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Physiological recruitment of lymphocytes from the blood into
lymph nodes and Peyer’s patches is mediated by high endothelial
venules (HEV), specialized blood vessels found in secondary lym-
phoid tissues except for the spleen. The HEV are distinguished
from other types of blood vessels by their tall and plump endothe-
lial cells, and by their expression of specific chemokines and adhe-
sion molecules, which all contribute to the selective lymphocyte
trafficking across these blood vessels. The development of HEV is
ontogenically regulated, and they appear perinatally in the mouse.
High endothelial venules can appear ectopically, for instance in
chronically inflamed tissues. Given that HEV enable the efficient
trafficking of lymphocytes into tissues, the induction of HEV at a
tumor site could potentiate tumor-specific immune responses, and
the artificial manipulation of HEV neogenesis might thus provide a
new tool for cancer immunotherapy. However, the process of HEV
development and the mechanisms by which the unique features of
HEV are maintained are incompletely understood. In this review,
we discuss the process of HEV neogenesis and development dur-
ing ontogeny, and their molecular requirements for maintaining
their unique characteristics under physiological conditions. (Cancer
Sci 2010; 101: 2302–2308)

ymphocyte recirculation is critical for the induction of effi-
cient immune responses because it maximizes the probabil-

ity that lymphocytes will encounter their specific cognate
antigen. Under physiological conditions, naı̈ve lymphocytes
continuously traffic from the blood to lymphoid tissues, includ-
ing the lymph nodes (LN) and Peyer’s patches (PP), through the
walls of specific postcapillary venules, called high endothelial
venules (HEV). In contrast to the flat endothelial cells that line
other types of blood vessels, HEV endothelial cells (HEV-EC)
are almost cuboidal, and they selectively express certain tissue-
specific adhesion molecules and chemokines. The interaction of
these molecules with ones expressed on the lymphocyte surface
leads to the selective trafficking of lymphocytes from the blood
into the LN and PP.(1,2) High endothelial venules are mainly
found in the paracortical and interfollicular areas of the LN and
PP parenchyma, and possess a thick basal lamina, which is sur-
rounded by an intricate stromal network consisting of fibroblas-
tic reticular cells (FRC); this FRC network is thought to support
lymphocyte migration from the HEV into the parenchyma and
further, into the medulla.(3) These morphological and functional
characteristics of HEV appear to be stably maintained under
physiological conditions by tissue-specific environmental fac-
tors, including soluble and ⁄ or cellular component(s) provided
from the lymph.(4) Upon antigenic challenge, the number of
HEV and the expression patterns of HEV-associated genes
change grossly but return to background levels over time,(5–7)

indicating that HEV have the plasticity to differentiate and
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dedifferentiate under certain conditions, and that the tissue
microenvironment surrounding the HEV may have an important
role in these processes.

Although a previous study suggested that HEV endothelial
cells are derived from nonhematopoietic lineage cells,(8) the cel-
lular and molecular bases of the differentiation and proliferation
of HEV endothelial cells during ontogeny are only partially
understood. In this review, we summarize the current knowledge
regarding the process of HEV neogenesis and development dur-
ing ontogeny, and discuss extrinsic and intrinsic factors that
influence HEV development and homeostasis. We also discuss
the possibility of inducing HEV in tumor tissues or tumor-drain-
ing lymph nodes for the purpose of increasing the efficacy of
anti-tumor immunotherapy.

Morphological Features of HEV

Like other kinds of blood vessels, HEV are composed of three
layers: an inner endothelium of a single layer of endothelial
cells; a middle layer of a few pericytes; and an outermost basal
lamina. They also have several distinct characteristics (Fig. 1).
First, the HEV-EC are tall and plump with numerous mitochon-
dria, free ribosomes, multivesicular bodies and a well-developed
Golgi apparatus, suggesting that they have high metabolic activ-
ities.(9) Second, the HEV are surrounded by multiple layers of
pericyte-like cells called fibroblastic reticular cells (FRC). The
FRC sheath, or perivascular sheath, creates a narrow space out-
side the HEV basal lamina, called the perivascular channel,
through which lymphocytes appear to move from the abluminal
side of the HEV to the LN parenchyma.(3) Third, the FRC pro-
duce various extracellular matrix components, including fibro-
nectin, collagen IV and laminins, which form the thick basal
lamina of the HEV. Thus, HEV are easily identified by light
microscopy by their unique cuboidal endothelial cell lining,
thick surrounding basal lamina and sheath of FRC.

