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The three Rs: Recruitment,

of leukocytes in the liver

Hayley A McNamara and Ian A Cockburn

Retention and Residence

The composition of leukocytes in the liver is highly distinct from that of the blood and lymphoid organs. In particular, the liver is
highly enriched in non-conventional T cells such as natural killer T (NKT) cells, y8 T cells and mucosal-associated invariant

T cells. In addition, there are significant populations of tissue-resident NK cells (or innate lymphoid cells (ILC1)) and memory
CD8* T cells. These cells are joined in conditions of inflammation by neutrophils, monocytes and macrophages. In recent years a
multitude of studies have generated insights into how these cells arrest, move and remain resident in the liver. This new
understanding has largely been due to the use of intra-vital microscopy to track immune cells in the liver, coupled with gene
expression profiling and parabiosis techniques. These studies have revealed that leukocyte recruitment in the liver does not
correspond to the classical paradigm of the leukocyte adhesion cascade. Rather, both lymphoid and myeloid cells have been
found to adhere in the liver sinusoids in a platelet-dependent manner. Leukocytes have also been observed to patrol the hepatic
sinusoids using a characteristic crawling motility. Moreover, T cells have been observed surveying hepatocytes for antigen
through the unique fenestrated endothelium of the liver sinusoids, potentially negating the need for extravasation. In this review
we highlight some of these recent discoveries and examine the different molecular interactions required for the recruitment,
retention and—in some cases—residence of diverse leukocyte populations within the liver.
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IMMUNOSURVEILLANCE BY THE LIVER
The liver has a unique role in defense against blood borne pathogens.
It is the largest internal organ, and every minute ~30% of the total
blood volume of the body passes through it.! Blood enters the liver via
the hepatic artery (~20%) and the portal vein (~80%), which enables
screening for systemic and gut-based pathogens.? Once blood enters
the liver it circulates through a complex vascular network comprised
of capillary-like vessels, called sinusoids. Within the sinusoids blood
flow is reduced, flowing at a rate of ~ 100—400 pm s~';® this, coupled
with the sinusoids’ unique endothelial structure, maximizes the
opportunity for pathogen detection by immune cells within the liver.
The structure of the liver contains several cell types, almost all of
which have immune functions that have been reviewed in more detail
previously.> The dominant parenchymal cells of the liver are the
hepatocytes, whose main functions involve protein synthesis, neutra-
lization of toxic compounds and nutrient metabolism.> Each hepato-
cyte is separated from the blood flow solely by a unique fenestrated
endothelium that contains sieve-like open pores, which allow the
ready exchange of large macromolecules and even direct contact
between hepatocytes and cells within the sinusoids.*> This fenestrated
endothelium is formed by specialized liver sinusoidal endothelial
cells (LSECs) that can also have a variety of immune functions and
have the capacity to act as antigen-presenting cells.® LSECs constitu-
tively express adhesion molecules including intercellular adhesion

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 and vascular
adhesion protein-1 (VAP-1) at levels usually found in inflamed tissue.”
In addition to LSECs, the liver harbors a large population of tissue-
resident macrophages called Kupffer cells that adhere to LSECs and
remain stationary in the vasculature. This localization allows Kupffer
cells to capture bacteria as they flow through the blood, unlike
other macrophages that do not take up pathogens under flowing
conditions.> One study has found that depletion of Kupffer cells
resulted in 100% mortality following infection with a normally
sub-lethal dose of Listeria monocytogenes,® demonstrating the critical
role they can have in controlling bacteraemia. Finally, hepatic stellate
cells are cells that reside between LSECs and hepatocytes in an
extracellular region called the space of Disse. These cells are primarily
involved in lipid storage, though there is evidence that they may have a
role in presenting antigen to lymphocytes within the liver, particularly
natural killer T (NKT) cells and CD8* T cells.?

In addition to these cells that comprise the liver structure, the liver
also harbors large numbers of migratory leukocytes. Even in baseline
conditions, the livers of both humans and mice are highly enriched in
NKT cells, y8 T cells and CD8" T cells, particularly memory CD8*
T cells compared with the peripheral blood.!*'? The human liver in
particular, is also highly enriched in mucosal-associated invariant
T cells whose role is reviewed elsewhere in this issue.!* In inflamma-
tory conditions, these cells are joined by neutrophils, CD4* T cells and
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monocytes. Interestingly, however, the recruitment of cells to the liver
does not follow the classical leukocyte adhesion cascade seen in other
endothelial tissues.*!4~16 The leukocyte adhesion cascade is a stepwise
process in which cells are initially captured from circulation by
selectin-mediated interactions, after which their speed is decreased
further as they roll along the endothelial surface via tethering to
selectins, and once arrested they begin the process of extravasation
into the parenchyma via integrin-mediated interactions.!” As selectins
have been determined to be dispensable for trapping immune cells
within the liver,!>10 it appears that a combination of low blood flow,
and in many cases platelet-mediated interactions, seems sufficient
for leukocyte arrest.»!8 Once recruited even ‘resident’ cells such as
NKT cells and CD8" tissue-resident memory T cells (Try) often
remain in the hepatic sinusoids rather than extravasating into the
parenchyma.'®?® These cells may nonetheless be able to efficiently
survey hepatocytes for cognate antigen across the sinusoidal endothe-
lium and thus may not need to extravasate.»> In this review we will
examine the behaviors of these various motile leukocyte subsets within
the liver, in particular the molecular interactions that facilitate their
recruitment to the liver and their motility and residence once inside
this organ. As words such as ‘motility’ and ‘residence’ are typically
used quite loosely in the literature, we define what we mean by such
terms and others in Table 1.

