatibility antigens: activation with alloantigens
in vitro and in vivo. J Immunol 116: 1030-1040 (1976).
Xu XD, Ueta H, Zhou S, Shi C, Koga D, Ushiki T,
Matsuno K: Trafficking of recirculating lymphocytes
in the rat liver: rapid transmigration into the portal area
and then to the hepatic lymph. Liver Int 28: 319-330
(2008).
Yang CP, Bell EB: Functional maturation of recent
thymic emigrants in the periphery: development of
alloreactivity correlates with the cyclic expression
of CD45RC isoforms. Eur J Immunol 22: 2261-2269
(1992).

21

Yoneyama H, Matsuno K, Zhang Y, Murai M, Itakura
M, Ishikawa S, Hasegawa G, Naito M, Asakura
H, Matsushima K: Regulation by chemokines of
circulating dendritic cell precursors, and the formation
of portal tract-associated lymphoid tissue, in a
granulomatous liver disease. J Exp Med 193: 35-49
(2001).
Yoneyama H, Narumi S, Zhang Y, Murai M, Baggiolini
M, Lanzavecchia A, Ichida T, Asakura H, Matsushima
K: Pivotal role of dendritic cell-derived CXCL10 in the
retention of T helper cell 1 lymphocytes in secondary
lymph nodes. J Exp Med 195: 1257-1266 (2002).
Yoneyama H, Matsuno K, Zhang Y, Nishiwaki T,
Kitabatake M, Ueha S, Narumi S, Morikawa S,
Ezaki T, Lu B, Gerard C, Ishikawa S, Matsushima K:
Evidence for recruitment of plasmacytoid dendritic
cell precursors to inﬂamed lymph nodes through high
endothelial venules. Int Immunol 16: 915-928 (2004).
Yoneyama H, Matsuno K, Toda E, Nishiwaki T, Matsuo
N, Nakano A, Narumi S, Lu B, Gerard C, Ishikawa S,
Matsushima K: Plasmacytoid DCs help lymph node
DCs to induce anti-HSV CTLs. J Exp Med 202: 425435 (2005).
Zhou S, Ueta H, Xu XD, Shi C, Matsuno K: Predominant
donor CD103+CD8+ T cell infiltration into the gut
epithelium during acute GvHD: a role of gut lymph
nodes. Int Immunol 20: 385-394 (2008).

