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Abstract
Recirculation of blood lymphocytes through the liver occurs under normal conditions as part of the
process of immune surveillance. In response to injury or infection recruitment from blood increases
and the nature and distribution of the infiltrate will determine the type and outcome of the resulting
hepatitis. Recruitment from blood occurs via the hepatic sinusoids and is controlled by interactions
between circulating lymphocytes and the highly specialised sinusoidal endothelial cells. This is a
low flow vascular bed and the molecular basis of recruitment differs from other tissues. In this review
we outline the molecular basis of lymphocyte recruitment to the liver and the effect on it of the local
tissue microenvironment and how dysregulation of these processes can lead to uncontrolled
inflammation and liver damage.

Introduction
Lymphocyte Homing and Migration

The immune system has developed to respond to foreign antigen in a rapid and specific manner.
A vital part of this process involves lymphocyte recirculation and homing. These complex
systems of lymphocyte trafficking are designed to facilitate both continual immune
surveillance and the ability to recognize foreign antigen wherever it enters the body (Butcher
& Picker 1996). As a result, lymphocytes are continually recirculating between specific sites
and they need to migrate into tissues where antigen is found since they are only activated by
direct contact with pathogen derived antigen (von Andrian & Mackay 2000). A T-cell which
has not encountered antigen previously, termed a naïve T-cell, is programmed to migrate to
secondary lymphoid organs (peripheral lymph nodes, Peyers patches, tonsils, spleen) where it
interacts with dendritic cells which present antigen that they have taken up in the periphery
(Banchereau & Steinman 1998). If the T-cell recognizes the antigen presented by the dendritic
cell it becomes an activated effector T-cell, and gains the ability to migrate to the site of
inflammation as well other areas of the secondary lymphoid tissue to interact with B-cells.
Once the antigen is cleared most T-effector cells die but memory T-cells remain to either patrol
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the peripheral tissue or remain in lymphoid organs (Sallusto et al. 1999) in case of subsequent
reoccurrence of the same antigen challenge.

Throughout the processes described above lymphocytes need to have the ability to cross
vascular barriers from blood into tissue, from tissue into the lymphatics and then back into the
blood. The migration from blood into tissue takes place in post capillary venules (except in the
spleen, lung and liver). In all cases, the key interaction is between the lymphocyte and the
endothelial cell lining the vessel (Springer 1995). Lymphocytes interact with endothelium
under conditions of blood flow by initially tethering and rolling on the vessel wall before
undergoing arrest and transendothelial migration into tissue. This is known as the multi-step
adhesion cascade and distinct families of adhesion molecules and chemotactic cytokines
control which lymphocyte subsets are recruited at a particular site (Springer 1995). Table 1
summarises the major adhesion molecules which play a role in the leucocyte adhesion cascade.
In the initial step known as rolling, lymphocytes are captured from the blood by selectins
(Tedder et al. 1995) or members of the immunoglobulin superfamily (Alon et al. 1995;Berlin
et al. 1995;Lalor et al. 1997) which induce rolling on the vessel wall allowing G-protein coupled
receptors (GPCRs) on the lymphocyte surface to be activated by specific chemokines
sequestered in the endothelial glycocalyx (Adams & Lloyd 1997;Campbell et al. 1996).
Activation of these receptors triggers an intracellular signaling cascade which clusters integrins
on the lymphocyte membrane at sites of contact and alters integrin confirmation to a ‘high
affinity’ state allowing efficient binding to immunoglobulin family receptors on the
endothelium resulting in arrest and firm adhesion to the vessel wall (Campbell et al.
1998;Tanaka et al. 1993). The final step is transmigration through the endothelial layer. This
is a complex and poorly understood process which involves multiple adhesion molecules and
chemokines (Imhof & urrand-Lions 2004). Over the last decade further insights have improved
our understanding of each step of the adhesion cascade (Ley et al. 2007).

Rolling—Capture and rolling adhesion is classically mediated by the selectins (L-selectin, P-
selectin and E-selectin), which bind to glycosylated ligands (McEver & Cummings 1997). L-
selectin is expressed by most leucocytes, whereas E- and P-selectin are predominantly
expressed on endothelial cells. The selectin-ligand interaction involves a ‘catch-bond’
phenomenon in which each bond is strengthened with increasing shear stress (Marshall et al.
2003). In addition a transport phenomenon between selectin ligands and selectins allows the
rolling motion of the cell to generate new bonds before old ones are broken (Yago et al.
2007). In some circumstances capture can be mediated by integrins, particularly α4 integrins
and their endothelial ligands VCAM-1 and MAdCAM-1 (Berlin et al. 1995;Sigal et al.
2000). Selectins and integrins may also cooperate to mediate ‘slow rolling’. Here initial rolling
triggered by engagement of selectins leads to integrin activation and triggering of slow rolling
as evidenced for the β2 integrins, LFA-1 (lymphocyte function-associated antigen 1, αLβ2) and
MAC-1 (macrophage receptor 1, αmβ2) (Dunne et al. 2002).