High Endothelial Venules-Associated Molecules

The HEV-EC express a number of molecules that play critical
roles in lymphocyte trafficking from the blood into the lympha-
tic system (Table 1). First, peripheral HEV-EC express a group
of L-selectin ligands called peripheral node addressins (PNAd).
PNAd refers to a set of sulfated and glycosylated proteins,
including GlyCAM-1,(10) CD34,(11) endomucin(12) and nepmu-
cin.(13) To produce functional PNAd, HEV must support a series
of specific post-translational events mediated by several
glycosyltransferases, such as Fuc-TVII,(14) b3GlcNAcT-3(15)

and GlcNAc6ST-2.(16) The PNAd is expressed along the entire
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HEV Normal venule
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Fig. 1. The unique morphological features of high
endothelial venules (HEV). The HEV are easily
distinguished from normal venules by their
specialized endothelial cells, the high endothelial
cells, which have a tall and plump shape. A single
layer of high endothelial cells is surrounded by
thick basal lamina composed of fibronectin,
collagen IV, and laminins. The HEV are further
enclosed by concentric layers of fibroblastic
reticular cells.

Table 1. High endothelial venules (HEV)-associated molecules and their possible functions

Molecule Classification Possible functions in lymphocyte trafficking References

MAdCAM-1 Adhesion molecule (expressed in

mucosal and immature HEV)

Integrin a4b7 ligand, control of lymphocyte

rolling and adhesion to HEV

(17)

PNAd (sulfated and glycosylated

molecules, i.e. GlyCAM-1, CD34,

endomucin, nepmucin)

Adhesion molecules L-selectin ligands, control of lymphocyte

tethering and rolling on HEV

(10–13)

ICAM-1, ICAM-2 Adhesion molecules Integrin ligands, control of lymphocyte

firm adhesion to HEV

(2)

Fuc-TVII, b3GlcNAcT-3, GlcNAc6ST2 Enzyme Synthesis of functional L-selectin ligand (14–16)

CCL21, CCL19, CXCL13, CXCL12 Chemokines Activation of integrins, induction of cell

adhesion and migration

(2)

Autotaxin Enzyme Activation of lysophosphatidic acid signaling (19,20)

DARC Chemokine receptor Chemokine immobilization, scavenging? (21,22)

Mac25 ⁄ angiomodulin Growth factor binding protein Regulation of the local concentration of

growth factors ⁄ chemokines?

(22–24)

LRHG ECM and growth factor

binding protein

Regulation of the local concentration of

growth factors?

(25)

DARC, Duffy antigen receptor for chemokines; ECM, extracellular matrix; LRHG, leucine-rich HEV glycoprotein.
HEV lumen and interacts with L-selectin on lymphocytes,
thereby mediating the lymphocyte tethering to HEV-EC, and the
subsequent lymphocyte rolling along the HEV lumen. In mesen-
teric LN and PP, the tethering ⁄ rolling step is mediated by
another addressin, mucosal addressin cell adhesion molecule-1
(MAdCAM-1), which is expressed by HEV-EC and interacts
with a4b7 integrin on lymphocytes.(17)

Second, HEV-EC express a series of chemokines, small
chemoattractant cytokines, which mediate the trafficking, activa-
tion and proliferation of many cell types. Under physiological
conditions, multiple chemokines including CCL21, CCL19,
CXCL10, CXCL12 and CXCL13 are expressed on HEV-EC,
and induce the activation of integrins through specific G-pro-
tein-coupled chemokine receptors expressed on lymphocytes.(2)

Finally, HEV-EC express integrins and immunoglobulin
superfamily adhesion molecules, which support the binding and
migration of lymphocytes across HEV. The chemokines dis-
played in the lumen of HEV also accumulate in the basal lam-
ina, and have been proposed to promote directional lymphocyte
trafficking from HEV into the lymphoid tissue parenchyma.(18)

