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Editorial on the Research Topic
Macrophages in Liver Disease

Macrophages constitute a key component of our immune system and play an important
role in immune surveillance. Hepatic macrophages are a heterogeneous population of
immune cells that mainly comprises of embryonically-derived resident Kupffer cells (KCs),
and circulating monocyte-derived macrophages (MoMFs). They play a critical role in
disease initiation and progression as well as contribute to disease resolution. Traditionally,
macrophages were defined by two broad subsets: classically-activated pro-inflammatory M1 or
alternatively-activated anti-inflammatory M2 macrophages. However, it has been recognized that
macrophages can differentiate into multiple phenotypes with distinct functions based on the
tissue microenvironment.

A review by van der Heide et al. summarizes the current understanding of the hepatic
macrophages, their diverse origins and phenotypes, and their role in maintaining homeostasis,
progression, as well as in the resolution of liver diseases. Furthermore, the review provides
a comprehensive overview of the therapeutic targeting strategies against hepatic macrophages
developed for the treatment of liver diseases. Blériot and Ginhoux further elaborated on
understanding the heterogeneity of hepatic macrophages. The review briefly discuss the intrinsic
and extrinsic factors including metabolic zonation and how they impact cellular phenotypes,
functions, and liver physiology. It further provides insights into the recent advances of
single-cell transcriptomic approaches, and how they contribute to decipher the liver macrophage
heterogeneity and biology.

Liver injury triggers the recruitment of extrahepatic monocytes that replenish the pool of
hepatic macrophages upon resident KCs depletion or damage. This heterogeneous population
of macrophages are involved in the pathogenesis of alcoholic liver disease (ALD), non-alcoholic
fatty liver disease (NAFLD), hepatitis B virus/hepatitis C virus (HBV/HCV), and hepatocellular
carcinoma (HCC). Dou et al. summarize current knowledge about the role of tissue-resident
and recruited macrophages in the pathogenesis of different etiological liver diseases. The review
further describes the existence of multiple macrophage origins and phenotypes, their identification
markers and roles in disease pathogenesis, and how this knowledge can be translated into future
therapies. Oates et al. highlight the landscape of mechanisms underlying macrophage dynamics,
macrophage interplay with other cells/tissues, and immunometabolism that collectively contribute
to NAFLD progression. Since macrophage-driven inflammation is intricately linked to various
metabolic pathways, the potential benefits to be gained from understanding the interplay between
metabolic and inflammatory pathways in macrophages are immense.
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In an original research article, Schierwagen et al. investigated
the involvement of macrophage-inducible C-type lectin (mincle),
expressed on macrophages, in different stages of chronic
liver disease (CLD). The authors showed increased mincle
expression that correlated with disease severity as examined
in rodent models of cirrhosis, non-alcoholic steatohepatitis
(NASH) and acute-on-chronic liver failure (ACLF), and in
patients with NASH and cirrhosis, and that undergoing bariatric
surgery. They further showed that mincle activation using
mincle agonist, trehalose-6,6-dibehenate, significantly increased
collagen production in ApoE-deficient high-fat Western diet-
induced NASH mouse model and further confirmed in cirrhosis
and ACLF animal models. These findings suggested that mincle
expressed on macrophages contribute to inflammation and
fibrosis, when the intestinal barrier becomes leaky, during
advanced stages of CLD. Macrophages (and innate immunity)
also play an important role in the pathogenesis of biliary atresia
(BA), a devastating cholangiopathy of infancy progressing to end-
stage liver disease often requiring liver transplantation. A review
by Ortiz-Perez et al. provides a comprehensive overview of BA
immunopathogenesis and the intricate mechanisms involved in
the disease pathogenesis. The authors further highlighted the
challenges such as lack of suitable experimental models that
hinder the deeper understanding of the disease, etiology, and
development of new therapies.

Hepatic macrophages interact with multiple cell types in
the liver including hepatocytes, cholangiocytes, hepatic stellate
cells (HSCs), liver sinusoidal endothelial cells (LSECs), platelets,
and other immune cells. A review by Shan and Ju describes
the impact of tissue microenvironmental factors that determine
the phenotype and function of hepatic macrophages, and the
crosstalk between hepatic macrophages and other hepatic cells,
in regulating the extents of liver injury, repair and disease
progression. For instance, macrophages secrete factors, can
physically interact with vasculature to assist the formation of
complex vascular networks, and activate HSCs and LSECs, and
promote fibrogenesis and angiogenesis, respectively. Conversely,
HSCs and LSECs (and other hepatic cells) secrete chemotactic
factors increasing intra-hepatic macrophage infiltration.
Ramirez-Pedraza and Fernindez reviewed the molecular and
cellular crosstalk between macrophages and angiogenesis, and
provides detailed insights into the contribution of macrophages
to liver steatosis, fibrosis, cirrhosis, HCC, and extrahepatic
complications. ~ Targeting angiogenesis-inflammation  axis
therefore can be an interesting approach for the treatment of
liver diseases.

Macrophages also play a central role in keeping the balance
of immunity and tolerance. During early HCC development,
fibro-inflammation driven by pro-inflammatory macrophages
(and HSCs) provide a microenvironment permissive for tumor
initiation, while at advanced HCC, macrophage switching
to immunosuppressive tumor-associated macrophages (TAMs)
support tumor progression and malignancy. The crosstalk
between tumor cells (the “seeds”) and microenvironment (the
“soil”) play an important role in tumor development and
metastasis. A review by Sillberg and Pasetto focuses on
macrophages and other key cellular components of the liver

and tumor microenvironment, their role in controlling the
balance between tolerance and activation, and the potential
therapeutic interventions to tilt the balance against liver
cancer progression. Hepatic macrophages, particularly KCs, are
essential for maintaining homeostasis by scavenging bacteria and
cellular debris, and thereby induce immunological tolerance. An
inefficient efferocytosis mechanism impairing the clearance of
cellular debris results in subsequent loss of tissue homeostasis.
Horst et al. describe how efferocytosis in hepatic macrophages
regulate tissue homeostasis and regeneration in liver diseases.
It is essential to understand the tempo-spatial contribution
of macrophages and efferocytosis mechanisms in different
etiological liver diseases, for the development of potential
interventions against liver diseases.

Besides efferocytosis, macrophages facilitate resolution of liver
fibrosis [characterized by excessive accumulation of extracellular
matrix (ECM) proteins] by producing matrix-degrading
enzymes (matrix metalloproteinases, MMPs) that degrade
fibrotic ECM. Upon liver damage, macrophages induce HSCs
trans-differentiation into proliferative, fibrogenic myofibroblasts
that secrete large amounts of ECM proteins, predominantly
fibrillar collagens, and ECM crosslinking enzymes, lysyl oxidase-
like 2 (LOXL2), that stabilize ECM components. Klepfish et al.
demonstrated that a novel anti-LOXL2 monoclonal antibody
(GS341) ameliorated liver fibrosis in vivo. Mechanistically,
anti-LOXL2 antibody inhibited LOXL2-mediated collagen
crosslinking and facilitated the recruitment of so-called scar-
associated MoMFs (SAMs) expressing a unique repertoire of
collagenolytic MMPs (in particular MMP-14) to the proximity of
collagenous fibrotic fibers. These findings suggest that therapies
augmenting the recruitment of collagenolytic macrophages
and/or polarization of macrophages into collagenolytic
macrophages might be an interesting approach to reverse
fibrosis and facilitate endogenous liver regeneration.

MoMFs recruitment is regulated by monocyte chemotactic
protein 1 (MCP-1 or CCL2). Queck et al. investigated
intrahepatic expression and circulating levels of MCP-1, and
its correlation with monocyte infiltration and severity of liver
diseases. Using rodent models of liver cirrhosis and ACLE
authors showed an elevated hepatic expression of CCL2 along
with increased F4/80-positive macrophages in the liver. In human
liver explants and ACLF patients, hepatic transcription levels
of CCL2 correlated with the MELD score, and higher portal
and hepatic vein levels of MCP-1 correlated with Child-Pugh
score, respectively. This study concluded that MCP-1 circulating
levels, derived from the injured liver, reflect the intra-hepatic
macrophages and correlate with severity of liver disease.

An interesting review by Shwartz et al. describes an emergence
of the teleost zebrafish, an attractive new vertebrate model to
study liver macrophages. Authors summarize the origin and
functions of macrophages in the livers of zebrafish models of
ALD, NAFLD, HCC, and liver regeneration. The review discusses
how macrophages in zebrafish models can be compared with
that described in mammals and highlights the advantages and
challenges of using zebrafish models to study liver macrophages.

Colino et al. summarizes the different types of passive
(driven by anatomical and physiological features) and
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active (using specific ligands) targeted nanoparticle (NP)
systems for macrophage recognition and drug targeting. To
design NPs, NPs biocompatibility, degradability, toxicity,
in vivo pharmacokinetics and drug release should be
contemplated.  Furthermore,  recognition  mechanisms
by macrophages must be investigated considering the
changes in the microenvironment that can influence the
macrophage phenotype and impact NPs uptake. The authors

further present the physiological-based pharmacokinetic
(PBPK) model to characterize the biodistribution
of NPs.

Altogether, this special issue presents a series of 9
reviews, 2 mini-reviews, and 3 original articles focusing on
the understanding of macrophages and/or innate immune
system in liver diseases. It also highlights the intricacies
of distinct macrophage phenotypes at different stages
of the diverse etiological liver diseases and provides a
comprehensive overview of the therapeutic targets and

macrophages targeting approaches for the treatment of
liver diseases.
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Contribution of Macrophage
Efferocytosis to Liver Homeostasis
and Disease

Andrea Kristina Horst, Gisa Tiegs and Linda Diehl*

Institute for Experimental Immunology and Hepatology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

The clearance of apoptotic cells is pivotal for both maintaining tissue homeostasis
and returning to homeostasis after tissue injury as part of the regenerative resolution
response. The liver is known for its capacity to remove aged and damaged cells from the
circulation and can serve as a graveyard for effector T cells. In particular Kupffer cells are
active phagocytic cells, but during hepatic inflammatory responses incoming neutrophils
and monocytes may contribute to pro-infammatory damage. To stimulate resolution
of such inflammation, myeloid cell function can change, via sensing of environmental
changes in the inflammatory milieu. Also, the removal of apoptotic cells via efferocytosis
and the signaling pathways that are activated in macrophages/phagocytes upon their
engulfment of apoptotic cells are important for a return to tissue homeostasis. Here, we
will discuss, how efferocytosis mechanisms in hepatic macrophages/phagocytes may
regulate tissue homeostasis and be involved in tissue regeneration in liver disease.

Keywords: liver injury, macrophage, efferocytosis, inflammation, resolution, apoptosis, phagocytosis, cytokines

INTRODUCTION

Under homeostatic conditions, new cells are produced and old cells die constantly within in the
body. These aged and damaged cells need to be efficiently removed from the surroundings without
inducing inflammation or tissue damage, which is achieved by a process called efferocytosis. Here,
dying/dead cells are specifically recognized by phagocytes and subsequently engulfed. Inefficient
removal of apoptotic cells is associated with the development of (auto) immune-mediated diseases
(1-3) highlighting the importance of efferocytosis for homeostasis within the immune system.
The liver has long been recognized as a major system for removal of aging/dying/activated cells.
Under homeostatic conditions, aging erythrocytes and neutrophils, but also effector CD8™ T cells
can be eliminated in the liver (4-7). This is mostly attributed to the activity of the organ-resident
macrophages in the liver, the Kupffer cells. However, also during liver disease, both in experimental
models as well as in patients, large amounts of dying cells are generated directly due to liver injury
and/or following inflammatory responses. Various forms of insults leading to liver damage, such
as infections, toxins or inflammation, often leads to rapid death of intrahepatic cell populations
(mostly hepatocytes), making the efficient removal of such damaged cells extremely important
to prevent unwarranted tissue damage and excessive inflammatory responses and support the
restitution of tissue integrity. As the liver is known for its extreme and rapid capacity for
regeneration upon liver injury, such as after the experimental procedure of partial hepatectomy;, it
must harbor efficient mechanisms and pathways to deal with large amounts of dying cells. Although
cell death may occur through different mechanisms, such as apoptosis, necrosis or necroptosis
(8), in this review we will focus on the role of mechanisms related to the efferocytic clearance
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of apoptotic cells in the context of liver immune tolerance and
liver disease. Most hepatic cell types, including hepatocytes,
hepatic stellate cells and liver sinusoidal endothelial cells have
been reported to be able to take up apoptotic cells in some way (9,
10). However, the most important hepatic efferocytes are thought
to be Kupffer cells together with other myeloid phagocytic cells,
like neutrophils and monocytes, which are attracted into the
liver after injury for the removal of apoptotic cells. Here, we will
discuss the mechanisms and pathways involved in the process
of efferocytosis in general, the role for these pathways in hepatic
myeloid cells (tissue resident and migrating) and their relevance
for both the induction and resolution of liver disease.

FINDING, SENSING, AND CLEARING
APOPTOTIC CELLS

The process of efferocytosis is essential for the clearance
of apoptotic cells dying from physiological and pathological
causes without arousing inflammation. Soluble “find me”
signals are released during the onset of apoptosis to attract
the phagocytically active myeloid subsets. The most well-
known “find me” signals are lyso-phosphatidyl choline (LPC),
sphingosine-1-phosphate (S1P), fractalkine (CX3CL1), and the
nucleotides ATP and UTP. LPC is generated via the caspase-
3-dependent activation of the inflammatory phospholipase A2
(iPLA2), which hydrolyses phosphatidyl choline (PC) from the
cell membrane (11, 12). LPC then functions as an attractant
for macrophages via the ligation of the G-protein coupled
receptor G2A (13). Additionally, during apoptosis, the activity of
sphingosine kinase leads to the caspase-3 dependent generation
of SIP from sphingosine. Binding of SI1P to sphingosine 1
phosphate receptors (S1PR1-5), expressed on macrophages and
other phagocytes, leads to their attraction toward the apoptotic
cells (11). Furthermore, membrane-bound or soluble CX3CL1
from either micro-vesicles of apoptotic cells (12), or cleaved by
caspase-3 activity, acts as an attractant for restorative CX3CR1T
phagocytes. Finally, the release of the nucleotides ATP and UTP
that function as extracellular alarmins, attract phagocytes via
signaling through purinergic P2Y receptors and secretion via
pannexin-1 channels.

The main recognition of apoptotic cells by phagocytes occurs
via caspase-dependent expulsion of phosphatidyl serine (PS)
onto the outer leaflet of the plasma membrane. This characteristic
“eat-me” signal can be recognized directly via PS binding
receptors on macrophages or indirectly by “bridging molecules”
that bind to PS on the one hand and to their cognate receptors
on the other hand to trigger engulfment of apoptotic cells. Most
prominent are the bridging molecules milk fat globule epidermal
growth factor VIII (MFG-ES; also lactadherin), and the vitamin
K-dependent proteins growth arrest specific 6 (Gas6) and protein
S (11, 14). Macrophages and dendritic cells can secrete MFG-
E8, which then interacts with PS and can be recognized via
the integrins avp3 or avp5. Both Gas6 and Protein S act as
bridging molecules for the TAM receptor family, consisting
of Tyro3, Axl, and MerTK (15). These interactions induce
efficient clearance of apoptotic cells. Similarly, the binding of

the complement factor Clq as an opsonin to PS serves as a
bridging molecule for recognition by the scavenger receptor
class F member 1 (SCARF1) (16) on phagocytes and endothelial
cells, but may also as part of a protein complex containing
calreticulin be involved in the initiation of efferocytosis (17).
Recently, soluble CD93 was identified to act as an efferocytic
opsonin by bridging PS on apoptotic cells with the complement
receptor integrin axp2 (CD11¢/CD18) (18). Experimentally, the
detection of efferocytosis by phagocytes is most often probed with
fluorescently labeled apoptotic cells, like dexamethasone-treated
thymocytes or neutrophils that die via apoptosis upon in vitro
culture. Ingestion of such apoptotic cells by phagocytes is then
analyzed by microscopy or flow cytometry.

PS receptors are not ubiquitously expressed but are rather
tissue and/or cell type-specific: For instance, the T cell
immunoglobulin and mucin-domain-containing molecule (Tim)
family of receptors act as PS receptors. In particular, Tim3 and
Tim4 are expressed on phagocytes, such as macrophages and
dendritic cells (DC) (11). Although Tim4 can bind directly to
PS, actual clearance of apoptotic cells via phagocytosis requires its
cooperation with other receptors, such as MerTK and/or integrin
B1 (19, 20). The receptors stabilin-1 and-2 both recognize PS on
apoptotic cells for engulfment and are expressed by macrophages,
but are most prominently known for their role in the capture and
elimination of PS-exposed damaged and/or aged erythrocytes
by LSEC (9). Besides the uptake of aged erythrocytes by the
asialo-glycoprotein receptors (ASGPR) by hepatocytes, this is the
only liver cell-specific mechanism for efferocytosis described so
far (10).

Like Tim4, stabilin-2 also requires cofactors/receptors
[engulfment adapter phospho-tyrosine binding domain-
containing protein 1 (GULP1) and thymosin4] for the initiation
of engulfment (12). Additionally, some members of the CD300
family of type I transmembrane proteins (CD300a, CD300f,
and CD300b) are capable of recognizing phosphatidyl-serine
(PS) and -ethanolamine (PE), which are both exposed on the
outer leaflet of the plasma membrane early during apoptosis
(21-24). Knock-down or knock-out of CD300b and CD300f,
respectively, results in impaired efferocytosis by macrophages
(23, 24). Also, binding of the receptor for advanced glycation end
products (RAGE) to PS increases the potential of macrophages
to take up apoptotic cells (25). Contrary, secretion of the
pro-inflammatory high mobility group box 1 (HMGBI1) during
inflammation interferes with RAGE-mediated efferocytosis by
binding to PS (26). Similarly, secreted soluble RAGE itself can
also inhibit efferocytosis by binding to and masking exposed
PS for recognition by other PS receptors. Additional receptors,
such as the scavenger receptors SR-Al and SR-B1 and CD36
(27-29), are also implicated to play a role in (oxidized) PS
recognition during efferocytosis, but their definite role has not
been determined so far.

Not only do apoptotic cells signal phagocytes in various
ways to enhance efferocytosis, healthy viable non-apoptotic
cells express surface molecules that prevent efferocytosis. The
transmembrane CD47 molecule constitutes such a “don’t eat-
me” signal via interaction with the ITIM-containing receptor
Signal regulatory protein 1 alpha (SIRP1la; CD172a). This leads
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to the inhibition of actin cytoskeleton rearrangements necessary
for phagocytosis (30). Recently, also the sialoglycoprotein CD24
(heat stable antigen) was shown to inhibit phagocytosis via
interacting with and signaling via Sialic acid-binding Ig like lectin
10 (Siglec-10) on macrophages (31). In addition to the regulation
of apoptotic cell clearance via “find-me,” “eat-me,” and “don’t
eat-me” signals for the phagocytotic activity of macrophages
cross talk between these signaling pathways can modulate the
efferocytosis process. For instance, signaling via the “find-me”
receptors S1PR, CX3CR1 and “eat-me” receptor SCARF1 can
enhance the release of the bridging molecules Gas6 and/or MFG-
E8, but also upregulate their receptors, e.g., MerTK (11). This
feed forward loop further enhances the capability of phagocytes
after the engulfment of apoptotic cells has already been initiated.

MODULATION OF PHAGOCYTE FUNCTION
DUE TO EFFEROCYTOSIS

The process of efferocytosis and the subsequent signaling
events are critical for the upkeep of homeostasis and even
more important for the return to tissue homeostasis after
tissue damage due to inflammation and/or disease [reviewed
in (32) and (33)]. Cellular signaling and metabolic adaptation
initiated by efferocytosis enables the return to tissue homeostasis
by anti-inflammatory reprogramming of the formerly pro-
inflammatory leukocytes: Signaling via the CX3CR1 receptor,
recognizing CX3CL1 released from apoptotic cells, induces
pro-survival signals and expression/generation of antioxidant
factors. Signaling via S1PR invokes an anti-inflammatory gene
expression program, including reduction of pro-inflammatory
Interleukin (IL)-12 and tumor necrosis factor alpha (TNFa)
whilst promoting production of anti-inflammatory mediators
such as IL-10, vascular endothelial growth factor (VEGEF)
and prostaglandin E2 (PGE;) (32). Indeed, after efferocytosis,
macrophages can produce several anti-inflammatory and pro-
resolving lipid mediators that promote macrophage conversion
toward phenotypes associated with resolution of inflammation
(34). Also, the ATP released from apoptotic cells can be
converted to adenosine by sequentially acting nucleotidases, and
subsequent signaling through adenosine receptors suppresses
production of proinflammatory mediators and chemokines (35).

In addition to the modulation of cellular signaling,
efferocytosis leads to the accumulation of high amounts of
cellular material in phagocytes that needs to be processed and
digested. The metabolic adaptation to this high ingestion of cargo
leads to the activation of several lipid sensing nuclear receptors,
such as liver X receptor (LXR) and members of the peroxisome
proliferator-activated receptor (PPAR) family (33, 36). The
activation of these pathways in macrophages promotes anti-
inflammatory reprogramming and can reinforce their efferocytic
capacity by upregulation of phagocytic receptors, like MerTK,
and inducing the synthesis of precursors for pro-resolving lipid
mediators (33, 37). The uptake of apoptotic material is also
closely linked to a non-canonical rubicon-dependent autophagy
pathway, called light chain (LC)3-associated phagocytosis (LAP)
(38, 39). Specific signaling via the TAM receptor Axl induces

autophagy, which is not only involved in the physical clearance
of apoptotic material, but also prevents NOD, LRR-, and
pyrin-domain containing 3 (NLRP3) inflammasome activation
and concomitantly reduces IL-1f and IL-18 production (40).
Similarly, Tim4-mediated apoptotic cell engulfment connects
to LAP after recognition of PS on apoptotic cells (41) and
incomplete cargo digestion via defective LAP is associated with
development of autoinflammation (42).

Classical activation or polarization of macrophages into
M1 (pro-inflammatory, mostly induced by LPS/IFNy)
vs. M2 (alternative or anti-inflammatory, induced by the
cytokines IL-4/IL-13) shows that also the cytokine/chemokine
microenvironment in which phagocytes encounter apoptotic
cells can modulate their cognate response. Classically, Th2
cells are major sources for the cytokines IL-4 and IL-13, and
the simultaneous recognition of apoptotic cells (neutrophils)
and IL-4/IL-13 stimulation of macrophages is necessary for the
induction of an anti-inflammatory, pro-resolving tissue repair
gene signature (43). Congruently, expulsion of the helminth
N. Brasiliensis was unsuccessful in mice lacking the TAM
receptors Axl and MerTK even though the capacity to produce
IL-4 and IL-13 was not affected (43). IL-13 production is also
essential for the induction of efferocytosis in macrophages
by regulatory T cells (Treg) during resolution of a zymosan-
induced model of peritonitis (44). Treg-derived IL-13 promotes
autocrine IL-10 induction in macrophages leading to Vavl-
Racl-dependent phagosome formation thus promoting their
capacity to phagocytose apoptotic cells (44). Although anti-
inflammatory mediators, like IL-13 and IL-10, can augment
efferocytosis in macrophages, not all pro-inflammatory signals
reduce efferocytosis. For instance, both interferon (IFN)a,
which is produced as a result of signaling via toll-like receptor
(TLR)3, or direct TLR3 signaling using Poly:IC down regulates
MerTK expression (as do LPS and IFNY), but at the same time
induces Axl expression in human macrophages, which may
facilitate efferocytosis during viral infections (45). Signaling
via the TLR-dependent upregulated TAM receptors may then
interfere with TLR signaling via the induction of suppressor
of cytokine signaling proteins (SOCS) 1 and 3, thus scaling
down the proinflammatory response induced by the initial TLR
signals (46).

RELEVANCE FOR EFFEROCYTOSIS
MECHANISMS IN PHAGOCYTES IN THE
LIVER

Macrophage populations in adult tissues arise from different
origins. Several tissue-resident macrophage populations, like
Langerhans cells, microglia and Kupffer cells, are seeded in
distinct waves during embryogenesis and are self-sustaining
without input from the bone marrow during adulthood (47).
The bone marrow also contributes to the myeloid/macrophage
cell pool found in different tissues under homeostatic conditions
and include Ly6C* monocyte derived cells and dendritic
cells. In particular in the liver, mas cytometry combined with
gene expression analysis (48), shows that within the non-B,
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non-T CD45" population the most abundant myeloid cells
are dendritic cells, Kupffer cells and Ly6CT monocytes (48).
Distinct but small populations of plasmacytoid DC, neutrophils
and basophils are also present. F4/80t*MHCIITCD11b™" positive
Kupfter cells comprise two populations additionally expressing
CD11c or CD206, CD317 (plasmacytoid dendritic cell antigen-
1, PCDA-1) and CDI1d, pointing to a possible functional
difference. Within Ly6C" infiltrating monocytes, an F4/80
positive and F4/80 negative population are present. By intravital
microscopy, the expression of F4/80 and/or CX3CR1, which is
not expressed on Kupffer cells under homeostasis (49), shows
that F4/80% cells are exclusively to be found intravascularly
(which may include both F4/80" Kupffer cells and F4/80
expressing monocytes) and CX3CR1™ cells extravascularly in
the parenchyma, suggesting that in addition to gene signatures
another level of functionality is established via localization.
Other markers that are used to distinguish tissue-resident
Kupfer cells from recruited monocytes/neutrophils include the
C-type lectin receptor Clec4f and the V-set and immunoglobulin
domain-containing 4 (Vsig4) (50, 51). Interestingly, also the
PS-receptor Tim4 is used for identification of liver resident
Kupfter cells, indicating that these cells are set for efferocytosis
under homeostatic conditions (50, 51). Thus, when studying the
contribution of myeloid subsets to different liver diseases and/or
injuries, the definition and identification of these different highly
plastic myeloid subsets is challenging. Moreover, due to the
large influx of pro-inflammatory myeloid subsets [neutrophils
and inflammatory monocytes, but possibly also eosinophils (52)]
the composition of the myeloid compartment at any given time
during inflammatory liver disease can vary dynamically. We will
focus on how local and recruited phagocytes are involved in
the safeguarding of and return to immunological homeostasis
in the Iiver and how their capacity for efferocytosis plays a
role in the pathogenesis and resolution of liver diseases. Due
to the highly divergent etiologies of liver disease, being either
infectious, toxic or nutritional in origin, and depending on
whether liver (immunological) function is being compromised
acutely or in a chronic fashion, it is very well-possible that similar
mechanisms controlling macrophage efferocytic function may
have unexpected opposite effects.

First reports that intrahepatic phagocytes are capable of
recognizing PS to trigger phagocytosis relate to the elimination
of aged/damage erythrocytes from the circulation (4). The
PS receptors Stabilin-1 and -2 expressed on LSEC are
important for erythrocyte sequestration in this process (9).
However, the removal of erythrocytes is blocked by clodronate-
containing liposomes, indicating that Kupffer cells mediate actual
phagocytosis. Also, aged erythrocytes that are taken up by Ly6C+
monocytes elsewhere in the circulation are carried to the liver as
cargo to recover the iron from hemoglobin (53). Kupffer cells
can express several receptors involved in PS recognition, such
as MerTK (54) and Tim4 (53), or phagocytic receptors thought
to assist in the uptake of PS exposed apoptotic cells like CD36
and scavenger receptors (55). The relevance for recognition
of apoptotic cells and its downstream signaling events for
potential treatment options in inflammatory diseases of the liver
can be taken from experiments using apoptotic cells to treat
inflammation and damage in D-galactosamine (D-GalN)/LPS

induced liver damage (56). Here, adoptively transferred UV-
irradiated splenocytes that are taken up by Kupffer cells prevent
mortality in the D-GalN/LPS model, induces expression of IL-
4, 1L-10, and transforming growth factor beta (TGFP) and
suppresses expression of TNFaq, IL-6, and IL-1p (56). Moreover,
in a more controlled fashion liposomes expressing phosphatidyl
serine may mimic apoptotic cell effects on phagocyte function in
immune cells and hepatic disease (57, 58).

INVOLVEMENT OF THE EFFEROCYTOSIS
MACHINERY IN LIVER DISEASE

Contribution of Efferocytosis Inducing
Signals From Soluble Mediators Released
by Apoptotic Cells

Early in the process of apoptosis, soluble mediators, such as
ATP and UTP, act as damage-associated molecular patterns
(DAMP) and “find-me” signals for efferocytes. In the liver,
extracellular nucleotides trigger dichotomous responses; on the
one hand, release of nucleotides by apoptotic cells after tissue
injury initiates inflammation, and on the other hand, activation
of non-parenchymal, liver-resident, and infiltrating efferocytes
is a prerequisite for the activation of phagocytosis and the
clearance of dead cells. Kupffer cells can detect and respond
to the soluble mediator ATP released by apoptotic cells via
expression of several P2Y receptors (59) and increase IL-6
production in response. Interestingly, however, Kupffer cells
themselves also release ATP in response to LPS, which in
an autocrine fashion promotes pro-inflammatory IL-6 release
PY23-dependently (59). Thus, attraction to apoptotic cells via
ATP may lead to pro-inflammatory cytokine release by Kupfter
cells. In vivo the recognition of and response to ATP in
liver disease is more complex. After partial hepatectomy, both
Kupffer cells and hepatocytes release ATP, which is important
for the regenerative response in hepatocytes via direct signaling
through the P2Y, receptor (60), indicating that ATP release
may have pro-inflammatory effects but at the same time may
be indispensable for the initiation of hepatocyte proliferation
necessary for liver regeneration. Depending on the longevity of
ATP release and the expression of different purinergic receptors
capable of recognizing ATP, the outcome of ATP release can be
modulated. For instance, in the model of partial hepatectomy
ATP release peaks within 15min (59). In other models, where
ATP is likely released over a prolonged time period, effects
on intrahepatic phagocytes and disease progression may be
different. In acetaminophen (APAP)-mediated liver injury, ATP
(and also NAD) signaling via the purinergic P2X; receptor
mediates hepatotoxicity to a large extent as P2Xj-deficient
mice, and the use of selective P2X; antagonists decreases
APAP-dependent liver toxicity (61). Although direct ATP
signaling induces proinflammatory signaling, such as IL-1p
and IL-6 production by Kupffer cells (59, 61), ATP released
during liver injury and inflammation in vivo can be further
modulated to attenuate liver inflammation. The cell surface
ectonucleotidase CD39 counteracts proinflammatory effects of
ATP release by catalyzing the hydrolysis of ATP/ADP to
AMP, which can then be further metabolized to adenosine
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that can results in Aja receptor stimulation. In APAP liver
injury, in both a caecal ligation and puncture (CLP) liver
dysfunction model and a chemically induced biliary fibrosis
model (by 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DCC)-
feeding), CD39-deficiency exacerbates disease (61-63). In DCC-
dependent biliary fibrosis, CD39 deficiency in myeloid cells, via
LysM-Cre-mediated excision of the CD39 gene, was sufficient
for exacerbation of disease (63). As ATP signaling via the
P2Xj7 receptor not only induces a proinflammatory phenotype
in macrophages but also increases CD39 expression and CD39
activity in macrophages (62), this represents a mechanism
to induce an anti-inflammatory pro-resolving response after
initial pro-inflammatory signaling in macrophages during
inflammation and injury in the liver.

The release of LPC from apoptotic cells and it signaling
via the G-protein coupled receptor G2A (13) can function as
a “find-me” signal for efferocytes. Additionally, LPC signaling
via the G2A receptor may also enhance phagocytic activity by
promoting phagosome maturation (64, 65) and induce an anti-
inflammatory (M2-like) mRNA expression profile [arginase 1
(Argl), chitinase-like 3 (Chil3), CD206] and cytokine/mediator
production (IL-10, PGE;) (66). Preventing G2A signaling in
CLP leads to higher mortality. However, inhibition Kupffer cell
activity by gadolinium chloride treatment prevents this higher
mortality in G2A™/~ mice (67), indicating that G2A signaling in
Kupfter cells reduces mortality in this model. Unexpectedly, G2A
deficiency leads to overproduction of not only pro-inflammatory
IL-6 and TNFa but also anti-inflammatory IL-10 by Kupffer cells.
In CLP, the increased production of IL-10 by G2A~/~ Kupffer
cells is pivotal for the lack of bacterial clearance (and higher
mortality) as this is reversed by either Kupffer cell depletion or
IL-10 blockade (67).

The involvement of S1P as an efferocytic “find-me” signal
regulating myeloid cells in liver disease has not been studied
extensively. SIP is a major factor regulating immune cell
migration to and from bone marrow and lymphoid organs
and can signal through five SIPR. Reduced SIP serum levels
in patients with liver cirrhosis and hepatocellular carcinoma
(HCC) are associated with worse outcome and HBV co-infection
(68, 69). However, in the experimental model of bile duct
ligation, specific inhibition of S1PR;/3 diminishes liver injury
and fibrosis due to the inhibition of monocyte migration
from the bone marrow into the liver (70). Similarly, treatment
with the SIP antagonist FTY in mice fed a NASH diet also
prevents infiltration of inflammatory monocytes and reduces
liver inflammation and injury (71). The disparity between low
serum S1P in patients being a predictor for higher mortality
and a decreased inflammatory liver injury due to inhibition
of SIP signaling in experimental models, may be the result
of different timing (prevention and onset in experimental
settings vs. end-stage disease in patients) but may also have
to with comorbidities in patients. For instance, hyperglycemia,
associated with type II diabetes, directly affects intrahepatic
myeloid cell function. In mice treated with the pancreatic p cell
toxin streptozotocin, that induces hyperglycemia, Kupfter cells
produce more IL-6 and TNFa and less IL-10 in response to
APAP-mediated injury compared to normoglycaemic animals
(72). In these hyperglycemic mice, an imbalance between

AMPK and Akt signaling leads to enhanced reactive oxygen
species (ROS) production promoting an M1 type instead of
M2 type gene signature in Kupffer cells. Hyperglycemia also
increases intrahepatic S1P and S1PR3 levels both in patients and
experimental animals (73). Targeting ROS production with N-
acetyl cysteine (72) or treatment with a SIPR3 antagonist (73)
both reduces the proinflammatory polarization of Kupffer cells
and is associated with less inflammatory liver damage, which
suggests that the combination of these treatments might bring
additional advantage to counteract pro-inflammatory skewing of
intrahepatic macrophages due to hyperglycemia.

The CX3CR1 chemokine receptor is widely used to identify
different populations of myeloid cells with the help of GFP-
reporter mice (74). In the non-inflamed murine liver, CX3CR1
expression identifies a myeloid cell population residing outside
of the hepatic sinusoids, whereas F4/80" Kupffer cells are
to be found intravascularly (48). Interestingly, single cell
sequencing of healthy human hepatic immune cells did not
reveal a similar division based on CX3CR1 expression, but
rather identified two populations of CD68" myeloid cells
according to the expression of the macrophage receptor with
collagenous structure (MARCO) receptor, with MARCOP®®
cells transcriptionally resembling murine Kupffer cells and
MARCO"8 having a rather inflammatory gene signature (75).
It cannot, however, be excluded that CX3CRl may play a
role in human intrahepatic inflammatory responses, as human
peripheral blood monocytes express high levels of CX3CR1 also
in patients with liver disease (76). Although in the murine
liver, CX3CR1 positive cells are present under homeostatic
conditions, it is widely accepted that during inflammatory
responses, the up-regulation of CX3CR1 on macrophages
signifies their change from largely pro-inflammatory toward
an anti-inflammatory, wound healing type of cell. Their anti-
inflammatory properties could be enhanced by recognition
of CX3CL1 that is released by apoptotic cells. The change
of CCR2M&"CX;3CR1°Y inflammatory monocytes locally into
CCR2°VCX;CR1M8"  macrophages in a sterile liver injury
model leads to optimal repair and is dependent on local
production of IL-4 and IL-10 (77). However, in liver disease,
also endothelial-related expression of CX3CL1 may attract
CD16™ monocytes CX3CR1-dependently into areas with active
inflammation (78) to dampen inflammation and promote
resolution of injury. Fittingly, CX3CR1-deficient mice develop
greater liver fibrosis in both chronic CCly and bile duct
ligation models due to development of high amounts of
TNFa- and NO-producing macrophages (79). Additionally,
in the absence of CX3CRI1 signaling, the pro-inflammatory
circle is perpetuated, as expression of the anti-apoptotic B cell
lymphoma associated oncogene 2 protein (Bcl-2) is not induced
in CX3CR1-deficient macrophages.

Relevance of Indirect Phosphatidyl Serine
Recognizing Receptors for Efferocytosis in

the Liver

Recognition of apoptotic cells is mediated by binding to
phosphatidyl serine exposed on the outer leaflet cell membrane.
PS receptors either engage directly with PS (e.g., Tim family,
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CD300 molecules, stabilins) or via bridging molecules that bind
to PS (Gas6, Protein S and MGF-E8) that can then be recognized
by certain integrins or receptors of the TAM family. Although
Protein S is abundant in the circulation, Gas6 expression is
more restricted. In acute CCly-mediated liver injury, Gas6
expression is induced in liver macrophages, indicating a role
for detection of apoptotic cells via Gas6 and TAM receptors
in this model. However, Gas6-deficiency does not change acute
liver damage after CCly, but in the regenerative phase after CCly
induced liver injury, hepatocyte proliferation is stunted, and a
reduction in Kupffer cell numbers and infiltrating monocytes
are observed, with concomitant reduction of pro-inflammatory
cytokine production (80). Mechanistically, Gas6 can signal
via Axl, which is also induced in the liver after acute CCly
damage, and leads to autophagy induction, inhibition of NLRP3
inflammasome activation and subsequent reduction in IL-1p and
IL-18 secretion, which is required to reinstall homeostasis (40).