Activation and Arrest
The arrest of lymphocytes is triggered by chemokines and other chemoattractants that activate
integrins to bind immunoglobulin superfamily members such as intercellular adhesion
molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) on endothelial cells
(Campbell et al. 1996;Campbell et al. 1998). During inflammation, endothelial cells are
activated by cytokines to express adhesion molecules and synthesize chemokines that are
presented on their luminal surface via binding to glycosaminoglycans (GAGs) in the
endothelial glycocalyx (Johnson et al. 2005). The binding of chemokines to GPCRs on the
lymphocyte surface leads to integrin activation via ‘inside-out’ signaling. This induces the
integrin to undergo a conformational change from a bent low affinity state to an extended
conformation which opens up the ligand binding pocket (Arnaout et al. 2005). The pathway
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that leads to this activation has not been completely described but there appear to be three
stages involving phospholipase C (PLC), activation of small GTPases and finally transitional
integrin conformational changes through association with actin-binding proteins such as
Talin-1 (Ley et al. 2007).

Transendothelial Cell Migration
The initial step in migration is crawling on the vessel wall which is integrin-and ICAM-1
dependent (Phillipson et al. 2006;Schenkel et al. 2004). Initiation of transmigration may
involve several mechanisms including chemoattractants acting under conditions of shear stress
and interactions between integrins and endothelial cell ligands (ICAM-1 and VCAM-1) which
stimulate endothelial cells to promote migration. Adherent leucocytes can induce the formation
of ‘docking sites’ or ‘transmigratory cups’ which are rich in ICAM-1 and VCAM-1 (Barreiro
et al. 2002;Carman & Springer 2004). Following this there are two possible routes for
migration, paracellular and transcellular (Figure 1). In the paracellular route, ligation of
adhesion molecules leads to weakening of intra-endothelial contacts. This has been shown for
ICAM-1 ligation which leads to release of intracellular calcium and activation of p38 mitogen
activated protein kinase and Ras homologue (RHO) GTPase which results in opening up of
endothelial junctions (Huang et al. 1993;Millan & Ridley 2005). In addition endothelial
junctional molecules which bind leucocytes such as platelet/endothelial cell adhesion molecule
1 (PECAM 1) and junctional adhesion molecule A (JAM A) are mobilized to junctions and
thereby create a haptotactic gradient which guides leucocytes to the junctional zone (Muller
2003). The molecules directly implicated in migration include immunoglobulin superfamily
members- PECAM-1,ICAM-1,ICAM-2,JAM-A,B and C and endothelial cell–selective
adhesion molecule (ESAM), as well as the non-immunoglobulin molecule CD99 (Ley et al.
2007). Other molecules implicated include poliovirus receptor (PVR, CD155), and several
ectoenzymes, VAP-1 (Vascular adhesion protein-1) and CD157 and leucocyte specific protein
1 (LSP1) (Liu et al. 2005;Reymond et al. 2004;Salmi & Jalkanen 2005). Thus several
interactions must occur in sequence for transmigration to take place as demonstrated by the
fact that blockade of CD99 and PECAM-1 exerts an additive effect on leucocyte transmigration
(Lou et al. 2007;Schenkel et al. 2002).

The transcellular route has been demonstrated in the central nervous system and at sites of
inflammation as well as in in vitro models (Engelhardt & Wolburg 2004;Millan et al. 2006).
It appears to involve a minority of leucocytes (5–20% of cells binding cytokine treated
HUVEC). The pathway involves translocation of apical ICAM-1 to caveolae and F–actin rich
regions and the transport of caveolin-1 to the basal membrane resulting in a channel through
which the leucocyte can migrate (Cinamon et al. 2004;Millan et al. 2006).

The lymphocyte adhesion cascade is the generally accepted pathway by which lymphocytes
interact with endothelium but it is clear that there are specific molecular determinants which
regulate lymphocyte homing to specific tissues. Such tissue-specificity is demonstrated by the
molecular regulation of lymphocyte homing to skin and the intestine which have been described
in recent years (Butcher & Picker 1996;Robert & Kupper 1999). It is tempting to speculate
that tissue-specific signals will also be involved in the liver; certainly recruitment to the liver
involves unusual combinations of adhesion receptors although a truly tissue-specific liver
homing receptor remains elusive (Lalor et al. 2002b).

Lymphocyte Recruitment to the Liver
The human liver contains a significant number of resident lymphocytes, estimated at 1010

(Racanelli & Rehermann 2006). This lymphocyte population is comprised of conventional
lymphocytes (B cells, CD4+ and CD8+ T cells) and unconventional lymphocytes (NK and NKT
cells). During the development of inflammatory liver diseases, lymphocyte recruitment
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increases markedly and the intrahepatic localization of these infiltrating lymphocytes will
determine the nature and severity of disease. For example a parenchymal infiltrate leads to a
lobular hepatitis as seen in viral hepatitis, whereas portal infiltrates around bile ducts are seen
in biliary diseases such as primary biliary cirrhosis and primary sclerosing cholangitis (Lalor
et al. 2002b).