Besides these molecules, our group and others have identified
molecules that are selectively or preferentially expressed in
HEV-EC by comparing the gene expression profile between
HEV-EC and flat EC; these include autotaxin,(19,20) Duffy anti-
gen receptor for chemokines (DARC),(21,22) mac25 ⁄ TAF(22–24)

and a novel HEV-associated molecule, leucine-rich HEV glyco-
protein (LRHG),(25) although the exact contributions of these
molecules to HEV function remain unclear.
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High Endothelial Venule Development During LN
Neogenesis

Recent ontogenetic studies on mouse LN and PP by Mebius’(26)

group have led to a general model of lymphoid tissue organogene-
sis (Fig. 2). In this model, the earliest event in LN and PP organo-
genesis is initiated by a clustering of ‘‘inducer’’ cells of
hematopoietic origin and ‘‘organizer’’ cells of mesenchymal line-
age.(27) The initial interaction of the two cell subsets is triggered
by CXCL13 produced by the stromal organizer cells at the sites of
lymphoid tissue formation; CXCL13 appears to be induced by ret-
inoic acid and neuronal stimulation.(28) CXCL13 attracts CXCR5-
expressing inducer cells, which produce cytokines essential for
lymphoid tissue organogenesis, lymphotoxin (LT) a1b2. LTa and
LTb are structurally related members of the tumor necrosis factor
(TNF) ligand family, which form a trimer, a1b2, that binds to a
specific receptor LTbR on the cell surface. The LTa1b2 released
by the inducer cells triggers LTbR signaling in the organizer cells,
causing them to produce CXCL13, CCL19 and CCL21, and
results in the further accumulation of lymphoid inducer cells
responsive to these chemokines. In addition, CXCL13 promotes
LTab expression on the surface of inducer cells, which amplifies
the LTbR signaling in stromal organizer cells resulting in a stable
feedback loop for the inducer-organizer cell-cluster formation.
These sequential molecular events eventually give rise to larger
cell clusters, which develop into functional lymphoid organs.(26)

High endothelial venules arise at some point during these
processes and begin to mature functionally. In mice, HEV
Cancer Sci | November 2010 | vol. 101 | no. 11 | 2303
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Fig. 2. Schematic of lymphoid tissue organogenesis and high endothelial venule (HEV) development. Lymphoid organogenesis starts with
expression of CXCL13 from stromal inducer cells in response to retinoic acid (RA) produced by adjacent cells, such as neurons. CXCL13 attract
CXCR5+ LTa1b2

+ lymphoid tissue inducer cells, which leads to the triggering of LTbR on stromal organizer cells. The stimulated organizer cells
produce the chemokines CXCL13, CCL19 and CCL21, resulting in further accumulation of lymphoid inducer cells. After stable cell clustering
occurs, HEV precursors differentiate into mature HEV, induced by interactions with the lymphoid tissue microenvironment.
appear perinatally, and lymphocytes start to accumulate in the
PP and LN at around 18.5 dpc(29) and 1–2 days after birth,(8)

respectively. The final maturation of HEV is accompanied by
the specific expression of the above-described HEV-associated
molecules, which contribute to the robust accumulation of naı̈ve
lymphocytes in the secondary lymphoid tissues.

The study of HEV development in fetal LN and PP has been
hampered by the lack of specific marker molecules for the HEV
present during embryonic stages. One molecule that might be
useful for this is MAdCAM-1, an adhesion molecule that is pref-
erentially expressed by mucosal HEV-EC in adult mice. How-
ever, one study showed that MAdCAM-1 is expressed in most
veins, which lack the morphological phenotypes of HEV, in
early embryos.(30) In addition, in 16.5-dpc mesenteric LN, MAd-
CAM-1 is detected on vascular structures expressing the lym-
phatic endothelial cell marker molecule LYVE-1,(31) suggesting
that MAdCAM-1 is expressed in non-HEV cells at this stage.
Moreover, we recently found that MAdCAM-1+ ⁄ CD34 (pan-
endothelial marker)+ structures are present as cell aggregates but
not as lumen-containing blood vessels in 16.5-dpc mesenteric
LN (Fig. 3A). Furthermore, we found that a certain proportion
of MAdCAM-1+ vascular structures express LYVE-1 but not
CD34 in 16.5-dpc mesenteric LN (MLN); these structures do
not have high endothelial cells and probably represent immature
lymphatic vessels. Therefore, not only does MAdCAM-1 seem
not to be a definitive HEV-specific marker at this stage, but no
HEV can be identified by morphological and ⁄ or phenotypical
criteria before 16.5 dpc.