The TAM (Tyro3-Axl-MerTK) family of receptor tyrosine
kinases connects the recognition and removal of apoptotic
cells to the induction of anti-inflammatory signaling in
macrophages. General features of TAM-induced signaling
include enhancement of phagocytosis, reduction of Type I
IFN induced inflammation, inhibition of NLRP3 inflammasome
activation via induction of autophagy and the promotion of
anti-inflammatory cytokine production (34). The importance
for these receptors in liver immune homeostasis becomes
apparent in animals lacking all three TAM receptors. These
mice develop an auto-immune hepatitis like disease, with high
ALT, auto-antibodies and large immune cell infiltrates (81),
which is dependent on bone-marrow derived cells. Individual
TAM receptors can also modulate inflammatory response in
the liver. In patients with acute liver failure MerTK-expressing
macrophages expand, and migrate to the necrotic areas in
the liver. Fittingly, in MerTK-deficient mice acute liver failure
(ALF) due to APAP administration is aggravated and associated
with a reduced number of hepatic macrophages and increased
MPOT™ neutrophils (54). This suggests that MerTK may be
involved in the removal of apoptotic neutrophils in the course
of ALF. By increasing the amounts of MerTK-expressing
macrophages, through in vivo application of secretory leukocyte
protease inhibitor (SLPI), the amount of MPOTTUNEL"
neutrophils after APAP administration are reduced and this may
constitute a therapeutic approach in acute liver failure after
accidental or deliberate paracetamol intoxication (54). However,
in patients with decompensated cirrhosis and acute-on-chronic
liver failure (ACLF) the opposite may hold true. In ACLF
patients, high susceptibility to infections and accompanying
monocyte dysfunction correlates with disease severity (82).
Here, MerTK expressing monocytes and macrophages are
highly increased and are associated with decreased TNFa
and IL-6 production. Interestingly, the treatment of MerTK"
monocytes with a MerTK inhibitor increased proinflammatory
cytokine production (82). Thus, either inhibiting or promoting
expansion of MerTK expressing myeloid cells may be used to
prevent immune paralysis in ACLF patients or enhance the
clearance of necrotic material and apoptotic neutrophils in ALF
patients, respectively.

Other non-TAM PS receptors may influence liver disease
as well. The integrins avf3 and oavp5, which recognize
apoptotic cells via binding to the bridging molecule MFG-
E8, can contribute to limiting fibrosis and the inhibition of
proinflammatory mediator production in the chronic liver
inflammation models of bile duct ligation and thioacetamine
(TAA)-induced fibrosis (83). As the infiltration of macrophages
with or without Cilengitide® (an avP3 and avf5 inhibitor
mimicking the RDG-peptide ligand for integrins) treatment
remains the same in these models, it is not clear whether or
not the effects of avB3 and avf5 inhibition targets efferocytosis
mechanisms in macrophages.

Relevance of Receptors Directly
Recognizing Phosphatidyl Serine by

Hepatic Macrophages for Liver Disease

The receptor stabilin-1 is well-known for mediating phosphatidyl
serine-dependent removal of aged erythrocytes in the liver
(9). In chronic CCly liver injury the absence of stabilin-1
aggravates fibrosis and delays resolution after termination of
CCly administration. Furthermore, the phenotypic switch of
pro-inflammatory macrophages to the pro-resolving Ly6C!o"
macrophage is impaired in stabilin-1-deficient mice (84).
Interestingly, stabilin-1 expression in non-injured animals is
restricted to endothelial cells, but in inflamed/injured livers an
F4/80% stablilin-17 macrophage population can be detected (84).
In addition to stabilin-1 binding to PS to promote efferocytosis,
fibrosis development can additionally be prevented via stabilin-
1. Pro-fibrogenic chemokine production can be inhibited via
binding of malondialdehyde (MDA)-LDL, generated from lipid
peroxidation, to stabilin-1. Furthermore, during resolution of
liver injury the absence of stabilin-1 prevents the change to
Ly6C°" macrophages, which are thought to be pro-resolving
macrophages (84). Besides stabilin-1, Tim4 can also bind directly
to PS. Tim4 is over-expressed in hepatic macrophages of
mice fed both a high fat diet (HFD) and methionine-choline
deficient (MCD) diet (85) and its absence leads to increased
inflammation and severe steatosis. Tim4 strongly binds to PS,
but does not induce efferocytosis independently; it collaborates
with TAM receptors to elicit efferocytosis (19, 86). Strikingly,
signal transduction via the Tim4 cytoplasmic domain upon PS
binding induces activation of AMPKa via LKB1, which is critical
to initiate autophagy (85). What is more, the levels of Tim4
expression determine the degree of inhibition of NLRP3 protein
complex expression. Tim4 deficiency, therefore, leads to high
levels of IL-1B and IL-18 and proinflammatory damage in both
NASH diets (85).

Phagocytosis and Autophagy of Apoptotic

Cells and Its Relevance for Liver Disease

The sensing and physical uptake of apoptotic cells by
macrophages can enhance phagocytosis. The cargo that is
taken up needs to be digested and processed appropriately and
several intermediates that are generated during this process
may have signaling functions to modulate macrophage function
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toward a pro-resolving phenotype. For instance, the TAM-
receptors and also the Tim4 receptor connect the uptake
of apoptotic cells to autophagy, which in its turn prevents
inflammasome activation and ultimately the production of pro-
inflammatory IL-1f and IL-18. This means that macrophages
that are incapable of properly digesting their apoptotic cargo
may display aberrant inflammatory functions or phagocytosis.
For instance, macrophages that can engulf apoptotic cells but
are defective in processing their apoptotic cargo, due to the
lack of LC3 interacting glycoprotein non-metastatic melanoma
protein B (Gpnmb) expression (87) are neither capable to
increase pSTAT3-dependent IL-6 transcription and IL-10 release
nor sustain efficient efferocytosis by increasing phagocytosis.
Addition of exogenous IL-6 and IL-10 increased phagocytosis
in Gpnmb-deficient macrophages, indicating that secondary
cytokine production is an important mechanism induced by
proper cargo digestion to regulate phagocyte function. Indeed,
in vivo absence of Gpnmb reduces the amount of Ly6CloW
restorative macrophages in acute APAP-mediated damage and
also in chronic CCly induced fibrosis (87) which can be reversed
by treatment with IL-6. Different secondary signaling events
that influence macrophage efferocytosis and anti-inflammatory
function may also depend on the appropriate digestion of
apoptotic material. Chemical inhibition of the lysosomal acid
lipase (LIPA) reduces cholesterol hydrolysis in macrophages,
and leads to mitochondrial stress and pro-inflammatory NLRP3
and caspase-1 activation. Furthermore, anti-inflammatory LXR
activation is reduced due to the limited production of oxysterols
from cholesterol (88). In vivo, the inhibition of LIPA activity
reduces efferocytosis of both stressed erythrocytes and apoptotic
lymphocytes. Also, under conditions of hypercholesterolemia,
in which efferocytosis is constrained (89), additional LIPA
inhibition exacerbated this effect and this consequently leads
to increased liver inflammation. Interestingly, LIPA inhibition
does not only increases the production of iNos and I/1b mRNA,
it is accompanied by an almost complete reduction of Mertk,
Axl, and Gas6 mRNA expression (88). The efferocytic uptake
of apoptotic cells connects to autophagy, which is achieved via
a process called LC3-complex associated phagocytosis (LAP)
(38). This non-canonical autophagy pathway requires a so-called
class IIT PI3K complex that comprises the core proteins Beclinl,
UV radiation resistance-associated gene protein (UVRAG),
and RUN domain containing, Beclinl-interacting protein
(Rubicon) (90). During LAP, rubicon localizes to the single
membrane LAPosome, which is decorated with LC3-II, and
promotes PI(3)P production necessary to recruit downstream
autophagic machinery, including the ubiquitin-conjugating
enzymes autophagy related proteins ATGS5, 7 and 12 (38, 90).
As a results, alterations in LAP lead to stalled degradation of
apoptotic cells, which is observed in autoimmune disorders such
as systemic lupus erythematosus (SLE) (42). Furthermore, LAP
that is active during efferocytosis instructs phagocytes to secrete
the anti-inflammatory cytokines TGFp and IL-10, and conversely
to repress secretion of the pro-inflammatory cytokines IL-18,
IL-12, and TNFa (37, 91, 92).

In HED livers, Kupfter cells show defective LC3-I and LC3-II
induction after LPS treatment, which leads to overproduction

of TNFa. This phenotypically overlaps with ATG7-deficiency in
Kupffer cells, which leads to defective induction of autophagy
and provokes increased TNFa release (93). Furthermore,
ATG5-deficiency restricted to myeloid cells leads to higher
inflammatory responses in liver injury models (CCly, D-
GalN/LPS) (94, 95). The lack of ATGS5 expression results
most prominently in NLRP3 and caspase-1 dependent
IL-1p production, which promotes hepatic stellate cells
to synthesize fibrotic factors and augments infiltration of
Ly6CP8P inflammatory monocytes and MPO™ neutrophils
(94). Interestingly, the application of an IL-1R antagonist
almost completely reverses injury and inflammatory phenotype
due to ATGS5 deficiency in mice, and offers a promising
potential therapeutic approach in the prevention of liver
fibrosis and limitation of acute toxic liver injury (94, 95).
Thus, the way in which apoptotic cells are processed and
digested in macrophages determines the signaling cascades that
impose immunologically quiet anti-inflammatory responses
on the liver and could be exploited to protect from liver
inflammatory diseases.

Interactions Between Phagocytes Can

Affect Efferocytosis Efficiency in the Liver

In infections and inflammatory diseases, neutrophilic
granulocytes are first responders and infiltrate into the
inflamed injured tissue. Pro-inflammatory cytokine release,
protease release and the formation of extracellular nuclear
traps (NETs) during the process of NETosis are deployed by
neutrophils to combat the infection/injury (96, 97). Neutrophils
die partially after NETosis or spontaneously via apoptosis
and are cleared by tissue-resident or infiltrating macrophages
via efferocytosis and the ordered clearance of apoptotic
neutrophils by hepatic macrophages is essential for resolution
of liver injury. Expectedly, CCR2-antibody depletion of pro-
inflammatory Ly6CP&" monocytes during acute APAP injury
increases the numbers of infiltrating neutrophils. However,
these neutrophils are functionally changed and produce less
ROS due to decreased NADPH2 expression and seem more
long-lived as they upregulate pro survival factors (98). Reversely,
changes in neutrophil activity may also influence efferocytic
activity in macrophages. Mediators released by neutrophils
during NETosis, may promote inflammatory signaling in
macrophages but can also directly corrupt recognition of
apoptotic cells by phagocytes: HMGBI, for example, can either
bind to the PS-recognizing the RAGE receptor or directly binds
to PS which interferes with recognition by other PS-binding
proteins (26). Alcoholic liver disease (ALD) patients have
elevated blood serum levels of HMGBI, which is secreted
by neutrophils during NETosis. Interestingly, alcohol can
directly increase NETosis by neutrophils (99) and thus in ALD
patients the consumption of alcohol may directly affect pro-
and anti-inflammatory pathways via HMGBI in a dichotomous
way: first, HMGB1 may act as a damage-associated molecular
pattern protein (DAMP) that initiates pro-inflammatory
TLR and NLRP3 signaling whilst simultaneously preventing
efferocytosis via obscuring PS recognition. Furthermore,
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TABLE 1 | Efferocytosis mechanisms in liver disease.

Molecules directly or indirectly involved in Cell-associated Model of gastrointestinal disease, function in the References
efferocytosis or soluble liver, and/or function in efferocytosis

Vsig4 KC Homeostasis (51)
Tim4 KC Homeostasis; in HFD and MCD, Tim4 deficiency: (50, 53, 85)
increase in inflammation and steatosis
Tim3 Liver mph Hepatocellular carcinoma (114)
SCAVENGERRECEPTORS
Stabilin-1 LSEC, F4/80* Removal of aged erythrocytes; CCl4; absence of Stabilin 9, 84)
stabilin1* mph 1 aggravates fibrosis, delays in resolution
Stabilin-2 LSEC Removal of aged erythrocytes ©)
CD36 KC, other phagocytes (55)
PURINERGIC G-PROTEIN COUPLED RECEPTORSRECEPTORS
P2Y receptors, P2Y13 KC Expression in response to extracellular ATP, attraction of (59)
apoptotic cells, partial hepatectomy
pP2Y2 HC Partial hepatectomy, ATP release, and attraction of (60)
apoptotic cells
pP2X7 KC APAP, ATP release and attraction of apoptotic cells 61)
G-PROTEIN COUPLED RECEPTORSANDLIGANDS
G2A KC Enhancing phagosome maturation, CLP (cecal ligation (66, 67)
and puncture)
S1PR2/3 Bile duct ligation (70)
S1P antagonist NASH, S1P antagonist reduces monocyte infiltration, (71)
and reduces inflammation and injury
S1PR serum levels Soluble, serum Reduction of serum levels S1P, worse outcome in
human liver cirrhosis, HCC, HBV
S1P and S1PR3 Intrahepatic levels Ischemia/reperfusion, hyperglycemia mice, and humans (73)
S1PR3 antagonist Reduction of inflammatory KC polarization (73)
CHEMOKINERECEPTORSANDLIGANDS
Potenital: CX3CR1 KC, mph recognition of CX3CL1 released by apoptotic cells, (77)
sterile liver injury
CX3CL1 LSEC Potential attraction of CX8CR1 monocytes into areas of (78)
inflammation
CX3CR1 absence in deficient mice: greater liver fiorosis,CCl4 and (79)

|
=)
=

Gas6, Axl Liver mph CCl4, induction of Gas6/AxI expression, induction of (80)
autophagy, inhibition NLRP3 inflammasome
MertTK, Axl, Tyro3 MerTK=/=, AxI=/~ Tyro3~/~ mice, development of 81)

auto-immune hepatitis like disease, autoantibodies,
immune cell infiltrates

MerTK KC MerTK deficient mice, ALF after APAP (54)
MerTK Human ACLF, decompensated cirrhosis, increase in (82, 107)

MerTK expressing myeloid cells, immune paralysis,
Hepatocellular carcinoma

avb3 and avb5 binding to MFG-E8, BDL, TAA-induced fibrosis (83)
Gpnmb mph Lack of Gpnmb impairs cytokine release and sustaining 87)
efferocytosis; in APAP, CCl4: reduction of restorative
macrophages
Lysosomal acid lipase Reduction Mertk, Axl, Gas6 expression, reduction of LXR (88, 89)

activation, reduction of efferocytosis; in
hypercholesteremia, increase in liver inflammation

LC3-l and LC3-II deficiency KC HFD induces deficiency in LC3-1 and LC3-Il, 93)
overproduction of inflammatory cytokines

(Continued)
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TABLE 1 | Continued

Molecules directly or indirectly involved in Cell-associated Model of gastrointestinal disease, function in the References

efferocytosis or soluble liver, and/or function in efferocytosis

ATG7 KC ATG7-deficiency in KC, increased release of (93)
inflammatory cytokines, defective autophagy

ATG5 Myeloid cells Myeloid-restricted ATG5-deletion, hyperinfammation in (94, 95, 117)
CCl4/D-GalN/LPS, Hepatocellular carcinoma

HMGB1 PS or RAGE binding, impairs efferocytosis in ALD (99)

miR-223 Neutrophils CCl4, LPS-mediated liver injury: miR-223-releasing (100, 102)
neutrophils promote generation of resolving
macrophages; miR-223 downregulated in human NASH

OTHER

CDh47 Non-phagocytes Hepatocellular carcinoma (118, 119)

neutrophils can act as anti-inflammatory modulators that
support the formation of pro-resolving macrophages via
the release of micro-vesicles carrying microRNAs (100).
MicroRNA-223, which inhibits NLRP3 inflammasome activation
(101), is highly expressed by neutrophils. As such, miR-223-
deficient mice are highly susceptible to liver inflammation
in response to low-dose LPS injection or CCls-mediated
liver injury. During the resolution phase of inflammation
after 1 week of CCly treatment or during the resolving phase
after MCD diet feeding, depletion of Ly6G™ neutrophils
impairs spontaneous resolution of liver injury and leads to the
prevalence of pro-inflammatory Ly6CM&" monocytes (100).
Due to the lack of neutrophils that release miR-223 to be
taken up by macrophages, NLPR3 inflammasome protein
expression is exacerbated and liver inflammation persists,
as pro-inflammatory macrophages cannot be converted into
the CD163P° anti-inflammatory, resolving type. Strikingly,
this phenotype can be reversed by application of a miR-223
mimetic or the infusion of miR-223-compentent neutrophils.
(100). In line with these observations, miR-223 is amongst the
most prominent down regulated microRNAs in NASH patients
(100, 102).

Involvement of Efferocytosis Mechanisms

in Liver Cancer

The tumor microenvironment (TME) is rich in immune cells
of which macrophages and other myeloid cells are the most
abundant (103, 104) and the presence of high amounts of CD68
and CD163 positive tumor-associated macrophages is associated
with poor prognosis in a number of human cancers (105),
including hepatocellular carcinoma (HCC) (106). The presence
of tumor-associated macrophages (TAM) is also associated with
the expression of efferocytosis receptors like MerTK, and the
uptake of apoptotic tumor cells may promote further anti-
inflammatory, tumor promoting polarization of TAMs (107). In
hepatocellular carcinoma, molecules involved in efferocytosis are
clinically relevant. The presence of soluble Axl in the serum of
patients, for instance, is used as a biomarker for liver cirrhosis
and HCC development (108, 109) and receptor tyrosine kinase
inhibitors that can inhibit Ax] function are currently being tested

in therapeutic settings (110). However, here it is not clear whether
Axl function in tumor-associated macrophages plays a role, as
hepatocellular cancer cells themselves overexpress Axl, which
provides survival advantages via activation of downstream signal
transduction promoting epithelial to mesenchymal transition
(EMT) (111). Similarly, overexpression of the bridging molecule
Gas6 also promotes HCC metastasis via direct signaling through
the Axl receptor in carcinoma cells (112). Contrary to this, several
studies in preclinical cancer models have provided evidence
that efferocytosis, mostly, but not exclusively, dependent on
the TAM receptor MerTK is involved in promoting tumor
progression, and several Axl, Tyro3, and MerTK targeting small
molecular inhibitors are being tested in clinical trials (113). Tim3
expression on TAM:s also correlates negatively with HCC patient
survival, most likely via the promotion of pro-inflammatory IL-
6 production by Tim3 expressing macrophages (114), which is
thought to be essential for the development of hepatocellular
carcinoma (115). Although the process of efferocytosis is
associated with the development of an M2-like pro-resolving
anti-inflammatory phenotype in tumor associated macrophages,
which supports tumor progression, and oppositely the induction
of pro-inflammatory M1-like macrophages promotes anti-tumor
immunity (116), boosting the pro-inflammatory milieu in the
absence of efferocytosis may contrarily promote tumorigenesis in
the preneoplastic stage of carcinogenesis in the liver (117). Lastly,
tumors may also evade immunosurveillance, by preventing
recognition for efferocytosis. The “don’t eat me” ligand CD47 is
highly overexpressed in HCC samples and preventing interaction
with SIRPla by blocking anti-CD47 antibodies augments
macrophage efferocytosis of HCC cells in vitro and diminishes
HCC tumor growth in in vivo xenograft models (118, 119).

CONCLUSION

The removal of dead cells poses a challenge to the maintenance
of tolerance and the return to tissue integrity after inflammation
or injury. Also in the liver, the maintenance of and return
to immune homeostasis relies on functional efferocytosis (as
summarized in Table 1), as demonstrated by the development
of hepatic autoimmune disease in TAM receptor deficient
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mice. It has not been elucidated whether specific efferocytosis
mechanisms exist in the liver. As during liver disease the
most abundant cells involved in efferocytosis are infiltrating
myeloid cells, general efferocytosis mechanisms known to be
operative in macrophages have been investigated and found to
play a role. However, under homeostatic conditions the most
abundant myeloid cells in the liver are Kupffer cells. Due to
their different ontogeny and expression of specific phagocytic
receptors, such as the PS-receptor Tim4, complement receptor
Vsig4d and the C-type lectin Clec4f, Kupffer cells may well-
utilize additional pathways for efferocytosis under homeostasis.
In liver disease, the use of global and cell specific knock-
out mouse models for molecules involved in various aspects
of efferocytosis has shown that efferocytosis mechanisms are
heavily deployed in virtually all settings and stages of disease.
The absence of functional efferocytosis in these genetic models
can on the one hand lead to exacerbation of liver inflammation
and injury or on the other hand to a lack and/or delay of
resolution of inflammation and a insufficient return to tissue
integrity. These opposite effects can be partly explained by
the type of liver injury/inflammatory response (e.g., due to
toxins or diet induced), but also by the length of the disease
course and the timing of interference with efferocytosis. For
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Resident tissue macrophages (RTMs) are cells with a high functional plasticity assuming
pleiotropic roles in their tissue of residence, from clearance of dead cells and metabolic
sensing in steady state to cytokine production and tissue repair during inflammation. The
liver has long been considered as only populated by Kupffer cells (KCs), a macrophage
population assumed to be in charge of all of these functions. However, we know now
that KCs are not the only macrophage population in the liver, that recently was shown
to contain also capsular macrophages, monocyte-derived macrophages as well as
recruited peritoneal macrophages inherited from previous inflammatory events. These
macrophages exhibit different origins, time of establishing residence and locations in the
liver, with both ontogenical and environmental factors shaping their identity and functions.
Furthermore, liver macrophages reside in a complex environment with a pronounced
metabolic zonation. Here, we briefly discuss how these intrinsic and extrinsic factors
influence macrophage biology and liver physiology in general. We notably focus on
how the recent advances of single cell transcriptomic approaches are changing our
understanding of liver macrophages and diseases.

Keywords: liver, macrophage, heterogeneity, single cell RNA sequencing, monocyte

INTRODUCTION

The liver is known to assume a large repertoire of diverse functions such as detoxication of
numerous metabolites, synthesis of essential proteins, or recycling of iron-containing red blood
cells (1). Such versatility renders this organ indispensable for a healthy physiological state knowing
that the only treatment of liver failure remains limited to organ transplantation. Liver and notably
the hepatocytes, its fundamental metabolic units, can be affected by numerous pathologies among
which are hepatitis, steatosis, cirrhosis, or hepatocarcinoma (1). Etiology of these distinct diseases is
complex and involves genetic and environmental factors yet difficult to stratify in a comprehensive
manner. Furthermore, at a mechanistic level, development of a liver pathology such as fibrosis
for example not only implies hepatocytes but also the other liver cell populations in the forefront
of which are macrophages, but also stellate and endothelial cells (2). So, understanding the
relationships that are established between these different essential cellular liver components appear
necessary to better understand liver functions and pathologies.
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DIVERSITY OF LIVER MACROPHAGES:
ORIGIN AND LOCATION MATTER

Macrophages represent by far the most abundant immune cells in
the liver. Hepatic macrophages are still often referred as Kupfter
cells (KCs) that indeed represent the major fraction of liver
macrophages. KCs were first described more than one century
ago by Kupffer who initially described them as endothelial
cells, components of liver vascular walls (3). Then, a few years
later, they were correctly reassigned as macrophages by Browicz
(4). Indeed, even if KCs are located in the liver, they do not
reside in the parenchyma and are not in direct contact with the
hepatocytes, as they are located within the liver sinusoids where
they are in contact with the blood compartment (Figure 1). KCs
were then included in the mononuclear phagocyte system by Van
Furth et al. (5) and considered thereafter as the liver-resident
monocyte-derived macrophages. But numerous recent studies
using notably powerful fate-mapping models have completely
revisited the dogma of the monocytic origin of many resident
macrophages, including KCs (6-11). It is now clearly established
that KCs do not derive from adult circulating monocytes but
rather from fetal liver monocytic precursors that expand and
maintain themselves during the entire life of the organism (8-10).
This renders KC renewal almost independent of bone-marrow
derived cells at steady state.

Besides of the embryonically-derived KC population that
represents the vast majority of liver macrophages, at least at
steady-state, another population of macrophages residing in
the hepatic capsule has been recently described (12). These
liver capsular macrophages (LCMs) are phenotypically and
developmentally different from KCs. Indeed, although expressing
typical macrophage markers such as CD64 and F4/80, LCMs
are negative for the canonical KC markers Tim4 and Clec4F,
and express rather markers traditionally expressed by dendritic
cells such as MHCII and CDl1l1c (12, 13). Moreover, LCMs
do not derive from embryonic precursors but arise from
adult circulating monocytes. Whether such LCMs represent an
homogeneous population or comprised subsets of macrophages
and dendritic cells remain to be established.

In addition to these two main macrophage populations,
the liver may contain a variable amount of recruited blood
monocyte-derived macrophages. Indeed, in several inflammatory
conditions and notably when KC depletion occurs, replacement
by monocyte-derived macrophages can be observed (14, 15).
Some of the newly-recruited cells will acquire a similar
transcriptomic pattern with time and resolution of inflammation
and will establish residence in the liver, assuming similar
functions than the original macrophages (15). Interestingly,
even if adult monocyte-derived cells represent a very minor
fraction of liver macrophages in mice grown in pathogen-
free facilities with controlled diets, the situation could be
very different in humans which are exposed to a more
challenging and diverse environment with notably a plethora of
foodborne entero-pathogens and various diets. Each infection,
even minor and without triggering any detectable symptoms,
could induce monocyte recruitment in the liver with few
of them differentiating in monocyte-derived macrophages, as

observed in the lung (16). This process could be regarded
as an immune scar in the liver, each individual having his
own immune history shaped by his past infections but also
his genetic identity. So in this context, the notion of steady-
state appears very restricted to laboratory mice and hardly
transposable to healthy humans. In addition, as human fate-
mapping models are lacking, although attempt in the single
cell genomic era might soon provide answers (17), the origin
(embryonic vs. monocyte-derived) of human macrophages is
less understood.

Finally, it has also been shown that murine mature peritoneal
macrophages could rapidly invade the liver after an injury (18).
By using a model of sterile inflammation induced by thermal
injury in the liver, the authors have shown that fully differentiated
F4/80M GATA6™ peritoneal macrophages migrated to the site
of injury. This non-vascular recruitment was mediated by
ATP released from dead cells acting as a damage-associated
molecular pattern and involved also the Hyaluronan-CD44
interaction. Recruited peritoneal macrophages are responsible
for disassembling the necrotic nuclei of dead cells and
authors have shown that depletion of peritoneal macrophages
significantly delayed the wound healing process (18). Whether
these macrophages can maintain themselves in a long-term
manner and can become fully integrated in the liver macrophage
network as well as the relevance of this phenomenon in human
diseases remain to be determined. A table summarizing the
phenotypes of these different liver macrophage populations is
provided (Table1) as a comparison with other known liver
myeloid populations.

UNDERSTANDING HEPATIC
MACROPHAGES THROUGH THEIR NICHE
OF RESIDENCE

Different populations of liver macrophages reside in distinct
hepatic niches and are therefore exposed to a different
microenvironment. It has now been demonstrated that
macrophage homeostasis is tightly controlled by tissue-specific
and niche-specific signals (19-22). Macrophages are known to
be sessile and self-renewing cells (23) implying that they are
solely in direct and intimate interactions with only few tissue
cells, allowing profound relationship to be established from
the first stages of development (24). An exciting question is
to understand in the most exhaustive manner how these cells
interact together and with the other components of the liver
tissue to shape macrophage identity and functions.

Functionally, the liver is organized in metabolic units called
acini. The bloodstream flows from the portal vein and hepatic
artery, and circulates through the sinusoids toward the central
vein. Hepatocytes represent between 60 and 70% of liver cells.
It is known for decades that hepatocytes are heterogeneous
with a differential production of enzymes along the portal-
central axis resulting in a metabolic zonation (25, 26). Therefore,
it has been proposed that oxidative energy metabolism, f-
oxidation, amino acid catabolism were mostly performed in
the portal zone whereas glycolysis and lipogenesis took place
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~ LiverParénchyma
(hepatocytes)

Peritoneal Cavity L€

FIGURE 1 | Liver macrophage heterogeneity. The liver is populated by different macrophage populations. The most abundant one is composed by
embryonically-derived Kupffer cells (KC) which reside in liver sinusoids and interact mainly with HSC and EC. Monocyte-derived macrophages (MoM) can also acquire
a KC-like phenotype after inflammation. Liver capsular macrophages (LCM) are present at the level of the liver capsule (LC). Finally, mature peritoneal macrophages
(PMs) can also be recruited in the liver notably in case of injuries in the parenchyma. (Neu, Neutrophils).

Disse Space
(HSC)

TABLE 1 | Phenotype of liver phagocyte populations.

Markers (mouse) Macrophages Monocytes Dendritic cells Neutrophils
Kupffer cells Monocyte- Capsular macs Peritoneal macs
derived liver
macs
CD11b + ++to + + ++ ++ + ++
CD11c - - + - - ++ -
CD64 + ++to + + + ++ + +
Clec4F ++ -to ++ - - - - -
CX3CR1 - +to- ++ - + - -
F4/80 ++ -to ++ ++ ++ - - -
Ly6C + ++ 10+ + + ++ + ++
Ly6G - - - - - - ++
MHCII + + ++ + + ++ -
Tim4 ++ -to++ - + - - -
(slowly)

The different populations of liver phagocytes can be resolved by using a panel of common myeloid cell markers. This list of murine markers is not exhaustive but allows enough resolution
to identify these populations. Of note, this separation is not accurate for human samples, as mouse-restricted markers such as F4/80 and Clec4fF cannot be used, ontogeny remains
unclear and the existence of all the subpopulations described herein has not yet been confirmed. Bold values indicate the positive markers that can be used for an efficient gating strategy.

predominantly in the central zone (25). The decreasing oxygen
gradient that is established between the blood arriving in the
periportal area and leaving by the central vein is obviously one
of the key determining factors of the metabolic zonation (27).
A genome-wide description of this phenomenon has recently
been established by measuring the transcriptomes of thousands
of hepatocytes (28) and confirmed at the protein level (29). The
same group has also identified zonation at the level of endothelial

cells by using paired-cell RNA sequencing, an innovative strategy
allowing the profiling of endothelial cells attached to hepatocytes
(30). This co-zonation between genes and functions across
hepatocytes and endothelial cell was also confirmed recently in
humans (31). Whether such zonation impacts KC phenotype,
gene expression profile, and functions remains to be investigated.

The other main population of liver-resident cells, even often
overlooked by immunologists are the hepatic stellate cells (HSC).
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These pericytes are localized in the space of Disse between
hepatocytes and endothelial cells (Figure 1). They are mainly
known for their vitamin A storage function at resting state (32)
but they are also known to drive fibrosis by the production of
extracellular matrix once activated and trans-differentiated into
myofibroblasts (33). Even if HSCs have been less characterized
so far, a zonation of these cells has been reported in porcine
livers based essentially on morphological criteria (34, 35).
Furthermore, a certain level of heterogeneity of HSCs has been
observed in an healthy, non-injured mouse liver (36). A most
recent contribution has focused on the heterogeneity of HSCs,
quiescent at steady-state or activated in a chemically induced
model of fibrosis (37). Interestingly, this study mainly reveals
heterogeneity for myofibroblasts in fibrotic contexts. Finally,
recent studies have elegantly deciphered how these different cells,
hepatocytes, endothelial cells and HSCs efficiently collaborate
to drive recruited monocyte transition to macrophages in a
specific KC depletion model (38, 39). Authors have notably
revealed the crucial role of the DLL4-Notch pathway for the
programing of recruited monocytes by liver endothelial cells.
This activation results in the production of LXRa, a crucial
transcription factor involved in the induction and maintenance
of KC identity. In parallel of this, HSCs were shown to produce
the macrophage colony stimulating factor and hepatocytes to
induce expression by monocytes of ID3 (38), a key transcription
factor shown to drive fetal liver monocyte to mature KC
transition (11). These studies revealed also that such transition
from monocyte to monocyte-derived KC was unexpectedly fast,
with the different cells producing complementary signals within
hours after recruitment allowing monocytes to acquire their new
tissue resident identity.

Altogether, even if at a macroscopic level, liver lobules
appear homogeneous with a relatively simple tridimensional
architecture, they hide a complexity shaped by many factors
that should be taken into account to decipher liver macrophage
biology and their potential heterogeneity.

NEW APPROACHES TO IMPROVE OUR
UNDERSTANDING OF LIVER
MACROPHAGES

So far, most of the studies dealing with liver macrophages
have used very few but specific markers such as CD45 (pan-
leukocyte marker), CD11b (pan-myeloid marker) and F4/80
(pan-macrophage marker in mice) to study macrophages, most
often assimilated to KCs. While it has been very useful to
extend our knowledge on KC biology, this conventional approach
consisting in defining populations of interest based on the
expression of limited markers by flow cytometry appears more
and more outdated nowadays. Discoveries of the distinct
ontogeny of KCs and monocyte-derived macrophages and the
complexity of the liver niche have challenged the view of liver
macrophages as a uniform F4/80+ cell population.

The very recent burst in single cell transcriptomics is indeed
profoundly reshaping our approaches to solve key questions in
immunology (40). This technology offers the obvious advantage

to get access to the expression of thousands of genes at the single
cell level instead of a handful of markers which may be highly
selective, but which nevertheless remain limited. But the most
valuable feature of single cell transcriptomics is the unbiased
approach that it is offering. Herein, the most meaningful
parameters are not the ones previously anticipated but may be
completely unexpected ones, designated in an objective manner
by unbiased algorithms. Accordingly, so far, most of the cell
populations that have been deeply analyzed turn out to be much
more heterogeneous than previously anticipated in every organs,
with the existence of overlooked clusters with their own identity
and functions (22, 41).

In the liver, the idea of the coexistence of different subsets
of KCs has been already proposed (42, 43). Of note, these
observations were made by using bone marrow chimeras, an
irradiation murine model in which there is a huge recruitment
of inflammatory monocytes in the liver giving rise to monocyte-
derived macrophages. So as in the studies using the specific
KC depletion model aforementioned (38, 39), the irradiated
liver undergoes a damage resulting in an inflammatory reaction
and this context should therefore be considered different than
the steady-state. Interestingly, it has been very recently shown
that a subset of the embryonically-derived KCs resists to
lethal irradiation, through cdknla upregulation. This radio-
resistance property is lost when native KCs are replaced
by their monocyte-derived counterparts, showing clearly that
ontogeny contribute to macrophage functional heterogeneity
(44). Others have also successfully used the mass cytometry to
analyze liver macrophages and notably described two subsets of
KCs different from infiltrating monocytes (13). Whether these
populations represent ontogenetically independent subsets or
distinct activation stages residing in specific locations remains to
be established.

Single cell transcriptomic  approaches offer
unprecedented sensitivity to investigate liver macrophage
biology. It also remains to be established if KC subpopulations
exist at the transcriptomic single cell level. Interestingly, there
are already few databases publically available such as tabula
muris (45) or the mouse cell atlas (46) for mouse studies, but
also human liver databases (31, 47). These databases offer
the possibility for everyone, even without being equipped to
perform single cell transcriptomics, to ask such questions on
liver macrophages or others immune cell heterogeneity and
screen for their own potential genes of interest. However, we
cannot exclude the possibility that the strategies and technologies
used in these studies did not allow for KC heterogeneity to be
discovered: the number of cells sampled may have been too
low, the sequencing depth may have been too superficial to
reveal subtle and deeply hidden transcriptomic signatures, or the
techniques allowing the isolation of KC could have introduced a
bias of selection of a particular subset. A massive, single-cell study
of KC heterogeneity at steady-state that includes a large enough
cell population and a pipeline that permits deep sequencing and
detects high numbers of genes is urgently needed.

Nevertheless, two recent studies discussed thereafter have
exemplified how single cell transcriptomics can be used to gain
insights into macrophage biology. The first one has clarified the

now
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crosstalk between endothelial cells, HSC and liver macrophages
during the development of non-alcoholic steatohepatitis (NASH)
(48). Authors used mainly a mouse model of NASH but
also validated their observations in humans. Briefly, by doing
single cell sequencing of liver non-parenchymal cells, they have
observed that vascular signaling was dysregulated during NASH.
They have also observed the emergence of a NASH-specific
population of KC, expressing notably Trem2 and CD9. Very
interestingly, it was also observed that these effects on endothelial
cells and liver macrophages were orchestrated by HSCs via
the expression of key secreted factors called “stellakines” (48).
The second study, is focused on human liver cirrhosis (49).
Authors have sequenced around 100,000 single cells, observed
an heterogeneity in endothelial cells and the appearance of
a Trem2+ CD9+ fibrotic macrophage population. They have
also reconstructed the interactions between endothelial cells,
macrophages and HSCs (49). These studies are interesting in
many ways but focusing on macrophages, they are in line with
another recent study describing a population of adipose tissue
Trem24 CD9+ macrophages that emerge during obesity and
that regulate adipocyte hypertrophy and body fat accumulation
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CONCLUDING REMARKS

Herein, we discussed liver macrophage heterogeneity and how
the most recent advances in single cell transcriptomics could be
used to decipher liver macrophage biology. Clearly, last years
of research have revealed an unexpected heterogeneity of liver
macrophages, both at ontogeny and environmental levels. We
now need to take into account this diversity in future studies
focusing on liver diseases, and the use of the most recent and still
evolving technologies such as the single cell transcriptomics will
be crucial for this.
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Hepatic macrophages play a central role in maintaining homeostasis in the liver,
as well as in the initiation and progression of liver diseases. Hepatic macrophages
are mainly derived from resident hepatic macrophages called Kupffer cells or
circulating bone marrow-derived monocytes. Kupffer cells are self-renewing and typically
non-migrating macrophages in the liver and are stationed in the liver sinusoids
in contrast to macrophages originating from circulating monocytes. Kupffer cells
regulate liver homeostasis by mediating immunity against non-pathogenic blood-borne
molecules, while participating in coordinated immune responses leading to pathogen
clearance, leukocyte recruitment and antigen presentation to lymphocytes present in
the vasculature. Monocyte-derived macrophages infiltrate into the liver tissue when
metabolic or toxic damage instigates and are likely dispensable for replenishing the
macrophage population in homeostasis. In recent years, different populations of hepatic
macrophages have been identified with distinct phenotypes with discrete functions,
far beyond the central dogma of M1 and M2 macrophages. Hepatic macrophages
play a central role in the pathogenesis of acute and chronic liver failure, liver
fibrosis, non-alcoholic fatty liver disease, alcoholic liver disease, viral hepatitis, and
hepatocellular carcinoma, as well as in disease resolution. The understanding of the role
of hepatic macrophages in liver diseases provides opportunities for the development
of targeted therapeutics for respective malignancies. This review will summarize the
current knowledge of the hepatic macrophages, their origin, functions, their critical
role in maintaining homeostasis and in the progression or resolution of liver diseases.
Furthermore, we will provide a comprehensive overview of the therapeutic targeting
strategies against hepatic macrophages developed for the treatment of liver diseases.