The hepatic vasculature
The liver’s vascular supply has a major effect on hepatic immune regulation. The liver has a
unique dual blood supply. Arterial blood from the systemic circulation via the hepatic arteries
comprises only 25% of the blood supply, the rest coming from portal venous blood which
drains the gut and splanchnic organs. The hepatic artery and portal vein both drain into the
hepatic sinusoids and blood then flows from the portal area into the hepatic venules at the centre
of the hepatic lobule. These venules connect to form the hepatic veins that drain into the inferior
vena cava. A response to infection and injury is characterized by lymphocytes binding to and
migrating across endothelial cells that line the hepatic microvasculature. But the endothelial
cells lining the hepatic microvasculature are not uniform in structure (Aird 2007). The portal
venules and hepatic arterioles are lined by endothelium which is similar to vascular
endothelium but there is still heterogeneity within these vessels. The portal venules are lined
by spindle shaped endothelium which is non-fenestrated but covered with short microvilli. At
the transition from portal venule to the hepatic sinusoid, the endothelium is smooth and large
and contains many actin fibres. This allows the endothelium to act as part of a sphincter which
controls blood flow into the sinusoids. Endothelial heterogeneity is most striking in the hepatic
sinusoids which form a unique capillary bed lined by discontinuous endothelium containing
fenestrae; open pores 100 to 200nm in diameter which make up 6–8% of the endothelial surface,
and lacking a classical basement membrane (Braet & Wisse 2002). This unique architecture is
in part a consequence of the low flow sinusoidal environment, estimated to be 400–450 m/sec
compared with 500–1000 m/sec in other capillary beds. This allows the sinusoidal endothelium
to function as a sieve and the fenestrae to act as dynamic filters for fluids, solutes and particles
(Braet & Wisse 2002).

A unique environment for lymphocyte recruitment
There is now a significant body of evidence that lymphocyte interactions within the hepatic
microvasculature do not conform to the classical pathway of leucocyte adhesion described
earlier (Lee & Kubes 2008) (Figure 2). Intravital experiments show that although leucocytes
are capable of adhesion and migration across different regions of the microvasculature, the
majority adhere to the hepatic sinusoids (Wong et al. 1997). This is unlike leucocyte
extravasation in most other tissues, which usually takes place in the post-capillary venules.
Hepatic sinusoids have several functions which set them apart from other endothelial beds.
They are the primary site for filtration in the liver and also display highly efficient scavenging
function allowing the liver to remove soluble waste molecules and colloids from the circulation
(Smedsrod 2004). This function is mediated by scavenging receptors such as the mannose
receptor and stabilin-2. Thirdly they have an important role in antigen presentation being able
to process and present antigens to both CD4 and CD8 T cells and to tolerize immune responses
to CD8 cells (Knolle & Limmer 2001). In keeping with this unique pattern of receptor
expression, hepatic sinusoidal endothelial cells (HSEC) display differences in adhesion
molecule expression compared with other endothelial cells. A fundamental example is the lack
of expression of P-selectin in vitro or in vivo and the markedly reduced expression of E-selectin
(Adams et al. 1996). Furthermore, there is no upregulation of these receptors on HSEC in
diseases such as PBC (Steinhoff et al. 1993). In contrast portal vascular endothelium does
upregulate selectins in inflammation, highlighting the heterogeneity within the hepatic
microvasculature (Adams et al. 1994).
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Endothelial adhesion molecules involved in lymphocyte recruitment to the liver
Intravital experiments confirmed that lymphocyte recruitment within the hepatic sinusoids was
selectin independent (Wong et al. 1997). In view of these findings, lymphocyte recruitment
was initially thought to be due to ‘physical trapping’ but subsequent studies have demonstrated
that lymphocytes do interact with sinusoidal endothelium via adhesion receptors. ICAM-1 is
constitutively expressed on post-capillary venules and only minimally on true capillaries, in
keeping with the fact that leucocyte adhesion occurs at the post-capillary venules (Iigo et al.
1997) but in the liver the density of ICAM-1 in the hepatic sinusoids is comparable to the
central venules (Iigo et al. 1997). VCAM-1 is not expressed in normal liver tissue but it is
markedly upregulated on sinusoidal endothelium in inflammatory liver diseases (Volpes et al.
1992). Multiple strands of evidence implicate both ICAM-1 and VCAM-1 in lymphocyte
adhesion to hepatic sinusoids. Thus ICAM-1 deficient mice demonstrate reduced leucocyte
adhesion to hepatic sinusoids (Wong et al. 1997) and VCAM-1 has been shown to mediate
lymphocyte capture and adhesion via α4 integrins. In vitro studies with human HSEC show
reduced lymphocyte adhesion to hepatic sinusoids when VCAM-1 and ICAM-1 are blocked
(Edwards et al. 2005;Lalor et al. 2002a).