In MLN at 17.5 dpc, MAdCAM-1 colocalizes predominantly
with CD34, but at 18.5 dpc, two distinct MAdCAM-1+ ⁄ CD34+

and MAdCAM-1) ⁄ CD34+ vascular structures are observed in
the MLN parenchyma. These observations are consistent with
the idea that immature MAdCAM-1+ ⁄ CD34+ vascular EC dif-
ferentiate into HEV-type (MAdCAM-1+ ⁄ CD34+) and non-HEV-
type (MAdCAM-1) ⁄ CD34+) cells between 17.5 and 18.5 dpc in
MLN. During this period, MAdCAM-1+ LYVE-1+ structures,
which probably represent developing lymphatics, are found in
the subcapsular area. In newborn MLN, the HEV-type and non-
HEV-type structures become more prominent, and a consider-
able proportion of the MAdCAM-1+ ⁄ CD34+ structures bear a
high-walled endothelium with a fibronectin-expressing basal
lamina, a hallmark of mature HEV (Fig. 3B). Thus, morphologi-
cally identifiable HEV appear only around birth.

HEV-EC Precursor Cells

Cupedo et al.(8) reported that the subcutaneous injection of new-
born LN-derived cells into mice induced LN-like structures,
2304
which contained HEV and lymphatic endothelium of donor ori-
gin. This study indicated that HEV precursor cells are present in
newborn LN. Although such precursor cells have not been iso-
lated as a distinct cell entity, one possible candidate is the imma-
ture endothelial cells in newborn vascular structures. Our recent
DNA microarray analysis of HEV-EC isolated from newborn
and adult MLN indicated that newborn HEV-EC preferentially
express a variety of angiogenesis-associated genes as well as
those predominantly expressed in endothelial progenitor and
immature endothelial cells (Table 2). The expression of these
genes in HEV-EC precursors may stimulate angiogenesis and ⁄ or
the neovascularization of immature HEV, and may further sup-
port the idea that functional HEV develop during postnatal
stages. The newborn and adult HEV-EC in this microarray anal-
ysis expressed a set of pan-endothelial genes including VEGFR1
and VEGFR2 at high levels, and also a lymphatic endothelial
cell marker gene LYVE1 and VEGFR3 to a lesser extent. This
was probably because the HEV-EC used in this microarray
analysis were predominantly composed of MAdCAM-1+ vascu-
lar EC, but also contained a small number of contaminating
MAdCAM-1+ lymphatic EC, because we isolated the HEV-EC
on the basis of their MAdCAM-1 and CD34 expression (imma-
ture lymphatic EC appear to express MAdCAM-1, as described
above). Alternatively, HEV-EC may predominantly have the
characteristics of vascular EC, yet retain the characteristics of
lymphatic EC to a certain extent, given that HEV-EC and
lymphatic EC are derived from a common progenitor. Further
investigation is required to resolve this issue.

Intrinsic and Extrinsic Signals That Affect HEV
Development

Like other types of precursor cells, HEV-EC precursors must
both receive a number of extracellular signals and integrate
them to generate the intracellular responses involved in line-
age commitment, vascular neogenesis, maturation, and so on.
Although the molecules responsible for the lineage specifica-
tion of HEV-EC are poorly understood, the HEV lineage com-
mitment is likely to be regulated by cell-type-specific
transcription factors that activate genetic programs in the
immature HEV-EC precursor cells. Such HEV lineage deci-
sion appears to occur independently of interactions with lym-
phoid cells, because HEV form normally in T-cell-deficient
and B-cell-deficient mice.(6)

After the lineage commitment, HEV growth appears to be
stimulated by angiogenic factors provided from cellular
components in the lymphoid tissues, such as the CD11c+ den-
dritic cells in LN.(32) In addition, hematopoietic cells and ⁄ or
doi: 10.1111/j.1349-7006.2010.01687.x
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(A)

(B)