Keywords: hepatic macrophages, targeted therapeutics, liver diseases, monocytes, Kupffer cells

INTRODUCTION

The liver is the largest gland in the human body, weighing about 1.5kg in an adult. It plays an
important role in metabolism and mediate several functions including glycogen storage, plasma
protein synthesis, and drug detoxification. Liver tissue is highly vascularized with a continuous
blood flow and contain extremely permeable fenestrated endothelia facilitating the interaction
between the bloodstream and liver cells. The liver is also a central immunological organ in the
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human body that is exposed to large amounts of circulating
antigens and endotoxins from gut microbiota. To maintain
liver homeostasis, the liver employs multiple mechanisms to
suppress immune responses and create tolerance (1). Liver
sinusoidal endothelial cells (LSECs), Kupffer cells (KCs) and
dendritic cells are essential players in initiating and shaping liver
immune responses, through antigen presentation, and cytokine
and chemokine excretion along with neutrophils, B and T
lymphocytes, and natural killer (NK) cells that circulate in the
hepatic sinusoids (2).

In this review, we present the insights on hepatic macrophages
[collectively referred to as resident KCs and monocyte-derived
macrophages (MoMFs)], a heterogeneous population of immune
cells that originate from different sources (3). Traditionally,
macrophages are classified into a classical M1 pro-inflammatory
phenotype, and a dichotomic M2 pro-resolving phenotype (3).
However, in past years, tremendous heterogeneity in hepatic
macrophages, with distinct functions and gene signatures, have
been revealed highlighting their cruciality in liver diseases.
While KCs represent the main hepatic macrophages during
steady state involved in homeostasis, hepatic metabolic or
toxic damage results in massive infiltration of MoMFs into
the injured liver. Mice with injured livers showed that the
infiltration of MoMFs resulted in antigen redistribution between
myeloid cell populations and loss of specific markers for
tolerogenic phenotype by KCs, due to amplification of the
hepatic phagocytic compartment (4, 5). Hepatic macrophages
generally maintain homeostasis, but when imbalance ensues this
can result in liver inflammation and fibrosis. The imbalance
in hepatic macrophage functioning can result in different
liver diseases consequently liver inflammation that has been
shown to be associated with the poor disease prognosis
in patients.

During liver damage, hepatic macrophages interacts and
communicates with hepatic stellate cells that are also known
as the liver pericytes located in the space of Disse between
parenchymal cells and LSECs of the hepatic lobule. Hepatic
stellate cells have numerous functions like vitamin A storage,
hemodynamic functions, immuno-regulation and extracellular
matrix (ECM) remodeling (6). Upon liver injury, these
cells transdifferentiate into activated proliferative, migratory
and contractile myofibroblasts, and secrete multiple pro-
inflammatory and pro-fibrotic factors (7, 8). In addition, these
hepatic myofibroblasts promote the differentiation of liver
macrophages with pro-inflammatory and pro-fibrotic functions
(9), hence play a central role in the development of liver
fibrosis and hepatocellular carcinoma (HCC) in combination
with liver macrophages.

In the past decades, it has become apparent that macrophages
play a central role in initiation, perpetuation and restoration
of liver inflammation and damage. Tremendous progress has
been made in the understanding of their origin, heterogeneity
and functions that has provided with new therapeutics that have
been—or currently being—explored in preclinical models and
clinical trials. These increasing developments in understanding
hepatic macrophage biology will provide new perspectives
toward the effective treatment of liver diseases.

ORIGIN OF HEPATIC MACROPHAGES

Ninety percent of all macrophages in the human body reside
in the liver. These macrophages can be derived from different
cells. The diverse origins of the macrophages result in cellular
heterogeneity in the liver, which is reflected in a high diversity
in released cytokines, cell surface markers and transcriptional
profiles (3, 10). Hepatic macrophages can be derived from
either resident hepatic macrophages, called KCs and from
distinct populations of infiltrating macrophages i.e., circulating
bone marrow (BM)-derived macrophages, avascular peritoneal
macrophages (PMs) that reside in subcapsular regions of the
liver or splenic monocytes (3, 11-13) (Figure 1). In response
to microenvironmental signals, macrophages can migrate and
polarize toward different phenotypes with pro-inflammatory
and/or anti-inflammatory responses (14).

Kupffer Cells

KCs are the resident, self-renewing and non-migrating
macrophages, localized at the luminal side of the liver
sinusoids (3, 10). KCs are the largest tissue-resident macrophage
population that maintain liver integrity, restore tissue after
injury and infection, and initiate the innate and adaptive
immune responses (15). KCs form a highly dynamic and
complex network in this defense and mediate tolerance, mostly
via the interaction with hepatic regulatory T cells (Tregs)
(2). KCs provide an anti-inflammatory microenvironment,
during homeostasis, by secreting an anti-inflammatory cytokine
interleukin (IL)-10 (4, 12). Antigen presentation to KCs
induces CD4 T-cell arrest and secretion of immunosuppressive
cytokine IL-10 producing antigen-specific Tregs, which results in
promoting the immune tolerance. To maintain liver homeostasis,
KCs do not only interact with T cells, but also with another
macrophage population, circulating MoMFs and hepatic stellate
cells (liver fibroblasts) (Figure 1).

The resident macrophages are developed asynchronously in
three waves at multiple anatomical locations (Figure 1). The
first wave, primitive hematopoiesis, starts at embryonic day 7.5.
In the first wave, primitive erythroid progenitors are detected
in the yolk sac (YS) and give rise to primitive erythroblasts
(16, 17). In the second wave, transient hematopoiesis, fate-
mapping studies in mice showed that resident macrophages
descend from a Tie2™, also called Tek receptor tyrosine
kinase through a cellular pathway generating colony-stimulating
factor 1 receptor (CSF1R) positive erythro-myeloid progenitors
(EMPs). The EMPs are developed in the YS at embryonic
day 8.5, they migrate via the bloodstream and colonize to
the nascent fetal liver in a chemokine-receptor-dependent
manner before embryonic day 10.5 and give rise to the pre-
macrophages until embryonic day 16.5. KCs are marginally
replaced by hematopoietic stem cells derived macrophages in 1-
year-old mice, hereby generating macrophage diversity observed
in postnatal tissues (18-20). Finally, the third wave, definitive
hematopoiesis, hematopoietic stem cells can be distinguished
from other hematopoietic progenitors by their self-renewal
capacity, presence in adults and repopulation potential after
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FIGURE 1 | Origin of hepatic macrophages. The figure depicts the diverse origin of hepatic macrophages. Hepatic macrophages can arise from bone marrow derived
monocytes, spleen derived monocytes and peritoneum-derived macrophages. Resident hepatic macrophages (Kupffer cells, KCs) develop in three waves at multiple
anatomical locations. In the first wave (primitive hematopoiesis), primitive erythroid progenitors originate and differentiate into primitive erythroblasts in the yolk sac. In
the second wave (transient hematopoiesis), erythro-myeloid progenitors develop in the yolk sac and migrate into the nascent fetal liver. In the third wave (definitive
hematopoiesis), hematopoietic stem cells arise intra-embryonically from hemogenic endothelium in the aorta-gonad-mesonephros region and in the umbilical and
vitelline arteries. Hematopoietic stem cells migrate into the fetal liver and expand/differentiate into resident KCs. Hepatic macrophages mediate different functions in
organ homeostasis, impairment, restoration, and in fibrosis. APC, antigen presenting cells; CCL, chemokine (C-C) motif ligand; CCR, chemokine (C-C) motif receptor;
CD, cluster of differentiation; Clec4f, C-type lectin domain family 4 member F; CX8CR1, C-X3-C motif chemokine receptor 1; ECM, extracellular matrix; F4/80,
EGF-like module-containing mucin-like hormone receptor-like 1; GATA6, GATA-binding factor 6; IL, interleukin; MIP-1, macrophage inflammatory protein 1; Tim4, T-cell
membrane protein 4; TGFB, transforming growth factor beta; TNF-a, tumor necrosis factor-a; Treg, regulatory T cells; Ly-6C, lymphocyte antigen 6 complex locus C1.

transplantation (21). Hematopoietic stem cells arise intra-
embryonically from hemogenic endothelium in the aorta-
gonad-mesonephros region and in the umbilical and vitelline
arteries at embryonic days 10.5. The hematopoietic stem cells
migrate to the fetal liver, expand and differentiate into resident
macrophages (17, 22).

KCs are primarily identified as CD45" F4/80%
CD11bintermediate/int cells expressing C-type lectin 4F (Clec4f)
as a specific KC marker. Based on intravital microscopy,
morphometric analysis and gene expression profiling, two
distinct intrahepatic KCs subsets i.e., BM-derived KCs
and YS-derived KCs, highlighting KCs heterogeneity (23).
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YS-derived KCs express Macrophage Receptor with Collagenous
Structure (MARCO) and T-cell immunoglobulin and mucin
domain containing 4 (Tim4) and possess pro-inflammatory
functions. On the other hand, BM-derived KCs display
an immunoregulatory gene signature possessing protective
functions in the maintenance of liver homeostasis (23).
Interestingly, recent studies have highlighted a rapid KCs loss
upon infection (24, 25), and in HCC (26), thereby questioning
why and how KCs loss is established. Several hypotheses have
been proposed e.g., KCs loss as a self-inflicted brake of immune
system to prevent excessive inflammation, as supported by
studies whereby KCs depletion attenuated chronic inflammatory
diseases such as non-alcoholic steatohepatitis (NASH) (27, 28).
However, in contrast, studies have revealed that tissue-resident
macrophages inhibit inflammation after injury and maintain
homeostasis (29, 30). With these contradicting findings, it is
highly critical to understand if KCs loss is an essential to control
liver inflammation or is a consequence of the inflammation.
Considering the distinct KC populations (BM-derived and
YS-derived) with different functions might explain these
contradictions, however further studies are required to deeply
understand the underlying mechanisms. These insights will
improve our current understanding about liver diseases and will
help in developing novel therapeutic strategies targeting specific
KC phenotype for the efficient treatment of liver diseases.

Monocyte-Derived Macrophages

Circulating MoMFs mainly infiltrate into the liver when hepatic
metabolic or toxic damage occurs and are likely dispensable
for replenishing the macrophage population in homeostasis
(Figure 1). MoMFs are mainly derived from a chemokine C-
X3-C motif receptor 1 (CX3CR1)* CD117" Lin~ (lineage-
negative) BM progenitors and express CX3CR1, lymphocyte
antigen 6 complex locus C1 (Ly-6C), CD11b and chemokine
(C-C motif) receptor 2 (CCR2) (31). MoMFs recruitment is
primarily initiated by activated toll-like receptor (TLR) signaling
in KCs or hepatic stellate cells that results in increased secretion
of chemokine (C-C motif) ligand 2 (CCL2) or monocyte
chemoattractant protein 1 (MCP-1) (32-34).

Upon recruitment, MoMFs differentiate into a plethora
of phenotypes with discrete functions depending on the
microenvironmental cues. Studies in mice have shown that
inflammatory lymphocyte antigen 6 complex, locus C1 (Ly-
6C)Mgh expressing monocytes (analogous to CD14M CD16'°
human monocytes) are attracted and accumulated in the injured
liver tissue depending on chemokine ligand/receptor interactions
of CCL2/CCR2 or CCL1/CCRS8 (3, 34-37). In acute liver injury
mouse model, Ly-6CM8" monocytes have been shown to express
the increasing levels of T cell Ig Mucin 3 (Havcr2), toll-like
receptors (TIr2), C-type lectins (Clec4d, Clecde, and Clec5a),
CD209a and CD93 (38). Ly-6CM8" monocytes provoke organ
impairment, but can locally undergo a functional switch into
restorative Ly-6C°" monocytes (analogous to CD141°% CD16Mgh
human monocytes) that can restore liver damage. Therefore,
this study showed a Ly-6C"8"/Ly-6C1®" phenotype beyond the
traditional M1/M2 classification (39).

Ly-6CMg" monocytes express high levels of CCR2 and
activated hepatic stellate cells have been to secrete increasing
levels of CCR2 ligand CCL2. It has been further suggested
using CCR2 deficient mouse model, that CCR2 critically controls
intrahepatic Ly-6CP8" monocytes recruitment during liver injury
via CCR2-dependent BM egress and promote the progression
of liver fibrosis (39, 40). The CCL2/CCR2 signaling therefore
critically mediates hepatic macrophage recruitment upon liver
injury, leading to shaping of the inflammatory response in the
injured liver. Furthermore, other CCRs such as CCR1 and CCR5,
via CCL3/MIP1a, CCL4/MIP1B and CCL5/RANTES interaction
have been implicated in liver fibrosis attributed to Ly-6Chigh
monocytes recruitment or stellate cells activation, respectively
(39-41). CCRS that interacts with CCL1 was also shown to be
involved in the directed infiltration of infiltrating monocytes into
injured liver (37). In the respective study, CCR8-deficient mice
having reduced intrahepatic monocytes/macrophages showed
significantly attenuated hepatic fibrosis that could be restored
by adoptive transfer of CCR8-expressing Ly-6CM&" BM-derived
monocytes (37). These studies highlight the importance of
MoMFs recruitment in disease progression and therefore the
therapeutic potential of CCRs e.g., CCR2, CCR5, and CCR8
antagonists to inhibit MoMFs infiltration thereby limiting liver
inflammation and fibrosis.

Peritoneal and Splenic Macrophages

Wang and Kubes have identified a distinct avascular population
of macrophages, PMs, that are recruited through the
visceral endothelium upon liver injury and contribute to
liver regeneration (13). PMs, that reside in the peritoneal
cavity with self-renewal abilities (42), exists as two distinct
PM subsets ie., large peritoneal macrophages (LPMs) and
small peritoneal macrophages (SPMs). LPMs originate from
embryonic precursors and represent the most abundant subset
under steady conditions that display F4/80M" CD11bhigh
MHCII'® phenotype (Figure 1). While SPMs are the minor
subset with F4/80'°% CD11blY MHCIIM8"  phenotype
and originate from BM-derived myeloid precursors and
predominantly appear during infection (42). Flow cytometry
studies confirmed the recruitment of subpopulation of mature
PMs expressing CD102 and GATA-binding protein 6 (GATA6)
transcription factor within 1h at the site of thermal injury
at the liver surface (13, 43). Furthermore, depletion of
PMs prevented the early F4/80" macrophage influx and
finally, macrophage recruitment and tissue regeneration
was reported to be impaired in GATAG6-deficient mice,
suggesting an important role of PMs during resolution of
liver diseases (13, 43).

Besides KCs, MoMFs and PMs, splenic derived monocytes
may also contribute to hepatic macrophages during liver
injury (11, 44) (Figure1). Studies have unraveled spleen as
a site for storage and deployment of monocytes, and have
identified the contribution of splenic monocytes in regulating
immune response during injury (44). Furthermore, splenic
macrophages have been shown to promote monocytes infiltration
and supports M1 dominant phenotype via secretion of CCL2,
and regulate KCs activation and hepatic inflammation by

Frontiers in Immunology | www.frontiersin.org

30

December 2019 | Volume 10 | Article 2852


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

van der Heide et al.

Targeting Hepatic Macrophages

releasing of factors such as lipocalin-2 in the portal vein (45,
46). However, more studies are vital to gain insights into
distinct phenotypes and functions of splenic macrophages during
liver diseases.

MACROPHAGE HETEROGENEITY:
BEYOND M1 AND M2 POLARIZATION
DOGMA

Within hepatic macrophage populations, there is a substantial
heterogeneity characterized by a broad spectrum of released
cytokines, cell surface markers and transcriptional profiles.
Within the simplistic M1/M2 terminology, classically activated
M1 macrophages—activated by interferon gamma (IFN-y) and
lipopolysaccharides (LPS)—are pro-inflammatory, microbicidal,
tumoricidal, and release numerous inflammatory cytokines
e.g., tumor necrosis factor (ITNF)-a, IL-1, IL-6, IL-12, IL-15,
and IL-18. While alternatively activated M2 macrophages
downregulate inflammatory responses and facilitate tissue repair
by secreting IL-10, IL-4/IL-13, transforming growth factor
(TGF)-p and vascular endothelial growth factor (VEGF)-a. Due
to the complex biological characteristics, M2 macrophages can
be further sub-categorized into distinct phenotypes based on
the stimuli: M2a (induced by IL-4 and IL-13), M2b (elicited
by immune complexes), M2c (stimulated by IL-10, TGF-f
and glucocorticoids) and M2d (activated by IL-6, TLR ligands
and adenosine) (47, 48). M2a macrophages are wound healing
macrophages that express high levels of mannose receptor (MR,
also called CD206), secrete pro-fibrotic factors such as TGF-f,
insulin-like growth factor (IGF), and fibronectin, and contribute
to tissue repair. M2b macrophages possess both protective and
pathogenic roles, and secrete both pro- and anti-inflammatory
cytokines. M2c phenotype display regulatory phenotype, can
repress inflammation and fibrosis, and promote tissue repair. In
addition, M2c macrophages have the ability to induce regulatory
T cells and are involved in the phagocytosis of apoptotic cells.
M2d macrophages have phenotypic and functional attributes
similar to tumor-associated macrophages (TAMs), and are
distinct from M2a-c. M2d constitute the major inflammatory
component in tumor, contributing to angiogenesis and
metastasis (47, 48).

Strikingly, recent studies have unraveled a complex and
spectrum of macrophage polarization states beyond the ancient
dogma of M1 and M2 macrophages (11, 49). A recent study,
using single-cell RNA sequencing, has provided a comprehensive
map of the human liver at a single-cell resolution and revealed
distinct intrahepatic monocyte/macrophage populations with
unique functional pathways. Furthermore, this study highlighted
the disparity between different macrophage populations and
biological differences between livers from mice and humans.
This recent study describing a transcriptional map of the human
liver microenvironment provides a framework for understanding
the human liver and the role of different cellular phenotypes
that will provide a benchmark for the development of novel
immunomodulatory therapies (49).

FUNCTION OF HEPATIC MACROPHAGES
IN LIVER DISEASES

Homeostasis of the liver is important for tolerating and
regulating immune responses. Hepatic immune tolerance is
mostly dependent on the interaction between KCs and Tregs
to create a local suppressive microenvironment, while the
recruitment of MoMFs and crosstalk between hepatic stellate
cells and macrophages are important determinant for the disease
progression/pathogenesis, and tissue regeneration following liver
injury. For the development of targeting therapies for liver
diseases, especially targeting liver inflammation, it is highly
crucial to gain insights into the origin, phenotypic heterogeneity
and functions of hepatic macrophages. Here, the role of hepatic
macrophages in different liver diseases has been described,
including acute liver failure (ALF), liver fibrosis, non-alcoholic
fatty liver disease (NAFLD), alcoholic liver disease (ALD), viral
hepatitis and HCC.

As mentioned earlier, hepatic macrophages (KCs and MoMFs)
are the key players in various types of liver disease. The
understanding of their roles in different liver diseases defines
them as promising targets to develop new therapies for different
liver diseases. Several commendable reviews have detailed the
divergent roles and mechanisms of hepatic macrophages in liver
diseases (3, 10). The function of hepatic macrophages in these
different liver diseases is briefly summarized below and depicted
in Figure 2.

Acute Liver Failure

ALF is a syndrome that is characterized by peripheral
vasodilation, encephalopathy and coagulopathy resulting in
multiple organ dysfunction and death (50). Patients with ALE,
without previously recognized liver disease, sustain a liver injury
that results in a rapid loss of hepatic function. Hepatic insult
activates KCs and MoMFs to release large amounts of pro-
inflammatory cytokines and chemokines, such as TNF-a, IFN-
¥, MCP-1/CCL2, and IL-8 (Figure 2). They also express death
ligands resulting in hepatocyte apoptosis (50). KCs release
wide range of cytokines that are critical in determining the
subsequent reactions of other immune cells, hepatocytes and
the degree of organ damage (51). MoMFs have been shown
to be actively recruited and secrete large amounts of pro-
inflammatory cytokines, present antigens via their surface HLA
class II molecules and trigger the adaptive immune response.
In ALF, a counter-regulatory process ensues that is intended to
offset the damaging effects of unhindered pro-inflammatory KCs
and MoMFs activation. This counter-regulatory process consists
of KCs secreting cytokines, such as IL-6, IL-10, and IL-18, to
compensate for the deleterious effects of the pro-inflammatory
response (50, 52).

Liver Fibrosis

Liver fibrosis is the final common pathway of chronic liver
diseases caused by toxic damage, viral infections, autoimmune
conditions, and metabolic and genetic diseases (53). The
advanced stage of liver fibrosis is called cirrhosis, which is
characterized by a loss of architecture, function of the liver

Frontiers in Immunology | www.frontiersin.org

3

December 2019 | Volume 10 | Article 2852


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

van der Heide et al.

Targeting Hepatic Macrophages

Acute liver failure

4
~

Adaptive immune
response

TNF-q, IFN-y,
MCP-1, IL-8

Counter-regulatory
process

TNF-a

Oxidative stress

Viral hepatitis

TGF-B, IL-1B,
PDGF, CCL2,
CCL5

NAFLD/NASH

mtDNA

V J T sense

liver injury

IL-6, TGF-B, TNF-q,
osteopontin,
MMPs, IL-10,
VEGF, EGF, PDGF

HCC

- Suppression of antitumor
immune response
- Tumor growth, angiogenesis,
invasion, metastasis

IL-18, IL-1B, IL-10,
TGF-B, galectin-9,
PD-L1, PD-L2

- Stimulation of NK cells

- Suppression of T cell response

KCs \kﬁ MoMFs MoMFs 5”'7 m\‘i\ MoMFs TAMs
0 \,e/ . Ly-6Chish )/ Ly-6Cow

FIGURE 2 | Macrophages in hepatic disease. Hepatic macrophages, KCs and MoMFs, are the key players in various types of liver disease including acute liver failure
(ALF), liver fibrosis, non-alcoholic fatty liver disease (NAFLD), alcoholic liver disease (ALD), viral hepatitis and hepatocellular carcinoma (HCC). They modulate adaptive
immune responses, fibrosis progression/resolution, sense disease severity, contribute to the establishment of a tumorigenic environment, promote tumor growth,
angiogenesis, invasion, and metastasis. CCL, chemokine (C-C) motif ligand; EGF, epidermal growth factor; HCC, hepatocellular carcinoma; IL, interleukin; IFN-y,
interferon-y; KCs, Kupffer cells; LPS, lipopolysaccharides; Ly-6C, lymphocyte antigen 6 complex locus C1; MCP-1, monocyte chemoattractant protein 1; MMPs,
matrix metalloproteinases; MoMFs, monocyte derived macrophages; mtDNA, mitochondrial DNA; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; NAMs, NASH-associated macrophages; PD-L, programmed death-ligand; PDGF, platelet-derived growth factor; ROS, reactive oxygen species;
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TAMs, tumor-associated macrophages; TGFB, transforming growth factor beta; TNF-a, tumor necrosis factor-a; VEGF, vascular endothelial growth factor.

and development of life-threatening complications. Hepatocytes,
cholangiocytes, hepatic stellate cells, LSECs, immune cells and
especially macrophages have been identified in the pathogenesis
of liver fibrosis (54). KCs are important in the initial response
to injury, produce cytokines and chemokines, and recruit
monocytes via secretion of CCL2 and CCL5 chemokines (39, 55).
Studies have shown that that infiltration of Ly-6C"8" MoMFs
contributing to the expansion of hepatic macrophages to 3-5-
fold. MoMFs could promote fibrosis by releasing factors like
TGE-B, IL-1B, platelet-derived growth factor (PDGF) and CCL2,
which activates hematopoietic stem cells (HSCs) and progresses
the inflammation. Ly-6CPM&" MoMFs are pro-fibrogenic and pro-
inflammatory (34) and can be switched to Ly-6C!°" macrophages
that are pro-restorative, anti-fibrotic and anti-inflammatory
based on microenvironmental cues (39) (Figure 2). Importantly,
when the injury in the liver is removed, macrophages are also
responsible for the reversal of the liver fibrosis (55).

Non-alcoholic Fatty Liver Disease

NAFLD refers to a wide range of liver damage, from simple
steatosis to NASH, advanced fibrosis, cirrhosis and liver failure
(56). Pathological NAFLD resembles alcohol-induced liver
disease but occurs in patients who do not abuse alcohol (57).
NAFLD is a metabolic syndrome associated with unhealthy
lifestyle and several risk factors, obesity, dyslipidemia and
insulin resistance (58). Besides liver macrophages, adipose tissue
macrophages are also shown to contribute to NAFLD and
secretes adipokines and cytokines (59). Hepatic macrophages
play the central role in NAFLD, the activation and polarization
of macrophages affect the NAFLD progression. Dysregulation
in macrophage polarization assist in progression to steatosis,
the early stage of NAFLD (60). During chronic liver injury,
KCs become activated and release inflammatory cytokines and
chemokines. Endotoxins and bacterial components released due
to increased intestinal permeability, (lipo)apoptotic hepatocytes,
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gut microbiota, free fatty acids, cholesterol etc. are the
factors that mediate macrophage activation during NAFLD
(61). Upon activation, KCs and MoMFs secrete inflammatory
cytokines IL-18, TNF-a and CCL2, that are involved in
the development of steatosis, serve as lipogenic factors and
promote the inflammatory progression from NAFLD to NASH
(62-65) (Figure2). NASH patients have increased levels
of mitochondrial DNA (mtDNA) in serum, as damaged
hepatocytes release exosomes/extracellular vesicles containing
mitochondrial DNA. KCs recognizes this mitochondrial DNA
via TLR9 and can therefore sense the severity of the liver
injury (66, 67).

More recently, Krenkel et al, has reported the distinct
fate of myeloid cells in liver and BM during obesity-
related NASH. The study showed a unique, however common
and functionally relevant, inflammatory signature in liver
myeloid compartment and the BM precursors during NAFLD
progression (68). This study suggests that myeloid cells, especially
macrophages, adapt their phenotype in response to metabolic
microenvironment, indicating the metabolic reprogramming
of macrophages in NASH. Interestingly, using single-cell
secretome gene analysis, Xiong et al., has identified NASH-
associated macrophages (NAMs). NAMs markedly express high
levels of triggering receptors expressed on myeloid cells 2
(Trem2) as a feature of mouse and human NASH correlating
with disease severity, and responsive to pharmacological and
dietary interventions. This study further provide insights into
reprogramming of macrophages (and other non-parenchymal
cells) in NASH (69).

Alcoholic Liver Disease

ALD includes different disease stages from simple steatosis
to cirrhosis and HCC. Liver injury in ALD can be caused
by the following factors: dose, duration and type of alcohol
consumption, drinking patterns, sex, ethnicity, obesity, iron
overload, viral hepatitis and genetic factors (70). Alcohol
ingestion can cause alcohol-induced liver injury through
activation of the innate and adaptive immune responses by
cytotoxic and reactive oxygen species (ROS)-mediated effects
of alcohol and its metabolite, acetaldehyde, on hepatocytes
(71). Hepatic macrophages (both M1 and M2 phenotype)
increases significantly during disease progression with increased
intrahepatic inflammation e.g., increased expression of
inflammatory genes, M1 and M2 markers, cytokines and
chemokines (70-75).

KCs play a key role in ALD and alcohol consumption can
lead to an increase in gut permeability resulting in endotoxemia.
KCs can bind to endotoxin via CD14 receptor in combination
with TLR4, leading to oxidative stress and release of pro-
inflammatory cytokines such as TNF-a, causing alcohol-induced
liver injury (72-75) (Figure 2). LPS levels are increased in ALD
patients, which activates TLR4 signaling in KCs, HSCs and
LSECs, and contributes to the regulation of angiogenesis and
fibrogenesis, leading to fibrosis. Complement activation, TLR
pathways and LPS-mediated pathways, including inflammasome
activation could be potential therapeutic targets to develop new
therapies for the treatment of ALD (74, 76).

Viral Hepatitis

Acute viral hepatitis is the most common cause of chronic liver
disease worldwide. Chronic hepatitis may progress to cirrhosis,
liver failure or HCC (77). A major obstacle in studying viral
hepatitis is that there only exist a few immunocompetent animal
models for chronic viral hepatitis (10). Hepatic macrophages
are recognized as important cells in viral hepatitis. Hepatic
macrophages can provide an efficient antiviral response but can
also contribute to adverse effects as liver fibrosis or suppression
of antiviral immunity (78). KCs play a pivotal role in both
the hepatitis B virus (HBV) and the hepatitis C virus (HCV)
infection. HBV can infect KCs, leading to the release of
inflammatory cytokines, such as IL-18, and stimulation of NK
cells (79, 80). The HCV can activate KCs through TLR2, which
results in secretion of inflammatory molecules such as IL-1p
and IL-18 (81, 82). KCs secrete IL-10, TGF-P, galectin-9 and
induces expression of programmed death-ligands 1 and 2 (PD-
L1 and PD-L2) during both HBV and HCV infection, resulting
in suppression of T cell response (12) (Figure 2).

Hepatocellular Carcinoma

HCC is one of the most aggressive form of human cancer and
a growing cause of cancer-related deaths worldwide (83, 84).
Chronic inflammation seems to be essential in the initiation
and development of HCC but idem for fibrosis and cirrhosis,
which finally result in HCC. HBV and HCV as well as
chronic alcohol abuse, biliary disease, metabolic disorders,
drugs, toxins and genetic alterations are the major risk factors
for the development of HCC (85, 86). TAMs are the key
players in cancer-related inflammation (86, 87). TAMs originate
from circulating monocytes that are recruited to the tumor
microenvironment by CCL2, macrophage colony-stimulating
factor (M-CSF), VEGE and TGF-B, where they differentiate
to mature hepatic macrophages (88). In the HCC tumor
microenvironment, TAMs are mostly polarized into the M2
phenotype (87, 89) and promote HCC growth, angiogenesis,
invasion and metastasis. They are also shown to suppress
an antitumor immune response through the interaction with
stromal and cancer cells in the tumor microenvironment. In
the tumor microenvironment, TAMs release many cytokines,
chemokines and growth factors. While IL-6 and TGF-§ favor
tumor growth, TNF-a, osteopontin, matrix metalloproteases
(MMPs), and IL-6 supports invasion and metastasis. TGF-f
in combination with IL-10 favors suppression of an antitumor
immune response, and VEGEF, epidermal growth factor (EGF),
PDGF and TGF-P induces angiogenesis (86) (Figure 2).

As described above, hepatic macrophages play an highly
essential role in liver diseases like ALF, liver fibrosis, NAFLD,
ALD, viral hepatitis, and HCC. Therefore, hepatic macrophages
represent the potential targets for therapeutic targeting for the
treatment of liver diseases.

THERAPEUTIC TARGETING OF HEPATIC
MACROPHAGES

Based on our increasing understanding about macrophages,
several pathways have been identified that regulate their
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recruitment, differentiation/polarization and activation, based on
which, a number of drugs have been designed and investigated
in different preclinical murine models. Furthermore, it has
been increasingly recognized that macrophages possess high
scavenging ability thereby allowing their preferential targeting
using nanoparticles (NPs).

However, there are several challenges that are hampering
the drug development: (1) disparity in macrophage phenotypes
in humans and in animal models resulting in poor translation
of therapeutics studied in animal models to human patients;
(2) greater macrophage heterogeneity in humans as compared
to inbred mouse strains due to several intrinsic (genetics,
ethnicity, sex, and age) and extrinsic factors (microbiota,
infections, medications); (3) limited in-depth knowledge about
human macrophage subsets as compared to mouse models.
Importantly, macrophages display incredible heterogeneity with
distinct functions in disease initiation and progression as well
as protective role and maintain homeostasis. Therefore, it is
crucial to target the pathogenic phenotypes of macrophages
therapeutically without hindering the functions of so-called
restorative or homeostatic macrophages.

Here, we summarize different approaches that have been
explored for targeting of hepatic macrophages and are sub-
categorized into three major categories: (a) modulation of
macrophage polarization/reprogramming, (b) inhibition of KCs
activation and (c) dampening of monocyte recruitment. These
strategies have been investigated in experimental animal models,
while some have been translated in the clinical settings (Table 1
and Figure 3).

Modulation of Macrophage

Polarization/Reprogramming

Macrophages phenotypes exert contrasting functions, therefore
a therapeutic approach that promotes a switch from pathogenic
phenotype to restorative phenotype is an interesting approach
to accelerate disease resolution and promote liver regeneration.
This can be achieved by using therapeutics that promote
macrophage polarization and/or using nanoparticles that can
selectively reprogram macrophages to restorative phenotype.
Steroids (e.g., Dexamethasone), IL-4, IL-10, secretory leukocyte
protease inhibitor (SLPI), prostaglandin E2 (PGE2) and colony-
stimulating factor 1 receptor (CSF-1R) agonists are the promising
therapeutics targeting different immuno-modulatory pathways
that have been explored for macrophage reprogramming in liver
diseases (90).

NPs are materials with dimensions between 10~° and 1077
m. Such particles can be used as nanocarriers for diagnosis and
targeted delivery of therapeutic agents for liver diseases (109).
There are several nanocarriers that can be used for diagnosis
and therapy referred to as nano-theranostics. The NPs for
drug and gene delivery systems include polymeric NPs, lipid
NPs, organic and inorganic NPs (110). NPs provide multiple
new properties, which can be exploited to improve the ability
to detect, treat, monitor and prevent diseases. Moreover, the
interactions between these nanomaterials and comparably sized
physiological structures in the human body e.g., DNA, proteins

and organelles, can be used in combination with existing medical
diagnostic and treatment strategies to develop more efficacious
approaches (111). These NPs could be loaded with small drug
molecules, proteins, DNA or RNA. The drug release can be
favorably tuned in different NPs, and in some cases, the release of
the therapeutic agents could also be initiated by internal stimuli
such as pH (112), or external stimuli such as light (113). Various
surface modifications can be applied to NPs including small
drug molecules, antibodies, fluorescent dyes, peptides, proteins,
polyethylene glycol (PEG), DNA or RNA.

The NPs can be delivered at the targeted site via active
or passive targeting. With active targeting, the NP surface can
be modified with targeting ligands, e.g., targeting peptides,
antibodies, which leads to specific binding to the targeted
cells. Unlike active targeting, passive targeting does not use
any targeting ligands, but uses the physiological properties e.g.,
enhanced permeability and retention (EPR) in tumors, due to
leaky vasculature, to deliver the NPs to the target cells (114). To
prolong the circulation time of the NPs in the circulatory system,
with both active and passive targeting, the NPs can be surface
modified with PEG.

NPs can be made out of different nanomaterials and are
generally non-toxic. Gold NPs (AuNPs), which are similar to
other inorganic NPs, are mostly non-toxic, but when used in
small sizes of 1.4nm they showed an increased toxicity. Silica
NPs induces toxicity due to activation of macrophages. However,
at higher doses, many nanotherapeutics have been shown to be
toxic. To reduce non-specific uptake by macrophages and alter
the response of immune cells, NPs can be modified with PEG
or with peptides (115). Liver inflammation and fibrosis can be
targeted by nanomedicine. This could be done by the therapeutic
targeting of macrophages and especially KCs, because these
macrophages have an inherent ability of efficient and non-specific
uptake of most nanomaterials and these macrophages play a
critical function during inflammation and fibrogenesis. KCs can
be targeted by the mannose receptor in liver disease or become
activated by specific nanomaterials like peptide-modified gold
nanorods (AuNRs) to polarize them into the pro-inflammatory
phenotype (115).

Different strategies have been proposed for hepatic
macrophage targeting with nanomedicine in the preclinical
setting (Table 1 and Figure 3). A system studied by He et al., was
to inhibit TNF-a using small interfering RNA (siRNA) delivered
via mannose-modified trimethyl chitosan-cysteine (MTC)
conjugated NPs that are mostly internalized by macrophages,
due to macrophages-specific delivery route using the mannose
receptor. With this strategy, inflammation-driven liver
damage and lethality induced by acute lipopolysaccharide/D-
galactosamine administration in vivo in mice was prevented. This
system offers possibility for oral delivery, which is advantageous
for clinical application (94).