Non-classical endothelial adhesion molecules in the hepatic sinusoids
ICAM-1 and VCAM-1 play a role in adhesion of leucocytes to endothelium, but the liver
sinusoids also express another adhesion receptor known as VAP-1 which appears to play a
more specific role for lymphocyte recruitment to the liver. VAP-1 is a 170kDa homodimeric
glycoprotein that has monoamine oxidase activity. It is expressed constitutively on hepatic
sinusoids but is absent from other non-inflamed vessels in extralymphoid organs (Lalor et al.
2002a). In vitro, VAP-1 mediates lymphocyte adhesion to human hepatic sinusoidal
endothelium (Lalor et al. 2002a) and in vivo experiments on mice using intravital microscopy
have suggested that VAP-1 regulates the adhesion of certain T-cell subsets (Bonder et al.
2005). VAP-1 has also been implicated in the recruitment of lymphocytes to rodent liver
transplants (Martelius et al. 2004). The precise role of VAP-1 is unclear. It is heavily sialydated
suggesting it might mediate rolling adhesion and treatment of liver endothelium with sialidase
reduces lymphocyte adhesion. However our detailed observations using HSEC monolayers in
vitro under flow suggest liver endothelial cells support little classical rolling and instead VAP-1
may mediate initial tethering interactions. VAP-1 also supports transmigration (see below). In
addition, the enzyme activity of VAP-1 may modulate the function of other adhesion molecules
particularly ICAM-1 and VCAM-1 because provision of substrate to VAP-1 on hepatic
endothelial cell monolayers results in the NFκ-B-dependent upregulation of VCAM-1 and
ICAM-1 which results in enhanced lymphocyte adhesion from flow (Lalor et al. 2007a).

Another adhesion molecule which is widely expressed but appears to play a particular role in
the liver is CD44 which has been shown to mediate sequestration of neutrophils in hepatic
sinusoid during sepsis (McDonald et al. 2008). Unlike in other vascular beds the adhesion of
neutrophils within hepatic sinusoids is independent of selectins. There are numerous molecules
that may potentially mediate selectin-independent tethering in the liver sinusoids including
α4 integrins, VAP-1 and CD44 all of which have been reported to support leucocyte–
endothelial interactions under flow. A recent study examining neutrophil adhesion on hepatic
sinusoids using intravital microscopy suggests that the CD44 ligand hyaluronan is increased
on sinusoids during sepsis where it can support CD44 mediated adhesion. Moreover CD44
alone was necessary and sufficient for reversible neutrophil adhesion within liver sinusoids in
vivo (McDonald et al 2008). This occurred as a consequence of an increased deposition of
serum-derived HA-associated protein on sinusoidal endothelium which enhanced the CD44-
dependent adhesion of leucocytes (McDonald et al. 2008). CD44 has been shown to support
lymphocyte trafficking in other situations but whether it can also support lymphocyte adhesion
to hepatic sinusoids is yet to be defined (DeGrendele et al. 1997).

Shetty et al. Page 5

Toxicology. Author manuscript; available in PMC 2009 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Recent evidence implicates two other receptors in lymphocyte adhesion to hepatic
endothelium, namely the mannose receptor and common lymphatic endothelial and vascular
endothelial receptor-1 (CLEVER-1) (Irjala et al. 2001;Irjala et al. 2003;Salmi et al. 2004). Both
these molecules are part of the scavenger receptor family. The mannose receptor has been
shown to a play a role in endocytic clearance of certain glycoproteins and phagocytosis of
microrganisms by macrophages (Taylor et al. 1990). In addition it appears to modulate the
levels of endogenous proteins which bear high mannose oligosaccharides such as lysosomal
enzymes and tissue plasminogen activator. The extracellular region of the mannose receptor
allows recognition of a diverse range of glycoconjugate ligands (McGreal et al. 2005;Taylor
et al. 1990;Taylor et al. 2005). The receptor was firstly shown to be expressed on afferent and
efferent lymphatic systems but not on high endothelial venules (HEVs). A role in lymphocyte
homing was then suggested by blockade of the mannose receptor which led to a significant
decrease in lymphocyte binding in a static in-vitro assay. The mannose receptor is also a
counter–receptor for L-selectin, which has already been shown to play an important role in
lymphocyte trafficking within HEVs (Irjala et al. 2001;Irjala et al. 2003).

CLEVER-1 (also known as FEEL-1 and Stabilin-1) is a large glycoprotein which is made up
of multiple EGF-like repeats, tandem fasciculin-like domains, a proteoglycan link protein-like
sequence and 2 RGD motifs (Salmi et al. 2004). Like the mannose receptor it has scavenger
receptor properties and has been shown to internalize modified LDLs, whole bacteria and
advanced glycation end products (Politz et al. 2002;Tamura et al. 2003). Recent studies have
shown that CLEVER-1 is expressed constitutively by lymphatic endothelium and during
inflammation by vascular endothelium. This was followed by the demonstration that
CLEVER-1 mediates lymphocyte adhesion and migration through cultured lymphatic
endothelium (Salmi et al. 2004). Both mannose receptor and CLEVER-1 have been
demonstrated to be expressed on hepatic sinusoidal endothelium and another related molecule
stabilin-2 or FEEL-2 has been shown to mediate lymphocyte adhesion to sinsuoidal endothelial
cells, thus adding to the molecules potentially involved at this site (Jung et al. 2007).