Fig. 3. Histological demonstration of high endo-
thelial venule (HEV) neogenesis. (A) In 16.5-dpc
mesenteric lymph nodes (MLN), MAdCAM-1+

vascular structures that express LYVE-1 but not
CD34 are observed (yellow arrowheads), indicating
that lymphatic vessel formation starts at this stage.
From 17.5 dpc onward, most MAdCAM-1+ structures
are CD34+ (white arrowheads). No blood vessels
with a distinct lumen are observed at this time.
In 18.5-dpc MLNs, MAdCAM-1+ ⁄ CD34+ (white
arrowheads) and MAdCAM-1) ⁄ CD34+ (blue
arrowheads) cell aggregates are observed; HEV-type
and non-HEV-type blood vessels appear at this
stage. At this stage, LYVE-1 expression is more
prominent in the subcapsular region, whereas
MAdCAM-1 expression is less prominent. In
newborn MLN, the expression of MAdCAM-1 and
LYVE-1 are geographically segregated. Bars,
100 lm. (B) At 17.5 and 18.5 dpc, the expression of
fibronectin (green) is scattered, and not necessarily
closely associated with MAdCAM-1+ cell aggregates
(red). In newborn MLN, the basal lamina is
prominent around MAdCAM-1+ structures, sugges-
ting that the fibronectin-expressing basal lamina
typically seen in HEV develops prenatally.
lymphocytes may support the final growth and functional
maturation of HEV through interactions between specific adhe-
sion molecules or by providing humoral factors such as cyto-
kines and chemokines. As mentioned above, LTbR-mediated
signaling seems to be important in this process. Drayton
et al.(33) demonstrated that the LTab-LTbR system triggers the
alternative NFjB signaling pathway in an IKKa-dependent
manner, which induces the expression of HEV-specific genes
such as those encoding GlyCAM-1, GlcNAc6ST2, CCL21,
CCL19 and CXCL13. Consistent with this finding, gene knock-
out mice lacking the LTab signaling components IKKa(33) or
NFjB2(34) have only rudimentary LN with poorly developed
HEV; the expression of GlyCAM-1, CD34, CCL19, CCL21 and
CXCL13 in the HEV is also significantly reduced in these mice.
In addition, Stein’s group demonstrated that immunization-
induced HEV remodeling depends on the LTa1b2 signal but not
Hayasaka et al.
the VEGF-A signal, and that the LTa1b2 signals are largely pro-
vided by B cells.(7) On the other hand, analysis of T- or B-lym-
phocyte-specific LTab-deficient mice showed that the HEV
architecture expressing CCL21 is unaffected in these
mutants.(35) This observation suggested that T and B cells do not
necessarily provide the LTab for HEV development ⁄ maturation
and other cell subsets expressing LTab(27) might provide redun-
dant signals.

High Endothelial Venule Development Under Pathological
Conditions

Blood vessels with HEV-like morphology that express HEV-
associated genes are occasionally found in chronically inflamed
non-lymphoid tissues. These HEV-like structures are associated
with lymphoid cell aggregates called tertiary lymphoid organs
Cancer Sci | November 2010 | vol. 101 | no. 11 | 2305
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Table 2. Gene expression analysis of lymph node MAdCAM-1+ and MAdCAM-1) endothelial cells

Gene

Newborn Adult

MAdCAM-1+

EC

MAdCAM-1)

EC

MAdCAM-1+

EC

MAdCAM-1)

EC

HEV-associated genes GlyCAM-1 ) ) ++++ +++

GlcNAc6ST2 + ) ++ )
Autotaxin + + +++ ++

CCL21 + ) +++ ++

Mac25 +++ ++ +++ +++

DARC + + ++ +

Lymphotoxin b receptor ++ + )† +

Lymphatic endothelial cell marker LYVE-1 + + + )
VEGFR-3 (Flt-4) + ) + +

Stem cell marker CD133 ++ ) ) )
Early endothelial cell marker VGFR-2 (Flk-1) ++ + ++ ++