RESIDENCE AND BEHAVIOR OF LYMPHOCYTE POPULATIONS
IN THE LIVER

NKT Cells

One of the most notable components of the intrahepatic lymphocyte
population is the significant enrichment of non-conventional T cells
including NKT cells and y8 T cells.'%!> Though relatively little work
has been done on the motility and residence of y8 T cells, NKT cells
have been extensively investigated, particularly in murine models.?-2?
NKT cells are lymphocytes that express a restricted set of af T-cell
receptors as well as NK cell markers. Notably they recognize antigens
presented on CD1d, which enables them to directly recognize foreign
lipids and glycoproteins that are not presented via MHC Class I. There
are two main classes of NKT cells; Type 1 NKT cells, which express an
invariant TCR « chain (Val4- Jal8 in mice, Va24-Ja18 in humans),?*
and Type 2 NKT cells that possess a more varied TCR repertoire. Type
1 NKT cells are the dominant subtype within mice, while humans
have a markedly increased proportion of Type 2 NKT cells.>>2°
Despite comprising fewer than <1% of lymphocytes in peripheral
blood and various other organs, NKT cells comprise up to 30% of

Table 1 Definitions of terms used for leukocyte migration

intrahepatic lymphocytes in mice.”” In humans the frequency of
NKT cells within the liver is lower, comprising ~ 1% of intrahepatic
lymphocytes; however, this is still one of the highest organ-specific
frequencies of NKT cells, which only account for 0.01-0.1% of human
peripheral blood leukocytes.?® Importantly, the recruitment of
NKT cells to the liver is not a transient effect due to inflammation
or exposure to microbial products (for example, lipopolysaccharide
(LPS)), as they are retained even within the livers of germ-free mice in
the absence of pathogen exposure.?’

Direct evidence of liver residency can be established using parabiosis
experiments, in which congenic mice are surgically conjoined in order
to share the same circulatory system. A seminal NKT parabiosis study
revealed that although most lymphocyte populations recirculated
within the blood and are exchanged between the parabionts, liver
NKT cell populations remain within the liver of their mouse of
origins, suggesting that these are long-term residents of the liver.??
This parabiosis data are not inconsistent with an older hypothesis that
NKT cells (and other lymphocyte populations enriched in the liver)
accumulate there because they are retained due to interactions
between specific adhesion molecules.'®3? In this model the entry rate
of liver-tropic lymphocytes far exceeds their exit rate, leading to their
accumulation. These cells are then lost from the liver mainly as a result
of cell death, rather than recirculation to other tissues.!®3°

NKT cells have recently been found to express many of the same
genes found in populations of Tgry CD8" T cells, further supporting
the hypothesis that these are a bona fide-resident population.’! These
genes have been suggested to constitute a ‘core signature’ of tissue
residency—a universal transcriptional program responsible for the
retention of tissue-resident lymphocyte populations—which is under
the control of two related transcription factors, Hobit and Blimp1.3!
Despite this, the mechanism of residence in the liver for NKT cells
appears to differ from the mechanism of retention of many tissue-
resident CD8* T-cell populations. Although many Try require the
integrin CD103 for maintaining residence,»3* NKT cell residency in
the liver appears to be dependent upon interactions between
lymphocyte functional antigen-1 (LFA-1) and ICAM-1.?* In parabiotic
pairs of mice there is very limited exchange of NKT liver cells between
naive mice, but simultaneous treatment with blocking antibodies anti-
ICAM-1 and anti-LFA-1 disengaged these cells from the livers and
allowed them to freely move into the partner parabiont.”? This data
complements older data suggesting that high levels of LFA-1 are
required for the homing of thymus-derived NKT cells to the liver.?!
Furthermore, NKTs characteristically express very high levels of

Term Definition
Motility The movement behavior of cells within the liver parenchyma/sinusoids.
Homing The organ-specific recruitment of leukocytes, often mediated by specific expression of homing receptors on leukocytes (that is, adhesion molecules) and

proteins on the vascular endothelium. However, as most cells arrive in the liver sinusoids passively via the circulation, they cannot strictly be said to ‘home’ to
the liver. A notable exception to this is the homing of macrophages to sites of inflammation in the liver from the peritoneal cavity.

The process by which leukocytes are retained in the liver following the upregulation of adhesion molecules by hepatic stromal cells or leukocytes already
present in the liver.