Bartneck and colleagues showed that dexamethasone-loaded
liposomes were eflicient in vivo by ameliorating inflammatory
liver diseases in a model of acute hepatitis and in chronic
carbon tetrachloride (CCly)-based chronic toxic liver injury. This
approach resulted in a M2 activation profile of macrophages and
with a significant reduction in the number of T cells in the liver
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TABLE 1 | Therapeutic targeting strategies of hepatic macrophages.

Strategy (nano) Therapeutics Mechanism/outcome References
® Steroids e.g., glucocorticoids Anti-inflammatory, anti-fibrotic (90, 91)
§ ° CSF-1R agonists CSF1-Fc Proliferation of resident macrophages and recruitment of 92)
3 = monocytes
§ %ol SLPI Anti-inflammatory responses through modulation of (93)
5 g = monocyte/macrophage function
- % € MTC-TNF-a siRNA NPs Inhibition of TNF-a production, reduction in liver inflammation 94)
S O & i ) .
B § g Dexamethasone liposomes Induction of T cells apoptosis (95)
§ kS 8 COOH-micelles Improvement, restoration of tolerance autoimmune disease and (96)
=8¢ chronic inflammation
Galectin-3 Inhibits inflammatory macrophage functions 97)
SYK pathway inhibitor R406 Anti-inflammatory, anti-fibrotic (76)
R406-PLGA NPs Anti-inflammatory, anti-fibrotic (98)
5 ASK1 inhibitor selonsertib Anti-inflammatory, anti-fibrotic (99
o
,5 k) DAMPs (e.g., HMGB1) antagonists Defected TLR9 signaling, decreased tumor cell proliferation (90, 100)
% 8 .g Inhibits acute liver injury and bacterial translocation
O
£xX PRR antagonists Attenuates DAMPs/PAMPs mediated liver injury (101)
Curcumin and calcitriol liposomes Immuno-modulatory (102)
g - CCR2 antagonists Anti-inflammatory, anti-fibrotic (103-106)
g g é Cenicriviroc, propagermanium
qé § ‘§ CCL2 antagonist mNOX-E36 Anti-inflammatory, anti-fibrotic (83, 107)
8 8 03 CCR5 antagonist Miraviroc Anti-inflammatory, anti-fibrotic (108)

ASK-1, apoptosis signal-regulating kinase 1, CCL, chemokine (C-C motif) ligand; CCR, chemokine (C-C) motif receptor; COOH-micelles, carboxy-modified micelles; CSF-1R, colony
stimulating factor 1 receptor; CVC, cenicriviroc; KCs, Kupffer cells; DAMPs,/PAMPs damage-associated/pathogen-associated molecular patterns; HMGB1, High mobility group box 1
protein; SLPI, secretory leukocyte protease inhibitor; SYK, spleen tyrosine kinase; mNOX-E36, emapticap pegol; MTC, mannose-modified trimethyl chitosan-cysteine; NPs, nanoparticles;
PLGA, poly(lactic-co-glycolic acid); siRNA, small interfering RNA.

Modulation of macrophage polarization/reprogramming Inhibition of Kupffer cell activation Dampening of monocyte recruitment
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FIGURE 3 | Therapeutic targeting of hepatic macrophages. Modulation of macrophage polarization and function, inhibition of Kupffer cell activation, and dampening
of monocyte recruitment into the inflamed liver are the three strategies that have been investigated for the resolution of hepatic inflammation and fibrogenesis. ASK1,
Apoptosis signal-regulating kinase 1; CCL, chemokine (C-C) motif ligand; CCR, chemokine (C-C) motif receptor; CSF-1R, colony stimulating factor 1 receptor; DAMP,
damage-associated molecular patterns; HMGB1, High mobility group box 1 protein; mMNOX-E36, emapticap pegol; MTC, Mannose-modified trimethyl
chitosan-cysteine; NASH, non-alcoholic steatohepatitis; NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid); PRR, pattern recognition receptors; TLR, Toll like
receptors.

(95). Herkel and co-workers published a patent based on a study
of the induction of tolerance in liver by influencing Tregs by
LSEC- and KC-directed carboxy-modified micelles. The micelles

have been modified with T cell epitopes on their surface and were
targeted to LSECs and KCs. These micelles can deliver antigens
and induce the generation of Tregs to suppress autoimmunity.
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These NPs are intended to induce tolerance against autoantigens
and therefore ameliorating autoimmune diseases and chronic
inflammation (96). Traber and Zomer used galactin-3 inhibitors
to target inflammatory macrophage functions in liver diseases
in mice. The treatment with galectin-3 resulted in regression of
NASH and fibrosis. Therefore, they suggested that this galectin-
targeting drugs have potential in treatment in human for NASH
and fibrosis (97).

Furthermore, Bukong et al., demonstrated the central role
of spleen tyrosine kinase (SYK) in multiple proinflammatory
pathways involved in the ALD pathogenesis. Furthermore, SYK
inhibitor R406 abrogated immune cell infiltration, macrophage
and inflammasome activation, thereby ameliorated liver injury,
liver inflammation, and reduced hepatic steatosis induced by
alcohol (76). In another recent study, Kurniawan and colleagues
reported an efficient delivery of small molecule SYK kinase
inhibitor R406 using Poly(lactic-co-glycolic acid) (PLGA) NPs
for the treatment of NASH in Methionine-Choline-deficient
(MCD)-diet induced NASH mouse model (98).

Inhibition of Kupffer Cell Activation

When liver injury ensues, KCs initiate inflammatory cascades
in the liver via different mechanisms. For instance, the early
communication of cellular distress or hepatocyte damage is
mediated by KCs through damage-associated molecular patterns
(DAMPs)/pathogen-associated molecular patterns (PAMPs) via
pattern recognition receptors (PRRs) and NF-«B signaling and
inflammasome activation etc. Therefore, inhibition of PRRs
using TLR2, TLR3, and TLR4 antagonists have been shown to
ameliorate liver inflammation in murine models (101). Another
interesting strategy that has been explored is targeting of released
DAMPs such as high mobility group box 1 (HMGB1) proteins
and histones. Intriguingly, HMGBI neutralizing antibodies are
shown to attenuate liver injury and reduce bacterial translocation
in vivo in murine models (90). A possible targeting strategy
to treat liver diseases is to influence KCs activation. There
are several approaches for influencing KCs activation, such
as reducing bacterial translocation and inhibition of TLR4-
dependent macrophage activation using a broad spectrum of
antibiotics. This could improve steatohepatitis, liver fibrosis and
HCC (10).

Modifying KCs activation has been explored (Table1 and
Figure 3). Hepatic macrophages and hepatocytes share some of
the intracellular inflammatory signaling pathways like NF-«B,
ASK1,JNK, or p38 (116). Loomba et al., developed selonsertib, an
inhibitor of the inflammatory signaling pathway ASK1 (apoptosis
signal-regulating kinase 1). Selonsertib treatment has been shown
to have an effect on hepatocyte metabolism as well as macrophage
activation. In a randomized phase 2 trial, selonsertib showed
an improvement in fibrosis, lobular inflammation and serum
biomarkers of apoptosis and necrosis in patients with NASH
and fibrosis (99). However, in phase 3 randomized double-
blind placebo-controlled STELLAR-3 and STELLAR-4 studies
in patients with F3 fibrosis and compensated F4 cirrhosis
respectively, due to NASH, selonsertib did not show a histologic
improvement in fibrosis however well-tolerated safety results. In
the study of Maradana et al., liposome-encapsulated lipophilic

curcumin or 1,25-dihydroxy-vitamin D3, also called calcitriol,
was investigated in mice with diet-induced NASH. Curcumin and
calcitriol are both NF-kB inhibitors and were shown to be taken
up by hepatic macrophages and dendritic cells, leading to the
suppression of hepatic inflammation, fat accumulation, fibrosis
and insulin resistance (102).

Dampening of Monocyte Recruitment
MoMFs are recruited by KCs to the liver, where they
amplify and maintain liver inflammation. The recruitment
of monocytes by KCs is driven by chemokine receptor
interactions of CCL2/CCR2 or CCL1/CCR8 (16-19). A strategy
to reduce the number of monocytes recruited into the liver
include an interference with chemokine signaling. Interference
with chemokine signaling can be achieved with monoclonal
antibodies against chemokines or receptors, receptor antagonists,
inhibition of chemokines by aptamer molecules or small
molecule inhibitors blocking chemokine-induced intracellular
signaling (10).

Chemokine interference as a targeting therapy for treating
liver diseases has been intensively studied (Table1l and
Figure 3). Lefebvre and co-workers as well as Krenkel and
colleagues showed that the dual CCR2/CCR5 inhibitor, called
cenicriviroc (CVC) that efliciently blocks CCL2-mediated
monocyte recruitment to the liver and has an anti-fibrotic
effect in mouse models of liver and kidney fibrosis (103,
104). In a randomized controlled trial, Friedman et al,
showed >2-point improvement in NAS with no worsening
of fibrosis after 1 year of CVC treatment in patients with
NASH (NAS > 4) and stage 1-3 liver fibrosis (105). Baeck
et al., investigated CCL2 inhibitor, RNA-aptamer molecule
mNOX-E36 in CCl, fibrosis model and MCD-diet induced
NASH model. mNOX-E36 inhibited early influx of Ly6C*
monocytes thereby shifting macrophage equilibrium to Ly6C™ -
restorative monocytes hence favoring fibrosis resolution (33,
107). Furthermore, Mulder et al., showed that CCR2 has a crucial
role in the recruitment of immune cells to white adipose tissue
and the liver, and a CCR2 inhibitor, propagermanium, attenuated
liver inflammation and NASH development (106). Interestingly,
chemokine CCL5/RANTES has been documented to play an
important role in the progression of hepatic inflammation and
fibrosis. Maraviroc, a CCL5/RANTES inhibitor, ameliorated
hepatic steatosis in a high-fat diet (HFD)-induced model of
NAFLD (108). These studies suggest that significant involvement
of CCL/CCR pathways in macrophage recruitment and that
the inhibition of these pathways showed potential therapeutic
effects. However, monocyte recruitment to the liver when injury
ensues does not only have negative consequences, but can
also have positive implications, as shown in a study in which
CSF1-Fc fragment promoted KC proliferation and monocyte
infiltration and differentiation, restored innate immunity (92).
However, as described previously, monocytes can differentiate
into a plethora of phenotypes with discrete functions depending
on the microenvironmental cues. They can also differentiate into
a phenotype that is involved in the restoration of organ damage
depending on the liver disease and stage of the disease.
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CONCLUSION AND FUTURE
PROSPECTIVE

Research about the insights in the initiation and progression
of liver diseases has given the opportunity to develop novel
therapeutic targeting strategies for the treatment of different
liver diseases. The liver consists of a heterogenic population of
hepatic macrophages, called KCs and MoMFs. Multiple studies
have shown that hepatic macrophages play a pivotal role in
liver homeostasis and liver diseases. Hepatic macrophages have
central functions in the progression and regression of liver
inflammation, ALE liver fibrosis, NAFLD, ALD, viral hepatitis,
and HCC. Different approaches have been developed to target
hepatic macrophages to treat these different liver diseases. Due
to the rapid advancement in nanomedicine attributable to
its versatile application from drug delivery to diagnosis and
imaging, few nanotechnology-enabled therapeutic modalities
such as liposomes and polymeric micelles have been successfully
approved for cancer treatment while others are under clinical
investigation. Liposome and micelles based nanomedicines cause
low toxicity and have a cost-efficient production. These are
recent advantages that could help in the clinical translation of
these nanomedicines. However, most of them have not been
extensively tested yet in context to liver (and macrophage)
targeting. Another promising nanocarrier could be solid lipid
nanoparticles (SLN), which are based on solid components
and are stable at room- and body temperature, resulting in a
prolonged drug release. SLN consist of a lipid core that can
be functionalized and stabilized with polymers to reduce non-
specific cellular uptake (115).

Targeting therapies based on reducing the activation of
KCs have been investigated. These therapies are mostly based
on inhibiting intracellular inflammatory signaling pathways.
KCs activation could also be dampened by restoring the
normal gut microbiome, with probiotics, antibiotics, fecal
microbiota transfer and sequestration of bile acids (12). In
another study, cadherin-11 (CDH11) was increased during
liver fibrosis suggesting this protein as an important regulator
during liver fibrosis (117). The expression of CDH11 in injured
cells, such as HSCs and macrophages, has been shown to
regulate myofibroblasts activation and ECM production during
the development of fibrosis. Therefore, CDH11 could be a
potential therapeutic target of macrophages for the treatment
of liver fibrosis. Furthermore, therapies have been focused on
reducing monocyte recruitment to the liver. These therapies are
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Hepatic macrophages are key components of the liver immunity and consist of two main
populations. Liver resident macrophages, known as Kupffer cells in mammals, are crucial
for maintaining normal liver homeostasis. Upon injury, they become activated to release
proinflammatory cytokines and chemokines and recruit a large population of inflammatory
monocyte-derived macrophages to the liver. During the progression of liver diseases,
macrophages are highly plastic and have opposing functions depending on the signaling
cues that they receive from the microenvironment. A comprehensive understanding of
liver macrophages is essential for developing therapeutic interventions that target these
cells in acute and chronic liver diseases. Mouse studies have provided the bulk of
our current knowledge of liver macrophages. The emergence of various liver disease
models and availability of transgenic tools to visualize and manipulate macrophages have
made the teleost zebrafish (Danio rerio) an attractive new vertebrate model to study liver
macrophages. In this review, we summarize the origin and behaviors of macrophages in
healthy and injured livers in zebrafish. We highlight the roles of macrophages in zebrafish
models of alcoholic and non-alcoholic liver diseases, hepatocellular carcinoma, and
liver regeneration, and how they compare with the roles that have been described in
mammals. We also discuss the advantages and challenges of using zebrafish to study
liver macrophages.

Keywords: kupffer cells, monocytes, regeneration, NAFLD, ALD, hepatocellular carcinoma

INTRODUCTION

The liver is the largest internal organ in the body and exerts vital metabolic and immunological
functions. Liver disease is a major health burden and accounts for ~2 million deaths per
year worldwide (1). Liver transplantation is often the only curative option for patients with
liver failure due to acute or chronic liver injury, and thus there is an urgent unmet need for
alternative treatment.
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Zebrafish Liver Macrophages

The liver contains the largest number of tissue-resident
macrophages that account for 80-90% of all macrophages in
the body (2). These so-called Kupffer cells are considered to
be self-renewing and non-migratory. During homeostasis, they
exert phagocytic function to clear pathogens that reach the
liver through the circulating blood. This macrophage population
also maintains immunological tolerance in the liver to reduce
accidental immune responses. During injury, Kupffer cells
become activated and secrete pro-inflammatory cytokines and
chemokines to recruit bone marrow-derived monocytes to the
liver (3). Extensive research in samples from patients with liver
diseases and rodent models of liver injury has revealed that
both Kupffer cells and monocyte-derived liver macrophages play
critical roles in hepatic steatosis, inflammation, fibrosis, and
cancer, making them appealing therapeutic targets. Developing
macrophage-based therapy, however, is challenging because
it is a highly heterogeneous population. In fact, a recent
study using single-cell RNAseq has identified 10 subpopulations
of macrophages in human control and cirrhotic livers (4).
Furthermore, macrophages are very plastic and often have
multiple and sometime opposing functions in promoting liver
disease progression vs. repairing injured liver (5).

The teleost zebrafish, an increasingly popular vertebrate
model for studying development and genetics, has shown
promise in bringing new insights into our understanding of the
ontogeny of liver macrophages and their responses to injury.
Zebrafish form a functional liver by just 4 days post fertilization
(6). Despite some architectural differences, the zebrafish liver
contains a highly similar parenchymal and non-parenchymal
cell inventory as the mammalian liver. Taking advantages of the
transparent larva and the accessibility to genetic manipulation,
researchers have generated transgenic fluorescent reporter strains
to mark individual liver cell types, enabling real-time tracking
of their morphology and behaviors during development and
injury (6). Zebrafish have been used in translational research
modeling various liver diseases such as drug-induced acute liver
failure, cholestasis, non-alcoholic liver disease, alcoholic liver
disease, and cancer (6-8). These studies have demonstrated
that the signaling pathways governing liver injury responses are
highly conserved between zebrafish and mammals. Zebrafish are
also an excellent in vivo model system for studying the innate
immune system. The embryos have functional macrophages at
1 day post fertilization and neutrophils by 2 days (9). The
zebrafish macrophages have conserved marker gene expression
and functions as their mammalian counterparts. They can be
easily visualized during homeostasis and inflammatory processes
using the fluorescent reporter lines (9). Table 1 summarizes the
tools for observing and manipulating macrophages in zebrafish.

Recent studies have confirmed the presence of macrophages
in the livers of larval and adult zebrafish in physiological and
pathological conditions. In this review, we provide an overview of
the origin and development of hepatic macrophages in zebrafish.
We highlight the recent advances where zebrafish transgenesis
and imaging approaches reveal new aspects of macrophage
functions in liver diseases. In particular, we focus on their
roles in non-alcoholic and alcoholic liver disease, hepatocellular
carcinoma, and liver regeneration. The capabilities and potential

TABLE 1 | Tools to study macrophages in Zebrafish.

Markers for macrophages

Dye
Neutral Red Marks live macrophages (10)
Riboprobes for in situ hybridization
csflra Also labels neural crests (11)
mfap4 (12)
cxcr3.2 (12)
mpeg1 (12, 13)
mpeg1.2 (14)
ptpn6 (12)
Antibody
L-plastin Pan-leukocyte marker (15, 16)
Mpeg (1)
WCL15 Antigen unknown (11,17, 18)
Transgenic Reporter Line
Tg(mpeg1.GFP); (13)
Tg(mpeg1:mCherry);
Tg(mpeg1:Gal4-VP16)
Tg(mpeg1:Dendra2) Photoconvertible protein (19)
Tg(mpeg1:Kaede) Photoconvertible protein (20)
Tg(mpeg1:Cre) Applications include lineage 21)
tracing and tracking
macrophage-dependent
cytoplasmic transfer.
TgBAC(csf1ra:Gal4-VP16) Marks mononuclear (22)
T9BAC(csf1ra:EGFP) phagocytes (23)
Tg(mfap4:quoise); (24, 25)
Tg(mfap4:GFP)
Tg(tnfa:EGFP-F) Marks activated (26)
macrophage
Tg(irg1:EGFP) Marks activated (27)
macrophage
TG(CORONIN1A:GFP) Marks myeloid cells and (28)
lymphocytes
MACROPHAGE-SPECIFIC ABLATION MODELS
Chemicals
Clodronate liposomes (29, 30)
Carrageenan (31)
Macrophage-deficient mutants and morphants
(morpholino-injected animals)
Panther/csfr1a mutant Reduced primitive (11, 20, 32)
macrophages
irf8 mutant Reduced macrophages and (33, 34)
increased neutrophils
irf8 morphant Reduced macrophages and (33)
increased neutrophils
Pu.1 morphant Lacks macrophage up to 3 (35, 36)
days post fertilization;
shows mortality after day 7.
Nitroreductase-based macrophage ablation
Tg(mpeg1:NTR-eYFP) (37)
Tg(mpeg1:Gal4-VP16; (38)
UAS:NTR-mCherry);
(Continued)
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TABLE 1 | Continued

Markers for macrophages

MODELS WITH IMPAIRMENT IN MACROPHAGE
MIGRATION/CHEMOTAXIS

cxcr3.2 mutant (39)
cxcr3.2 morphant (12)
Thymosin p4 sulfoxide (40)

treatment

of the zebrafish model in studying liver macrophages are also
discussed (summarized in Figure 1).

THE ORIGIN OF HEPATIC MACROPHAGES
IN ZEBRAFISH

Overview of Zebrafish Hematopoiesis

Similar to mammals, the development of the zebrafish
hematopoietic system is characterized by several distinct
waves (41, 42). The first wave, referred as primitive, occurs
during early somitogenesis in the ventral lateral mesoderm
and rostral blood island (RBI) at ~11h post fertilization
(hpf). The progenitors converge to the midline to form the
intermediate cell mass, which is the primary site for primitive
hematopoiesis and functionally equivalent to mammalian yolk
sac blood islands. The process continues at ~24 hpf in the RBI
during which the transient erythro-myeloid precursors (EMPs)
are formed. The EMPs have limited lineage differentiation
potential and lack the self-renewal capacity (43). The second
or definitive wave of hematopoiesis starts at ~36 hpf when
the first hematopoietic stem cells (HSCs) emerge from the
ventral wall of the dorsal aorta (VDA) in the aorta-gonad
mesonephros (AGM) region. This process is conserved
among vertebrate species and gives rise to a multipotent
cell type that can contribute to the entire hematopoietic
lineage (44, 45). Another conserved feature between mammals
and zebrafish is the migratory ability of the HSCs as they
seed in different anatomical niches in order to differentiate
and proliferate. Subsequently, hematopoiesis proceeds in
the distal region of the tail, which is known as the caudal
hematopoietic tissue (CHT) and represents the equivalent of
the mammalian fetal liver (46). At about 96 hpf, the HSCs
migrate either from the CHT or directly from the AGM to
colonize the pronephros (47). There they will constitute the
kidney, which corresponds to the mammalian bone marrow,
to provide the adult zebrafish with hematopoiesis throughout
their lifespan.

Tissue Resident Macrophages Arise From
the HSC Origin, a Lesson From Fish

The zebrafish innate immune system is mainly composed of
macrophages and neutrophils. Both are derived from the myeloid
lineage that emerges during the primitive hematopoietic wave
from the cells in the lateral plate mesoderm expressing Spi-1
proto-oncogene (spil) and lymphocyte cytosolic protein 1 (Icpl)

also known as L-plastin (48, 49). Definitive hematopoiesis
continues to contribute to the myeloid lineage and sustains
its functionality throughout the lifespan. The innate immune
system solely provides zebrafish with immune defense during
the first month of life until the adaptive immune system fully
develops (50).

The macrophage population consists of tissue-resident
macrophages, bone marrow-derived recruited macrophages,
and peritoneal macrophages. Resident macrophages are present
in most tissues across the body and fulfill vital functions
in homeostasis (51). It has been shown that the early
EMPs populate different organs during development to form
most of the resident macrophages in mice. This macrophage
population acquires specialized, tissue-resident properties, and
harbors self-renewing potential to maintain the adult population
(52-55). One exception is the gut, where the macrophage
population is continually replenished by circulating monocytes
that differentiate into the mature resident macrophages (56).

Studies of resident macrophages in zebrafish have provided
novel assessments of their origin. Recent work identified the
age-dependent origin of microglia (57). While the primitive
macrophages give rise to a transient population of microglia
during the early larval stage, the adult microglia originate
from the cmyb-dependent HSCs. Similar observations were
made in adult zebrafish Langerhans cells and several other
resident-macrophage populations (58), challenging the current
model of the erythro-myeloid origin of tissue macrophages.
The zebrafish results are supported by a recent mammalian
study (59), although there is still much controversy in the
field (54).

Origin of Liver Resident Macrophages in
Zebrafish

The liver is continuously exposed to antigens, microbial
products, and xenobiotics. To adapt to such an environment, the
liver harbors the largest population of macrophages among the
solid organs and is constantly patrolled by circulating monocytes.
Based on the ontogeny studies conducted mainly in mice,
Kupffer cells originate from the yolk sac-derived erythro-myeloid
progenitors that express macrophage colony stimulating factor 1
receptor (CSFIR) and are self-renewing (54). Recently, HSCs and
some common circulating precursors have also been implicated
in the development of Kupffer cells (53, 59, 60).

Resident macrophages have been observed in the adult
zebrafish liver (58, 61-63). In elegant work, He and colleague
utilized a laser-mediated temporal-spatially resolved cell labeling
IR-LEGO-CreER-loxP system to mark cells within different
hematopoietic compartments during distinctive waves of
hematopoiesis and trace the destination of the labeled cells
in adults (58). Followed by fine fate-mapping analysis, they
showed that most of the primary tissue-resident macrophages
in adult zebrafish, including those in the liver, are derived
from the VDA, suggesting their HSC origin. This work
illustrates how zebrafish can offer unique tools to elucidate the
ontogeny of hepatic macrophages, which is a challenging topic
in hepatology.
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FIGURE 1 | Zebrafish, an emerging model for study hepatic macrophages. (A) Hepatic macrophages are present in the zebrafish liver at both larval and adult stages.
(B) Increases in macrophage numbers have been observed in zebrafish models of liver pathology include non-alcoholic liver disease (NAFLD), alcoholic liver disease
(ALD), and hepatocellular carcinoma (HCC), as well as in liver regeneration after partial hepatectomy and hepatocyte-specific ablation (left). Involvement of
heterogeneous macrophage populations has been implicated in these models (right). (C) Current and potential applications available in zebrafish to study hepatic
macrophages. Zebrafish larva is accessible for live imaging, allowing characterization of macrophage behaviors during early stages of immune responses. The live
imaging platform in larva can also be utilized for laser-mediated localized manipulations of gene expression and cell ablation. Technologies such as GESTALT (genome
editing of synthetic target arrays for lineage tracing) and single cell RNA-sequencing can be utilized to study the ontology and plasticity of macrophages in healthy and
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MACROPHAGES IN ZEBRAFISH MODELS
OF LIVER DISEASES

Non-alcoholic and Alcoholic Liver Disease

Non-alcoholic fatty liver disease (NAFLD) and alcoholic
liver disease (ALD) are among the leading causes of liver-
related morbidity and mortality and primary indications for
liver transplantation. In both diseases, extensive hepatic lipid

accumulation caused by metabolic stress or alcohol consumption
induces hepatocyte cell death (64). Damaged hepatocytes
release danger-associated molecular patterns (DAMPs) to trigger
activation of Kupffer cells and infiltration of circulating
monocytes (3). Macrophages play divergent roles in NAFLD and
ALD: they exhibit a pro-inflammatory phenotype during disease
progression (65, 66) and become anti-inflammatory and tissue-
protective during disease regression (66, 67). Feeding zebrafish
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larvae with a high cholesterol diet (5% cholesterol w/w) for
a week can cause elevated triglyceride and total cholesterol
levels and lipid accumulation in the body. The animals develop
macrovesicular steatosis in the liver by 1-week of feeding and
display ballooning degeneration by 3 weeks (68). De Oliveira et al.
showed that short-term feeding with a high fat diet (HFD) results
in clustering of macrophages in the zebrafish larval liver (61).
Whereas, the macrophages in the control livers constantly patrol
the environment, the macrophages in the HFD-fed liver are more
stationary and adopt a rounder morphology. They start to express
TNFa, a consensus marker of M1 macrophages, consistent with
activation and polarization of these cells (26).

It has been reported by multiple groups that acute and
chronic ethanol treatment can induce hepatic steatosis in
larval and adult zebrafish, respectively (69-73). In human and
mouse, after alcohol consumption, ethanol enters the blood
circulation through the gastrointestinal tract and reaches the
liver via the portal vein (74). Ethanol is metabolized in the liver
mainly by alcohol dehydrogenase ADH1 and cytochrome P450
2E1/CYP2E1 enzymes. Zebrafish have analogs of ADHI1 and
CYP2EL that are capable of metabolizing ethanol (75). Treatment
with pharmacological inhibitors of ADH1 and CYP2E1 blocks
ethanol-induced hepatic steatosis in zebrafish larvae, indicating
that steatosis is caused by ethanol metabolism (76). Zebrafish
alcoholic injury models are achieved by aqueous exposure of
the animals to ethanol. Thus, ethanol exposure can go through
multiple routes, including the gastrointestinal tract, gill, and
skin. Since the expression of ethanol-metabolizing enzymes has
not been characterized at the tissue level in zebrafish, it is
not clear whether tissues other than the liver participate in
ethanol metabolism.

In the acute alcoholic liver injury model, exposing 4-day-old
zebrafish larvae to 2% ethanol for 24 h causes hepatic steatosis
(Figure 2) (71, 76). At this stage, the yolk provides the animal
all the nutrients and is likely the source of fat in steatosis
(76). Mammalian studies indicate that alcohol exposure increases
the ratio of reduced nicotinamide adenine dinucleotide/oxidized
nicotinamide adenine dinucleotide and subsequently impairs
mitochondrial $-oxidation of fatty acids (77). Alcohol exposure
also promotes lipogenesis and inhibits fatty acid oxidation by
regulating the transcription factors of lipid metabolism. In the
zebrafish acute alcoholic liver injury model, alcohol-induced
lipogenesis requires activation of the sterol regulatory element
binding protein (SREBP) transcription factors and involves the
unfolded protein response pathway (71, 76, 78). In zebrafish
larvae, acute ethanol exposure also prompts hepatic stellate cells
to express extracellular matrix proteins and causes dilatation
of the hepatic blood vessels (73). One day after ethanol is
removed, there is an increase in the number of macrophages
in the treated liver (Figure2), accompanied with increased
hepatic angiogenesis and hepatic stellate cell proliferation (73).
In mammalian models of chronic liver injury, macrophages are
the source of vascular endothelial growth factor that promotes
angiogenesis (79). They also have dual function in fibrosis:
both Kupffer cells and monocyte-derived macrophages are
profibrogenic during fibrosis progression as they secrete TGFS1
and PDGF to activate hepatic stellate cells and mediate the

survival of myofibroblasts (80). When the insults are removed,
monocyte-derived macrophages become antifibrotic to aid in the
resolution of fibrosis. In our opinion, the zebrafish acute alcoholic
liver injury model is useful for studying the initial responses of
macrophages, endothelial cells, and hepatic stellate cells upon
the addition and removal of ethanol. Such responses trigger the
subsequent cascades of events underlying disease progression
and regression.

It is important to note that NAFLD and ALD are chronic
diseases progressing from hepatic steatosis to steatohepatitis,
and further to fibrosis and cirrhosis, increasing the risk for
hepatocellular carcinoma. The zebrafish NAFLD and ALD
models described above are mainly based on short-term
treatment at larval stages and do not recapitulate the full
spectrum of the disorders in human. Fibrosis has not been
observed in the larval NAFLD and ALD models, which could be
due to the fact that the zebrafish liver does not have the portal-
central arrangement as the mammalian liver. The duration of
the experiments may not be long enough for fibrosis to develop.
Therefore, it is important to validate the findings in adult chronic
injury models and mammalian systems.

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the most prevalent primary
malignancy of the liver and results in ~800,000 deaths
globally per year (81). It is the fastest growing cancer in
the US. Accumulation of tumor-associated macrophages is
commonly seen in the livers of patients with HCC and the
number of macrophages correlates with HCC progression
and poor prognosis (82, 83). As key components of the
tumor microenvironment, macrophages are thought to be pro-
inflammatory and pro-tumorgenic during HCC progression, but
may switch to become anti-tumorgenic during HCC regression
(79). In zebrafish, HCC can be induced by carcinogen and
mutagen treatment, genetic mutations of tumor suppressor genes
and oncogenes, and transgenic overexpression of oncogenes
(7, 84). Zebrafish and human HCCs share similar histological
features and gene signatures (85, 86). Increases in macrophage
numbers have been observed in zebrafish HCC models with
different tumorigenic triggers (35, 61, 87, 88).

By live imaging, De Oliverira et al. showed that HFD feeding
induces changes in macrophage morphology and polarization
in a transgenic zebrafish HCC model expressing activated -
cateninin in the hepatocytes (61). Ablating macrophages prior
to HFD feeding suppresses the exacerbated liver enlargement
in HCC fish that is caused by HFD. Treatment with anti-
diabetic agent metformin has similar inhibitory effects on HCC
progression associated with HFD. Whereas, metformin has
previously been proposed as a promising treatment for HCC,
the zebrafish study provides direct in vivo evidence to show that
it suppresses NAFLD-associated HCC progression by decreasing
the number of pro-inflammatory macrophages and increasing T
cell infiltration.

One challenge for investigating the roles of liver macrophages
in HCC is that tumor formation often occurs in parallel
with the progression of chronic liver disease. It is difficult to
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FIGURE 2 | Acute ethanol treatment causes hepatic steatosis and increases macrophage numbers in larval zebrafish. (A,B) Hematoxylin and eosin (H&E) staining of
the paraffin sections showing the livers in a control larva (A) and a larva treated with 2% ethanol from 96 to 120 h post fertilization (B). The livers were harvested at

27 h post treatment (hpt). Scale bar, 20 um. (C,D) Representative images of the whole-mount Oil Red O staining in the control (C) and ethanol-treated larvae (D).
Dashed line outlines the liver. Lateral view, anterior is to the top. Oil Red O also stains the swim bladder (asterisk in C) and the residual yolk tissue (asterisk in D). Scale
bar, 250 um. (E,F) Confocal three-dimensional projections showing Tg(mpeg1:YFP)-expressing macrophages (green) in the whole liver at 27 hpt. Phalloidin staining
(red) that labels cell cortex is used for recognizing various organs. Ventral views, anterior is to the top. Dashed line outlines the liver. Scale bar, 30 wm. (G) Numbers
(meanzs.e.m.) of macrophages per liver at O hpt (left) and 27 hpt (right). Statistical significance was calculated by one-way ANOVA and Tukey’s post-hoc test. “*p <
0.01, ns, not significant. This figure is reproduced with permission from Zhang et al. (73) and Disease Models & Mechanisms.
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segregate the roles of macrophages in maintaining a prone-
tumor inflammatory microenvironment vs. promoting HCC
in response to tumor-derived signals (3). Multiple transgenic
zebrafish lines utilizing chemically inducible expression systems
(Tet-on, Tet-Off, and Mifepristone) have been generated to
overexpress different oncogenes specifically in the hepatocytes
(89). These models exclude the impact of chronic liver disease
on HCC formation. Moreover, HCC can be induced in a
temporally controlled manner and is regressed after removal
of the chemicals, allowing investigation of macrophages at
different stages of HCC progression and regression. In a
transgenic zebrafish HCC model with inducible expression of
oncogene Xmrk that encodes a hyperactive epidermal growth
factor receptor (EGFR) homolog, the number of macrophages
is increased during both HCC formation and regression (87).
Interestingly, the macrophages are randomly distributed during
HCC formation, and gradually show prominent blood vessel
association as HCC regresses, implying that they have different
functions at these two stages.

In vivo live imaging of the interactions between oncogenic
hepatocytes and their microenvironment can be technically
difficult in rodent models. Such analyses are readily feasible in
zebrafish larvae due to their transparent body and availability of
cell type-specific transgenic fluorescent reporter lines. Yang et al.
investigated the responses of hepatocytes, innate immune cells
and hepatic stellate cells during early stage of liver tumorigenesis
in a kras">-induced HCC model (63). Upon hepatocyte-
specific kras"'? overexpression, there is sequential infiltration
of neutrophils and macrophages, followed by proliferation
and activation of hepatic stellate cells. Whereas, decreasing
macrophage numbers by knocking down irf8 or pu.l impairs
both survival and activation of hepatic stellate cells, reducing
neutrophils only affects their activation. The study further
revealed reciprocal interactions between hepatic stellate cells
and immune cells in HCC. Upon HCC induction, hepatocytes
and macrophages increase expression levels of serotonin to
regulate hepatic stellate cell survival and activation. In return,
activated hepatic stellate cells secrete TGFB1 to promote the
pro-tumorigenesis function of neutrophils and macrophages.
This work demonstrates the dynamic intercellular crosstalks
within the tumor microenvironment that are crucial for
liver tumorigenesis.

HCC is a male-biased disease with a male-to-female ratio
of 2.4 worldwide (90). It is more aggressive and has worse
prognosis in men than in women. The gender disparity also
exists in rodent and zebrafish HCC models (91-93). In a
series of reports from the Gong laboratory, the mechanisms
of male-biased HCC carcinogenesis were explored in the
transgenic zebrafish with inducible expression of oncogenes.
In HCC models induced by kras"'? and xmrk expression,
there is an enhancement of hepatocarcinogenesis in male
zebrafish compared to females (35, 94). Male HCC livers
express higher levels of serotonin. It is accompanied with
higher numbers of total hepatic stellate cells and activated
hepatic stellate cells, as well as more severe infiltration of
macrophages and neutrophils. The sex disproportion of HCC
is thought to be not only due to varying risk factors in

men and women, but also associated with the regulation of
inflammatory responses in the tumor microenvironment by sex
hormones (95, 96). Yet, the results of estrogen- and androgen-
related clinical trials are inconclusive (97-99), suggesting the
possible involvement of other hormones. One candidate is
cortisol that is predominantly expressed in the male livers (35,
100). In the zebrafish kras”'? and xmrk HCC models, cortisol
induces expression of TGFP1, which subsequently promotes
infiltration of macrophages and neutrophils to accelerate
hepatocarcinogenesis. The positive correlation between cortisol,
TGEFB1, and macrophage/neutrophil infiltration has also been
observed in patients with HCC (35).

MACROPHAGES IN ZEBRAFISH MODELS
OF LIVER REGENERATION

Aligned with their involvement in liver diseases, macrophages
are key participants in liver regeneration (101-103). Upon
injury, liver macrophages infiltrate to the wound site to
remove the dead hepatocytes. They also produce cytokines
IL6 and TNFa that prompt hepatocytes to enter the mitotic
cycle. Depletion of Kupffer cells in rodents by clodronate
liposomes delays liver regeneration and exaggerates liver damage
after partial hepatectomy (104, 105). Three liver regeneration
models have been characterized in depth in zebrafish and the
contribution of macrophages has been investigated. Following
one-third partial hepatectomy, the adult zebrafish liver regains
its original volume within 14 days via compensatory growth of
the remnant hepatocytes (106-108). Macrophages accumulate
at the amputation site within 48h after the surgery to
clear up neutrophils and resolve local inflammation (109).
Digestive-organ-expansion-factor (Def) is a nucleolar protein
that mediates p53 degradation in the nucleolus. In zebrafish
with haploinsufficiency of Def, aberrant expression of cytokines
halts the timely migration of macrophages to the amputation
site. The resulting delay in neutrophil clearance and prolonged
inflammation cause fibrotic scar formation.