Conventional endothelial cell markers CD34 + + ++ ++

CD31 ++ ) ++ +

VE-cadherin + + + +

Endothelial cell proliferation-related genes FGFR-1 + + ) +

Tie2 +++ ++ ++ ++

VGFR-1 (Flt-1) +++ + +++ +++

CD105 (endoglin) ++ + ++ ++

C57BL ⁄ 6 mouse mesenteric lymph nodes (newborn or 6-week-old females) were dissected and single-cell suspensions of the stromal fractions
were obtained and stained with anti-CD34 and anti-MAdCAM-1 mAbs. CD34+ MAdCAM-1+ and CD34+ MAdCAM-1) cells were enriched by
fluorescence-activated cell sorting and subjected to RNA extraction and microarray analysis. The transcript expression levels were scaled to an
average intensity of 500 units on each chip. ++++, >100 000; +++, >10 000; ++, 1000–10 000; +, 100–1000; ), <100. †Although the signal intensity
was <100 in this assay, protein expression was consistently detected by immunohistochemistry using an anti-LTbR antibody. HEV, high
endothelial venules.
(TLO), which represent highly organized lymphoid tissues
induced by microbial infection, autoimmunity or other patholog-
ical conditions such as atherosclerosis.(36) The TLO have similar
tissue components to the secondary lymphoid organs, such as T-
cell-B-cell compartments, organized B-cell follicles with follic-
ular dendritic cells, lymphatic vessels and HEV, implying that
TLO formation and lymphoid neogenesis share some molecular
mechanisms. In mouse models of ectopic lymphoid neogenesis
induced by chronic inflammation, the expression of LTa or
LTab induces the formation of TLO that include blood vessels
with the morphological characteristics of HEV and express sev-
eral HEV-associated adhesion molecules, such as PNAd and
MAdCAM-1,(37,38) CXCL13, CCL19 and CCL21.(38,39) Consid-
ering that LT ⁄ TNF-signaling regulates lymphoid chemokine
expression in stromal cells as described above,(38–40) LT signal-
ing is likely to up-regulate chemokine expression by stromal
cells and HEV-like endothelial cells in the TLO, which would
promote lymphoid cell accumulation in the tissue, leading to an
increase in the local concentration of lymphoid-cell-produced
growth factors and cytokines that further promote HEV-like
blood vessel development.

Other studies indicate that the expression of lymphoid chemo-
kines is sufficient to induce TLO in a manner dependent on
LTab signaling,(41,42) suggesting that certain lymphoid chemo-
kines function upstream of LTab signaling. For instance,
CXCL13 and CCL19 ⁄ CCL21 can up-regulate the cell-surface
expression of LTab on B cells and naı̈ve T cells, respec-
tively.(42) Here again, a positive feedback mechanism may be
operating between certain chemokines and LTbR signaling, as
proposed for lymphoid tissue neogenesis.(43) The morphogenic
differentiation of normal vessels into HEV appears to occur
independently of the mature lymphocytes in TLO, because HEV
are observed in the chronically inflamed pancreas of rat insulin
promoter-LT transgenic mice that are deficient in RAG-2
expression; these mice are deficient in T and B cells and consti-
tutively express LTa in the pancreas.(37)
2306
Regulators of HEV Homeostasis

The specific properties of HEV-EC, such as their cuboidal
appearance and expression of specific molecules involved in
lymphocyte trafficking, are maintained in lymphoid tissues
under steady-state conditions, but they lose these properties
rapidly upon in vitro culture.(44,45) Thus, the unique properties of
HEV are modulated and maintained by the lymphoid tissue
microenvironment. The molecular mechanisms of HEV mainte-
nance recently began to be elucidated. Browning et al.(46)

showed that the selective HEV differentiation status, such as
having a ‘‘high endothelial’’ morphology and PNAd expression,
are affected by blocking the LTab ⁄ LTbR signal. As described
above, LTab ⁄ LTbR signaling can be triggered by cell–cell con-
tact between LTab-expressing cells (such as B cells) and LTbR-
expressing HEV-EC.

In addition to LTab ⁄ LTbR signaling, soluble factors and ⁄ or
cells released into the LN microenvironment may contribute to
this process. Mebius et al.(47) and Drayson et al.(48) proposed
that lymph-borne factors are important, based on the observation
that the mechanical ligation of afferent lymphatics resulted in
the disappearance of the cuboidal morphology and the down-
regulation of several HEV-associated molecules, such as Gly-
CAM-1.(4) Given that the loss of HEV properties is recovered by
restoration of the afferent lymph flow, the conversion between
HEV-EC and flat EC occurs reversibly. In addition, Duijvestijn
et al.(49) reported that whole-body irradiation also substantially
decreased the average height of HEV-EC in several days and
that subsequent intravenous injection of LN cells into the irradi-
ated animals reversed this effect within a matter of hours, indi-
cating that the HEV-EC morphology is subject to change readily
and that it is regulated by the cells entering the LN. A recent
study by Liao et al.(6) indicates that LTbR signaling may be crit-
ically involved in the maintenance of HEV-EC morphology.