Recruitment

Retention Any process by which cells cease to circulate freely and thus remain in liver either temporarily or permanently (see residence). Retained cells may be arrested
in the sinusoids, crawling in the sinusoids or may extravasate and migrate to sites of inflammation or infection.

Residency Residency of cells in a particular organ is defined by the inability of cells to recirculate (as often demonstrated with parabiosis experiments).

Crawling Manner of leukocyte motility characterized by movement along endothelial cells independent of blood flow, elongation of the leukocyte and pseudopod
protrusions.

Patrolling Crawling behavior that is not directed, rather it is characterized by a type of random walk as the cells search for antigen.

Arrest Process of causing leukocytes to arrest on the endothelial wells via specific molecular interactions to be retained in the sinusoids.
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LFA-1, which appears to be under the control of the transcription
factor promyelocytic leukemia zinc finger protein.?> Collectively, these
studies provide evidence to support the classification of NKT cells as
true liver-resident population.

In addition to their residency, another notable feature of liver
NKT cells is their characteristic crawling behavior within the hepatic
sinusoids as distinct from how cells move in the classical leukocyte
adhesion cascade.?’ In a seminal imaging study, the behavior of
NKT cells was followed in mice in which the CXCR6 gene had been
replaced by GEP.2° In the livers of heterozygous Cxcr6*/8% mice almost
100% of NKT cells expressed GFP, and 75% of GFP* cells were
NKT cells. In the absence of antigen these crawling GFP* cells
appeared to ‘patrol’ the sinusoids, as they moved independently
of blood flow, frequently changing their direction of movement.
However, upon injection of the NKT antigen a-galactosylceramide,
the cells ceased patrolling and arrested in the sinusoids. This
a-galactosylceramide treatment confirmed the cells being tracked were
NKT cells, and not the small percentage of other GFP* cells. Analysis
of Cxcr68%/8® mice (which lack CXCR6 altogether) showed that
CXCR6 itself is involved in the recruitment and survival of NKT cells
in the liver, but does not influence their sinusoidal migration.?’ The
mechanism of crawling used by these cells has not been investigated;
however, it may be dependent upon LFA-1: ICAM-1 interactions as
in vitro studies have shown how lymphocytes can crawl on ICAM-
1-coated surfaces by cytoskeletal rearrangement entirely induced by
LFA-1: ICAM-1 binding.>+>

NK Cells
In addition to the population of tissue-resident NKT cells, the liver
also harbors a substantial population of NK cells in both mice and
humans.?® Of these cells a population of tissue-resident NK cells
(trNK), which are distinct from conventional NK cells (cNK) found in
the blood and spleen, have been defined within the livers of mice.?!3
An equivalent population has also been identified in humans, defined
as CD56MCD16™ cells.3738 These liver trNK cells (a type of group 1
innate lymphoid cell, (ILC)) can be distinguished from ¢NK by their
expression of the molecule CD49a, which associates with CD29 to
form the B; integrin very late antigen.>® Mouse liver trNK have also
been found to share the same core gene transcriptional signature as
NKT cells and many CD8" Try.?! As with NKT cells, murine para-
biosis experiments have shown that liver trNK cells do not recirculate
between parabionts, whereas their cNKs counterparts readily equili-
brate between the congenic counterparts.>®

The molecular mechanism for trNK cell liver-specific residency is
undefined. However, given that like NKT cells, trNK cells—but not
cNK cells—express the transcription factor promyelocytic leukemia
zinc-finger protein, LFA-1-mediated retention could also have a role
in their residency in the same manner as for NKT cells.>**° In humans
the CD56"CD167, but not CD56' c¢NK, liver populations express
high levels of CXCR6 and CCR5, and it has been suggested that these
molecules may help hold these cells in the sinusoidal niche perhaps by
providing key survival signals.>”#! Interestingly, although trNK are
partly defined by their expression of the integrin very late antigen-1
upon their surface, the role of this molecule in residence and
migration has not been investigated. Very late antigen-1 on lympho-
cytes has previously been implicated in binding collagen and the
extracellular matrix;*>*® as such future intra-vital imaging studies may
be required to examine the motility of this subset of cells.
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CD8" T cells

Like NKT cells, CD8% T cells are highly enriched within the liver
compared with the blood or lymphoid organs of both humans and
mice.!%!! The accumulation of CD8" T cells within the liver was
traditionally thought to be due to the liver functioning as a T-cell
‘graveyard’, for the final fate of a cell following an immune response.**
However, from recent studies it is becoming clear that viable CD8*
T cells not only migrate through the liver, but form long-lasting
resident populations, especially against hepatic pathogens.!?314>
Utilizing the lymphocytic choriomeningitis virus infection model
and transgenic lymphocytic choriomeningitis virus-specific P14
CD8" T cells, Steinert et al® studied the CD8" T-cell memory
response in various non-lymphoid organs including the liver. Prior to
killing, 4-5 months post-infection mice were injected iv. with an
a-CD8a antibody in order to differentiate memory CD8% T cells
located within the vasculature and the parenchyma of different
non-lymphoid organs.*> Tyy are conventionally considered to be
located within the non-lymphoid organs parenchyma, while effector
memory cells (Tgy) circulate throughout the blood. Other factors
used to differentiate the memory subsets were markers such as CD69*
and CD103" (though this study found them to be imperfect indicators
of residency), and the anatomic location of cells via quantitative
immunofluorescence microscopy. Strikingly, it was observed using
parabiosis that within the liver more than 35% of vascular, a-CD8a-
labeled cells, were Try. Collectively these findings demonstrated that
there are resident memory CD8" T cells in the liver, but that these
cells did not have to extravasate from the circulation to remain in this
organ.®