Two hepatocyte-specific ablation models have been
established in zebrafish. In one model, the transgenic zebrafish
expressing the oxygen-insensitive NAD(P)H nitroreducatse
(NTR) in hepatocytes are treated with the antiprotozoal
metronidazole. This prodrug is metabolized into a cytotoxin by
NTR to induce rapid death of the hepatocytes (110, 111).
Treatment with metronidazole from 3.5 to 5 days post
fertilization results in nearly complete hepatocyte ablation. The
liver size fully recovers just 5 days after removal of the drug (112).
In a second model, temporary knockdown of mitochondrial
importer gene fomm22 by morpholino oligonucleotide leads
to hepatocyte degeneration. The liver in the morpholino-
injected animal is smaller at 4 days post fertilization, but starts
to regenerate as the morpholino effect expires and tomm22
expression is restored to the wild-type level (17). By 8 days
post fertilization, the liver displays the size and structure that
resemble the uninjected control. Unlike partial hepatectomy in
which liver regeneration is driven by proliferation of existing
hepatocytes, in both hepatocyte-NTR and tomm22-knockdown
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models, extensive hepatocyte loss triggers dedifferentiation of
biliary epithelial cells into liver progenitor cells to form new
hepatocytes (112, 113). Robust recruitment of macrophages
and engulfment of hepatocyte debris by macrophages are seen
in both models (17, 114). In tomm22-knockdown model, the
surviving hepatocytes turn on biliary markers to become hybrid
cells that express both hepatocyte and biliary markers (38).
Ablation of macrophages suppresses the formation of hydrid
cells, which coincides with the reduction of Wnt/B-catenin
signaling activity. This is consistent with the mammalian
findings that macrophages produce Wnt3a to promote liver
progenitor cell differentiation toward the hepatocyte fate during
regeneration (115).

By combining the liver regeneration models with the
transgenic macrophage reporter lines, it is feasible to monitor
macrophage recruitment, efferocytosis, and their interactions
with other hepatic cells in vivo throughout the course
of liver regeneration. The liver macrophages in tomm22-
knockdown model exhibit a shift in morphology during the
regeneration phase (38), suggesting that they undergo activation
and polarization similar to their mammalian counterparts. In
rodents, Kupffer cells and blood monocyte-derived macrophages
play different roles in liver regeneration depending on the type
of the original injury (2, 5). It will be interesting to utilize the
zebrafish partial hepatectomy and hepatocyte depletion models
to compare the source of macrophages and their functions in
hepatocyte- and biliary-driven liver regeneration, respectively.

CONCLUSION AND FUTURE
PERSPECTIVES

Several possible strategies can be used to design macrophage-
based treatment for acute and chronic liver diseases: (1)
Suppressing Kupffer cell activation; (2) blocking monocyte
recruitment; (3) rendering macrophages toward a more
restorative phenotype; and (4) macrophage cell therapy (3, 116).
Not every aspect of liver macrophage biology can be easily
investigated using in vitro systems and rodent models and
including complementary animal models will be beneficial.
Zebrafish has the complexity of a vertebrate system, established
models of acute and chronic liver injury, conserved innate
immune cells, and superior genetic and live-imaging capabilities,
making it an attractive alternative animal model for studying
macrophages in liver homeostasis and diseases. In this review,
we have discussed the strengths of using zebrafish to visualize
macrophages and monitor their interactions with other hepatic
cells, and to manipulate these cells using genetic approaches.
The characterization of zebrafish liver macrophages is
only at the beginning stage and much remains to be
learned. Transcriptomic analysis of zebrafish macrophages has
been performed in the context of Mycobacterial infection
(117). However, the macrophage transcriptome has not been
investigated in healthy and injured liver in zebrafish and to
what degree this is comparable to humans is not clear. Few
macrophage-specific antibodies are available in zebrafish. In
particular, cell surface markers labeling macrophages at different

polarization states have yet to be identified. Most of the
zebrafish liver studies are conducted on larvae, as live imaging
becomes less feasible beyond the larval stage when they are no
longer transparent. Fibrosis and cirrhosis, however, are chronic
processes and the duration of the larvae studies may not be
long enough for fibrosis to develop. Another caveat of studying
larvae is that the zebrafish immune system is primarily innate
during the first month of life and the adaptive system only
becomes fully functional afterwards (50). On one hand, the
temporal separation of innate and adaptive immune systems
permits exclusive interrogation of innate immune cell function
without having significant influence from adaptive immunity.
On the other hand, pathogenesis of human liver diseases does
involve both innate and adaptive immunity and it is necessary
to validate the larval findings in adult liver disease models.
Comparative studies on human vs. zebrafish liver macrophages
in physiological and disease conditions are very limited,
and thus the human relevance of zebrafish findings should
be evaluated.

Liver macrophages are highly polymorphic. The lack of tools
to distinguish macrophages from different origins and at different
activation states has prevented the assignment of specific
functionalities to each subgroup, making it difficult to develop
treatment that only targets the macrophage subgroups with
detrimental effect. Some emerging technologies in zebrafish may
open exciting revenues for interrogating the ontogeny, activation,
heterogeneity, and plasticity of liver macrophages. The zebrafish
model possesses an excellent toolbox for lineage-tracing and
fate-mapping analyses to understand the ontogeny of different
liver macrophage subgroups in normal and diseased livers. For
instance, the Zebrabow system allows tracing of the clonal
origin of different liver macrophage subtypes (118, 119). Distinct
clones can be sorted and sequenced separately to uncover the
transcriptional states of different subpopulations. The multicolor
labeling can also be utilized in adult zebrafish to assess the
maintenance of liver macrophages population and distinguish
between self-renewal and monocyte-based replenishment. It
is possible to partially ablate the labeled macrophages by
using clodronate liposomes (120). Subsequently, the clonal
composition can be assessed to identify the source of the
recovering cells. Moreover, the labeled clones can be analyzed
to determine how different subpopulations of macrophages react
to various insults. The GESTALT system, which stands for
genome editing of synthetic target arrays for lineage tracing, is
another tool to add more depth to the understanding of liver
macrophage ontogeny (121). It utilizes CRISPR genome editing
to progressively introduce and accumulate distinct mutations
in a DNA barcode over multiple rounds of cell division. The
barcode can be used to dissect lineage relationship among liver
macrophages via the mutation patterns shared between them.
With the use of a heat shock inducible Cas9, it is also possible
to laser-activate the GESTALT system in a spatio-temporally
restricted manner to restrict the labeling to a specific site of
hematopoiesis and study the lineage relationship within this
particular group. The GESTALT method can be combined with
single-cell RNA sequencing to not only provide the identity
of the subpopulations but also link each of them to a specific
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hematopoietic lineage and site (122). One may apply the
GESTALT method in different liver pathologies to evaluate
the liver macrophages plasticity at a population level. Lastly,
a recent study from Paul and colleagues describes successful
transplantation of primary human monocytes/macrophages into
larval zebrafish, both directly into circulation and in an organ-
specific manner (123). The human monocytes differentiate into
functional macrophages at the physiological temperature of
zebrafish, and survive for at least 2weeks in the presence of
zebrafish immunity. This methodology may permit in vivo
characterization of human macrophages in zebrafish models of
liver pathology at a cellular level. The new lines of experiments
described above have the potential to advance our understanding
of liver macrophage biology and contribute to the design
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Obesity is a prevalent predisposing factor to non-alcoholic fatty liver disease (NAFLD), the
most common chronic liver disease in the developed world. NAFLD spectrum of disease
involves progression from steatosis (NAFL), to steatohepatitis (NASH), cirrhosis and
hepatocellular carcinoma (HCC). Despite clinical and public health significance, current
FDA approved therapies for NAFLD are lacking in part due to insufficient understanding
of pathogenic mechanisms driving disease progression. The etiology of NAFLD is
multifactorial. The induction of both systemic and tissue inflammation consequential
of skewed immune cell metabolic state, polarization, tissue recruitment, and activation
are central to NAFLD progression. Here, we review the current understanding of the
above stated cellular and molecular processes that govern macrophage contribution to
NAFLD pathogenesis and how adipose tissue and liver crosstalk modulates macrophage
function. Notably, the manipulation of such events may lead to the development of new
therapies for NAFLD.

Keywords: macrophage, metabolism, NAFLD, inflammation, cytokines

INTRODUCTION

The unabated obesity pandemic is directly linked with the incidence of non-alcoholic fatty
liver disease (NAFLD). NAFLD afflicts ~35% of obese individuals worldwide (1, 2). Current
epidemiological estimates suggest that NAFLD will soon surpass chronic hepatitis C infection as
the leading cause of liver transplantation. Given the lack of effective therapies for NAFLD, costs of
care and management of associated symptoms come with a considerable economic burden (3).
NAFLD spectrum of disease progresses from non-alcoholic fatty liver (NAFL) or hepatic
steatosis, to non-alcoholic steatohepatitis (NASH), to cirrhosis and hepatocellular carcinoma
(HCC). Steatosis is characterized by increased macrovesicular and microvesicular lipid droplet
accumulation that occurs in more than 5% of hepatocytes (1, 2, 4). Approximately 25% of
individuals afflicted with NAFL progress to NASH (1). NASH is characterized by hepatocellular
ballooning, in part due to increased immune cell infiltration, activation, and proinflammatory
cytokine production (4-6). These mechanisms coupled with others such as adipokine production
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and activation of endoplasmic reticulum stress and reactive
oxygen species (ROS) promote hepatic fibrosis and progression
to cirrhosis and HCC (7, 8).

The contribution of various immune cells in hepatic
inflammation and the mechanisms that govern their migration to
the liver, polarization, and inflammatory capabilities, in NAFLD
progression represent an intense area of investigation. Here,
we specifically focus on the contribution of macrophages to
NAFLD pathogenesis. We review the landscape of underlying
mechanisms that regulate macrophage effector functions and
macrophage interplay with other immune cells/tissues/organs
which collectively contribute to NAFLD progression.

CURRENT KNOWLEDGE AND
DISCUSSION

Immune Responses in NAFLD

Dysregulated immune responsiveness is central to the
development and progression of NAFLD (9, 10). In obesity,
both liver resident (e.g., Kupffer cells, [KC], hepatic stellate
cells, [HSC], hepatocytes) and infiltrating immune cells (e.g.,
neutrophils, dendritic cells [DC], natural killer [NK] cells,
NKT cells, blood monocytes, T cells, B cells, and macrophages)
contribute to NAFLD development and progression via
systemic and tissue inflammatory mediator production (e.g.,
interleukin [IL]-17A, IL-6, tumor necrosis factor [TNF],
IL-1B) (5, 11). Obesity-associated intestinal permeability
and augmented circulating levels of inflammatory ligands
(e.g., lipopolysaccharide [LPS]) (12) via activation of pattern
recognition receptors (PRRs) on hematopoietic and non-
hematopoietic cells activate multiple proinflammatory cascades
that in unison promote liver injury (13). The contribution
of PRRs to NAFLD progression has been reviewed in detail
elsewhere (14, 15). PRR signaling in macrophages, also
contributes to activation of adaptive immune responses, with
macrophage-T cell interplay having a particularly important
role in NAFLD progression (16). In this setting, activated,
liver infiltrating T cells produce proinflammatory cytokines
and amplify macrophage polarization and activation to in turn
propagate overall hepatic inflammation, hepatocellular damage
and hepatocyte release of damage associated molecular patterns
(DAMPs). Cumulatively these processes fuel and support a
chronic inflammatory state in the liver that is a hallmark of
NAFLD progression. Due to the extent of various immune
processes in NAFLD, here we selectively focus on the role of
macrophage-mediated inflammation and their contribution to
NAFLD pathology. The contribution of other immune cells (e.g.,
T cells, neutrophils, DC, NK cells, and NKT cells) and cytokines
in NAFLD has been discussed elsewhere (14, 17, 18).

Macrophage Recruitment to the Liver

Liver infiltration by inflammatory monocytes/macrophages is
associated with NAFLD progression (19). Increased release
of free fatty acid (FFA) by white adipose tissue (WAT)
augments triglyceride synthesis and storage in hepatocytes
and induces hepatocyte release of inflammatory mediators
including proinflammatory cytokines and macrophage recruiting

chemokines (e.g., CCL2, CXCL10) (20, 21). In addition to
hepatocytes, HSCs, myofibroblast and macrophages themselves
can also produce various chemokines (e.g., CCL2, CCL3, CCL4,
CCL5, CCLS8, and CXCL10) to fuel increased macrophage
recruitment (22).

The contribution of hepatic macrophage recruitment to
NAFLD pathogenesis is supported in part by increased systemic
and hepatic chemokine levels in NAFLD progression in humans
(23). One of the most widely explored pathways of recruiting
inflammatory and fibrogenic monocytes to the injured liver is
the CCR2/CCL2 axis (24). Pharmacological inhibition of CCR2
and genetic deletion of CCL2 reduced liver steatosis in obese
mice (25-27). Additionally, use of CCR1-, CCR2-, CCR5-, and
CCR8-deficient mice or pharmacological inhibition of these
axes reduced hepatic macrophage infiltration, hepatic fibrosis,
and hepatocellular damage in experimental models of chronic
liver injury (28-32). Recent evidence also suggests that CXCR3-
deficient mice are protected from macrophage infiltration and
hepatocellular damage in obesity (33, 34). Further, CXCL10-
deficient mice exhibit reduced NAFL (34). Despite its promising
effects in animal models, targeting of the CCR2 axis in human
NALFD using Cenicriviroc (CVC) did not impact hepatic lobular
inflammation and only mildly improved fibrosis and decreased
circulating levels of sCD14 (a marker of monocyte activation)
(35). Characterization of the intrahepatic immune cells will
be required to elucidate the effects of CVC on immune cells,
monocyte and macrophage recruitment and fibrogenesis. The
results of such could give insight to observed difference of
effects of CVC on NAFLD progression between murine models
and humans.

Like chemokines, inflammatory cytokines can also alter
macrophage activation and tissue recruitment in NAFLD. For
example, the IL-17A axis impacts macrophage recruitment in the
liver (36), while IL-17RA depletion on macrophages ameliorates
NAFLD severity (37). However, as IL-17A can also activate liver
parenchymal cells to modulate macrophage recruitment. Thus,
detailed studies focused on the role of IL-17 family members,
their cognate receptors and cell specific expression in NAFLD
pathogenesis are needed. The overall role of the IL-17 axis in
NAFLD pathogenesis has been reviewed in detail elsewhere (18).

Macrophage Subsets

KCs reside in the anatomical areas that receive venous blood from
the gut including hepatic sinusoids, hepatic lymph nodes and
portal tract (38). Approximately 80% of the liver blood supply
comes from the gut via the portal vein (39). As such, KCs act
as key sentinels of the gut-liver interface. Under homeostatic
conditions, PRR signaling instructs KCs to govern liver
immunity by maintaining tolerance to harmless immunogens
and cellular debris while in parallel enabling them to mount a
response against pathogenic invaders via phagocytosis, cytokine
production and antigen presentation. Collectively, the adaptation
to latter events is central to preventing dissemination of microbes
into peripheral circulation (5, 39, 40). In obesity, increased
intestinal permeability, trafficking of bacteria into the gut lumen
and LPS sensing (2, 40, 41) fuel KC activation and alter their
function (42). In this context, activated KCs favor inflammatory
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responses that contribute to NAFLD pathogenesis (13). In vitro
treatment of KCs with FFAs (e.g., palmitate) promotes activation
and secretion of inflammatory cytokines (e.g., IL-6, TNE IL-1p)
(43) while KC depletion in vivo protects from obesity-driven
hepatic steatosis (13).

Common bone marrow myeloid progenitors give rise to
granulocyte-macrophage progenitors (GMP) from which
monocytes are derived. Upon egression from the bone
marrow, and following hepatic inflammatory insult, circulating
monocytes traffic to the liver. Once in the liver, in response
to cytokines and various pathogen associated molecular
patterns  (PAMPs)/DAMPs, monocytes activate unique
transcriptional profiles and differentiate into macrophages.
In response to IFNy or PRR signaling, recruited monocytes
differentiate into “classically” activated macrophages that
produce proinflammatory cytokines (e.g., IL-6, TNE IL-1B,
IL-12), drive liver recruitment of various immune cells and
enhance the overall hepatic inflammation (5, 13, 44). Conversely,
in response to either IL-4 or IL-13, tissue recruited monocytes
differentiate into “alternatively” activated macrophages that
produce anti-inflammatory and wound healing mediators
(e.g., IL-8, MCP-1, IL-10) (38, 45, 46). The overall balance of
“classically” and “alternatively” activated macrophages in the
liver regulates hepatic inflammation, liver scarring and fibrosis.
Targeting of inflammatory signaling pathways in macrophages
via deletion of JNK, IKKB, or Toll-like receptor (TLR) 4 is
sufficient to reduce hepatic steatosis and inflammation (47-49).
A brief summary of the above discussed processes is depicted in
Figure 1.

Macrophages and Proinflammatory

Cytokine Production

Macrophage produced cytokines (e.g., IL-6, TNE IL-1pB)
can directly target hepatocytes and promote steatosis,
inflammation and hepatocellular damage (5). Systemic increase
of these proinflammatory cytokines positively correlates with
hepatocellular damage in humans and is recapitulated in NAFLD
experimental mouse models (50, 51).

IL-6 is a multifunctional cytokine that regulates immune
responses, acute phase reactions, hematopoiesis, and plays key
roles in inflammation, host defense and tissue injury (52, 53).
IL-6 stimulates hepatic lipogenesis (54), and is associated with
obesity (55), impaired insulin signaling (56, 57), and altered
insulin sensitivity by activating key steps in the insulin signaling
pathway (58). IL-6 is also a biomarker of insulin resistance
and cardiovascular diseases risk (50, 59, 60). In humans with
NASH, there is a positive correlation between IL-6 expression in
hepatocytes and the severity of NAFLD (61). IL-6-deficient mice
display a milder NAFLD severity and antibody mediated IL-6
receptor (IL-6R) neutralization improved liver damage in mice
fed methionine choline deficient (MCD) diet, despite enhanced
steatosis (51, 62).

TNF stimulates hepatic fatty acid synthesis (FAS), increases
serum triglyceride (TG) levels (63), stimulates very low density
lipoprotein (VLDL) production from liver and contributes
to impaired insulin signaling (64, 65). TNF also activates

harmful proatherogenic pathways via the reduction of high-
density lipoprotein (HDL)-cholesterol, elevated expression
of cholesterogenic genes, accompanied by an increase in
potentially harmful precholesterol metabolites, and suppression
of cholesterol elimination (66). Thus, it is not surprising that
TNF sensing by hepatocytes promotes hepatocyte cell death and
hepatocyte proliferation (67), and as such directly contributes
to NAFLD pathogenesis (68). Further, deletion of TNF in
experimental mouse models of NAFLD correlates with decreased
steatosis, fibrosis and improved glucose tolerance (69).

IL-1p promotes liver steatosis, inflammation and fibrosis via
activation of the IL-1 receptor (IL-1R) signaling (70). IL-1P
stimulates TG and cholesterol accumulation in hepatocytes and
as such contributes to the development of hepatic steatosis
(71). Mechanistically, IL-1p also promotes liver inflammation by
inducing IL-6 production, upregulating ICAM-1 and neutrophil
infiltration and accrual in the liver (72). IL-1R-deficient mice are
protected from liver fibrosis (73). Hepatocyte-specific deletion of
IL-1R attenuates liver injury in a model of acute liver disease
(74). Whether similar effects are observed in animal models
of NAFLD have not been examined. Further, IL-1R activates
Myd88 signaling similar to TLRs (75). Thus, the role of IL-1R
signaling in NAFLD warrants further investigation. In addition,
blockade of IL-1 signaling with anakinra improved glycemic
control in patients with T2D (76), suggesting the importance of
inflammatory mediators in liver disease pathogenesis.

Macrophages and ROS Production

Reactive oxygen species (ROS) production, a central
antimicrobial effector function of macrophages, can be induced
in part via macrophage sensing of proinflammatory cytokines.
Macrophages generate ROS via numerous mechanisms including
ER stress, mitochondrial damage and activation of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOXs).
NOX2, also known as the phagocytic nicotinamide adenine
dinucleotide phosphate NADPH oxidase, is constitutively
associated with p22phox at the plasma membrane. PRR signaling
in KCs and infiltrating macrophages causes complexing of
NOX2 with other proteins (p67, P40, Rac GTPases) to generate
superoxide, drive proinflammatory cytokine production (e.g.,
IL-6, TNE IL-1fB, transforming growth factor-8 [TGEf])
and promote hepatic steatosis, hepatocellular damage and
fibrosis (43, 77, 78). NOX2-deficient mice display reduced
macrophage-associated proinflammatory cytokine production,
hepatic steatosis and fibrosis, and overall NAFLD severity in
obesity (43, 79, 80). However, the underlying mechanisms
regulating macrophage ROS production in NAFLD are not
fully understood. Thus, in depth interrogation of the interplay
between inflammatory cytokines and NADPH components
on macrophage ROS production in NAFLD progression
is needed.

Macrophage Cellular Metabolism

Metabolic pathways regulate immune cell function and
inflammation (81, 82). Obesity alters cellular metabolism
(83). In fact, both obesity-associated and inflammation-driven
derangements in cellular metabolism are implicated in NAFLD
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FIGURE 1 | Macrophage subsets in health and disease. Circulating monocytes originating from the bone marrow are recruited to specific tissues and differentiate into
tissue resident macrophages. In the context of systemic inflammation, circulating monocytes as well as tissue resident macrophages are activated by sensing of
proinflammatory mediators (i.e., IL-6, TNF, IL-1B), chemokines and ROS or anti-inflammatory mediators (i.e., IL-10) leading to “classically” or “alternatively” activated

progression (84-86). The full discovery of specific metabolic
pathways and genes detrimental to NAFLD pathogenesis
however remains an intense area of investigation. Macrophage-
driven inflammation and resolution of inflammation are
intricately linked to various metabolic pathways and several
clinical phenotypes (i.e., insulin resistance, hyperlipidemia, etc.)
(86, 87). Here we review metabolic pathways that contribute to
macrophage-intrinsic inflammation and resolution in NAFLD.
A brief summary of these processes is depicted in Figure 2 and
Table 1.

Glycolysis

Macrophage reliance on glycolysis to meet energetic demands
has been demonstrated in several murine models of “classical”
macrophage activation (88). Upon stimulation with cytokines
or activation of PRR signaling, macrophages acquire a
proinflammatory phenotype that correlates with robust
upregulation of glycolytic pathways including hypoxia inducing
factor alpha (HIFla) (88). Activation of HIFla induces
transcription of hypoxic genes (e.g., glucose transporters,
glycolytic genes) and IL-18 production by macrophages.
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FIGURE 2 | Metabolic processes within inflammatory macrophages. Macrophages are highly metabolically active cells. Their metabolic identity is impacted by
inflammatory mediators. In contrast, specific metabolic pathways (Fatty acid synthesis [FAS], Glycolysis, Amino acid [AA] metabolism) regulate the type of mediators
produced by these cells. During a proinflammatory state, inflammatory mediators (e.g., sugars, lipoproteins, saturated fatty acids [SFAs], cytokines [IL6, TNF]) trigger
“classical” activation of circulating and tissue resident macrophages (e.g., Kupfer cells and adipose tissue macrophages [ATMs]). Circulating sugars are taken up and
processed via glycolysis/TCA cycle. In addition, several intermediate metabolites, as well as amino acids L-arginine, L-tryptophan and glutamine, can impact
macrophage effector functions. Sensing/uptake of excessive lipoproteins and SFAs activates the mitochondrial fatty acid oxidation (FAO) and peroxisomal fatty acid
beta-oxidation (PBO) pathways to breakdown long chain and very long chain fatty acids, respectively. Excessive activation of these pathways triggers ER stress and
signaling via JNK and NF-kB, resulting in amplified production of proinflammatory mediators. “Classical” macrophage activation shifts the cells toward preferential
utilization of glycolytic pathways with altered enzyme activity within the tricarboxylic acid cycle (TCA) cycle generating more lactate and fast energy production in the
form of ATP to generate inflammatory mediators (e.g., IL-6, TNF, IL1). Metabolism of tryptophan (L-TRP) and arginine (L-ARG) by macrophages regulates key
immunologic processes. Cumulatively, these inflammatory mechanisms fuel the overall systemic and tissue inflammation, hepatocyte death, and fibrosis in turn
amplifying NAFLD pathogenesis.

TABLE 1 | Metabolic function in macrophage subsets.

Pathway

“Classically” activated macrophage

“Alternatively” activated macrophage

Reactive oxygen species

Glycolysis
Pentose phosphate pathway
Tricarboxylic Acid Cycle

Electron transport chain

Fatty acid
L-Tryptophan catabolism

L-Arginine metabolism*

Increased ROS production through mitochondrial ROS and
NADPH oxidase

High aerobic glycolysis resulting in lactate production
Increased pentose phosphate pathway
Fractured TCA cycle, broken at Idh and Sdh

Dysfunctional electron transport chain, resulting in mitochondrial
ROS production

Fatty acid synthesis from fractured TCA

L-Tryptophan catabolism by IDO results in suppression of
aberrant inflammation

L-Arginine metabolism by iNOS resulting in nitric oxide
production

Mitochondrial ROS and NADPH oxidase activity minimal

Low glycolytic rate resulting in acetyl-coA production
Decreased pentose phosphate pathway

Functional TCA cycle fed by acetyl-coA from beta-oxidation and
glycolysis

Functional electron transport chain resulting in ATP production

Fatty acid beta-oxidation from lipoproteins
L-Tryptophan catabolism not induced

L-Arginine metabolism by arginase resulting in L-ornithine and
downstream metabolites

ATR, adenosine triphosphate; Idh, isocitrate dehydrogenase; IDO, indoleamine-2,3-dioxygenase; iNOS, inducible nitric oxide synthase; NADPH, nicotinamide adenine dinucleotide
phosphate; ROS, reactive oxygen species; Sdh, succinate dehydrogenase; TCA, tricarboxylic acid. Unless noted, references are in main text. *Arginase 1 (Arg1) expression occurs
along with iINOS in macrophages during intracellular infection, and is not sufficient on its own to define alternative activation.
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Preferential skewing toward glycolysis favors proinflammatory
macrophage effector functions as administration of the
glucose analog, 2-deoxyglucose (2-DG), decreases macrophage
inflammatory  polarization,  cytokine  production and
phagocytosis (88). Mice fed MCD diet and patients with NASH
display increased hepatic macrophage HIFla expression and
exacerbated hepatic steatosis and inflammation (89). However,
given the functional relevance of HIF1a to macrophage-mediated
inflammation, additional studies are warranted to determine
the impact of macrophage-intrinsic HIFla in inflammation and
NAFLD progression.

Pentose Phosphate Pathway

Pentose phosphate pathway (PPP) branches off glycolysis at
glucose-6-phosphate, the second step in glycolysis. Through a
series of dehydration and decarboxylation reactions, glucose-6-
phosphate is converted to ribulose-5-phosphate. Macrophages
upregulate the PPP in response to LPS, which yields two
NADPH (used as cofactors for NOXs) and in turn promote
inflammation and cellular damage (90-92). Additionally, the
PPP is necessary for limiting the dissemination of various
pathogens (93). In contrast, macrophages also use the PPP to
resolve inflammation and ROS, as PPP results in glutathione
reduction and subsequently maintains proper redox balance,
limiting the consequences of extraneous ROS activity (94, 95).
During hypercholesterolemia, cholesterol inhibits LPS-mediated
PPP activity in inflammatory macrophages, leading to a foamy
macrophage phenotype (96). Further, adipocytes are known
to use NADPH metabolism to regulate lipid metabolism, and
dysregulation of enzymes involved in the production of NADPH
contributes to obesity and obesity-related pathology (97, 98).
Despite the role of PPP in modulating inflammation, the
contribution of this metabolic pathway to macrophage-intrinsic
inflammation in the context of NAFLD is underdefined and
requires in-depth examination.

Tricarboxylic Acid Cycle

Acetyl CoA, generated following glycolysis or beta-oxidation,
enters the tricarboxylic acid (TCA) cycle, resulting in H,O, CO»,
NADH and FADH,; generation. The latter two are utilized in
the electron transport chain (ETC) to produce ATP. Despite
the high energy yield of the TCA cycle, the process is time
consuming and requires oxygen. In the context of a rapid
inflammatory response, the TCA is downregulated and fractured
in macrophages. Specifically, inflammatory macrophages reduce
isocitrate dehydrogenase (Idh) and succinate dehydrogenase
(Sdh) activity (90, 91). This results in decreased a-ketoglutarate
formation but increased production of itaconate - a key anti-
microbial metabolite. Accumulation of succinate in macrophages
can inhibit the HIF1a-suppressing molecules prolyl hydroxylases
(PHDs), allowing HIF1a to drive IL-1B and other inflammatory
processes (90). Sdh is complex II of the ETC, which donates
two electrons from FADH), to produce the electron gradient that
drives ATP synthesis. During LPS stimulation, the breakdown of
Sdh feeds electrons through complex I, known as reverse electron
transport, resulting in mitochondrial ROS production (99). The
contribution of Idh and Sdh to NAFLD has not been investigated.

However, it can be hypothesized that the hepatic inflammatory
environment in NAFLD would drive the breakdown of the TCA
cycle, as seen in LPS stimulated macrophages. Hence, additional
studies are needed to formally address these postulates.

Fatty Acid Synthesis (FAS)

Excessive hepatocellular uptake of glucose is diverted to FAS
pathways where glucose is converted into TGs and secreted
to adipose tissue (AT) as VLDL (100). Under pathological
conditions, de novo FAS by the liver is a primary cause
of excessive hepatic steatosis (100). In contrast to glucose,
insulin reduces AT lipolysis via suppression of hormone-
sensitive lipase (HSL), thus regulating the circulation of FFAs
in the periphery (100, 101). However, obesity-and NAFLD-
associated insulin resistance limits HSL suppression, leading to
increased AT lipolysis and FFA deposition in the liver (102).
FAS is essential for immune cell proliferation in response
to inflammatory insult. Macrophages upregulate FAS when
undergoing “classical” activation. Monocyte treatment with
macrophage colony stimulating factor promotes “classical”
activation and expression of sterol regulatory element binding
transcription protein lc (SREBPlc), FAS target genes and
increases lipid synthesis (103). Inhibition of SREBP1c reduces
macrophage inflammatory capacity (104). Increased FAS
drives KC inflammasome activation via nucleotide-binding
oligomerization (NOD)-like receptor 3 (NLR3) signaling
(103, 105). In fact, increased inflammasome activation has been
observed in both murine experimental models and human
NAFLD (105-107). Inflammasomes, reviewed elsewhere (105),
are multiprotein complexes containing nucleotide-binding
oligomerization domains NLRs. KCs are a key source of IL-
1f and caspase 1, a critical NLR3 component that regulates
downstream proinflammatory signaling (e.g., pro-IL-1p, pro-
IL-18, ASC), and are elevated in livers from NASH patients
(105, 108, 109). However, given the complexity of inflammasome
signaling the underlying mechanism unique to macrophage
inflammasome-driven inflammation in NAFLD, these processes
warrant further examination. Additional studies are also
needed to determine if targeted inhibition of FAS pathways in
macrophages is sufficient to reverse inflammasome activation
and subsequently improve NAFLD pathology.

Beta-Oxidation

Beta-oxidation of fatty acids (FA) is central for ensuring cellular
and tissue energetic demands by breakdown and conversion of
lipids into ATP. Under homeostatic conditions, fat storage and
lipolysis are regulated in part by beta-oxidation. Members of
the nuclear hormone receptor superfamily known as peroxisome
proliferator activated receptors (PPARa, PPARP, and PPARYy)
are transcriptional modulators of beta-oxidation. PPAR«, which
is primarily expressed in the liver, has several endogenous
ligands (e.g., FA, eicosanoids and other complex lipids) and
acts as a master regulator for FA beta-oxidation (110, 111).
Given the importance of hepatic steatosis in NAFLD and the
relevance of beta-oxidation in immune responses, below we
discuss the contribution of both mitochondrial and peroxisomal
beta-oxidation to macrophage inflammation.
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Mitochondrial beta-oxidation

Mitochondrial-beta oxidation breaks down short (<Cg), medium
(Cg-Ci4) and long chain FA (Ci4-Cy) (85). Long chain
FA, which are a major component of the standard diet,
are shuttled into the mitochondria via carnitine shuttles
(carnitine palmitoyltransferase I) by linking with coenzyme
A (acyl-CoA) (85, 112). Once acylcarnitine exchanges the
carnitine molecule with CoA via exchange with carnitine
palmitoyltransferase II the acyl-CoA proceeds into the beta-
oxidation cycle. At the inner membrane the enzymatic
activity of very long chain acyl-CoA dehydrogenase (VCLAD),
shortens long chain acyl-CoAs. Shortened fatty acyl-CoAs are
further oxidized by a trifunctional protein complex consisting
of: Enoyl-CoA hydratase, 3-hydroxyacyl CoA dehydrogenase,
and 3 ketoacyl CoA thiolase. Impaired beta-oxidation in
macrophages prevents the degradation of lipids leading to
the FA overload and rupture and release of toxic lipid
species (85). Although, the traditional view is that FA beta-
oxidation is essential for polarization of “alternatively” activated
macrophages, recent evidence suggest that inhibition of this
pathway may in fact promote a “classical” macrophage
phenotype. Etomoxir driven inhibition of beta-oxidation or
knockdown of CPT-1 results in reduced fatty acid oxidation
(FAO) but increased proinflammatory signaling, cytokine
production, ER stress and ROS levels (113-115). Thus,
additional studies are needed to formally determine how
mitochondrial FAO impacts macrophage inflammation and
NAFLD progression.

Peroxisomal beta oxidation

Oxidation of very long chain fatty acids (VLCFAs) (C>;;)
is exclusive to the peroxisome due to the selective presence
of very long chain acyl-CoA synthetase (85). Aside from
VLCFAs, long chain dicarboxylic acid, eicosanoids, and bile acid
precursors are also oxidized within the peroxisomes. Compared
to mitochondria, 3 enzymes Acyl-CoA oxidase 1 (Acoxl),
enoyl CoA hydratase/L-3-hydroxyacyl CoA dehydrogenase
bifunctional protein and 3-ketoacyl CoA thiolase regulate
peroxisomal beta-oxidation (85). Whole body Acox! null
mice and AcoxI"P¢! mice, which features a point mutation
rendering the Acoxl gene inactive, spontaneously develop
steatosis and steatohepatitis (85, 116). Acox1t4mpel mice also
exhibit increased systemic inflammation both at baseline
and after LPS challenge in vivo, increased hepatic expression
of macrophage recruiting chemokines and macrophage
infiltration into the liver following short term high fat diet
(HFD) feeding. HFD feeding combined with secondary
LPS insult in vivo further exacerbates liver pathologies in

Acox1mpel mice (86). Together, these data suggest that
peroxisomal beta-oxidation regulates macrophage-intrinsic
inflammation and NAFLD pathogenesis. However, the

underlying processes by which peroxisomal beta-oxidation
regulates macrophage function and inflammation remain
understudied. Similarly, the contribution of peroxisomal
beta-oxidation to inflammatory potential of other immune
cells and their contribution to NAFLD progression remains
poorly understood.

Amino Acid Metabolism

Amino acids (AA) are critical precursors for several metabolic
pathways. For example, glutamine and aspartate are necessary
for purine and pyrimidine synthesis as well as feeding the
TCA cycle via a-ketoglutarate production. Valine and leucine
fuel the synthesis of branched chain FA. Direct metabolism
of tryptophan (L-TRP) and arginine (L-ARG) by macrophages
and other myeloid cells regulate key immunologic processes.
For this reason, below we focus on how metabolism of
tryptophan and arginine within macrophages modulates their
inflammatory potential.

Tryptophan

In macrophages, L-TRP metabolism is tightly regulated by two
isoforms of the enzyme indoleamine 2,3-dioxygenase (IDO1
and IDO2). IDO is the rate limiting enzyme that converts
L-TRP into N-formylkynurenine (117). Early reports focused
on L-TRP depletion as the central mechanism of immune
modulation, yet more recent literature deemphasizes L-TRP
depletion and reports kynurenine production as the key regulator
of immune responses (117, 118). The downstream products of
kynurenine modulate immune responses to infection, cancer, and
autoimmune diseases (117, 119, 120). IDO activity is induced
in macrophages following IFNy, LPS, or TNF stimulation and
can be further enhanced with IL-1f co-stimulation (121-125).
Several studies have begun to address the contribution of IDO-
mediated L-TRP metabolism during NAFLD. Kynurenine is
increased in the serum of obese subjects, and IDO1 is upregulated
in the liver and WAT in obesity (126). IDO-deficient mice
displayed elevated liver fibrosis, increased hepatic macrophage
infiltration, and higher concentrations of IL-1f, IL-6, and IFNy
in obesity. However, these mice are protected from HFD-
driven weight gain, hepatic steatosis, and oxidative stress (127).
Interestingly, mice lacking IDO1 expression in macrophages and
neutrophils exhibited normal weight gain and insulin sensitivity
in obesity (128). Mice with an intact bone-marrow derived
immune system, but lacking IDOL1 in all other tissues, displayed
a similar protection from HFD-induced metabolic disease as
the mice with global IDO1 deletion. In sum, these data suggest
that IDO contributes to multiple aspects of NAFLD progression
and that non-hematopoietic IDO activity may play a key role in
regulating NAFLD pathogenesis. Follow-up studies are needed
however to dissect the contribution of IDO activity during the full
spectrum of NAFLD pathogenesis and to evaluate IDO activity
within radiation-resistant tissue macrophages.