Analyses of the gene expression patterns between differenti-
ated and de-differentiated HEV-EC have provided some insight
doi: 10.1111/j.1349-7006.2010.01687.x
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into the molecular mechanisms of HEV maintenance. For
instance, Lacorre et al.(50) used a microarray approach to com-
pare gene expression between freshly isolated HEV-EC and
their ex vivo cultured counterparts, and found that the expression
of a cluster of genes encoding a variety of transcription factors,
cell-signaling molecules and intracellular effectors rapidly
dropped off in ex vivo culture. Using the same approach, Baek-
kevold et al.(51) identified a nuclear factor, NF-HEV, that was
preferentially expressed in HEV-EC. NF-HEV was recently
reported to be identical to IL-33,(52) an IL-1-like cytokine that
induces T helper type 2 responses, although NF-HEV’s function
in HEV-EC remains unknown.

As described above, our group and others have also identified
several HEV-EC-associated genes by comparing the gene
expression profiles between HEV-EC and flat EC.(21–23,25,53) We
recently expanded this approach, and identified several tran-
scription factors and key regulators of intracellular signaling that
are abundantly expressed in HEV-EC. These genes are highly
expressed in mature HEV-EC, but only weakly in flat or imma-
ture EC (H. Hayasaka et al., manuscript in preparation), indicat-
ing their possible contribution to HEV function. Further
clarification is required to determine whether or not any of these
HEV-EC-associated genes are involved in the homeostatic regu-
lation of the HEV-EC phenotype.

Potential Application to Tumor Immunotherapy

During the last decade, a lot of effort has been made to generate
potent anti-tumor immune responses as an effective immuno-
therapy. The basic strategies of cancer immunotherapy so far
include vaccination with autologous tumor-associated antigens,
stimulation of immune responses by using immune modulators
(such as recombinant interferons, cytokines), and the isolation
and expansion of tumor-reactive T cells for adoptive transfer.
Although some of these strategies induce a detectable
anti-tumor response, they do not control established tumor
growth because the primed T cells do not enter the tumor sites
efficiently.
Hayasaka et al.
To improve the accessibility of primed T cells to a tumor or
to the LN draining a tumor, one idea is to prime naı̈ve T cells
extranodally within a tumor mass and recruit them to the tumor
and tumor-draining LN. Schrama et al.(54) demonstrated that the
treatment of melanoma with a tumor-specific antibody-LTa
fusion protein induced PNAd+ HEV-like blood vessels and
TLO-like lymphoid cell accumulations at the tumor site, where
naı̈ve T-cell priming with tumor-specific antigens and clonal
expansion occurred. As a result, tumor-reactive T cells were
induced, which resulted in the eradication of pulmonary metas-
tasis and subcutaneous tumors. Kirk et al.(55) also reported that
anti-tumor effector cells can be induced extranodally. They
observed a modest but significant tumor regression by directly
injecting dendritic cells (DC), which were genetically modified
to secrete CCL21, into a growing tumor; the DC administration
resulted in a substantial and sustained T-cell infiltration into the
tumor mass and subsequent tumor regression. Furthermore, the
presence of TLO has been positively correlated with prolonged
survival in human lung cancer patients.(56)

Thus, the induction of T-cell infiltration and ⁄ or TLO genera-
tion at tumor sites appears to potentiate anti-tumor responses,
and in this regard, novel methods for manipulating HEV neo-
genesis are urgently needed. Understanding the transcription
factors that initiate HEV development will help us construct
novel strategies for inducing TLO at tumor sites. In addition,
further elucidation of the signaling pathways that induce and
regulate HEV neogenesis of and the factors involved in HEV
maturation and maintenance will also improve our ability to
induce TLO at tumor sites. These HEV-oriented approaches
may offer a powerful strategy for inducing effective cancer-
specific immunotherapies.

Abbreviations

DARC Duffy antigen receptor for chemokines
ECM extracellular matrix
HEV high endothelial venules
LRHG leucine-rich HEV glycoprotein
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