Complementing the lymphocytic choriomeningitis virus studies, the
residency of CD8" T cells in the liver has also been established and
explored in a murine model following Plasmodium (malaria) infection.
Utilizing PbT-I transgenic T cells, which recognize an antigen expre-
ssed by the Plasmodium parasite at multiple life stages, a population of
liver Trym was found after immunization of mice with attenuated
parasites. PbT-I liver Tgy were defined as CD69*KLRG1 cells to
distinguish them from circulating PbT-1 Tgy that were CD69
“KLRG1M.!Y Crucially, parabiosis studies confirmed that the CD69*
KLRG1™ population of cells was a bona fide Tgy; populations. These
Tru were also found to be retained in the liver upon adoptive transfer
to naive hosts.!” Finally, microarray analysis confirmed that the
CD69"KLRG1!® Tgy; shared the core gene signature of many other
well-established Tgy; populations in other organs.!®314¢ Although
there has been interest in the commonalities between different tissue-
resident populations (the so-called 'core signature' of residency),
it will be of interest to examine the different characteristics of resident
populations within the liver (including NKT and trNK cells)
compared with resident populations found in other organs.

In addition to residency, the motility of both effector and memory
CD8* T cells within the liver has been well studied in recent intra-vital
imaging studies.*'>*” In vitro-activated effector CD8" T cells were
recently shown to move throughout the liver by patroling the luminal
walls of the sinusoids in a manner akin to NKT cells and distinct again
from the classical leukocyte adhesion cascade.* This sinusoidal
migration occurred at speeds of ~ 10 pm min~! and was completely
independent of blood flow, though upon recognition of cognate
antigen presented by hepatocytes, the CD8% T cells ceased crawling
and became arrested.* In agreement with previous work® the CD8*
T cells appeared to be capable of recognizing antigen presented by the
hepatocyte itself by putting protrusions through the fenestrated
endothelium of the liver.* The behavior of effector CD8" T cells in
the presence of a hepatic pathogen has been imaged in real-time in the
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Figure 1 Lymphocytes within the sinusoidal microenvironment. The sinusoids are lined by specialized liver sinusoidal endothelial cells (LSEC), which are
fenestrated and allow interactions to occur between lymphocytes in the sinusoidal blood and hepatocytes. The largest subsets of lymphocytes within the liver
are NKT cells and CD8* T cells, which both migrate along the luminal surface of LSECs independent of the blood flow. NKT cells are retained within the
liver via LFA-1:ICAM-1 interactions (a), whereas CD8* T cells are initially captured from circulation via platelets (b; HA, hyaluronic acid) and interact with a
variety of adhesion molecules on LSECs. Other liver resident cells include Kupffer macrophages, which are primarily situated on LSECs in the sinusoids, and

hepatic stellate cells that reside within the space of Disse.

case of Plasmodium infection.*” In this case effector CD8" T cells were
similarly found to be arrested around infected hepatocytes; interest-
ingly, once a CD8" T cell had located an infected hepatocyte it appears
to recruit other effector CD8% T cells within the liver to the local
region to form T-cell ‘clusters’ around the infected cell.*’ This process
is directed by a positive-feedback loop, with each CD8* T cell entering
the cluster recruiting more T cells.*’ This feedback loop is likely to
involve specific chemokines, as it could be inhibited by blockade of
G-protein coupled receptor signaling using pertussis toxin.*”

In addition to the behavior of effector CD8" T cells, the motility of
CD8* Tgy and CD8* Try cells in the liver was compared following
Plasmodium sporozoite immunization.!® In these experiments PbT-I
mice were crossed either to Cx3crI8%P/* mice to label Tgy; populations
or Cxcr68P'* mice to label Tyy populations; these GFP*-expressing
mice were selected, as the respective markers had previously been
established to be differentially expressed on CD8" Tgy; and CD8" Try
within the liver.!” Interestingly, CD8" Tgy; cells were rounded up and
transiently trapped in the liver sinusoids, or were flowing through the
sinusoids with the blood flow. On the other hand, the Ty cells
appeared elongated and crawled similarly to NKT cells.!*2° While we
are learning increasing amounts about CD8* T-cell behavior in the
liver, the exact mechanism for how CD8" T cells migrate throughout
the sinusoids independently from the blood flow still remains to be
defined.