L-TRP supplementation has been explored in multiple studies.
Mice fed a high fructose diet exhibit reduced liver weight
and hepatic lipid accumulation when supplemented with L-
TRP (129). Clinical studies examining patients with hepatic
steatosis or NASH found supplementation, twice daily, with
L-TRP for 14 months result in decreased plasma LDL, TG,
and gamma gluthamylo transpeptidase levels with a correlative
decrease in plasma IL-1p, IL-6, and TNF (130, 131). Key studies,
however, are needed to identify where supplemental L-TRP and
its downstream metabolites accumulate, and whether L-TRP is
available for IDO activity within the diseased liver. Considering
the availability of conditional IDO1 knockout mice (128), it is
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now feasible to separate the contribution of IDO activity by
macrophages as well as other immune and non-immune cell
types during the initiation and progression of NAFLD. These,
studies would help determine how IDO modulates immune
responses and NAFLD pathogenesis.

Arginine
Historically, macrophage polarization was characterized in
part by the ability to metabolize L-ARG. “Classically” activated
macrophages upregulate inducible nitric oxide synthase (iNOS)
which converts L-ARG to L-citrulline and anti-microbial
nitric oxide (NO). In contrast, “alternatively” activated
macrophages upregulate arginase 1 (Argl) to metabolize L-
ARG into ornithine and urea (132, 133). It is now appreciated
that Argl and iNOS expression can occur within similarly
stimulated macrophages, adding to the complexity of defining
“classical” and “alternative” macrophage activation profiles
(134-136). Regardless, macrophage L-ARG metabolism has
been documented to restrict intrinsic and extrinsic immune
cell function. Blocking arginase activity or eliminating Argl
within macrophages allows for increased L-arginine availability
for NO production and anti-microbial activity but can also be
associated with unrestricted lymphocyte activity and increased
tissue pathology (132, 136-141). Thus, understanding how
L-ARG metabolism is regulated during altered inflammatory and
metabolic states, including NAFLD, is of considerable interest.
Limited studies have focused on the contribution of
enzymes involved in the breakdown of L-ARG in NAFLD.
Mammals possess two arginase isoforms (Argl, Arg2) that
are differentially expressed within tissues. The importance of
macrophage Argl in NAFLD has not been addressed. The
role of Arg2 in NAFLD, despite published studies, remains
undefined. Opposing findings employing Arg2-deficient mice
have shown that Arg2-deficiency results in development of
spontaneous hepatic steatosis and increased liver injury (142) or
promotes decreased NAFLD severity in obesity (143). Although
NO contributes to NAFLD, additional studies are needed to
determine the critical source of NO as NO inhibitors have
various specificities and differ in their ability to regulate
disease severity (144). L-ARG supplementation has also been
shown to reduce NAFLD severity (145). As such, studies
determining the contribution not only of L-ARG utilization,
but also of L-ARG synthesis during NAFLD are warranted.
The necessity of L-ARG synthesis within macrophages has
recently been described during infection, suggesting extracellular
L-ARG is not available in sufficient concentrations to drive
effective macrophage function (135, 146, 147). Accounting
for the considerable influx of inflammatory macrophages in
NAFLD, future studies aimed at addressing macrophage-specific
modulation of L-ARG metabolism with existing molecular tools
(e.g. Arglﬂ‘”‘, Aslflox Nos2-deficient) (148-150) will be necessary
to dissect how various macrophage populations manipulate the
liver microenvironment and NAFLD progression.

Macrophages and Trace Metals
Trace metals including iron, zinc and copper are essential for
many cellular functions and for optimal adaptive and innate

immune responses (151). Among these three metals, iron and
copper exert an important influence on the genesis of NAFLD
(152-155). Adults, but not children, with NAFLD manifest
increased circulating concentrations of ferritin; however, both
age groups exhibit increased transferrin saturation (153, 154).
Excess iron accrual in the liver, specifically KCs (156) is associated
with elevated amounts of hepcidin, which blocks iron egress
mediated by ferroportin. Hepcidin binds to ferroportin and
enhances its degradation. The accumulation of iron promotes
“classically” activated macrophage polarization and production
of proinflammatory cytokines that enhance the inflammatory
response (157, 158). Excessive iron accumulation in both KCs
and hepatocytes is associated with NAFLD (152). Inflammatory
mediators, induced by lipid overload, drive increased hepcidin
and decreased iron export from KCs and hepatocytes, in turn
exacerbating NAFLD severity. Although copper is connected to
iron homeostasis, the former metal is diminished in patients
with NAFLD. Copper deficiency is associated with a decrease
in ceruloplasmin ferroxidase which promotes iron release (152,
159). Aside from the effects of copper on iron regulation,
the paucity of copper would reduce generation of copper/zinc
superoxide dismutases that scavenge ROS and subsequently
impairing the cellular defenses to ROS-mediated damage. Despite
the knowledge of low zinc concentrations in chronic liver
disease and damage (160) the role of zinc in NAFLD has not
been investigated. How zinc deficiency augments liver damage
is not well defined. Experiments determining the necessity of
superoxide dismutases to combat excess ROS would provide
valuable insight but have yet to be performed.

Adipose Tissue/Adipocytes and NAFLD

The traditional perspective of AT was that of a simplistic
fat storing/releasing organ playing a role energy
homeostasis (161). It is now well-appreciated that AT is
a highly metabolic, active and plastic organ comprised of
various types of cells (e.g., adipocytes, progenitor stem
cells within the stromal vascular fraction, endothelial cells,
fibroblasts, and immune cells) (162, 163). The AT regulates
the accommodation of excess energy through storage
of circulating dietary lipids and de mnovo lipogenesis. In
the case of nutrient shortage, lipolysis controls/regulates
the release of hydrolyzed TGs as glycerol and FFAs to
provide energy to surrounding tissues (164-166). Obesity-
associated changes in AT robustly modify AT function
including production of hormones, cytokines and adipokines.
Which cells within AT tissue contribute to such changes
and how the low-grade systemic and AT inflammatory
state in obesity/metabolic disease impacts AT function is
poorly understood.

Adipose tissue macrophages (ATMs) are believed to play
a major role in regulating AT inflammation. In general,
healthy AT, is believed to contain a balance between
“alternatively” and “classically” activated ATMs. In contrast,
the unhealthy/inflammatory AT, houses an increased number
of “classically” activated ATMs. “Classically” activated ATMs
produce an array of proinflammatory mediators (e.g., IL-6, TNF,
IL-1B, IFNY) that further amplify AT inflammation and promote

in
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additional macrophage and other immune cell recruitment and (173, 174). This suggests that like ATMs, adipocytes themselves
activation. Cumulatively, such events, in obesity, fuel a chronic ~ play an important role in maintaining AT metabolic processes.
low-grade inflammation within the AT (167, 168). In addition =~ Recent studies demonstrate that adipocytes, like immune cells,
to the enhanced release of soluble mediators, AT inflammation  exhibit immune-like potential (175, 176). Specifically, adipocytes
drives expression of integrin a4 on macrophages and vascular  express various innate immune receptors including RIG-I-
cell adhesion molecule 1 (VCAM-1) on adipocytes allowing like receptors (RLR), NLRs, and nucleotide oligomerization
for AT macrophage accrual (43). The inhibition of integrin  domains (NODs) (177, 178). NOD-1 signaling suppresses
a4 reduces ATM retention and AT inflammation. Notably, adipocyte differentiation and contributes to induction of the
individuals with NAFLD exhibit high expression of VCAM-1 =~ NF-kB (177, 179). Adipocyte sensing of various PAMPs
in AT underlining the importance of this cell-cell interaction  leads to production of multiple inflammatory mediators (e.g.,
pathways (169). cytokines, chemokines, adipokines) (180). In obesity, the

Adipocytes play a pivotal role in metabolic disease by  main mechanisms associated with unlocking adipocyte-intrinsic
promoting chronic inflammation via release of FFAs in response  inflammation are: (a) obesity-associated endotoxemia and (b)
to increased circulating levels of TNF. These FFAs translocate AT hypoxic micro-environment which leads to ER stress,
to the liver and skeletal muscle propagating inflammation and  inflammatory cytokine production, cell death, release of lipid
insulin resistance (170, 171). Mechanistically, TNF inhibits  content and debris and induction of the inflammatory mediators
PPARy (172) and CCAAT/enhancer binding protein (C/EBPa)in ~ (181). Adipocyte production of inflammatory mediators is
adipocytes that is needed for the expression of adipocyte-specific ~ potentially sensed by ATMs and leads to their activation
GLUT4 and insulin receptor (IR) to maintain insulin sensitivity ~ (161, 168, 180, 182). Adiponectin, an adipokine, exerts either

9500 L0AN 90 g a3

FIGURE 3 | Crosstalk between tissue-specific inflammation and macrophage function in NAFLD. Schematic overview of the crosstalk between various organs, their
specific immune cells and inflammatory mediators during NAFLD. Obesity-associated low-grade, chronic inflammation and altered gut microbiome impacts immune
cell crosstalk between the gut, circulating monocytes/macrophages, and the liver. In addition, obesity-associated adipocyte expansion promotes hypoxia leading to
adipose tissue (AT) inflammation, activation of adipose tissue macropahes (ATMs) and fuels infiltration of various immune cells and inflammatory mediator production
(e.g., FFAs, ROS, cytokines, chemokines) to be sensed by circulating macrophages and hepatocytes. Collectively these processes alter hepatocellular lipid
metabolism, contributing to steatosis and proinflammatory cytokine (IL-17, TNF, IFNy, IL-6) and chemokine production (CCL2, CXCL9, CXCL10). Moreover, this
inflammatory state activates hepatic stellate cells (HSCs) and Kupffer cells (KCs) in turn contributing to extracellular matrix deposition (collagen fibers) and progression
to fibrosis.
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anti- or pro-inflammatory effects on macrophages. It inhibits
macrophage functions (e.g., phagocytosis, cytokine production)
and induces proliferation of “alternatively” activated macrophage
in AT (183-185). Conversely, adiponectin also induces pro-
inflammatory signaling cascades through NF-kB activation and
upregulation of pro-inflammatory cytokines (e.g., TNF-a, IL-
6, and IL-8) (186, 187). However, detailed analysis of specific
adipocyte mediators and adipokines relevant to altered ATMs
polarization and activation is needed. Similarly, whether obesity-
activated adipocytes or ATMs directly play a role in NAFLD
pathogenesis is not fully understood and should be further
investigated. A brief summary of the above discussed processes
is depicted in Figure 3.

Therapies

Ultimately, the improvement of experimental models to more
closely recapitulate human NAFLD would be ideal for the
discovery and development of therapies targeting various
metabolic pathways in macrophages. Diet and lifestyle changes
help in reversing NAFLD progression. Thus, it is not surprising
that several pharmacological drugs that target metabolic and
inflammatory and molecular mechanisms important in NAFLD
progression are currently being examined (188). Hepatic lipid
accumulation is an initial driver of NAFLD pathogenesis (9,
84). Intuitively, use of therapeutic drugs that target lipid
metabolism is actively pursued. Glitazones, which are a class
of insulin-sensitizing drugs, are effective in regulating lipid
metabolism. They increase FAS and FA uptake by adipocytes,
thus increasing lipid loading in AT instead of ectopic organs
(e.g., liver and muscle) (189, 190). However, due to their
association with increased risks of heart failure the use of
glitazones as a treatment option has not been pursued in the clinic
(191, 192). Sodium glucose co-transporter 2 (SGLT2) inhibitors
have also proven efficacious in regulating NAFLD-associated
dyslipidemia by inhibiting hepatic expression of lipogenic genes
(e.g., sterol regulatory-element binding protein 1-c, fatty acid
synthase, acetyl-CoA carboxylase 1, and sterol CoA desaturase),
hepatic macrophage infiltration and expression of inflammatory
cytokine production (190, 193, 194). However, underlying
mechanisms that govern this process remains an area of
investigation. Upregulation of oxidative stress, inflammation and
apoptosis pathways are associated with NAFLD pathogenesis.
NASH patients display increased hepatic activation of apoptosis
signal-regulating kinase 1 (Askl). Activation of Askl by
TNF causes oxidative and ER stress, and induction of p38
and JNK signaling (188, 190, 195). Askl inhibition reduced
hepatic steatosis, inflammation and fibrosis (196, 197). However,
given that phenotypical outcomes of Askl inhibition in
mice are not often recapitulated in humans, more effective
“humanized” mouse models are needed (198, 199). Further,
the effects of Askl inhibition on macrophage inflammation
in NAFLD pathogenesis remains underdefined. Limiting the
detrimental effects of obesity-associated microbiome alteration
and subsequent systemic endotoxemia which contribute to
NAFLD pathogenesis is another active area of investigation for
drug development. Excessive PRR activation and inflammation

resulting in liver injury is characteristic of NAFLD. JKB-121,
a TLR4 antagonist, prevents LPS induced inflammatory liver
injury in MCD diet models of NAFLD. However, given that
obesity modulates the expression of multiple TLRs, more studies
are needed to determine the impact of ablation of other TLRs
in NAFLD pathogenesis. In addition, there are several other
therapeutic approaches regarding use of ACC inhibitors, fructose
inhibitors and obetocholic acid inhibitors (188, 190) for the
treatment of NAFLD. In sum, several potential avenues for
NAFLD therapies are being pursued. Specifically, there is a
need for studies to allow for HFD-driven induction of hepatic
fibrosis (41), eliminate gender bias by employing a more
“human”-like disease state (e.g., thermoneutrality) (200), CCL4
experimental models of fibrosis (201) use of various murine
strains/genotypes to mimic genetic diversity as well as expansion
of such findings into non-human primate models of NAFLD
(198). Use of such wide ranging experimental models would
be beneficial in the development of therapeutic targets that
may prove more effective in the clinic. Thus, in sum, given
the interplay between metabolism and inflammation, additional
therapies targeting macrophage polarization, chemo-attracting,
inflammatory and metabolic pathways are needed—something
that may be achieved by improving experimental modeling
of disease.

CONCLUSION

Overall, this review highlights the inflammatory processes
associated with macrophage polarization, tissue recruitment
and inflammation and the role of such processes in NAFLD.
We also extensively discuss how cellular metabolic pathways
may contribute to macrophage-driven inflammation. Given the
metabolic changes in obesity and inflammation the potential
benefits to be gained from understanding the interplay between
various metabolic and inflammatory pathways in macrophages
are immense. Further elucidation of the crosstalk between
macrophages and other tissues/immune cells similarly remains
an exciting area of exploration. However, subsequent to the
detailed interrogation of the afore discussed cellular and
molecular processes in NAFLD, validation of such processes in
multiple experimental models of NAFLD will be required.
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During chronic liver disease, macrophages support angiogenesis, not only by secreting
proangiogenic growth factors and matrix-remodeling proteases, but also by physically
interacting with the sprouting vasculature to assist the formation of complex vascular
networks. In the liver, macrophages acquire specific characteristics becoming Kupffer
cells and working to ensure protection and immunotolerance. Angiogenesis is another
double-edged sword in health and disease and it is the biggest ally of macrophages
allowing its dissemination. Angiogenesis and fibrosis may occur in parallel in several
tissues as macrophages co-localize with newly formed vessels and secrete cytokines,
interleukins, and growth factors that will activate other cell types in the liver such
as hepatic stellate cells and liver sinusoidal endothelial cells, promoting extracellular
matrix accumulation and fibrogenesis. Vascular endothelial growth factor, placental
growth factor, and platelet-derived growth factor are the leading secreted factors driving
pathological angiogenesis and consequently increasing macrophage infiltration. Tumor
development in the liver has been widely linked to macrophage-mediated chronic
inflammation in which epidermal growth factors, STAT3 and NF-kp are some of the
most relevant signaling molecules involved. In this article, we review the link between
macrophages and angiogenesis at molecular and cellular levels in chronic liver disease.

Keywords: angiogenesis, macrophages, Kupffer cells, hepatic stellate cells, vascular endothelial growth factor

INTRODUCTION

The liver is both the largest organ of the body and the largest gland, weighing about 1.5kg. It is
situated in the abdominal cavity beneath the diaphragm. It carries out more than 500 essential
roles having an impact in both physiology and disease (1). The major functions of the liver may be
summarized as follows: Detoxification of metabolic waste products; destruction of spent red cells;
and reclamation of their constituents (in conjunction with the spleen); synthesis and secretion
of bile into the duodenum via the biliary system; synthesis of the plasma proteins including
the clotting factors but excluding the immunoglobulins; synthesis of plasma lipoproteins; and
metabolic functions, e.g., glycogen synthesis and gluconeogenesis. Many of these biosynthetic
functions directly utilize the products of digestion. With the exception of most lipids (which are
transported mainly by lymph vessels), absorbed food products pass directly in the venous blood
from the small intestine to the liver via the portal vein before entering the general circulation.
Thus, the vascular bed of the liver is perfused by blood rich in amino acids, simple sugars, and
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other products of digestion but relatively poor in oxygen. Oxygen
required to support the intense metabolic activity of the liver is
supplied in the arterial blood via the hepatic artery. The liver,
therefore, is unusual in that it has a dual blood supply that
is both arterial (20%) and venous (80%). Venous drainage of
the liver occurs via the hepatic vein and lymph from the liver
is drained directly into the thoracic duct. The position of the
liver in the circulatory system is therefore optimal for gathering,
transforming, and accumulating metabolites and for neutralizing
and eliminating toxic substances. This elimination occurs in
the bile, an exocrine secretion of the liver that is important in
lipid digestion.

The microanatomy of the liver is key for the achievement of
the multifaceted hepatic abilities and homeostasis maintenance.
The principal and most abundant cells of the liver, the
hepatocytes, are arranged into polygonal lobules, the structure
of which maximizes contact of hepatocytes with blood flowing
through the liver. At the corners of the lobules, there are portal
triads, each with a venule (a branch of the portal vein), an
arteriole (a branch of the hepatic artery), and a duct (part of
the bile duct system). The hepatocytes are radially disposed in
the liver lobule. They form a layer of one or two cells thick,
arranged like the bricks of a wall. The space between these
cellular plates contains the liver sinusoids, composed solely of
a discontinuous layer of fenestrated liver sinusoidal endothelial
cells (LSECs) (2, 3). The sinusoids arise in the periphery of the
lobule, fed by the terminal branches of portal veins and hepatic
arterioles at the portal triads, and run in the direction of the
hepatic central vein. The endothelial cells are separated from
the underlying hepatocytes by a subendothelial space known
as space of Disse, which contains microvilli of the hepatocytes.
Blood fluids readily percolate through the endothelial wall and
make intimate contact with the hepatocyte surface, permitting
an easy exchange of macromolecules from the sinusoidal lumen
to the liver cell and vice versa. This is physiologically important
not only because of the large number of macromolecules (e.g.,
lipoproteins, albumin, fibrinogen) secreted into the blood by
hepatocytes but also because the liver takes up and catabolizes
many of these large molecules. In addition to the LSECs, the
sinusoids contain phagocytic cells known as Kupffer cells (KCs)
(3). The main functions of these hepatic macrophages are to
metabolize aged erythrocytes and other particulate debris from
the circulation, digest hemoglobin, and secrete proteins related
to immunologic processes. The hepatic stellate cells (HSCs),
located in the space of Disse, have the capacity to accumulate
exogenously administered vitamin A as retinyl esters in lipid
droplets (4, 5).

Liver disease comprises different disease stages and is
mainly caused by obesity, alcohol consumption, diabetes, or
viral infections (6). Non-alcoholic fatty liver disease (NAFLD)
and alcoholic fatty liver disease (AFLD) only differ on the
etiology; they are the first stages of disease and consist on
the accumulation of triglycerides within hepatocytes. This
excessive accumulation impairs hepatocyte functionality and
promotes tissue inflammation driving toward non-alcoholic
steatohepatitis (NASH) development (7). Activation of the
immune component and other cellular types such as HSCs

and LSECs promotes extracellular fiber deposition (collagen
and other matrix constituents) and thus liver fibrosis that will
progress toward the next stage of liver disease—cirrhosis—
if inflammatory signals remain overexpressed. Hepatocellular
carcinoma (HCC) can grow in livers affected by all the
etiologies, but it is usually the last stage of disease after
cirrhosis (8) (Figure 1).

MACROPHAGES IN THE LIVER

Macrophages are myeloid immune cells with the ability to
phagocyte pathogens, dead cells, cellular debris, and various
components of the extracellular matrix. Ilya Ilyich Mechnikov
was the first to describe the process of phagocytosis in 1882, and
macrophages were named after this feature as “big eaters” (from
ancient Greek, makros “large” + phagein “eat”). However, it is
now clear that macrophages are not only big eaters of pathogens
and dead cells, but also important components of the stromal
architecture of several tissues and organs, where they regulate
organ homeostasis and remodeling. For instance, KCs are
specialized macrophages that line hepatic sinusoids in the liver,
where they scavenge senescent erythrocytes, a process referred to
as hemocatheresis (9). During development and tissue healing or
regeneration, macrophages stimulate angiogenesis, and facilitate
tissue remodeling by secreting a number of proteases and growth
factors (9).

The liver bears the biggest proportion of macrophages among
all solid organs in the body. The full spectrum of immune cells in
the liver is not yet totally clear, but populations of liver-resident
macrophages such as KCs have been well-characterized. They
present pattern recognition receptors (PRR) for the detection
and degradation of microbial-associated molecular patterns
(MAMP) and damage-associated molecular patterns (DAMP)
(10). KCs in the liver may have different origins: yolk sac, bone
marrow or hematopoietic stem cells derived from the ventral
wall of the aorta in the aorta-gonad-mesonephros (AGM)
region (11) (Figure 2). Erythromyeloid progenitors from the yolk
sac express macrophage colony-stimulating factor 1 receptor
(CSFIR) and allow differentiation into KC in the fetus during
development (12). Bone marrow derived macrophages CCR2™
(C-C chemokine receptor type 2) LY6C (lymphocyte antigen
6 complex) can be recruited into the liver and achieve KC-
like phenotype. Monocyte recruitment happens mostly after
liver injury and under inflammatory conditions as a response
to reestablish tissue homeostasis, and when they are excessive
they undergo apoptosis (13). Close to week 5 of fetus gestation,
hematopoietic stem cells derived from the AGM colonize the
liver and give rise to mature erythroid, lymphoid and myeloid
cells. Due to the similarities between yolk sac and AGM derived
macrophages present in the liver, most studies consider them as
the same (13).

Depending on the cell origin and the differentiation
process, macrophages acquire different phenotypic (surface
marker profile and gene expression) and functional
features, which are variable between mice and humans. For
instance, CD14TTCD16~ classical human monocytes or
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FIGURE 1 | Liver disease stages and tissue alterations. Changes in liver tissue can be detected macroscopically and microscopically in this figure. There are three
sets of pictures; (A) healthy tissue, (B) fibrotic liver, and (C) tumorigenic. At the left side of the three sets there are pictures of livers extracted from animal models in our
research group. In the next column there are hematoxylin and eosin staining pictures of those tissues where hepatocytes (pink) and adipocytes (round and white) can
be seen. At the sinusoid column there is a scheme of tissue cell infiltration and hepatocyte transformation into dying hepatocytes or tumor cells. H&E, hematoxylin
eosin staining; KC, Kupffer cell; HSC, hepatic stellate cell; T cell, ymphocyte T; NK, natural killer cell; B cell, lymphocyte B; BM-Mo, bone marrow derived macrophage.
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intermediate  CD147+CD16Ct monocytes correspond to
GRI1*/Ly6Chig" inflammatory monocytes in the mouse and are
CCR2TCx3CR1'" (14). Cx3CR1, also called fractalkine receptor,
is considered a key regulator of macrophage activity (15).

In addition to KCs, other subsets such as monocyte-
derived macrophages, myeloid dendritic cells, scar-associated
macrophages,  inflammatory = macrophages,  restorative
macrophages, tumor-associated macrophages, and monocytic
myeloid-derived suppressor cells can be found in the liver.
The acquisition of a pro-inflammatory or anti-inflammatory
phenotype depends on the local tissue microenvironment
(9, 10, 16). Knowing the full spectrum of macrophage activation,
the underlying molecular mechanisms, and their implication
in either promoting liver disease progression or repairing
injured liver tissue is highly relevant from a therapeutic point
of view. For instance, scar-associated macrophages positively
contribute to fibrosis resolution by producing chemokine
(C-X-C motif) ligand 9 and matrix metalloproteinase 13 (17).
Other studies have shown the importance of specific receptors
involved in macrophage activation such as integrin alphavbeta

3. This is a receptor for vitronectin, and its inhibition in vivo
decreases angiogenesis and worsens liver fibrosis outstanding
the complexity of therapeutic strategies required for patients
with liver disease (18). It should also be taken into consideration
that animal research, particularly that relating to phagocyte
and immune networks, may be poor predictors of human
pathophysiology (19).

PATHOPHYSIOLOGY OF LIVER
ANGIOGENESIS

Angiogenesis is the process of new vasculature generation
from pre-existing blood vessels and is present in health and
disease. It is a tightly regulated process as excessive angiogenesis
may prelude the establishment of abnormal vasculature and
thus disease promotion (20, 21). Little is known about the
mechanisms by which the endothelial cells present at the
leading edge of vascular sprouts (named endothelial “tip” cells)
integrate directional cues from the environment and fuse to
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FIGURE 2 | Liver macrophages origin. Schematic representation of macrophages’ movement toward the liver. There are three main niches where hematopoietic stem
cells evolve and become myeloid progenitors: aorta—gonad-mesonephros (AGM), yolk sac (YS), and bone marrow. YS and AGM derived progenitors are generally
considered the same due to their similarities. Erythromyeloid progenitors will go to the fetal liver and become resident monocytes that will evolve into Kupffer Cells (KC)
establishing the liver resident macrophage population with self-renewal ability. Bone marrow produced myeloid progenitors that go to the systemic circulatory system
and remain there until injury signals activate the cascades for tissue infiltration. Bone marrow derived macrophages (BM-Mo) require CCR2 (C-C chemokine receptor
type 2) to be able to infiltrate into the liver and may undergo a conversion into a KC if necessary.

form new functional blood vessels. In the pathological setting by a direct activation of these cells, which express receptors
of chronic liver disease, angiogenesis has been related to  for proangiogenic factors. Activated myofibroblasts are also able
progressive liver inflammation, fibrogenesis, and tumorigenesis ~ to produce proangiogenic factors, which further facilitate their
(1, 22, 23). Pathological angiogenesis in liver disease also  own transdifferentiation and also mediate specialized cellular
occurs extrahepatically, playing a major role in the formation  functions such as proliferation, chemotaxis, and production of
of porto-systemic collateral vessels and the development and  extracellular matrix. Accordingly, inhibition of angiogenesis, for
aggravation of splanchnic hemodynamic disturbances and portal ~ example, using the multikinase inhibitor sorafenib, causes a
hypertension (1, 23). Angiogenesis is also an essential hallmark ~ marked decrease in the intrahepatic neovascularization, fibrosis,
in liver cancer, allowing not only tumor nourishment and thus  and inflammation observed in animal models of cirrhosis (24).
growth but also its dissemination toward other organs (23).

Vascular endothelial growth factor (VEGF), placental growth
factor (PIGF), and platelet derived growth factor (PDGF) are MECHANISMS LINKING MACROPHAGES
the leading secreted factors driving pathological angiogenesis ~ AND ANGIOGENESIS
in liver disease (1, 23). Increasing the supplying blood vessels
of the liver can, in turn, further augment the recruitment Cellular
of inflammatory cells, which will stimulate inflammation  Macrophages likely represent the preeminent cells in the body
and activate profibrogenic myofibroblasts thereby resulting in ~ endowed with the ability to migrate within tissues, even in
fibrogenesis. In addition, the abnormally formed new vessels  hypoxic conditions, and with the capacity to modify the
are very different from the highly specialized intrahepatic  extracellular matrix and amplify paracrine signals. Macrophages
sinusoidal vessels. Thus, they are disorganized, chaotic, leaky =~ may thus provide temporary scaffolds or paracrine support for
vessels, which, instead of improving the effective perfusion of  the expansion and maturation of vascular networks, both in
hepatocytes, they further compromise the oxygen and nutrient  development and in pathophysiological conditions.
delivery to the liver parenchyma, resulting in further hepatocyte In liver disease, the main producers of pro-angiogenic
damage and hypoxia. This will exacerbate myofibroblast factors are HSCs, portal fibroblasts, and myofibroblasts (25,
activation and fibrogenesis and will impair the effectiveness of ~ 26). Activation of these cells toward angiogenesis promoters
inflammatory response. Moreover, proangiogenic factors can  is usually stimulated by hypoxia inducible factor 1 (HIF-1a),
activate myofibroblasts not only through angiogenesis, but also  but the presence of both infiltrated and resident macrophages
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also contributes to generate the required vascular growth factor
signals. Moreover, endothelial cells also participate in the
establishment of a pro-angiogenic microenvironment by leptin
secretion easing the stabilization of newly formed vessels in a
context of advanced fibrosis where fibrotic septums are more
mature (25).

Activated HSCs act, through the expression of VEGF receptor
and VEGF family factors, in an autocrine and paracrine manner
thus having an impact on LSEC and aggravating fibrosis.
VEGEFR?2 (vascular endothelial growth factor receptor) modulates
the pro-fibrogenic activity of HSC and LSECs and, subsequently,
angiopoietin-1 activates Tie-2 tyrosine-protein kinase receptors
(epidermal growth factor homology-2) on LSEC for vessel
stability. The role of LSECs in the development of liver disease
is tightly associated with VEGF secreted by hepatocytes and HSC
as it determines their fenestrated phenotype that will also have an
impact on HSC activation when it becomes abnormal (26).

Differently polarized macrophages have been characterized
and associated with several processes involved in liver disease.
Macrophages derived from bone marrow are CCR2*" and Ly-
6CT and require CCL2 to infiltrate into the liver (27). They
play an essential role in angiogenesis regulation as ablation of
CCL2 prevented angiogenesis associated with fibrosis, although
it does not affect fibrosis development. Myofibroblasts are rather
like macrophages as they also present heterogeneous populations
in the liver which include HSC, derived cells like periportal
fibroblasts, and epithelial-to-mesenchymal transition cells, all of
them with different angiogenic capabilities (28).

Kupfter cells are constantly surveilling the liver, being
responsible for the removal of damaged red cells from the blood
circulation. This process is mediated by polyinosinic acid- and
phosphatidylserine-sensitive scavenger receptors, different from
scavenger receptor class A type I and II (29, 30). Kupffer cells
require the recruitment of additional immune cells to carry
out microbial and antigen total clearance. These other immune
components are lymphocytes B (B cell) and T (T cell) as well
as natural killers (NK) and other types of lymphocytes that are
distributed all over the liver parenchyma (31).

Interestingly, the relationship between macrophages and
vessels can be carried back to the hematopoietic processes taking
place during fetal development and vascular patterning. Liver is
one of the most important hematopoietic organs, and this fact
becomes of maximum relevance in fetal liver when it becomes
a niche for hematopoietic stem cells. Although the signaling
pathways switching on maturation or migration programs are
yet to be established, an intimate proximity has been set between
those hematopoietic stem cells that will give rise to macrophages
and pericytes within portal vessels (32).

Molecular

Interestingly, most of the molecules involved in angiogenesis
are also involved in inflammation and the other way around.
In fact, macrophages derived from the bone marrow are
internalized into the liver parenchyma from the vasculature
and mature, losing LY6C surface marker. Once there, they
achieve the ability to degrade extracellular matrix secreting
metalloproteinases (MMP) and become antifibrotic macrophages

decreasing HSC activity (33). They can also produce VEGEF-
A and induce vessel restoration and phagocytosis of dead
cells as well as extracellular matrix restoration after acute
liver injury (34). Both resident and infiltrating macrophages
possess profibrogenic abilities secreting transforming growth
factor beta (TGF-B) and PDGF and activating HSCs and
myofibroblasts (35). After injury, other cytokines such as
tumor necrosis factor alpha (TNF-a) and interleukin 1 beta
(IL-18) and chemokines (CCL-2, CCL5 and CXCL10) are
usually secreted by macrophages exacerbating inflammation and
boosting angiogenesis (36). Furthermore, KC and bone marrow-
derived macrophages can be recruited by HSC secretion of
adhesion molecules such as vascular cell adhesion molecular-
1 (VCAM-1), intracellular adhesion molecule 1 (ICAM-1), and
E-selectin (37) (Figure 3). In addition to expressing classic
proangiogenic and tissue-remodeling factors, which may initiate
angiogenesis, macrophages appear to support the formation of
a functional vascular system by (i) assisting directional vessel
growth via cell-to-cell contacts and/or their production of
guidance factors that act iuxtacrinally on vascular sprouts after
the induction of endothelial cell proliferation and angiogenesis;
(ii) pruning primitive blood vessels (via secretion of proapoptotic
factors) to remodel the vascular network.

The difficulties in targeting angiogenesis reside in the ability of
cells to activate compensatory pathways or even the physiological
presence of redundant pathways. In this respect, several research
groups have shown the relevance of PIGF, a member of the VEGF
family involved in endothelial cell and bone marrow-derived
cell activation, pathologic angiogenesis, and inflammation (38).
PIGF is expressed by macrophages, ECs, and HSCs and
specifically binds to VEGFRI. It is upregulated in fibrosis,
cirrhosis, and hepatocellular carcinoma (39). Silencing PIGF
in mice reduces tumor associated macrophage (TAM)-related
chemokines and receptors (CXCL10, ICAM-1, VCAM, and
CCR?2), pro-inflammatory molecules (TNF-a, IL-1p, CCL2), and
even anti-microbial receptors (TLR4 and TLR9Y), emphasizing the
crucial role of this molecule and thus its potential as a therapeutic
target (40). Another family of growth factors that may be involved
in therapeutic failure is fibroblast growth factors (FGF) which
are involved in angiogenesis and inflammation and essential for
resolving liver regeneration (41).

IMPACT OF MACROPHAGES AND
ANGIOGENESIS ON DISEASE
PROGRESSION

Interestingly, liver macrophages derived from circulating
monocytes, which invade the tissue after injury, colocalize with
newly formed vessels. They present pro-angiogenic genetic
profiles with overexpression of VEGF and MMP9 and are mostly
found in portal tracts (27). These macrophages require CCL2,
linking angiogenesis with inflammation. Indeed, inhibition of
CCL2 reduced angiogenesis and monocyte infiltration at the
beginning of fiber accumulation in the liver, indicating that
there is a tight correlation between the extent of fibrosis and
the recruited inflammatory components. These results indicate
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FIGURE 3 | Angiogenesis and macrophages. Schematic representation of the interplay between immune cells and the process of angiogenesis. Green arrows
indicate activation of cells or secretion of soluble molecules and red arrows inhibition or inactivation. Soluble molecules are in white boxes, blue boxes refer to
receptors and gray boxes to processes. Cell types present in the diagram consist of hepatocytes, myofibroblasts, hepatic stellate cells (HSC), liver sinusoidal cells
(LSEC), adipocytes, Kupffer cells (KC), bone marrow-derived macrophages (BM-Mo), lymphocytes NK, T, and B as well as one tip cell leading to angiogenesis. Long
gray structures are fibers of collagen. MMPs, metalloproteinases; ANGPT, angiopoietin; CCL2, C-C motif chemokine ligand 2; CCL5, C-C motif chemokine ligand 5;

that even though angiogenesis is dependent on macrophage
infiltration at the first disease stages, this does not attenuate
fibrosis progression. However, when disease progresses toward
chronic and even neoplasia development, angiogenesis becomes
increasingly a cause for disease progression rather than a
consequence (27, 42). The role of macrophages in disease
development has been proven to be essential as its depletion
causes disease development attenuation in both NAFLD and
ALD in animal models (43).

Impact on Steatosis and Fibrosis

Chronic liver disease is characterized by inflammatory and
fibrogenic processes that involve pathological angiogenesis, and
depending on the origin and etiology of the fibrogenic process
development, angiogenesis will have a variable impact on disease
progression and reversibility (44). Angiogenesis usually occurs in
parallel to fibrosis, and microvessel density has been correlated
with the degree of accumulated fiber and vice versa. Even more,
liver angiogenesis is different from the same process taking place
in other organs or tissues and has intrinsic angiogenic factors
such as ANGPTL3 (angiopoietin-like 3) (45). The convergence of
increased tissue hypoxia due to fiber deposition and anatomical
rearrangement of liver tissue together with wound healing
processes that try to reestablish tissue homeostasis generates

a characteristic environment full of metalloproteinase, growth
factors (PDGE, TGF-18, FGF, VEGF), cytokines, and adhesion
molecules that will promote angiogenesis and fibrosis and settle
the perfect conditions for disease chronicity (6).

In the presence of lipid accumulation in the liver and thus in
the context of NAFLD, hepatocytes secrete vesicles containing
TNF-related apoptosis inducing ligand (TRAIL) among other
molecules, and they stimulate macrophages polarizing KC toward
inflammation promoters. Conversely, they can switch and trigger
apoptosis and autophagy of inflammatory cells ameliorating
inflammation and hence fibrosis development (46). Experimental
mice models suggest that during non-alcoholic steatohepatitis
(NASH) the need for rapid lipid drop through metabolism and
translocation gives rise to infiltrated macrophages in the first
place instead of KC. Apparently, when injury stimulation remains
constant and disease progresses toward chronic liver disease, then
resident macrophages play the main role.