In some inflammatory conditions hepatic endothelium can be induced to express the endothelial
adhesion molecule MAdCAM-1 which is normally confined to mucosal endothelium in the
bowel (Briskin et al. 1997). It plays a critical role in the compartmentalization of lymphocyte
trafficking by recruiting gut-specific mucosal lymphocytes. However in immune-mediated
liver diseases that complicate inflammatory bowel disease MAdCAM-1 can be induced in the
liver by as yet unknown factors, with the result that mucosal T cells are recruited to the liver
where they drive immune mediated damage. MAdCAM-1 is absent from normal liver
endothelium and not induced in most other inflammatory diseases (Hillan et al. 1999).

Chemokines involved in lymphocyte recruitment to the liver
As discussed above, chemokines play a critical role in several steps of the adhesion cascade
involving triggering of integrin-mediated adhesion and migration responses. Chemokines are
crucial for lymphocyte trafficking to the liver and particular chemokines secreted by liver cells
contribute to the compartmentalization of lymphocyte recruitment within the liver (Figure 3).
The CCR5 ligands CCL3–5 are strongly expressed in vascular endothelium within portal tracts
where they mediate lymphocyte recruitment in a range of inflammatory diseases including
graft versus host disease, immune mediated liver disease and graft rejection (Goddard et al.
2001;Murai et al. 1999). Lymphocytes are also found within normal portal tracts and basal
levels of some of these chemokines may support trafficking of lymphocytes through the non-
inflamed liver. One of the critical events in the progression of injury in hepatitis is infiltration
of the parenchyma, either as a component of interface hepatitis and extension of portal
inflammation or as direct lobular infiltration in lobular hepatitis. Lymphocyte recruitment into
the parenchyma via inflamed hepatic sinusoids is a feature of progressive liver injury in chronic
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viral infection and autoimmune disease and is associated with strong expression of the CXCR3
ligands CXCL9–11 on sinusoidal endothelium (Harvey et al. 2003;Shields et al. 1999). These
chemokines are not only secreted by endothelium but also by cholangiocytes, hepatocytes and
stellate cells in the inflamed liver. Whatever their source they can be presented on sinusoidal
endothelium. For example the process of transcytosis allows chemokines produced by stellate
cells or underlying hepatocytes in the local microenvironment to be transported from the
basolateral to the luminal surface of the endothelium, or chemokines secreted by ‘upstream’
cholangiocytes can be captured by retention in the proteoglycan-rich endothelial glycocalyx
(Curbishley et al. 2005). Further evidence that CXCR3 ligands are important for lymphocyte
infiltration into the liver come from several studies showing that lymphocytes isolated from
inflamed human liver parenchyma express high levels of CXCR3 and migrate to CXCR3
ligands in vitro (Harvey et al. 2003;Narumi et al. 1997;Shields et al. 1999). In vitro human
experiments show that activation of CXCR3 on lymphocytes by its ligands promotes
lymphocyte adhesion and transmigration across HSEC (Curbishley et al. 2005). In vivo
experiments suggest that CXCR3 and its ligands play a significant role in recruitment of virus
specific CD8+ T cells to the murine liver (Hokeness et al. 2007).

A significant proportion of liver-infiltrating lymphocytes in inflamed liver tissue also express
the chemokine receptor CXCR6. These cells include CD4, CD8 and NKT cells. The CXCR6
ligand is a transmembrane chemokine CXCL16 expressed by cholangiocytes and hepatocytes
in inflamed liver and sinusoidal endothelium in normal liver (Heydtmann et al. 2005). CXCR6
has been shown to mediate trafficking of NKT cells in murine sinusoids (Geissmann et al.
2005) and the increased expression of CXCL16 on inflamed epithelial cells led us to suggest
that it may act to localize and retain effector lymphocytes at epithelial cells such as infected
hepatocytes in viral hepatitis (Heydtmann et al. 2005). Another chemokine that is highly
expressed on inflamed endothelium is CCL28. This chemokine was originally isolated from
the gut but is widely expressed at mucosal surfaces throughout the body. We detected increased
expression of CCL28 on inflamed endothelium, cholangiocytes and hepatocytes in a variety
of liver diseases and found increased numbers of T cells expressing the CCL28 receptor,
CCR10 in the inflamed human liver (Eksteen et al. 2006). However to our surprise a high
proportion of these cells were phenotypically and functionally regulatory cells; they were CD4
+ and CD25high, expressed FoxP3 and suppressed naïve T cell activation in vitro. When
compared with Treg in blood the CCR10+, liver-derived Treg expressed high levels of CXCR3
and low levels of CCR7 suggesting they have a tissue infiltrating phenotype and leading us to
propose that they also use CXCR3 to enter the liver but then localized in inflamed bile ducts
using CCR10.