The role of chemokines in the recruitment of CD8" T cells to the
liver has also been studied. In particular, CXCR6 has been suggested to
be important for the homing of CD8* T cells to the liver, as CXCR6 is
expressed on many CD8% T cells in the liver, in particular Tgy.
Moreover the chemokine CXCLI16 is expressed abundantly on
LSECs.2% In humans, lymphocytes infiltrating the liver in Hepatitis
C infection were found to express high levels of CXCR6, along with
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CXCR3 and CCR5.% In agreement with this hypothesis CXCR6-
deficient lymphocytes were found not to be retained in the liver in a
model of graft versus host disease.*” However a subsequent study
using the Plasmodium infection found that the defect in CXCR6-
deficient CD8* T cells was not in their ability to home to the liver,
rather CXCR6 was found to be a crucial factor for maintaining
memory CD8' T cells within the liver.® This is perhaps not
surprisingly as in most cases leukocytes do not need to specifically
'home' to the liver, as circulating cells will pass through the liver
multiple times per hour. Rather the key interactions may be those that
facilitate the retention, survival and residence of CD8" T cells.

The mechanism for the recruitment and retention of CD8% T cells
within the sinusoids is still unclear. Early studies suggested that
activated, but not naive, lymphocytes might be retained in the liver as
a result of the exposure of asioglycoconjugates on the surface of these
cells, resulting in interactions with the Ashwell-Morel lectin, which is
highly expressed on hepatocytes.”! More recent studies have shown
that CD8* T-cell binding to LSECs appears to be independent of the
selectin-mediated rolling that is essential for the initial slowing down
of T cells from the blood flow in the classical leukocyte adhesion
cascade (Figure 1b).%>2 Rather, it has been found that CD8" T cells are
initially arrested in the liver by binding (via an unknown mechanism)
to platelets, which use CD44 to adhere to hyaluronic acid (HA) on
LSECs (Figure 1).4 Activated CD8* T cells appear to be retained within
the liver via interactions with ICAM-1 when there is local antigen
presentation, while vascular cell adhesion molecule-1 has been
implicated in retaining CD8" T cells in the absence of antigen
presentation.” However, surprisingly other studies have found block-
ade of B, integrins, which bind to ICAM-1, does not appear to affect
effector CD8* T cell recruitment to the liver;? it has also been observed
that LFA-1-deficient mice have normal numbers of liver CD8* T



cells.?2 Thus, the role of B, integrins in the retention and residence of
CD8" T cells in the liver is unclear.

CD4" T cells

CD4" T cells are present in the liver at markedly reduced numbers
compared with their CD8" counterparts,lo’30 nevertheless, in inflam-
matory conditions the discrepancy between T-cell subsets diminishes
in the liver, as the proportion of CD4" T cells increases.>> This
difference in retention of CD4* T cells and CD8" T cells suggested
that different molecular interactions might be important for the
recruitment of these different T-cell types. In agreement with this
many studies have highlighted a role for VAP-1 in the retention of
CD4*, but not CD8" T in the liver.#3>>*6 VAP-1 is already
constitutively expressed in the liver sinusoids at elevated levels, but
its expression is increased in various inflammatory liver conditions in
humans and in mouse models of inflammation.>*>® In these
inflammatory conditions CD4" T cells that enter the liver are retained
in the sinusoids and post-sinusoidal venules. Intriguingly, the mole-
cular mechanism for adhesion differs between the Thl and Th2
subtypes of CD4" T cells. It was determined that Th1 cell retention is
mediated by the oyp; integrin, whereas Th2 cells adhere via interac-
tions with VAP-1.>* Notably, all CD4" T cells were retained
independently of interactions with P-selectin, which has been found
to be critical in the trafficking of Thl cells to inflamed skin, and is
expressed highly in the inflamed liver.>*

Given the roles of VAP-1 in mediating CD4+ T-cell recruitment to
the liver, and roles of these cells in liver inflammation there is intense
interest in developing inhibitors of this molecule.”” However, this is
complicated by the fact that the mechanism of action of VAP-1 is
unclear.’® In addition to being present on the surface of hepatic
stromal cells, VAP-1 can exist in a soluble form, which is present in
elevated amounts in various inflammatory liver conditions.”®* VAP-1
can also act as an enzyme with monoamine oxidase activity, which
may allow soluble VAP-1 to facilitate leukocyte migration in the liver
through the catalytic generation of reactive oxygen species. To test this
mice were generated with an enzymatically inactive form of VAP-1; in
these mice CD4" T-cell infiltration in the liver was significantly
reduced in a mouse model of non-alcoholic steatohepatitis, demon-
strating that targeting the enzymatic activity of VAP-1 may be useful
therapeutically.®® However, antibody blockade of VAP-1 away from
the catalytic site also reduced leukocyte infiltration (including CD4+
T-cell infiltration) in various mouse models of liver inflammation.>®
Collectively these data suggest that VAP-1 may facilitate leukocyte
recruitment and retention by multiple mechanisms.