In this perspective a tight relationship has been established
between macrophages, lipid metabolism, and hepatic steatosis
progression. The link has been made through NOD-, LRR-,
and pyrin domain-containing 3 (NLRP3) inflammasome
(47) which activates pathways that allow an alternative
polarization in macrophages. This specific polarization is related
to the activation of steatogenic signaling in hepatocytes and
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altogether assemble intricate and redundant pathways in which
metabolism regulates macrophages and macrophages regulate
metabolism (48).

In fibrosis, macrophages play a dual role as their presence
increases scarring but at the same time is required for proper
tissue repair. Infiltrating macrophages accumulate in the liver
and, together with KC, secrete factors, such as TGFp and PDGF
that promote survival and activation of HSC thus acting as
profibrogenic cells. This capability is achieved by the influence of
NKT cells and other immune components together with factors
present in the microenvironment (49).

Impact on Cirrhosis

When liver fibrosis remains constant and other conditions such
as obesity, diabetes, malnutrition, and alcoholism contribute to
fiber accumulation and chronic inflammation, then liver fibrosis
becomes liver cirrhosis which is the next and more severe
stage in terms of loss of liver functionality and usually preludes
development of hepatocellular carcinoma (50). The presence
of macrophages is increased in cirrhosis, similarly observed
in liver fibrosis. However, in this advanced disease stage, the
need for toxin clearance is dangerously elevated and the state
of immunocompetency can move toward an immunodeficiency
when cirrhosis is decompensated and gut permeability increases
together with PAMP exposure, increasing the risk of mortality
(51). The immune system is extremely activated and cytokines
are overexpressed in cirrhosis. Distribution and functionality
of monocytes are altered; they are mostly pro-inflammatory
expressing CD14TCD16™, and their phagocytic activity is
limited (52).

In cirrhosis, the liver becomes highly hypoxic and
angiogenesis is stimulated to compensate the lack of oxygen
and nutrients (53). Signals triggering the angiogenesis cascade
include HIF-la, which upregulates the expression of the
angiogenic growth factor VEGF. Interestingly, HSCs acquire
an angiogenic phenotype stimulated by platelet-derived growth
factor (PDGF). This angiogenic phenotype is characterized by
enhanced HSC-driven vascular tube formation in vitro and
enhanced HSC coverage of sinusoids in vivo (54). HSC activation
becomes excessive because of NO deficiency in cirrhotic
livers and consequently, liver perfusion is compromised (55).
Increased angiogenesis in portal areas, associated with enhanced
inflammatory microenvironment, has been observed in patients
with primary biliary cirrhosis (56).

Impact on Tumorigenesis

Hepatocellular carcinoma is the most common type of primary
liver cancer and the third leading cause of death related to cancer
in the world. Macrophages contribute to growth, angiogenesis,
and metastasis in hepatocellular carcinoma (57, 58). Although
macrophages resolutely contribute to tumor surveillance they
generally become tumor associated macrophages (TAM), which
are highly pro-inflammatory, and provide the necessary signals
to create a pro-tumorigenic environment and to inhibit
immune responses against it (59) (Figure 4). This malignant
conversion occurs in both KC and infiltrated macrophages. In
this context, not only pro-tumorigenic signals are favored by

macrophages, but also pro-angiogenic factors such as VEGE
PDGE TGFg, and FGE which allow tumor growth establishment
and expansion. TAMs have the ability to be polarized toward
pro-inflammatory or anti-inflammatory phenotypes. Essentially,
interleukin 6 (IL6) and TGFp promote tumor growth, IL6
together with TNFa facilitates invasion and metastasis, and
TGEpB with IL10 suppresses the immune response against the
tumor. But not only this, they even have the ability to activate
T helpers type 2 (Th2) and thus recruitment and activation
of regulatory T cells (Tregs) which are often involved in
self-tolerance (58, 60).

Macrophages associated with hepatocellular carcinoma
have a high expression of epidermal growth factor receptor
(EGFR), which induces IL6 signaling pathway, and hepatocyte
proliferation being thus considered a tumor-promoting
factor. IL6 is usually expressed after injury as a response
to ILIB derived from dying hepatocytes. However, EGFR-
expressing macrophages have also been found in tissues
surrounding tumors, indicating a higher level of cirrhosis
and poor prognosis (61, 62). The NF-kB signaling pathway
plays an important role in linking liver inflammation with
cancer (63, 64). In response to pro-inflammatory signals
such as TNF or IL1P, IkB kinases (IKK) that have NF-kB
kidnapped in the cytoplasm are degraded leaving NF-«B
(nuclear factor kappa-light-chain-enhancer of activated B
cells) free (64). It is mainly produced by hepatocytes but
Kupfter cells can also induce its activation and it has been
related to tumor progression (65). Another transcription factor
involved in HCC development and bad prognosis is STAT3
(signal transducer and activator of transcription 3) (63). It is
activated by inflammatory signals such as IL6 and epidermal
growth factor (EGF) or reactive oxygen species (ROS), and it
is expressed by macrophages to prevent chronic inflammation
(63). However, once the disease is established, STAT-3 promotes
oncogenesis through the Src oncogene (66). Both NF-kB and
STATS3 interact to promote tumor growth by inducing activation
of pathways related to angiogenesis, hypoxia, chemokines,
and immunosuppression.

Angiogenesis is a process whereby new vessels sprout
and branch from preexisting blood vessels. Mechanisms for
physiological and tumor related angiogenesis are similar but
the consequences are far from alike. While physiological
angiogenesis allows a homeostatic balance, tumor derived
angiogenesis offers tumor cells the ability to survive, propagate,
and invade other tissues. In cancer, the new vasculature is
structurally and functionally abnormal; blood vessels are
immature and leaky (67, 68). Tumor angiogenesis is basically
a four-step process: First, the basement membrane in tissues
is injured; second, endothelial cells, activated by angiogenic
factors, migrate; third, endothelial cells proliferate and
stabilize; and four, angiogenic factors continue to influence
the angiogenic process. Several studies indicate that the levels of
angiogenic factors, mainly VEGE reflect the aggressiveness
of tumor cells and thus have a predictive value in the
identification of the high-risk patients with poor prognosis.
Angiogenic factors are also attractive therapeutic targets for
hepatocellular carcinoma (69, 70). Hypoxia and nutrient
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FIGURE 4 | Tumor microenvironment boosts angiogenesis and inflammation. Schematic representation showing the interplay between tumor cells and the processes
of immune cell infiltration and angiogenesis. Hypoxic regions in the tumor microenvironment generate the adequate signaling cascades to activate angiogenesis and
thus be able to supply tumor cells with the required nutrients. Green arrows indicate activation of cells or secretion of soluble molecules and red arrows inhibition or
inactivation. Soluble molecules are in white boxes, blue boxes refer to receptors, and gray boxes to processes. Cellular components consist of hepatocytes, dying
hepatocytes, tumor cells, escaping tumor cells, tumor associated macrophages (TAM), endothelial cells (EC), lymphocytes NK, T, and B as well as one tip cell leading
to angiogenesis. IL, interleukin.
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deprivation trigger the process of neovessel formation by  impairing both components might therefore be subjected to less
inducing tumor cells to release soluble pro-angiogenic growth  compensation or resistance (71).

factors, chemokines, and cytokines (67, 68). In addition,

the tumor microenvironment, including tumor-induced Impact on Extrahepatic Complications

inflammatory responses, recruits multiple cell types and releases  Related to Liver Disease
the stimulus required to support angiogenesis and allow tumor

progression. These immune cells are an important source
of matrix metalloproteinase to degrade ECM and promote
cell invasion.

Tumor evasion against anti-angiogenic therapy might be

propitiated by five mechanisms (71). First, tumor heterogeneity )
might lead to the co-existence of diverse angiogenic growth 2 Poth Kupffer cells and HSCs become active through TLR

factors that can be positively selected in case of a treatment witha ~ T€Ceptors which are dependent on the presence of endotoxins
single pathway inhibitor. Second, due to therapy, a genetic switch ~ derived from the gut (72). Metabolic disorders contribute to
and overexpression of other pro-angiogenic factors can occur.  intestinal dysbiosis that leads to gut-vascular barrier leakage
Even more, hypoxic regions can increase and thus upregulate  and foreign bodies entering the blood stream toward the liver.
angiogenic growth factors. Another factor to be considered  This process is called bacterial translocation and causes systemic
is compensatory programs, which are very coordinated in  inflammation, macrophages being essential players in both cause
response to homeostasis perturbation. An example of this  and resolution (73). In many cases, liver disease derives from
is the upregulation of VEGF receptor-2 signaling with the  obesity or other metabolic alterations. Fat accumulation in
silencing or lack of expression of B3 or B5 integrins; if integrins ~ visceral fat depots, including the mesentery, induces a state
and VEGF promote maximal signal transduction downstream  of chronic inflammation that may reach the liver through the
of the angiogenic pathways, disabling these interactions by  portal venous system, contributing to activate HSCs and increase

The crosstalk between angiogenesis and macrophages also plays
a role in liver disease-related complications taking place outside
the liver such as in splanchnic organs, contributing to progression
and aggravation of the pathology. Macrophages and angiogenesis
contribute to fibrosis development via gut-liver axis activation
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fibrogenesis (74). Pathological angiogenesis during chronic liver
disease also takes place extrahepatically, playing a major role
in the formation of portosystemic collaterals (1, 75-80) and
the development and maintenance of splanchnic hyperdynamic
circulation and portal hypertension (81-85).

TARGETING
ANGIOGENESIS-INFLAMMATION
CROSSTALK IN LIVER DISEASE

As mentioned above, inhibition of angiogenesis is at the
same time beneficial and damaging, and therapies should
ideally affect only pathological angiogenesis leaving the basal
level required for wound healing, tissue repair, and other
physiological functions of angiogenesis. Due to the relevance
of VEGF as a key angiogenic regulator, it is one of the main
targets. Approaches used to inhibit angiogenesis in chronic
liver disease and portal hypertension include neutralizing
monoclonal antibodies (78), tyrosin kinase inhibitors (24,
83-85), or therapeutic small interference RNAs targeting
VEGF receptor-2 (76). Attenuation of oxidative stress and
inflammation has also been shown to reduce pathological
angiogenesis in liver disease and portal hypertension (86—
88). Promising results with anti-VEGF therapy have also been
demonstrated in hepatocellular carcinoma (69, 89). Another
interesting strategy to inhibit pathological angiogenesis is by
therapeutically increasing the expression of angioinhibitors
that are endogenously present in the body, such as pigment
epithelium derived factor (PEDF) or vasohibin (90, 91). A
prominent advantage of using these natural inhibitors is
that they would not be expected to activate drug resistant
genes and thus may offer a promising breakthrough for
effective antiangiogenesis therapy. Recent studies also highlight
the functional significance of pathologic neovascularization
derived from vascular stem/progenitor cells as an important
mechanism of formation of new blood vessels in adults, in
the setting of chronic liver disease, and identify these stem
cells as potential new therapeutic targets (92). In a search
for ways to inhibit pathologic production or activities of
VEGF without affecting its normal production or functions,
our research group has investigated the post-transcriptional
regulation of VEGF by the cytoplasmic polyadenylation element-
binding proteins CPEB1 and CPEB4 during development of
liver disease (93, 94). We have identified a mechanism of
VEGF overexpression in the liver and mesentery that promotes
pathologic, but not physiologic, angiogenesis, via sequential and
non-redundant functions of CPEB1 and CPEB4. Activation of
CPEB1 promotes alternative nuclear processing within non-
coding 3 -untranslated regions of VEGF and CPEB4 mRNAs,
resulting in deletion of translation repressor elements. The
subsequent overexpression of CPEB4 promotes cytoplasmic
polyadenylation of VEGF mRNA, increasing its translation and
generating high levels of VEGF protein, which induces pathologic
angiogenesis in chronic liver disease. From a translational
point of view, our studies highlight that CPEBs could be

promising angiogenesis-disrupting targets in disease. Thus,
targeting CPEBs could lead to safer treatment outcomes by
specifically reducing excessive pathological VEGF production
instead of indiscriminately perturbing both pathological and
physiological VEGF synthesis, minimizing potential adverse
side-effects. Reduction of pathological angiogenesis in early
disease stages could also prevent further disease progression and
reduce the risk for developing overt liver cirrhosis. Accordingly,
development and evaluation of CPEB inhibitors are currently
underway. As better and more specific inhibitors of pathologic
angiogenesis are developed, combination strategies continue to
evolve, and increased understanding of the complex biology of
angiogenesis takes place, antiangiogenic therapy will certainly be
evaluated in future clinical trials.

CONCLUSION

The interplay between macrophages and angiogenesis determines
the progression of a big number of diseases but, in the liver,
this is especially important due to the particularities of the
processes of vasculogenesis and inflammation that are taking
place. Liver vasculature and microvasculature are essential
not only for tissue reoxygenation but also for it to work
as the main filter between toxins and the rest of the body,
and to accomplish that function the immune system has to
maintain its ability to switch from immuno-tolerant to responsive
constantly. Essentially, both processes require the presence of
the other and when cellular stress remains for a period of
time and homeostasis is lost, they boost each other through
the detection and secretion of common signaling molecules.
For that, it is mandatory to go further in research to decipher
more mechanisms that would allow to therapeutically target
pathologic levels of both processes without inhibiting immune
surveillance and tissue regeneration capabilities. Currently,
although there are some drugs approved for all stages of
liver disease, there is always the risk of treatment failure due
to redundant mechanisms, which claims the need for the
detection of specific targets or pathways to avoid the “double-
sword” effect.
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Hepatic macrophages are a remarkably heterogeneous population consisting of
self-renewing tissue-resident phagocytes, termed Kupffer cells (KCs), and recruited
macrophages derived from peritoneal cavity as well as the bone marrow. KCs are located
in the liver sinusoid where they scavenge the microbe from the portal vein to maintain
liver homeostasis. Liver injury may trigger hepatic recruitment of peritoneal macrophages
and monocyte-derived macrophages. Studies describing macrophage accumulation
have shown that hepatic macrophages are involved in the initiation and progression of
various liver diseases. They act as tolerogenic antigen-presenting cells to inhibit T-cell
activation by producing distinct sets of cytokines, chemokines, and mediators to maintain
or resolve inflammation. Furthermore, by releasing regenerative growth factors, matrix
metalloproteinase arginase, they promote tissue repair. Recent experiments found that
KCs and recruited macrophages may play different roles in the development of liver
disease. Given that hepatic macrophages are considerably plastic populations, their
phenotypes and functions are likely switching along disease progression. In this review,
we summarize current knowledge about the role of tissue-resident macrophages and
recruited macrophages in pathogenesis of alcoholic liver disease (ALD), non-alcoholic
steatohepatitis (NASH), viral hepatitis, and hepatocellular carcinoma (HCC).

Keywords: hepatic macrophages, Kupffer cells, alcoholic liver disease, hepatocellular carcinoma, viral hepatitis,
non-alcoholic steatohepatitis

INTRODUCTION

Hepatic macrophages, consisting of Kupffer cells (KCs) and recruited macrophages, are the largest
population of innate immune cells in the liver. In the healthy rodent liver, macrophages comprise
around 20-25% of non-parenchymal cells (1, 2); the high occupancy implies that the hepatic
macrophages play a vital role in maintaining liver function and homeostasis. KCs, self-renewing
tissue-resident phagocytes, are located in the liver sinusoids. During homeostasis, distinct Fc and
scavenger receptors are expressed on the KC surface, which allows them to recognize modified
self-molecules, resulting in clearing of apoptotic cells, cell debris, and immune complex (3, 4).
Additionally, KCs are involved in controlling the iron (5), cholesterol (6), and bilirubin (7) balance
of the blood. KCs also express a wide range of pattern recognition receptors (PRRs), including
toll-like receptors (TLRs) (8), nucleotide oligomerization (NOD)-like receptors (9), and retinoic
acid-inducible gene I (RIG-I)-like receptors (10). These receptors assist KCs to recognize and
eliminate invading foreign pathogens.
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Hepatic macrophages form highly heterogeneous populations,
and several markers have been used to distinguish between KCs
and recruited macrophages. In mice, KCs were found to
express a unique maker C-Type Lectin Domain Family 4
Member F (CLEC4F) and can be characterized as CD11b+,
F4/80+, TIM4+, and CLEC4F+ cell populations (11). The
bone-marrow-derived macrophages are CD11b+4, F4/80+,
CCR24, and CX3CRI+. MacParland et al. showed that
human hepatic macrophages could be classified as CD68+
MACRO+ KCs and CD68+ MACRO- recruited macrophages
in the steady state using single-cell analysis (12). According
to activation programs, hepatic macrophages can be broadly
divided into classically activated pro-inflammatory and
alternatively activated anti-inflammatory phenotypes (13, 14).
Pro-inflammatory macrophage stimuli lipopolysaccharide (LPS)
and interferon (IFN)-y activate signal transducers and activators
of transcription (STAT)1, myeloid differentiation factor 88
(MyD88), Toll-interleukin 1 receptor domain containing adaptor
protein (MaL/Tirap), and IEN regulatory factor (IRF)-dependent
pathways, resulting in the release of interleukin (IL)-1f, IL-6,
tumor necrosis factor (TNF), reactive oxygen species (ROS),
and nitric oxide synthase (14-16). These macrophages are likely
to contribute to hepatic inflammation and damage in distinct
liver diseases. Anti-inflammatory macrophages exhibit high
phagocytic capacity and produce high levels of arginase 1 as well
as IL-10 via activating Janus kinase (JAK)1 and JAK3; they are
featured by immunoregulation and tissue remodeling (14, 16).

It has been suggested that hepatic macrophages have two
origins (17, 18): recruited macrophages derived from the
hematopoietic stem cells and tissue-resident macrophages from
the yolk sac. HSC-derived macrophages differentiate from
circulating myeloid precursor cells from the bone marrow; this
process is mediated by colony-stimulating factor (CSF)-1 (17,
18). The majority of KCs are believed to develop from the
yolk sac before the appearance of HSCs (18). However, this
theory has been challenged by a recent study that revealed
a common progenitor for tissue-resident macrophages, called
premacrophages, which were generated early in development
and had colonized the whole embryo from embryonic day
9.5. Tissue-specific sets of transcriptional regulators control
the differentiation of premacrophages into tissue-resident
macrophages, whereby the development of KCs is regulated by
Id3, a transcription factor inhibitor of DNA binding 3, and
inactivation of Id3 causes KC deficiency in adults (19).

Hepatic recruited macrophages are derived from not only
circulating monocytes but also macrophages of different
compartments. Circulating monocytes are classified into
CD11b4+Ly6CPM (20) and CD11b4Ly6Cl" (21) in mice.
CD11b+Ly6CP subsets can infiltrate into the liver during
inflammation (20), whereas the Ly6C'®" monocytes serve as
sentinels to scavenge microparticles and cell debris in the
capillaries (21). Monocytes may downregulate Ly6C expression
after infiltration and before differentiation (22). Recent findings
suggest that self-reviewing peritoneal cavity macrophages,
characterized by F4/80"GATA6+, can rapidly migrate to the
liver through the mesothelium in response to a sterile injury (23).
This result suggests that the composition of hepatic macrophages

may be more complicated than expected. Numerous studies have
shown that hepatic macrophages are involved in the progression
of inflammation and fibrosis and, therefore, hold the key to
controlling the pathogenesis of liver disease (14, 15, 24). In this
review, we will summarize current knowledge about hepatic
macrophages in pathogenesis of alcoholic liver disease (ALD),
non-alcoholic steatohepatitis (NASH), hepatitis B virus/hepatitis
C virus (HBV/HCV), and hepatocellular carcinoma (HCC) with
a particular focus on KCs and monocyte-derived macrophages.

HEPATIC MACROPHAGES IN ALD

Chronic alcohol consumption, the primary cause of ALD, results
in a broad range of disorders, including liver steatosis, alcoholic
hepatitis, chronic hepatitis, HCC, liver fibrosis, and/or cirrhosis
(25-27). It has been documented that hepatic macrophages
accumulate within the portal tracts of ALD patients (28), whereas
the depletion of hepatic macrophages via the administration
of gadolinium chloride (GdClz) prevents alcohol-induced liver
inflammation in the rat (29). These results suggest that hepatic
macrophages play a central role in the pathogenesis of ALD.

One hypothesis for this effect is that ethanol ingestion
disrupts the intestinal barrier, which increases the permeability
of the gut, thereby enhancing the migration of Gram-negative
bacteria into the portal circulation (30, 31) and leading to
ALD pathogenesis. The ligation of LPS with the CD14/TLR4
receptor complex on KCs triggers the downstream IL-1 receptor-
associated kinase (IRAK) and inhibitor of nuclear factor kappa-
B kinase (IKK) pathways, resulting in the release of the
inflammatory cytokines IL-6 and TNF-a and chemokines, such
as monocyte chemoattractant protein (MCP-1) (32) (Figure 1A).
These mediators augment inflammation and alcohol-induced
liver injury in ALD (32). Compared with wild-type (WT)
mice, alcohol-fed mice are more sensitive to LPS and produce
more MCP-1 (33) and TNF-a (34) post stimulation. Recent
studies showed that a small non-coding RNA, termed microRNA
(miRNA), is involved in regulating macrophage infiltration,
activation, and ALD progression (Figure 1A). Unbiased analysis
of miRNA revealed that miR181b-3p released by KCs regulated
TLR4 signaling during ethanol consumption (35). In ethanol-
fed rats, the overexpression of miR181b-3p inhibited importin
a5 expression and suppressed LPS-induced TNF-o expression in
KCs (35). In a study in mice, chronic alcohol feeding promoted
miR-155 production by KCs via the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) pathway (36). A later
study revealed that macrophage infiltration induced by chronic
alcohol consumption was reduced in miR-155-deficient mice
(37). In the same study, knockout of miR-155 also alleviated
the inflammation and steatosis triggered by chronic alcohol
ingestion (37).

During ALD, hepatocytes injured by alcohol consumption
can activate KCs. Acute and chronic ethanol exposure stimulates
KCs via danger-associated molecular patterns produced by
injured hepatocytes (38) (Figure 1A). Additionally, Verma
et al. found that ethanol exposure stimulated hepatocytes
to produce considerably more CD40L-containing extracellular
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FIGURE 1 | Hepatic macrophages in alcoholic liver disease (ALD) and non-alcoholic steatohepatitis (NASH). (A) The role of hepatic macrophages in ALD. Chronic

alcohol consumption disrupts the intestinal barrier, which increases the permeability of the gut and allows Gram-negative bacteria to migrate into the portal circulation.
Lipopolysaccharide (LPS) expressed on Gram-negative bacteria activates Kupffer cells (KCs) and promotes interleukin (IL)-6, tumor necrosis factor (TNF)-a, IL-18, and
monocyte chemoattractant protein (MCP)-1 release. Hepatocytes injured by alcohol consumption activate KCs via danger signal and CD40-containing extracellular

vesicles. Chronic alcohol ingestion induces microRNA (miR)-155 and miR181b-3p expression; the former activates KCs and promotes inflammatory production, while
the latter regulates LPS-induced inflammation. The LyBC™ monocyte can differentiate into pro-inflammatory and anti-inflammatory macrophages during ALD, and the

ratio of these two populations may mediate ALD development. (B) The role of hepatic macrophages in NASH. High levels of LPS induced by increasing intestinal
permeability and/or danger signal from lipotoxic hepatocytes stimulate KCs; activated KCs produce the survival signals, transforming growth factor g, IL-18, and
TNF-a, which stimulate hepatic stellate cells and increase generation of hepatic collagen a1, ultimately triggering fibrosis. Mitochondrial DNA from hepatocytes of
high-fat diet (HFD)-fed mice activates KCs and promotes cytokine release, steatosis, and inflammation. Conversely, TIM-3 expressed on hepatic macrophages
protects animals from HFD-induced NASH by inhibiting reactive oxygen species production. An HFD augments the infiltration of bone-marrow-derived monocytes into
the liver and further differentiates them into protective anti-inflammatory macrophages.

vesicles in a caspase-3-dependent manner, ultimately triggering
macrophage activation and production of MCP-1, TNF-a, and
ROS (39) (Figure 1A). Genetic knockout of CD40 (CD40-
/-) or the caspase-activating TNF-related apoptosis-inducing
ligand (TRAIL) receptor (TR-/-) protected mice from alcohol-
induced injury (39). Notably, during alcohol exposure, KCs
are a major source of ROS, which is essential for LPS
sensitization (40) and inflammatory cytokine production (41)
(Figure 1A). In a chronic-plus-binge ethanol-feeding model,
KCs show extracellular signal-regulated kinase 1/2 (ERK1/2)
signaling attenuation and TNF-a production impairment, when
they are pretreated with ROS generation inhibitor NADPH
oxidase (40, 41). It has been documented that the cannabinoid

receptor 2 (CB2) expressed on KCs protects mice from ALD
via an autophagy pathway (Figure 1A). This effect is supported
by the findings that mice with specifically targeted deletion
of the CB2 receptor (CB2MY*~/~) or autophagy gene ATG5
(ATG5MYe~/~) had exacerbated liver inflammation and alcohol-
induced steatosis (42). Upon exposure to LPS, KCs isolated from
CB2MYe=/~ mice showed a pro-inflammatory phenotype that
is characterized by an increased expression of chemokines IL-
18, IL-1a, IL-6, TNF-a, and CCL3 (42). These data suggest that
KCs are activated toward a pro-inflammatory phenotype that
increases liver inflammation and damage during ALD.

The role of recruited macrophages in ALD is less well
studied. Chronic alcohol administration increases the population
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of recruited macrophages in the mouse liver (43). In an
animal model, ethanol feeding promoted the differentiation
of Ly6C" monocytes into tissue-damaging pro-inflammatory
macrophages (43). Moreover, phagocytosis of apoptotic
hepatocytes allows Ly6C" monocytes/macrophages to switch
to Ly6C'®" monocytes/macrophages, which then differentiate
into tissue-protective macrophages (43) (Figure 1A). It has been
suggested that the ratio of these two subsets determines the role
of recruited macrophages in the pathogenesis of ALD (43).

HEPATIC MACROPHAGES CONTRIBUTE
TO NASH

About 20% of patients who suffer from non-alcoholic fatty liver
disease will develop NASH, which is defined by the existence of
progressive fibrosis and steatosis with inflammation, ultimately
leading to HCC and cirrhosis. To date, the pathogenesis of NASH
is still obscure, but several risk factors are known to be involved
in the process, ranging from oxidative stress, insulin resistance,
cytokines, and epigenetic modification to microbiota alteration
and environmental elements (44).

One connection between KCs and NASH is the presence
of hepatic stellate cells (HSCs). NASH augments endotoxin
influx by increasing intestinal permeability; the high level of
endotoxin and/or danger signal from lipotoxic hepatocytes
can stimulate KCs (45) (Figure 1B). Activated KCs produce
transforming growth factor (TGF)-p1, which stimulates HSCs
and increases the generation of hepatic collagen-a1(I), eventually
triggering fibrosis (46) (Figure 1B). In comparison with that
in controls, collagen-al(I) messenger RNA (mRNA) was
substantially increased in carbon tetrachloride (CCly)-treated
mice, and this increase was abolished in TGF-f1-knockout mice
(47). In addition, IL-1f and TNF-a production by stimulated
KCs was required to maintain HSC survival via the NF-kB
pathway (48) (Figure 1B). In a low-serum media model, hepatic
macrophages protected HSCs from apoptosis, and, in the same
model, neutralization of IL-1 and TNF inhibited the protective
effects of hepatic macrophages. Additionally, suppression of
NF-kB by sulfasalazine induces apoptosis of HSC in humans
and rats (49). Furthermore, the depletion of macrophages by
clodronate liposome reduced IL-1p and TNF-a mRNA in the
fibrotic liver (48). Recent research has shown that mitochondrial
DNA from hepatocytes of high-fat diet (HFD)-fed mice activates
KCs and induces steatosis and inflammation via the stimulator
of IFN genes (STING) pathway (50) (Figure 1B). In a mouse
model of NASH, fibrosis, inflammation, and steatosis were
diminished in the livers of STING-deficient mice (50). The
STING agonist, dimethylxanthenone-4-acetic acid, augmented
the TNF-a and IL-6 produced by KCs from WT mice, and
this increase was attenuated in STING-deficient mice (50). The
current literature suggests that activated hepatic macrophages
promote the progression of NASH. In contrast, Du et al.
found that the expression of TIM-3 on hepatic macrophages is
dramatically increased in a methionine- and choline-deficient
diet (MCD)-induced NASH model (51). In the same study, TIM-
3 deficiency increased the release of ROS by hepatic macrophages

and promoted MCD-induced liver fibrosis, as well as steatosis
(51) (Figure 1B). These results suggest a mechanism by which
hepatic macrophages can inhibit NASH development.

RECRUITED MACROPHAGES: FRIEND OR
FOE IN NASH PROGRESSION? (51)

Odegaard et al. demonstrated that, in lethally irradiated
mice, an HFD promotes the recruitment of bone-marrow-
derived monocytes to the liver; these cells then differentiate
into anti-inflammatory macrophages, which provide a
protective effect against diet-induced insulin resistance via
the peroxisome proliferator-activated receptor 3§ (PPARS)
pathway (52) (Figure 1B). The adoptive transfer of PPARS-
/- bone marrow into WT mice failed to activate alternative
macrophages or attenuate the induced glucose intolerance
caused by the HFD (52). In agreement with these finds, Oliver
et al. demonstrated that in an overdose of acetaminophen-
induced acute liver damage model, high-fructose, high-fat, and
high-cholesterol (FFC)-diet-fed mice shows attenuated liver
injury than normal-diet-fed mice (53). In the same model,
adopting bone-marrow-derived macrophages (BMDMs) from
normal-diet-fed mice into FFC-diet-fed mice increases liver
damage (53). Single-cell RNA sequencing reveals that these
BMDMs from FFC-diet-fed mice downregulate $100a8/5100a9,
genes encoding inflammatory marker calprotectin, compared
with normal-diet-fed mice (53). Additionally, FFC diet also
suppresses the TLR4-dependent inflammatory capacity of
BMDMs in the mouse NASH model (53). BMDMs from
FFC-diet-fed mice are insensitive to LPS stimulation, reflected
by less IL-6 and TNF-o production compared with their
normal-diet-fed counterparts (53). In contrast, growing evidence
has demonstrated that NASH niche favors pro-inflammatory
macrophage/monocyte infiltration, and these infiltrated cells
increase liver damage and inflammation (54). The fatty acid
palmitate can stimulate death receptor 5 on hepatocytes,
resulting in release of extracellular vehicles (EVs) (54). The
EVs released from lipotoxic hepatocytes have been shown to
promote BMDMs toward the pro-inflammatory phenotype
characterized by increasing expression of III1b and 16 mRNAs
(54). Moreover, hepatocyte-lipotoxicity-induced EVs are
enriched with integrin ogf; (55) and/or CXCL10 (56), which
augment pro-inflammatory macrophage infiltration and
enhance hepatic fibrosis (Figure 1B). Integrin agf; is required
for monocytes to attach liver sinusoidal endothelial; blockade of
this interaction by anti-integrin agp; antibody decreases FFC-
diet-induced liver fibrosis and injury in NASH mice (55). During
hepatic injury, pro-inflammatory macrophages/monocytes
are attracted to liver via the CXCL10-CXCR3 axis (57).
Compared with those in WT mice, FFC-diet-induced liver
injury and inflammation are alleviated in CXCL10-/- mice
(56). In a randomized trial, targeting pro-inflammatory
monocytes/macrophages by cenicriviroc, a dual antagonist
of CCR2 and CCR5, improves hepatic fibrosis in NASH
patients (58). One crucial signal that controls the fate of these
monocyte-derived macrophages is the type of fatty acids to
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liver during NASH; in response to different compositions
of fatty acids, these cells can be differentiated into tissue
damage pro-inflammatory macrophages and/or tissue repair
anti-inflammatory macrophages; the ratio of two macrophage
subsets may determine the role of hepatic macrophage in the
pathogenesis of NASH.

which the macrophage is exposed. Exposure by saturated fatty
acid causes hepatocyte lipotoxicity that then promotes pro-
inflammatory macrophage differentiation, whereas stimulation
by unsaturated fatty acids activates PPARS to enhance anti-
inflammatory differentiation in NASH (Figure 1B) (52, 59).
Taken together, monocytes/macrophages are recruited to the
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FIGURE 2 | The role of hepatic macrophages in viral hepatitis and hepatocellular carcinoma (HCC). (A) Hepatic macrophages and hepatitis B virus (HBV)/hepatitis C
virus (HCV). Interleukin (IL)-6, tumor necrosis factor (TNF)-a, and IL-1B produced by Kupffer cells (KCs) show strong antiviral activities. Additionally, KCs may remove
infected hepatocytes by producing cytotoxic molecules, including granzyme B, perforin, reactive oxygen species, TNF-related apoptosis-inducing ligand, and
Fas-ligand. KCs produce distinct chemokines, including CC- chemokine ligand (CCL)2, CCL3, CXC-chemokine ligand (CXCL)8, and CXCL9, and, together, these
chemokines recruit natural killer cells, natural killer T cells, dendritic cells, and CD4+ T cells to infected sites and enhance infection clearance. HCV stimulation induces
hepatic macrophages to generate CCL5, which in turn activates hepatic stellate cells and eventually triggers live inflammation and fibrosis. KCs mediate T-cell
dysfunction via PD-1/PD-L1 and TIM-3/galectin-9 pathways. Increased HBV inoculum suppresses polarization of pro-inflammation macrophages. (B) Hepatic
macrophages contribute to HCC. Hepatic macrophages produce IL-6, IL-18, TNF, vascular endothelial growth factor, and platelet-derived growth factor to promote
tumor growth and angiogenesis during HCC. KCs suppress antitumor activity by inducing T-cell dysfunction through PD-L1/PD-1 and galectin-9/TIM-3 in the HCC
setting. In contrast, hepatic macrophages assist CD4+ T cells in removing the premalignant senescent hepatocytes that enhance HCC progression. Ly6C"
monocytes increase the expression of ST00A8 and S100A9 on cancer cells and promote tumor migration and invasion.
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THE ROLE OF HEPATIC MACROPHAGES
IN VIRAL HEPATITIS

The role of hepatic macrophages in the progression of viral
hepatitis is still controversial. Activated KCs, characterized by
the upregulation of CD33 and CD163, accumulate in the
portal tract during chronic HBV/HCV infection, highlighting
the importance of these cells in fighting viral hepatitis (60,
61). KCs are the primary source of IL-1B, TNF-a, and IL-6;
these inflammatory cytokines exhibit strong antiviral activity
during an infection (62) (Figure2A). Additionally, it has
been shown that KCs may eliminate infected hepatocytes by
releasing cytotoxic molecules, such as granzyme B, perforin, ROS,
TRAIL, and Fas ligand (63, 64) (Figure 2A). Furthermore, the
supernatant from differentiated pro-inflammatory macrophages
contains reasonable amounts of IL-1p and IL-6, which inhibit
the progression of HBV by decreasing levels of hepatitis
B surface antigen (HBsAg) and hepatitis B early antigen
(HBeAg) (65).

Several studies have indicated that, in humans, HBV/HCV can
directly stimulate hepatic macrophages to trigger inflammatory
cytokine secretion, thereby enhancing antiviral activity (15,
66) (Figure 2A). In vitro stimulation with HBsAg and HBeAg
promoted primary human non-parenchymal liver cells to
produce IL-6, IL-8, TNF-a, and IL-1p via the NF-kB pathway
(67, 68). Similarly, culturing with HCV enhanced the production
of IL-1P and IL-18 by KCs and monocyte-derived macrophages
(69, 70). It has been documented that HCV core proteins and
nonstructural protein 3 trigger monocyte-derived macrophage
activation via TLR1, TLR2, and TLR6 signaling (71). In
agreement with these findings, immunofluorescence analysis
showed that IL-1p and CD68 are co-localized in liver tissues of
chronic HCV patients (72). Apart from inflammatory cytokines,
activated KCs also produce CCL2 (73), CCL3 (74), CXCL8
(67), and CXCL9 (74, 75). Together, these chemokines recruit
natural killer (NK), NKT, dendritic cells (DC), and CD4+
T cells to infected sites to accelerate infection clearance (74,
75). Although uptake of HBV/HCV by KCs ex vivo has not
been reported, accumulating evidence from in vitro experiments
suggests that KCs are involved in HBV/HCV clearance
via producing inflammatory cytokines and activating other
immune cells.

In contrast, it has been shown that hepatic macrophages
are involved in the development of HBV/HCV-induced
fibrosis. Incubation with HBV significantly enhanced the
generation of the pro-fibrotic growth factor TGF-f1 by
primary rat KCs (76). Sasaki et al. found that HCV stimulation
induced hepatic macrophages to produce CCL5, which in
turn activated HSCs and triggered live inflammation as well
as fibrosis (77) (Figure2A). In the same study, neutralizing
CCL5 with an antibody suppressed HSC activation (77).
Furthermore, stimulation with the HCV core protein induces
programmed death ligand 1 (PD-L1) expression by KCs (78).
Similarly, high galectin-9 expression is seen on the KCs of
patients with chronic HBV infections (79). Activation of
the programmed cell death protein 1 (PD-1)/PD-L1 and
TIM-3/galectin-9 pathways in T cells evokes T-cell dysfunction

and, thereby, favors the establishment of a chronic infection
(78, 79) (Figure 2A).