Further evidence for the important role of chemokines in liver inflammation is the suggestion
that aberrant homing of mucosal T-cells to the liver underlies the pathogenesis of primary
sclerosing cholangitis (PSC) (Adams & Eksteen 2006). This is supported by the finding of
CCL25, which is usually present in the gut, on hepatic endothelium in PSC and its role in
promoting the recruitment of lymphocytes bearing its receptor, CCR9 (Eksteen et al. 2004).

In addition to a role in recruitment to the liver, chemokines are also important for exit of effector
cells via lymphatics out of tissues (Bromley et al. 2005;Debes et al. 2005). We observed that
a subset of liver infiltrating lymphocytes express the lymph node homing receptor CCR7. The
expression of CCR7 and L-selectin on central memory cells enables them to traffic to lymph
nodes via HEV (Campbell et al. 2001a;Campbell et al. 2001b), however the liver-infiltrating
CCR7+ T cells we described expressed low levels of L-selectin, which distinguishes them from
classical central memory cells and precludes them from entering lymph nodes via HEV. We
suggest that CCR7 is involved in trafficking to and from the liver, a possibility that is supported
by the presence of the CCR7 ligands CCL19 and CCL21 on CD31+/CD34+ neovessels and
portal lymphatic vessels in inflamed liver tissue. The presence of CCL19 on the abluminal
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aspect of lymphatic vessels and CCL21 on sinusoidal endothelium is consistent with a role in
promoting exit from tissue into the lymphatics (Grant et al. 2002) and suggests that CCR7
ligands provide a route for CCR7+ lymphocytes to exit the liver to regional lymph nodes
(Heydtmann et al. 2006).

Transendothelial migration across the hepatic sinusoids
Lymphocyte transmigration across sinusoidal endothelium again involves different receptors
compared with those implicated in transmigration through vascular endothelium. The tight
junctions of vascular endothelium express PECAM/CD31 which has been shown to mediate
leucocyte transmigration (Ley et al. 2007). Liver sinusoidal cells lack tight junctions and
express lower levels of CD31 than vascular endothelium and blocking CD31 in mice does not
inhibit neutrophil extravasation in the liver (Chosay et al. 1998). Additional experiments using
both knockout mice and blocking antibodies suggested that junctional adhesion molecule A
(JAM-A) mediated neutrophil transmigration but did not play a role in T-cell migration
(Khandoga et al. 2005). The precise molecular basis of lymphocyte transmigration across
sinusoidal endothelium is not known but in vitro studies using flow-based transmigration
assays have suggested a role for distinct combinations of receptors. Thus ICAM-1 and LFA-1
are implicated as they are in other vascular beds, but in addition there is an important role for
VAP-1 which not only mediates adhesion, but also drives transmigration of adherent
lymphocytes under flow (Lalor et al. 2002a). This molecule is constitutively expressed in the
liver and is not regulated by the same proinflammatory signals as ICAM-1 and VCAM-1. It is
not yet clear how VAP-1 mediates adhesion and transmigration and the nature of its leukocyte
ligand is not clear. Lalor et al., have also shown that the enzymatic activity of VAP-1 can
mediate NFκ-B-dependent activation of human HSEC leading to expression of adhesion
molecules and chemokines (Lalor et al. 2007a). These factors as well as the finding that
circulating levels of VAP-1 are significantly increased in chronic inflammatory liver diseases
makes this molecule an attractive therapeutic target for such conditions (Lalor et al. 2007b).
Figure 4 summarises the molecular determinants of lymphocyte recruitment on the hepatic
sinusoids.

The role of other cells in the hepatic microenvironment
Traditionally, studies of lymphocyte trafficking have focused on lymphocyte endothelial
interactions and in terms of the liver we have concentrated on the hepatic sinusoidal
endothelium. But these cells exist in a complex multi-cellular microenvironment where other
cells types and signals will influence behaviour of the endothelium via paracrine interactions.
This is particularly relevant in the liver where cells such as Kupffer cells, stellate cells and
hepatocytes are in close proximity to sinusoidal endothelium. These cells are capable of
secreting cytokines and other inflammatory mediators that may influence interactions between
lymphocytes and hepatic endothelium.

Kupffer cells, the resident liver macrophages, patrol the hepatic sinusoids ready to phagocytose
foreign particles. Activation of Kupffer cells leads to the release of cytokines and other factors
(oxygen radicals, Platelet activating factor) which have the ability to promote leucocyte
adhesion (Granger 1997). Kupffer cells may also have a physical role in leucocyte adhesion
by promoting the trapping of leucocytes within the sinusoids (Jaeschke & Smith 1997).
Furthermore interactions between kupffer cells and other liver cell types profoundly effects
their behavior and secretion of cytokines (Alabraba et al. 2007). Kupffer cells may also regulate
recruitment directly by providing adhesive ligands as has been shown for dendritic cells
(Matsuno et al. 2002;Uwatoku et al. 2001).