MIGRATION AND RECRUITMENT OF MYELOID CELLS IN THE
LIVER

In addition to the range of resident lymphocyte populations that patrol
the liver, small numbers of myeloid cells are present in the hepatic
circulation in the steady state.®® However, during infection or sterile
inflammation these numbers can increase substantially. In many cases
there are similarities between the motility of lymphocyte and myeloid
cell populations. Both neutrophils and monocytes can crawl within the
hepatic sinusoids in a process mediated by interactions with platelets
and B, integrins.®2 However, neutrophils can display a range of
other migratory behaviors in the liver, utilizing a variety of different
molecular interactions. Monocytes also use a variety of different
molecules for crawling, chemotaxis and arrest in the liver. Perhaps
most surprisingly, it has recently been shown that incoming myeloid
populations do not have to come from the blood stream but can home
to the liver from the peritoneal cavity (Figure 2a).®
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Recruitment and retention of neutrophils
Although neutrophils have distinct roles in clearing both viruses and
bacteria from the circulation,®*¢ they can also be mediators of organ
failure and immunopathology.®”%® They have also been implicated in
tissue damage following sterile insults such as drug-induced toxicity
and ischemic injuries.®*””! By studying the motility of neutrophils in
the different conditions of infection and inflammation, it has become
clear that they can interact with LSECs and other immune cells,
especially platelets, in diverse ways.!®6672 Depending on the exact
conditions of inflammation, different molecules are up and down-
regulated on the surface of the endothelium and the neutrophils
themselves, resulting in different patterns of motility. In conditions of
sterile inflammation neutrophils crawl toward inflammatory stimuli,
in some cases leading to extravasation, which can cause tissue damage
and pathology.®>”3 On the other hand during infection neutrophils
can arrest within the sinusoids where they remain sessile and
participate in the trapping of microbes.'>%67

To study the behavior of neutrophils during sterile injury in the
liver, a model was developed in which a necrotic focus is created by
thermal injury to the organ surface.®? This results in a core of necrotic
cells, surrounded by a ring of largely intact tissue that nonetheless has
low blood flow (Figure 2b).°? In this model, the number of
neutrophils increased by at least 10-fold from baseline, 4h after
injury.®? The neutrophils crawled through the sinusoids in a highly
directed manner toward the site of injury.®? This crawling was
dependent upon the f, integrin Mac-1, as blockade of this integrin
—but not LFA-1—stopped the motility of the cells, reducing their
velocity from around 6 pm per minute to 2 pm per minute. The
guidance of neutrophils toward injury appears to be an exquisitely
tightly controlled process. Mac-1-mediated neutrophil crawling was
found to be aided by IL-1B-mediated upregulation of ICAM-1.5% The
initial directionality of neutrophils toward the site of inflammation
was driven by CXCR2 expression allowing the cells to follow a MIP-2
gradient to the edge of the low blood flow area. At this point,
formylated peptides direct neutrophil migration toward the necrotic
focus via the formyl peptide receptor.®?> These signals overrule the
CXCR2 signals that would otherwise hold the neutrophils just outside
the area of injury.”? Accordingly, blockade or knockout of this
receptor results in the cells being unable to enter the site of injury.®?
More recently it has been shown that this entry of neutrophils into the
necroptotic foci is preceded by platelets, which accumulate in the
unperfused region surrounding the tissue damage itself. The platelets
are not responsible for vessel obstruction; rather they carpet the
surfaces of the vessels and facilitate neutrophil crawling. In the absence
of platelets neutrophils are unable to traverse the unperfused zone and
enter the actual site of injury.!8

In contrast, the migratory behavior of neutrophils and platelets in
the liver is very different in conditions of infection or LPS-induced
inflaimmation.!”> In LPS-treated mice, neutrophils arrest in the
sinusoids though they do not apparently crawl.”? Although neutrophils
undergo classical selectin-mediated rolling and p,-integrin-mediated
arrest in post-sinusoidal venules, the arrest of neutrophils in the
hepatic sinusoids has long been known to be independent of
selectins.*"1¢ In the absence of other data it was initially hypothesized
that the neutrophils were merely physically trapped in these
vessels.”>’® However, a systematic examination of several candidate
molecules revealed that CD44 ™/~ mice lack neutrophil accumulation
in the sinusoids following LPS challenge.!> Moreover, anti-CD44
treatment can flush neutrophils from these vessels, reversing
neutrophil-induced pathology.!> CD44 mediates binding of neutro-
phils to the sinusoids but not the post-sinusoidal vessel, as only the
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Figure 2 Migration of myeloid populations in the liver following sterile injury. (a) In a well-established model of sterile injury a small, defined inflammatory
focus can be induced by thermal injury. (b) Platelets are then recruited that pave the fenestrated endothelium to allow the migration of neutrophils; these
neutrophils that initially follow a CXCL2 gradient to the edge of the site of injury and are subsequently recruited into the site of injury following a N-formyl
peptide gradient. (¢) CCR2* monocytes also display patrolling behavior in the sinusoids and require CCR2 to enter the site of necrosis. (d) Having entered the
site of injury CCR2™ monocytes are observed to upregulate CX3CR1 potentially to facilitate tissue repair. (e) F4/80 macrophages from the peritoneal cavity

can also migrate in a CD44-dependent manner into the liver.

sinusoidal endothelium is coated with its HA ligand. Although CD44
can cycle between high- and low-binding conformations,”” LPS
treatment did not affect the ability of neutrophil CD44 to bind HA.
Rather, systemic LPS treatment appeared to increase the affinity of HA
on the endothelial surface for CD44 by inducing the binding of serum-
derived HA-binding protein,'> which enzymatically alters HA, increas-
ing its avidity for CD44 allowing the recruitment of neutrophils.”

Like LPS treatment or bacteraemia, delivery of blood-borne virus
results in the arrest of neutrophils in the liver.® As with LPS
treatment, in a poxvirus infection model the neutrophils similarly
arrested on the sinusoidal walls without displaying patroling behavior,
though in this instance the arrest was mediated by Mac-1, not CD44,
on the neutrophils.®® In conditions of both bacterial sepsis and
viraemia, neutrophils arrested in the sinusoids produce neutrophil
extracellular traps in order to facilitate the clearance of circulating
bacteria or virus.®®’? During Gram negative bacterial infection the
induction of neutrophil extracellular traps appears to be critically
dependent upon the binding of platelets to the arrested neutrophils,
which appears to occur via interactions with LFA-1.7? Inhibition of
neutrophil extracellular traps formation either by platelet depletion or
using LFA-1-deficient mice resulted in enhanced Escherichia coli
bacteraemia, but decreased tissue pathology.”?

The need to maintain a balance between control of pathogens and
immunopathology implies a requirement that neutrophil arrest and
migration in the liver is tightly regulated. Clearly neutrophils display
different patterns of behaviors depending on the role they are playing
in the liver. Notably, when protecting the liver itself from damage
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(as in sterile injury models) they crawl in a manner akin to the NKT
and tissue-resident CD8* T cells described above. Similarly to T-cell
migration, the migration of neutrophils when crawling appears to be
dependent upon [, integrin interactions following platelet-mediated
trapping.'#%2 On the other hand, when acting as blood filters for
systemic infections, they arrest on the sinusoidal endothelium, either
via CD44 or Mac-1 and trap bacteria or virus by producing neutrophil
extracellular traps.!>%672 This bifurcation of behavior is incompletely
understood, however, it has been shown that LPS treatment results in
a variety of changes to both the neutrophils and the endothelial
surfaces that favor arrest rather than crawling. Not only does LPS drive
neutrophil arrest in the sinusoids by enhancing the levels of high-
binding HA, but also by decreasing levels of ICAM-1 in the sinusoids
thereby reducing the probability of B, integrin interactions.”® Further-
more, LPS also induces IL-10 production, which downregulates
Mac-1 expression on neutrophils.”> By downregulating Mac-1 expres-
sion, IL-10 may limit pathology by preventing neutrophils from
extravasating, where they can cause damage through excessive infla-
mmation, and are of little use in removing pathogens from the
blood.”

Recruitment and migration of monocytes

In addition to neutrophils, monocytes are also recruited to the liver in
conditions of both sterile inflammation and infection.®®>7° In addition
to their well-known roles in the control of infection and tissue repair,
monocyte populations have recently been shown to form
a niche for the proliferation of CD8" T cells in the liver by providing



co-stimulatory signals via OX40.8° Murine blood monocytes are
typically divided into CX3CRIMCCR2™GR1™ and CXCR3°CCR2
*GR1™ populations, which respectively correspond to CD14°CD16*
monocytes and CD14*CD16™ monocytes in humans.®! CXC3CR1M
cells have been shown to patrol the luminal surface of blood vessels in
the skin and gut in an LFA-1-dependent manner,*? whereas CCR2*
monocytes—often referred to as inflammatory monocytes—are
usually sequestered in the bone marrow but rapidly migrate to sites of
inflammation.?>%* Although CX3CRI1M monocytes are not seen at
baseline in the liver, small populations of CCR2* cells are present in
mice.’! The role of CCR2* monocytes has been well studied in
infection and inflammation; in particular, CCR2* monocytes have
been known to have a role in clearing the Gram negative bacterium
L. monocytogenes from the blood stream and liver.®> Early studies in
mice showed that antibody blockade of Mac-1 prevented monocyte
accumulation in the liver, and allowed bacterial titers to increase
resulting in significant mortality.®¢

Closer investigation of the key molecules required for the recruit-
ment of CCR2* monocytes to the murine liver following
Listeria infection revealed that CCR2 itself is not required.”’
In this study monocytes in the liver migrated very rapidly
(~20 pm min~!) compared with neutrophils (~6 pmmin~!) or
T cells (~10 pm min~!) and both anti-CD44 and anti-Mac-1 anti-
bodies could block this motility within the liver. A role for Mac-1:
ICAM-1 interactions was further supported by the fact that ICAM-1 is
highly upregulated in the sinusoids surrounding foci of infection.”
Once at the site of infection these CCR2" monocytes converted to
TNF and iNOS producing DCs, which may control the infection
directly.”” Tt has subsequently been shown that this early
pro-inflammatory response gives way to an IL-33-mediated response
that favors tissue repair by inducing the inflammatory monocytes to
differentiate into tissue-resident macrophages.’” These macrophages
ostensibly replace the sessile fetal-derived Kupffer cells that die in large
numbers during Listeria infection in the liver.5