Stellate cells are fibroblasts situated in the space of Disse and are the central mediators of
matrix formation during liver injury and fibrosis (Friedman 2008). It is likely that they also
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play a direct role in the inflammatory process (Safadi et al. 2004). They are known to secrete
chemokines and have been shown to express cell adhesion molecules important for lymphocyte
adhesion such as ICAM-1 and VCAM-1 (Knittel et al. 1999;Smith et al. 1997). Our own
unpublished data show that stellate cells and activated liver myofibroblasts can support
lymphocyte adhesion and promote migration suggesting to us that they may be critical
regulators of post-endothelial migration and positioning of cells within the liver parenchyma.

Hepatocytes can also have direct effects on sinusoidal endothelium to promote adhesion. In
vitro studies demonstrated that co-culture of human HSEC with hepatocytes led to increased
expression of adhesion receptors and this was associated with levels of lymphocyte adhesion
equivalent to those seen following stimulation by inflammatory cytokines (Edwards et al.
2005). These effects were not only due to secretion of soluble mediators because the maximum
effects were seen when cells were co-cultured in physical contact. Thus secretion of growth
factors and cytokines and contact-dependent conditioning will both be involved in determining
how sinusoidal endothelial cells respond to paracrine interactions within the sinusoids. Further
co-culture experiments will help to clarify the influence various resident cells have on HSEC
and their role in lymphocyte recruitment.

The route taken by trafficking lymphocytes
We have discussed the major determinants of lymphocyte homing to the liver. Clarifying this
process is not only crucial in understanding the pathogenesis of many liver diseases but also
the immune regulation within the normal liver. The precise anatomical route of lymphocytes
entering and trafficking through the liver is poorly understood but detailed in vivo studies
recently published shed important light on this. It has been clear for many years that
lymphocytes are continually migrating from blood into tissue and then into the lymphatic
system. The recirculation of lymphocytes was proven by demonstrating the depletion of
lymphocytes in experimental animals by the continuous removal of lymph from a thoracic duct
fistula (Gesner & Gowans 1962). One of the best described routes is within the lymph node
where naïve lymphocytes continuously home to T cell areas via high endothelial vessels
allowing them to interact with dendritic cells which have entered the lymph node via the
afferent lymph vessels. If the lymphocytes are activated they are imprinted with receptors that
allow them to migrate via blood to peripheral tissues whereas lymphocytes which do not
recognize antigen leave the lymph node via the efferent lymph vessels into the thoracic duct
(von Andrian & Mempel 2003).

The liver, with its large population of resident lymphocytes, is also patrolled by continual
trafficking of lymphocytes from blood which then return from the liver into hepatic lymph
nodes via lymphatics in large numbers (Xu et al. 2008). This is in keeping with the large antigen
load that the liver receives from the gut and the periphery. In terms of where exactly
lymphocytes enter from blood into liver tissue, the exact route is still not clear. Recent studies
in a rat model provide further insight into the route taken by lymphocytes within the liver (Xu
et al. 2008). Using a model where the hepatic lymph nodes were either removed or ligated the
authors showed that the transit time within the liver was approximately 3–4 hours, but
lymphocytes appeared within the portal area within 0.5 hours. Their studies suggest that most
lymphocytes enter via the sinusoids in the periportal regions with the subsequent route taken
determined by signals received from the hepatic environment. Lymphocytes may then either
exit the liver via lymphatic vessels located in the hepatic portal area to hepatic lymph nodes
or be retained within the liver to carry out immune surveillance in the non-inflamed liver or as
effector cells in the context of inflammatory disease. Once the lymphocytes enter the liver, the
signals which mediate their retention are unclear. As discussed above interactions with
epithelial cells or stromal cells may be important, but an additional structure develops during
some forms of chronic hepatic inflammation that may act as a portal for ongoing recruitment
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and retention. Neovessels are formed in the portal tracts which are similar to high endothelial
venules seen in lymphoid tissue (Garcia-Monzon et al. 1995) and in both animals and humans
they can become organized into ‘portal tract associated lymphoid tissue’ (PALT) (Grant et al.
2002;Yoneyama et al. 2001). These tertiary lymphoid follicles within the portal tract include
discreet T and B cell areas and contain dendritic cells and stromal cells. The development of
this tissue provides an ideal environment for recruitment and retention of lymphocytes within
the liver, and appears to be partly explained by the presence of CCL19 and CCL21 in such
lymphoid follicles in chronic inflammatory liver disease. In secondary lymphoid tissues
CCL19 and CCL21 lead to the recruitment and organization of naïve T-cells and dendritic cells
and they have been implicated in the formation of tertiary lymphoid tissues in chronic
inflammation as part of the process of lymphoneogenesis. Such structures provide potential
targets for anti-inflammatory treatment, particularly anti-TNF therapy and diseases such as
PBC and PSC that are associated with PALT should in theory respond to such biological
therapy (Grant et al. 2002).