Migration of CCR2* monocytes into the liver has also been seen in
sterile inflammation models. The retention of GR1"CCR2" monocytes
in the liver was observed after following carbon tetrachloride-induced
liver injury.®® CCR2 7™/~ mice had greatly reduced infiltrates and mice
did not display the same degree of fibrosis as wild-type mice. In this
situation, as in Listeria infection, CCR2 was found to be critical for the
egress of these monocytes into out of the bone marrow rather than
their accumulation in the liver.”>#® The motility of CC2* monocytes
was directly imaged in CCR2-RFP mice in the thermal injury model.
In this case large numbers of CCR2* cells were seen even at baseline
migrating within the sinusoids, though few of these were monocytes.®!
Upon injury the CCR2* monocytes accumulated around the edge of
the injury (in contrast to neutrophils that rapidly entered the injury
site®?). Subsequently, they were able to enter the necroptotic focus in a
manner that was CCR2-dependent (Figure 2c). Further studies using
dual reporter mice revealed that the CCR2* monocytes differentiated
into CX3CRIM monocytes once inside the inflammatory focus
(Figure 2d).°" CX3CR1" monocytes are believed to have an alternative
activation phenotype characterized by the production of IL-10, which
would be consistent with a role in tissue repair during tissue
injury.828% These data are paralleled in a human study, in which it
was found that inflammatory monocytes expressing (CD14"CD167)
could differentiate into CD14MCD16* monocytes, which were more
immunoregulatory, leading to their accumulation in the livers of
humans with various disease etiologies,”® However, it was also
suggested that CD16" monocytes could be recruited directly into the
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inflamed human liver from the circulation in a manner dependent on
CX5CRI and VAP-1.°!

Classically, monocytes in the liver are considered to be recruited
from the circulation, however, a recent study using the thermal injury
model has shown that macrophages may also enter the liver directly
from the peritoneal cavity (Figure 2e).> Although CCR2"™ monocytes
were recruited to sites of injury over a period of several hours,
a population of F4/80 macrophages was seen to directly enter the site
of injury within an hour of the insult being delivered. These cells were
not derived from Kupffer cells, which remained sessile even after
injury; rather they were derived from a population of large peritoneal
macrophages that express GATAG6. These cells eschewed a chemokine/
B, integrin mode of migration, instead migrating in response to
pyrogens in a CD44-dependent fashion.®

CONCLUDING REMARKS

It has long been known that leukocytes adhere in the liver in unique
ways, resulting in a distinct immune cell composition within this
organ. However, until recently it was unclear if cells such as NKT cells
and memory CD8" T cells were truly resident in the liver, and how
they behave in the hepatic environment. The application of intra-vital
microscopy has led to a new understanding of how these cells migrate
within the liver, whereas parabiosis experiments suggest that these cells
are truly resident in the liver.!%?345 Finally, gene expression profiling
has shown that these cell populations share a core signature of 'tissue
residency’ not only with each other but with tissue-resident cell
populations in other tissues.!!

What is particularly remarkable about the residency of these cells is
that they appear to be mostly present in the sinusoids, that is, within
the vasculature. For NKT cells this vascular residency is apparently
dependent upon LFA-1,%% though for the other cell populations the
key adhesion molecules for residency have not been determined. The
fact that lymphocytes do not appear to extravasate in large numbers
may be a consequence of the liver architecture that allows cells to
survey hepatocytes through the fenestrated endothelium (that is,
without the need to enter the parenchyma). As such, the liver
architecture itself facilitates immune surveillance, and allows highly
motile cells to efficiently scan an enormous number of hepatocytes to
find potentially rare pathogens.

In inflammatory conditions these resident cells can be joined by
inflammatory monocytes and neutrophils. Again recent publications
have provided new insights into how these populations patrol the
sinusoids, and the key molecular interactions involved. These studies
reveal several common features in the trapping of these myeloid cells
and the retention of various resident lymphocytes. For both cell types
selectins appear to be dispensable, instead in most conditions
interactions between CD44 and HA appear to facilitate binding, either
directly as in the case of neutrophils, or by allowing platelets to bind to
the endothelium.®1>%* Migration upon platelets also appears to be a
common feature of both neutrophil and CD8* T-cell migration in the
liver.#!8 Understanding the key molecules for leukocyte adhesion and
retention in the liver will be important in clinical settings: increasing
numbers of beneficial liver Try; may be crucial to vaccination against
liver pathogens, whereas conversely blocking pathogenic infiltrations
of neutrophils can be important in protecting against immune
pathology during inflammation.
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