Conclusion
Our understanding of lymphocyte homing and trafficking has evolved hugely in the last few
years, and insights into organ-specific recruitment pathways provide insights into disease
pathogenesis. Significant advances have been made in our comprehension of hepatic
lymphocyte recruitment, how this differs from recruitment to other organs and how the
processes are modulated in inflammatory liver disease. Further work is required to identify the
molecular basis of recruitment via the hepatic microvasculature and how the hepatic
microenvironment influences and drives disease processes. The determinants of lymphocyte
recruitment to the liver may well represent therapeutic targets for inflammatory liver diseases,
which may provide a means of preventing the pathological progression to fibrosis and cirrhosis,
without disturbing physiological lymphocyte recruitment.
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Figure 1.
Schematic representation of two pathways that may be taken by leucocytes during
transmigration across endothelial layers. The paracellular route involves loosening of
endothelial tight junctions (maintained by VE-cadherin) and migration of the leucocyte through
the junction by binding to adhesion molecules ( PECAM-1 and JAM-A). In the context of the
liver we believe that VAP-1 also plays a significant role in this process. The transcellular route
involves interaction with ICAM-1 on the endothelial surface which leads to a channel forming
through the endothelial cell by the formation of VVOs (vesiculo-vacuolar organelles). This
channel is supported by cytoskeletal proteins such as actin.
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Figure 2.
Schematic representation of adhesion cascade within the hepatic sinusoids- The low shear
environment allows selectin independent recruitment with a brief rolling step leading to firm
adhesion. The final step is transmigration through the specialised endothelial layer. There are
many factors which influence this process by modulating the expression, secretion and
presentation of adhesion molecules and chemokines. It is becoming clear that the
microenvironment plays a significant role and the cellular cross-talk between kupffer cells,
hepatocytes, stellate cells and the endothelium allows paracrine interactions to alter the
molecules expressed and presented.
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Figure 3.
Summary of chemokines involved in the pathogenesis of liver disease. Lymphocytes can be
recruited across the portal endothelium and this appears to be mediated by the chemokines
CCL3–5, which are ligands for CCR5. Recruitment across sinusoidal endothelium is mediated
by the chemokines CXCL9–11 as well as CXCL16. In some forms of chronic hepatic
inflammation there is neovessel formation within the portal tracts which has characteristics of
lymphoid tissue. This has been termed portal associated lymphoid tissue (PALT) and has been
shown to be associated with the chemokines CCL19 and CCL21 which are ligands for CCR7.
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Figure 4.
Molecular determinants of lymphocyte recruitment to the sinusoids. VAP-1 is expressed in
both the normal and inflamed liver and appears to play a role in the brief rolling step and
transmigration. ICAM-1 mediates firm adhesion and is present in the normal liver but there is
increased expression in the inflamed liver where there is also a role for VCAM-1 in firm
adhesion. ICAM-1 binds to the integrin αLβ2 and VCAM-1 binds to the integrin α4β1. The
interferon inducible chemokines CXCL9–11 and the chemokine CXCL16 appear to play an
important role in the recruitment to the hepatic sinusoids in the inflamed liver. CXCL9–11 are
ligands for the chemokine receptor CXCR3 and CXCL16 binds to CXCR6. CXCR3 and
CXCR6 have both been found on liver infiltrating lymphocytes.
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Table 1
Summary of the major molecular determinants of the leucocyte adhesion cascade

Molecule Expression Role in Adhesion Cascade

L selectin Leucocytes Rolling

P selectin Endothelial cells and Platelets Rolling

E selectin Endothelial cells Rolling

Selectin Ligands

Sialyl Lewisx Various cells regulated by fucosyl transferase VII Ligand for all selectins which is presented on the
following molecules :

PSGL-1 Leucocytes Main ligand for P-selectin but binds all selectins

PNAd High endothelial venules Ligand for L-selectin

CLA Skin homing leucocytes Ligand for E-selectin

β2 Integrins Firm adhesion and transmigration

αL β2 Leucocytes

αM β2 Myeloid cells

α4 Integrins Rolling and Firm Adhesion

α4 β1 Leucocytes except neutrophils

α4 β7 Gut homing leucocytes

Immunoglobulin Superfamily

ICAM-1 Increased expression on endothelial cells with
cytokines

Ligand for β2 Integrins: firm adhesion and
transmigration

ICAM-2 Constitutive on endothelium Ligand for β2 integrins: firm adhesion and
transmigration

VCAM-1 Induced expression on endothelial cells with
cytokines

Ligand for α4 Integrins: rolling and firm adhesion

MAdCAM-1 High endothelial venules on gut associated
lymphoid tissue

Ligand for L-selectin and rolling and α4 β7: firm
adhesion

PECAM-1 Endothelial cells and leucocytes Transmigration

JAM A,B,C Endothelial cells Transmigration

PSGL-1, P-selectin glycoprotein ligand 1; PNAd, Peripheral-node addressin; CLA, Cutaneous lymphocyte antigen; ICAM-1, Intercellular adhesion
molecule 1; ICAM-2, Intercellular adhesion molecule 2; VCAM-1, Vascular cell adhesion molecule 1; MAdCAM-1, Mucosal vascular addressin cell
adhesion molecule 1; PECAM-1, Platelet-endothelial cell adhesion molecule 1; JAM, Junctional adhesion molecule.
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