One hypothesis for these phenomena is that the phenotype
of the hepatic macrophages may be shaped by HBV/HCV as
the infection progresses. During the early phase of infection,
hepatic macrophages are dominated by pro-inflammatory
subsets that inhibit virus development by producing cytokines
with antiviral activity. In contrast, the chronic hepatitis infection
environment suppresses hepatic macrophages polarizing toward
the pro-inflammatory phenotype and pushes cells toward
the immunoregulation phenotype. Thus, hepatic macrophages
show weak antiviral and strong pathological activities in
the chronic hepatitis (14). This finding is supported by a
recent study showing that an increase in the HBV inoculum
attenuated the polarization of monocytes into pro-inflammatory
macrophages, evidenced by decreased IL-6 production (65)
(Figure 2A). In the same study, exposure to the HBV
virus enhanced monocyte anti-inflammatory differentiation,
evidenced by increased IL-10 production (65) (Figure 2A). It
is likely that a high virus titer suppresses the antiviral activity
of hepatic macrophages and polarizes hepatic macrophages
toward a tolerogenic phenotype. In agreement with this
hypothesis, Faure-Dupuy et al. demonstrated that exposure
to HBV attenuated cytokine release by pro-inflammatory
hepatic macrophages and enhanced cytokine production by
anti-inflammatory hepatic macrophages (65). This modulation
suppresses the antiviral surveillance and favors the establishment
of an infection (65). Taken together, a high HBV/HCV titer
not only inhibits pro-inflammatory macrophage polarization but
also promotes macrophages differentiating toward a tolerogenic
phenotype, which favors HBV/HCV development by releasing
immunoregulation cytokine IL-10.

HEPATIC MACROPHAGES AND HCC

Hepatic macrophages play a crucial role in the pathogenesis of
HCC, as evidenced by the accumulation of hepatic macrophages
in resections of HCC patients (80) and the liver tissue of
chemically induced HCC mice (81). The majority of studies
suggest that hepatic macrophages are pro-inflammatory and pro-
tumorigenic cells, which inhibit antitumor immunity and favor
the establishment of tumors (82-84). Having a large population
of hepatic macrophages is associated with poor survival in HCC
patients (80, 85). During HCC, hepatic macrophages produce
the pro-angiogenic factors, TGF-f, vascular endothelial growth
factor (VEGF), and platelet-derived growth factor (PDGEF),
which, together, promote tumor growth (84, 86) (Figure 2B).
Additionally, it has been documented that hepatic macrophages
release different mediators, including IL-6, IL-18, CCL2, VEGF
A (VEGFA), and TNE to augment tumor cell proliferation in
HCC (83, 86) (Figure 2B). The evidence for liver macrophage
inhibition of HCC growth is limited. The most convincing
evidence probably comes from a study of 302 HCC patients,
which demonstrated that a high number of CD68+ macrophages
is associated with better overall survival (87). Moreover, Kang
et al. showed that hepatic macrophages assisted CD4+ T cells
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TABLE 1 | Pharmacological agents targeting macrophages in alcoholic liver disease, non-alcoholic steatohepatitis, viral hepatitis, or hepatocellular carcinoma.

Target Agent Mechanism of action Phase Clinical trial
number
ALCOHOLIC LIVER DISEASE
Gut bacteria  Combined vancomycin and gentamycin and Inhibiting macrophage activation by gut bacteria eradication Ongoing NCT03157388
meropenem

NON-ALCOHOLIC STEATOHEPATITIS

Galectin 3 GR-MD-02 Galectin 3 antagonist on Phase 2 NCT02462967
macrophages

CCR2/CCR5  Cenicriviroc CCR2/CCR5 antagonist (inhibits monocyte/macrophage Phase 2 NCT02217475
infiltration)

PPARw/3 Elafibranor Dual PPARa/3 agonist, PPARS agonist promotes anti-inflammatory Phase 3 NCT02704403
differentiation

VIRAL HEPATITIS

GM-CSF Entecavir plus GM-CSF GM-CSF promotes macrophage differentiation Ongoing NCT03164889

GM-CSF Y peginterferon alpha-2b plus GM-CSF GM-CSF promotes macrophage differentiation Phase 2 NCT02332473

HEPATOCELLULAR CARCINOMA

CSF1R Chiauranib Multi-target inhibitor that suppresses angiogenesis-related kinases, Phase 1 NCT03245190
mitosis-related kinase Aurora B, and CSF1R. Blockade of CSF1R
decreases the macrophage differentiation.

CCR2/5 Nivolumab plus CCR2/5 inhibitor CCR2/CCR5 antagonist (inhibits monocyte/macrophage Phase 2 NCT04123379

infiltration)

CCR2, CC chemokine receptor 2, CSF1R, colony-stimulating factor 1 receptor, GM-CSF, granulocyte-macrophage colony-stimulating factor.

in cleaning the premalignant senescent hepatocytes that promote
HCC development in an animal model (88). Therefore, two
clinical studies with similar clinical-pathologic characteristics
but varied in the number of patients have led to contradictory
results (80, 87). It is possible that different therapeutic strategies,
in particular, post-recurrence therapies, may have been used
in these studies (80, 87). CD68 was used to identify tumor-
associated macrophages (TAMs) (80, 87). It is widely accepted
that TAMSs form heterogeneous populations; therefore, the TAM
subset contributions to tumor growth progression or inhibition
remain to be investigated. This may help to further evaluate the
discrepancy between these two studies.

Studies have found that KCs suppress antitumor activity by
inducing T-cell tolerance and dysfunction in an HCC setting.
KCs have been demonstrated to function as incomplete antigen-
presenting cells (APCs) to induce T-cell tolerance (89). This idea
is further supported by a recent study which showed that human
KCs might exhibit a tolerogenic phenotype (12); they accumulate
at the peritumoral stroma expressing high levels of PD-L1 (90, 91)
and galectin-9 (92), thereby inhibiting the antitumor response
by activating PD-L1/PD-1 and galectin-9/TIM-3 signaling in T
cells (Figure 2B). Moreover, the triggering receptor expressed
on myeloid cells-1 (TREM-1) is an activating receptor that is
widely expressed on monocytes, macrophages, and neutrophils
(93). Cancer cell stimulation has been shown to directly increase
the expression TREM-1 on KCs, which, in turn, promotes KC
activation and HCC progression (93, 94) (Figure 2B). In the same
study, TremI deficiency diminished IL-18, IL-6, TNF, CCL2, and
CXCL10 release by KCs and suppressed HCC growth (94). Taken
together, interaction between T cells and KCs hinders antitumor
response by promoting T-cell exhaustion in HCC.

The role of recruited macrophages in HCC development is
highlighted by the importance of the CCL2/CCR2 signaling
axis, which is crucial for Ly6CM monocyte recruitment to
inflammatory sites (95). It has been suggested that monocyte
recruitment during HCC depends on KCs (96), senescent
hepatocytes (97), and tumor-associated neutrophils (98).
Conditional media from Ly6CM monocytes increased the
expression of SI00A8 and S1I00A9 in cancer cells and promoted
tumor migration and invasion in an experimental liver metastasis
model (99) (Figure 2B). In a preclinical model of HCC, blocking
CCL2/CCR2 signaling with a CCR2 antagonist reduced Ly6C"
monocyte numbers in the peripheral blood and suppressed anti-
inflammatory macrophage polarization in the liver, ultimately
inhibiting tumor growth (100). Indeed, a large number of
studies have shown that the CCL2/CCR2 pathway involves
the recruitment of myeloid-derived suppressor cells (MDSCs)
during inflammation, and Ly6C" monocytes have been shown to
be the precursor of MDSCs (101, 102); therefore, the antitumor
effect triggered by blocking the CCL2/CCR2 pathway may be
partially due to MDSC depletion. To sum up, during HCC
progression, macrophages and MDSCs are recruited to the liver
via the CCL2/CCR2 axis; these cells have been shown to promote
tumor proliferation and metastasis.

PERSPECTIVE

A tremendous amount of research over the last few decades
has revealed that hepatic macrophages play a central role in
the pathogenesis of liver disease. Several strategies have been
employed to specifically target hepatic macrophages in different
liver diseases (Table 1). Notably, CD11b, F4/80, and Ly6C in
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mice and CD14, HLA-DR, and CD68 in humans have been
widely used to identify KCs; however, these markers may be
inadequate to distinguish KCs from recruited macrophages. It has
been shown that murine KCs express a unique marker, CLEC4F
(11). Meanwhile, single-cell RNA-seq analysis showed that KCs
are CD68+ Macro+ in healthy humans (12). Therefore, adding
these new markers to the conventional hepatic macrophage
identification panel should be considered for precise future
investigations into the role of liver macrophage subsets in
the development of the liver disease. The recently developed
mass cytometry Cyto F technique has been used to study
hepatic macrophage in liver disease (55); this technique can
simultaneously label up to 350 markers on a single cell,
therefore providing a powerful platform to investigate in depth
the heterogeneity of hepatic macrophages under different liver
diseases as well as pharmaceutical intervention conditions.

During inflammation, circulating monocytes infiltrate the
liver and are involved in the progression of various liver
diseases. The phenotypes and roles of monocyte-derived hepatic
macrophages are highly dependent on local stimuli during
liver disease (103). For example, during fibrosis, a novel
monocyte-derived TREM2+ CD9+ scar-associated macrophage
has been discovered; this population is expanded in cirrhotic
livers and exhibited a pro-fibrogenic phenotype (104). The
current M1-M2 model has limitations; this concept cannot
define all cell phenotypes, especially macrophages during chronic
inflammation and chronic infection liver disease (16). A recent
study suggested an extension to the M1-M2 model by showing
that, other than M1 and M2 macrophages, human macrophages
can be polarized into distinct phenotypes in response to various
stimuli (103). Therefore, it is important to precisely describe
macrophage populations based on their origins, stimuli, and
identification markers (105).
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Biliary atresia (BA) is a devastating fibro-inflammatory disease characterized by the
obstruction of extrahepatic and intrahepatic bile ducts in infants that can have fatal
consequences, when not treated in a timely manner. It is the most common indication
of pediatric liver transplantation worldwide and the development of new therapies, to
alleviate the need of surgical intervention, has been hindered due to its complexity
and lack of understanding of the disease pathogenesis. For that reason, significant
efforts have been made toward the development of experimental models and strategies
to understand the etiology and disease mechanisms and to identify novel therapeutic
targets. The only characterized model of BA, using a Rhesus Rotavirus Type A infection
of newborn BALB/c mice, has enabled the identification of key cellular and molecular
targets involved in epithelial injury and duct obstruction. However, the establishment
of an unleashed chronic inflammation followed by a progressive pathological wound
healing process remains poorly understood. Like T cells, macrophages can adopt
different functional programs [pro-inflammatory (M1) and resolutive (M2) macrophages]
and influence the surrounding cytokine environment and the cell response to injury. In
this review, we provide an overview of the immunopathogenesis of BA, discuss the
implication of innate immunity in the disease pathogenesis and highlight their suitability
as therapeutic targets.

Keywords: biliary atresia, liver fibrosis, rotavirus, innate immunity, macrophages

INTRODUCTION

Biliary atresia (BA) is a devastating obliterative cholangiopathy that affects exclusively infants and is
characterized by a progressive fibro-inflammatory obstruction of the extrahepatic and intrahepatic
bile ducts that can lead to cirrhosis and liver failure (1-4). BA occurs in 1 out of 15,000 births
in the US (5), affecting all ethnic groups, (6) and with a higher frequency in girls (7). Despite its
low incidence, BA is the most common cause of neonatal cholestasis (3), end-stage liver disease in
children and the number one indication of pediatric liver transplant worldwide (8, 9). The first
disease symptoms include jaundice, alcoholic stools, dark urines (3), and high levels of serum
bilirubin (10). A conclusive diagnosis of BA is based on an exploratory surgery where obstruction
of the extrahepatic biliary tree can be observed and confirmed by a histological analysis of liver
or biliary tissue biopsy (3). At the time of diagnosis, about 60 days of life on average (4), the
obstructed extrahepatic remnants are removed and hepatoportoenterostomy (HPE, called Kasai) is
performed to restore the bile flow (11). However, even if the Kasai procedure is performed during

Frontiers in Immunology | www.frontiersin.org 92

February 2020 | Volume 11 | Article 329


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00329
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00329&domain=pdf&date_stamp=2020-02-25
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sujit.mohanty@cchmc.org
https://doi.org/10.3389/fimmu.2020.00329
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00329/full
http://loop.frontiersin.org/people/834680/overview
http://loop.frontiersin.org/people/834808/overview
http://loop.frontiersin.org/people/460613/overview
http://loop.frontiersin.org/people/62036/overview

Ortiz-Perez et al.

Immunopathogenesis of Biliary Atresia

the first month of life and the cholestasis is resolved, bile duct
proliferation, and fibrosis persist (9) resulting in the development
of variable degrees of liver fibrosis, cirrhosis, portal hypertension,
or other severe hepatic complications (12). Notably, the long-
term survival of BA patients has extraordinarily improved in the
last decades—from 70% in the 1990s to 80-90% in 2009 (13)—Dbut
the treatment still relies on surgery (HPE, transplantation), which
is palliative, thereby highlighting the necessity of developing
novel targeted therapies to prevent or reverse liver injury.

CLASSIFICATION AND MOLECULAR
SIGNATURES

Traditionally, = BA  patients = were  divided  into
“embryonic/developmental” BA (<20%) and
“perinatal/acquired” BA (> 80%) depending on their onset
(14-16). The former is believed to originate during the first
trimester of pregnancy and the accompanying clinical features
suggest a developmental origin (4), the latter is thought to appear
shortly after birth when the first symptoms become recognizable
(10). The presence of splenic malformations—polysplenia but
also asplenia—is characteristic of the Biliary Atresia Splenic
Malformation (BASM) syndrome, the most representative form
of embryonic BA (about 10%). The infants within this group were
found to have a worse prognosis than infants with isolated BA
(17). The remaining sub-group comprises patients with at least
one non-splenic malformation. This group is also often included
in the category of non-syndromic BA, since the presence of
the underlying defects does not necessarily worsen the disease
or implicates different mechanisms of pathogenesis (11, 18).
Notably, BASM patients may also have another concomitant
defect, such as cardiovascular and laterality defects (17).

In 2012, Davenport proposed the latest reference classification
incorporating the cytomegalovirus (CMV)-associated and cystic
BA variants to the aforementioned non-syndromic BA and
BASM groups (19). CMV-associated BA refers to a subgroup of
infants whose liver biopsies stained positive for immunoglobulin
M (IgM) antibodies against CMV. The presence of these
antibodies has been linked to the poorest HPE outcome and
highest mortality, and the tissue biopsies revealed an exacerbated
pro-inflammatory response (20): the predominant cellular profile
observed in most of the BA patients (16). By contrast, cystic
BA, an anatomic variant in which a cyst is formed close to the
site of obstruction and a Th2-response is primed, was associated
with an improved drainage after HPE and a better long-term
outcome (21).

ETIOLOGY

The etiology of BA is heterogeneous and has not been fully
elucidated yet. Diverse theories regarding the causes of
the disease have been formulated, including embryonic or
developmental abnormalities (17, 21), exposure to exogenous
triggers such as viruses or toxins (16, 22), immune immaturity
(11, 23), immune dysregulation (24, 25), and autoimmunity

(26-29). Furthermore, numerous susceptibility factors—
such as genetic predisposition (30), maternal diabetes (17),
or microchimerism (31)—have also been implicated in the
pathogenesis of the disease. This complex cocktail of variables
and factors supports the claim that biliary atresia is not a disease
with a single etiology but a combination of different phenotypes
that share certain clinical features, such as the obliteration of the
biliary tree early in life (32).

Animal Models and Etiological Agents

The characteristic lesions of BA such as the obstruction of the
extrahepatic biliary tree and cholestasis, have been successfully
reproduced and investigated in several animal models—such
as lamb, calf, zebrafish, and mouse. The first three forms of
experimental BA in lamb, calf and zebrafish are induced through
toxins, while the murine models are achieved upon viral infection
(5, 33, 34).

One of the first observations of BA-like pathologies in animals
was reported in the Australian outbreak in 1964, 1988, and
2007 when lambs were born with cholestasis after pregnant
livestock was exposed to unidentified toxic environmental factors
in extreme drought conditions (1, 22, 35), which arose the
suspicion that the toxic effect could come from the grass. A
group of scientists from the university of Pennsylvania imported
a plant species characteristic of that area and used zebrafish
bioassays to identify the substance responsible: an isoflavonoid
that they named biliatresone (22). This toxic compound, capable
of inducing biliary atresia phenotype, is the basis of the theory
that implicates hepatotoxins as etiological agents.

The other leading theory about the origin of the disease
points toward a viral insult (16, 36). The first implication of
an hepatotropic virus as causative factor in BA was suggested
by Benjamin Landing (37). Despite the initial contradictory
findings regarding the presence and role of reovirus in BA (38-
41), numerous viruses have been implicated in the pathology
of the disease and evidence of preceding viral infection—MxA
proteins (Myxovirus resistance protein 1)—could be found even
in the absence of viral material (42-44). Whether the virus is
the primary causative factor or an accidental secondary event
remains unclear (44, 45).

Rhesus Rotavirus-Induced Murine Model

Among all viruses, rhesus rotavirus type A (RRV) is the gold
standard to model BA in mice. The use of this murine model
has facilitated the study of different aspects of the disease, such
as the underlying mechanisms of the pathogenesis (26-28, 46—
50) or the identification of novel therapeutic targets (51). This
experimental form of BA uses BALB/c newborn mice that,
when challenged with RRV within the first hours of life (12—
48h), can recapitulate many aspects of human BA (52) such
as time-restricted susceptibility to the viral infection, portal
tract infiltration of inflammatory cells and obstruction of both
extrahepatic and intrahepatic biliary tree (5, 34). This in vivo
model allows for the comprehensive study of the early events
of the disease that cannot be explored directly in humans, since
they happen before the time of diagnosis. However, the RRV
model is not yet suitable to study the progression of the disease
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after duct obstruction, due to the high mortality rate of the mice
before the development of liver fibrosis and related long-term
complications (5). Previous studies have examined the fibrogenic
response in RRV model and observed insufficient fibrosis (Ishak
score 1-2) when determined at 2 weeks’ time (Figure 1A) (53,
54). These limitations (e.g., high mortality and poor fibrogenic
responses), however, could be tackled by optimizing the model
induction using reassortant viruses. Recently, a novel RRV-
TUCH rotavirus reassortant (TUCH for Tulane University and
Cincinnati Children’s Hospital) could recapitulate an obstructive
jaundice phenotype with lower mortality rates when injected into
newborn mice (54). This new model recapitulates the late events
of the disease such as liver fibrosis (Ishak score 3-5) and showed
a unique resemblance to the human BA, significantly different
from CCly and bile duct ligation models (54) (Figure 1B). This
model, therefore, not only improves our current understanding
about BA disease pathogenesis but will also contribute toward the
identification of new therapeutic targets.

Other Virus Induced Models

Cytomegalovirus (CMV) has also been used to recapitulate
BA in animal models (55). For instance, a regulatory T
cell (Treg)-depleted neonatal mouse, when infected with
low-dose CMV (LD-CMV) to study BA, induced extensive
inflammation, atresia of intrahepatic bile ducts and partial
obstruction of the extrahepatic bile ducts. Liver mononuclear
cells showed increased percentages of CD3/CD8T cells and
serum autoantibodies (a-enolase) reactive to bile duct epithelial
proteins, suggesting the involvement of cellular and humoral
autoimmune responses in LD-CMV BA mouse model. There was
also an increased hepatic expression of Thl-related genes (tumor
necrosis factor o, TNF-a), interferon y (IFN-y)-activated genes
(signal transducer and activator of transcription 1, STAT-1) and

Th1 cytokines/chemokines (lymphotactin, interleukins IL-12p40
and macrophage inflammatory protein 1-alpha, MIP-1a).

Evidence of Viruses as a Causative Agent
of BA

As mentioned earlier, viruses have been proposed as etiological
agents in BA. These viruses activate pathways that might
predispose certain individuals to develop the disease. In the
animal model, the RRV Viral Protein 4 (VP4) gene has been
demonstrated to be the major determining factor required for
the pathogenesis of BA (49). Rotavirus strains with 87% or more
homology to RRV’s VP4 were capable of infecting murine bile
ducts and inducing the disease as well as activating mononuclear
cells, independent of viral titers (56). Further research led to
the identification of a key amino acid sequence “SRL’ in VP4, a
sequence specific to those rotavirus strains that cause obstructive
cholangiopathy (57). This tripeptide “SRL” on RRV VP4 was
found to bind specifically to the cholangiocyte membrane
protein heat shock cognate 70 (Hsc70), defining a novel binding
site governing VP4 attachment (57). To gain insight into the
mechanisms involved upon VP4-mediated infection, a reverse
genetics system was developed to create a mutant of RRV with
a single amino acid change in the VP4 protein and compared
to that of wild-type RRV (where the arginine “R” in “SRL’
region was replaced with glycine “G”) (58). The mutant virus,
when injected to mice, demonstrated reduced symptoms and
lower mortality in neonatal mice, resulting in an attenuated
form of biliary atresia indicating the importance of “SRL’
region (57). This “SRL” peptide was also found either on the
capsid or the attachment protein of other viruses including
reovirus, cytomegalovirus, human papillomavirus, Epstein-Barr
virus, bluetongue virus, polyomavirus, coronavirus, respiratory
syncytial virus, adenovirus, rodent paramyxovirus, and herpes

A
VP4 4
h* !
) \
g oL
RRV ‘ Bile duct ( . ‘
VP2 challenge obstruction Hi ct)mioer?algco':‘a';e
(12-48 h) (day 7) { 9 9L i Mild collagen
l i l deposition
VP6 . in liver
RRV 0123 45 6 7o BRI e
B o VP4
O

,\'S‘ )_);\ TRP2,vPa) Bile duct (o .

~ B challenge obstruction poaing ece

oo VP2 9 (4 week)

‘ (day 4) (day 14) , ¢
U ~ Y/
((-l 1 L\\’ . - l - De.velopmen.t of
W) ) 2) F) AYE)E) 7Y 8 )6 ) I0)d) )8 )i LS liver fibrosis
TR(VP2, VP4) ! Ishak score 3-5

FIGURE 1 | Time line of events in the murine model of BA upon RRV challenging, depicting (A) the standard RRV model in comparison with (B) the modified model
using a novel viral reassortant [TRYP2VP4)]: this virus reassortant was engineered by replacing the VP2 and VP4 gene of TUCH for the corresponding RRV’s VP2 and
VP4,
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simplex virus 1. Several of these (cytomegalovirus, Epstein-
Barr virus, human papillomavirus, and reovirus) have been
detected in explanted livers of infants with BA (59-63). Thus,
this sequence in the above-mentioned viruses might be involved
in cholangiocyte binding in a similar fashion to the RRV “SRL’
peptide. Binding of these viruses to Hsc70 might activate the
innate immune system through different pathways. The role
of Hsc70 binding in human BA induction as a function of
these proteins and their influence in oxidative stress and cell
metabolism remain largely unexplored.

IMMUNOPATHOGENESIS OF BILIARY
ATRESIA

Cholangiocyte Immunobiology

Biliary epithelial cells (cholangiocytes) are not only a physical
barrier that drains the bile into the duodenum but they are also
immunocompetent cells involved in tissue homeostasis, capable
of recognizing microbial conserved motifs known as Pathogen
Associated Molecular Patterns (PAMPs) through pattern-
recognition receptors (PRRs) and initiating an inflammatory
response (64-67). Four main families of PRRs have been
described, including toll-like receptors (TLRs), retinoic acid
inducible gene 1 (RIG-I)-like receptors (RLRs), nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs),
and C-type lectin receptors (CLRs) (68).

From the ten types of TLRs that have been identified
in mammals, at least 5 of them have been described in
mice and human cholangiocytes (64). Among them, TLR-
4 is responsible for sensing lipopolysaccharides (LPS) and
TLR-3, 7, 8, and 9 are involved in recognition of viral and
bacterial RNA or DNA. Activation of these receptors triggers
an inflammatory response via Mitogen-activated protein kinases
(MAPK), interferon regulatory factor 3 (IRF3) and/or nuclear
factor kB (NF-kB) characterized by the production of type I
interferons (IFNs) and/or pro-inflammatory cytokines. MAPK
signaling is a multifunctional pathway that is pivotal in the
innate immune response and viral infection. Among the three
central members of the MAPK pathway, extracellular signal-
regulated kinase (ERK) 1/2 and p38 activation play the most
important roles in RRV infection of cholangiocytes as they seem
to be involved in both viral replication and epithelial injury (69).
Further studies revealed that ERK phosphorylation and calcium
influx appear to be essential to RRV infection, and RRV’s viral
protein 6 (VP6) drives ERK phosphorylation (70).

TLRs depend on adaptor molecules— myeloid differentiation
primary response 88 (MyD88) or toll/interleukin-1 receptor
domain-containing adaptor protein (TRIF)—to effectively
initiate and transduce the downstream signal to the nuclei,
differentiating them into two main TLR signaling pathways
(Figure 2A) (68). In the MyD88-dependent pathway (associated
to TLR 1-5, except for TLR-3), the Interleukin-1 receptor-
associated kinase (IRAK)-1, —2 and —4 upregulate the
production of Type I IFNs and pro-inflammatory cytokines
(IL-1B, IL-6, and TNF-a) via MAPK, IRF3, and NF-kB pathways
(65, 67, 68). It has been demonstrated that the pathogenesis of

murine BA is independent of the MyD88 signaling pathway (71).
In MyD88/IRAK-M independent pathway, the activation of
TLR-3, 7/8 or 9, associated with the TRIF-dependent signaling,
results in the activation of NF-kB and IRF3 signaling cascades
(65, 68). This different level of regulation could explain why
“endotoxin tolerance” to enteric bacteria can be induced in
cultured cholangiocytes by treating them with TLR-4 ligands
(like LPS) (72) but “viral tolerance” could not be achieved using
the same approach (73).

The RLR family (74) is comprised of cytosolic sensors,
including RIG-1 and melanoma differentiation-associated
protein 5 (MDA-5) that are capable of binding to dsRNA
(75-77). This interaction triggers a conformational change
that exposes the two caspase activation and recruitment
domains (CARDs) at their N-terminus, which are responsible
to recruit the complementary protein mitochondrial antiviral-
signaling protein (MAVS) and transduce the signal to the
nuclei to produce type I interferons and pro-inflammatory
cytokines (Figure 2B) (75, 78). NLRs (e.g., NLRP3), are also
cytosolic innate immune receptors that are activated upon
recognition of viral dsRNA. Rather than contributing to the
initial events of the acute inflammatory response, they amplify
the immune response, release late mediators (IL-1f, IL-18 and
high mobility group box 1, HMGB-1) and regulate pyroptosis
(pro-inflammatory programmed cell death) through the
formation of inflammasomes (Figure 2C) (79).

The last group of PRRs described are the large family of CLRs.
They are transmembrane receptors, with an immunoreceptor
tyrosine-based activation motif (ITAM) or an immunoreceptor
tyrosine-based inhibition motif (ITIM), that are able to induce
a pro-inflammatory response or modulate it through a crosstalk
with other PRRs such as TLRs. CLRs play a crucial role in
maintaining immune homeostasis against pathogens and in
mounting a pro-inflammatory and/or antiviral response (80-
82). Alterations of CLRs have been implicated in different
pathological conditions, including gastrointestinal cancers,
autoimmune disorders, or allergies (82). It is known that
cells from myeloid lineage such as dendritic cells (DCs) and
macrophages, as well as some endothelial and epithelial cells,
express CLRs; however, it has not been reported in biliary
epithelium yet.

Although cholangiocytes play a central role in initiating an
immune response upon exposure to the exogenous substances,
they are however not capable of mounting an inflammation that
is sufficient to induce chemotaxis and recapitulate the obstructing
phenotype of BA without the involvement of macrophages and
DCs (83-86).

Mechanisms of Epithelial Injury and Duct

Obstruction

Upon viral infection, cholangiocytes, macrophages, and DCs
(RRV cellular targets) trigger the anti-viral response through
type I interferons in an autocrine and paracrine manner in
both infected and surrounding cells to prevent the virus from
spreading (5). In infected cells, type I IFNs promote biliary
apoptosis by upregulation of tumor necrosis factor related
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apoptosis ligand (TRAIL) (TNF receptor p55) and CD95
(Fas/Apol ligand) (87). In surrounding tissue, IFNs trigger the
production of antiviral proteins (Mx) that provide protection
against viral infection (Figure3A) (88). The production of
pro-inflammatory cytokines and chemokines by cholangiocytes,
macrophages and DCs creates the favorable microenvironment
to recruit and activate inflammatory cells, and to promote an
immune effector tissue-specific attack (Figure 3B) (84, 85, 89).
Among the chemokines produced, the most relevant are IL-
8 and IL-15. IL-8, mostly produced by macrophages but also
by cholangiocytes (90), recruits and modulates the action of
neutrophils (85), basophils, monocytes, and T cells (64, 67, 90);
while IL-15, secreted primarily by DCs, attracts and regulates
the activity of natural killer (NK), natural killer T (NKT), and
gamma-delta cells (89). The recruited inflammatory effector
cells are engaged to target specifically the biliary epithelium
in a contact dependent manner (91), through IFN-y-related
cytokines (48) and/or cytotoxic agents (perforins, granzymes)
(92). Recruited neutrophils produce reactive oxygen species
(ROS), leukotrienes, and neutrophil defensins (90). NK cells,
activated by DCs via IL-15 (89), induce cholangiocyte death
in a contact-dependent manner through Natural killer group
2d (Nkg2d) ligand that interacts with ribonucleic acid export
1 (RAEIL) receptors, expressed in infected cells (91) and via
the secretion of IFN-y, perforins, and granzymes (92). In
a similar fashion, the cytotoxic power of neonatal CD8T T
cells is exerted through cytotoxic agents (perforin, granzymes,
IFN-y) (92) and in a contact-dependent manner by invading
the epithelium (27). Mechanistical studies using the RRV-
infected BALB/c murine model showed that depletion of NK
cells, blockage of the receptor Nkg2d or depletion of CD8"
T cells (with impairment of IFN-y mechanisms) reduced
cholangiocyte death, evaded rupture of the epithelium and
ultimately prevented the obstruction of the extrahepatic biliary
tree (27, 91). Likewise, epithelial integrity was preserved by
depleting plasmacytoid DCs or blocking the IL-15 signaling,
responsible for NK cell activation (86, 89). These results
highlight the specific role of DCs, NK, and CD8"T cells in
the model.

As the inflammation progresses without being resolved,
DCs and macrophages interact chiefly with helper CD4%
T cells (ThO) to promote their activation, oligoclonal
expansion (93) and differentiation into a specialized phenotype
depending on the predominant cytokine microenvironment
at the time (Figure3C). In most of BA patients, this
microenvironment is pro-inflammatory (Thl), characterized
by IFN-y production and the activation of effector cells
(macrophages, CD8" T cells and B cells) to perpetuate the
tissue damage (Figure 3D) (11, 16). In some cases, the infants
are not capable of mounting a Thl response, therefore,
the polarization primed is Th2, with IL-13 [produced by
type 2 innate lymphoid cells (ILC2)] as a predominant
cytokine, responsible for the tissue damage mediated by
ductal proliferation and activation of hepatic stellate cell
(HSCs) and portal fibroblasts. This is typically the case for
the aforementioned cystic variant of BA (94), as depicted
in Figure 3E.

Humoral Immunity

In contrast to T-cell polarization, very little is known about the
implication of humoral immunity in the pathogenesis of BA.
In the early stage of the disease, humoral-related genes (i.e.,
immunoglobulins) are transiently suppressed (95). However, B
lymphocytes seem to play a role as antigen presenting cells
for effector T cell activation as also shown in Figure 3C. An
evidence for the role of B lymphocytes has been proposed in
a study where the depletion of B-cells in experimental BA was
associated with impaired effector T-cell activation and protection
against biliary injury (96). Furthermore, humoral duct-specific
autoimmunity has been demonstrated in experimental BA (26)
but the role of B lymphocytes remains unclear in human BA.
Human-based studies regarding humoral activity in BA include
the description of immunoglobulins IgM and IgG deposits in the
biliary epithelium basement membrane (97) and the detection
of autoantibodies (28, 29). Lu et al. (28) detected autoantibodies
against a-enolase in the RRV induced mouse model of BA and
in serum samples from patients, indicating a role of humoral
auto-immunity in disease pathogenesis. The cross-reactivity
between an anti-enolase antibody and RRV proteins indicates
that molecular mimicry might activate humoral autoimmunity in
BA patients. However, further investigation is needed to provide
more insight into the implication of humoral immunity in BA.

Immune Dysregulation

A subset of helper CD4™ T cells known as regulatory T cells
(Tregs)—that expresses CD25 and forkhead box P3 (FOXP3)—
has a pivotal role in immunoregulation and induction of
peripheral tolerance. Neonatal Tregs (98, 99) prevent the
activation of autoreactive T cells and inhibit the action of
several immunocompetent cells (B and T cells, macrophages,
dendritic cells, and natural killer cells) (50, 98, 100, 101). In
neonatal mice, Tregs populate the spleen from day 3 of life
(102) which corresponds the susceptibility time window in the
RRV model (100, 103). Moreover, adoptive transfer of Tregs
to pups before RRV infection prevented the obstruction of
the extrahepatic bile ducts (50, 100, 101). In infants with BA,
gene expression of regulatory cytokines (IL-10, transforming
growth factor B, TGF-p] and transcription factors (FOXP3) are
upregulated in the liver (100), but there is a deficit in number
of circulating Tregs in peripheral blood and their regulatory
function seems to be impaired (25, 104). Even though the exact
underlying mechanisms of Treg malfunctioning and immune
dysregulation are not fully understood, epigenetic changes might
play a major role. For instance, hypomethylation of FOXP3
promoter was associated with improper functioning of Tregs
(25), while hypermethylation of DNA in lymphocytes elicited
them to promote an exacerbated inflammatory response (24).

MECHANISMS OF POST-OBSTRUCTION:
CHRONIC INFLAMMATION, DUCT
PROLIFERATION, AND FIBROSIS

After obstruction, regardless of the restoration of the bile
flow, the immune-mediated biliary damage persists (9) and the
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initial Thl-predominant milieu shifts toward a Th2 with the
simultaneous emergence of the Th17 subset (Figure 4).

On one hand, apoptotic and necrotic cells release endogenous
molecules known as damage-associated molecular patterns
(DAMPs)—recognizable by PRRs—as excessive damage or
“danger signals” (68). One of these DAMPs is the interleukin
IL-33 that, when released by cholangiocytes and hepatocytes,
accumulates in the extracellular matrix (ECM) and promotes
inflammation and fibrosis. High levels of IL-33 has been
detected in serum and tissue biopsies in both patients and
experimental BA (105). In this context, IL-33 in the liver is
believed to engage with liver-resident innate helper cells (ILC2)
that express IL-33 receptor (ST2 or IL-1R4) to produce pro-
fibrotic Th2-related cytokines (IL-4, IL-5, IL-9, and IL-13)
(106). Among them, IL-13 upregulates the expression of TGF-f
and matrix metalloproteinase 9 (MMP9); activates HSCs via
IL-4Ra and STATS6, promoting fibrosis in a TGF-B1/SMAD-
independent mechanism (107); and stimulates collagen synthesis
by myofibroblasts (activated HSCs and portal fibroblasts).
Simultaneously, IL-33 was shown to drive duct proliferation in

both intra- and extra-hepatic ducts (105). This IL-33-ILC2-IL13
axis is depicted in Figure 4A.

On the other hand, damaged cholangiocytes are shown to
produce IL-1p, IL-6, and IL-23 (65). IL-1f, IL-6 are required for
Th17 commitment, and IL-23 is needed for the maintenance of
this phenotype (108). IL-17A is the representative cytokine of this
panel, which induces the production of several pro-inflammatory
cytokines and chemokines. Lages et al. identified Th17 cells as
the main source of IL-17A after the obstruction of the biliary
tree in experimental BA. In this study, a model of biliary
injury perpetuation was proposed in which IL-17A stimulated
cholangiocytes to produce C-C motif chemokine ligand 2 (CCL2)
that recruited inflammatory macrophages expressing IL-17AR
to target the epithelium (51), as shown in Figure 4B. In this
model, depletion of Th17 cells or blockage of CCL2 prevented
bile duct paucity and the number of Th17 cells correlated with
the concentration of gamma glutamyl transpeptidase (GGT), a
biochemical marker of bile duct injury (51). In BA patients, the
presence of Th17 in the biliary tree and peripheral blood has
been confirmed, as well as Th17-related markers in liver tissue
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[IL-17A and retinoic acid-related orphan receptor (ROR)-yt] and
serum IL-23. In addition, a high ratio between Th17 and Tregs
has been characterized in peripheral blood (109), a trend that
has also been observed in chronic liver diseases such as primary
biliary cirrhosis (108).

In addition, damaged or pro-apoptotic as well as
inflammatory cells (especially Kupfter cells and macrophages)
can express or produce hedgehog (Hh) ligands under
pathological conditions (110). Cholangiocytes stimulated
with Hh ligands (in an autocrine or paracrine manner) produce
a wide assortment of cytokines—including IL-6 and TGF-B
(I11)—and chemokines that attract different populations of
inflammatory cells, including neutrophils, monocytes, and
lymphocytes (112). Inflammatory cells stimulated by Hh
ligands sustain inflammation, while activated HSCs continue
to proliferate in response to this stimulus (113). Abnormal
over-activation of the Hedgehog pathway has been observed in
the context of chronic inflammation-related fibrosis (114, 115),
human cholangiopathies (116), and biliary atresia (117). A
characteristic Hh ligand in BA is osteopontin (OPN) that has
been correlated with severity of the disease (118).

MACROPHAGES, MICROENVIRONMENT,
AND AGE-RAGE

Like T cells, macrophages can adopt different polarization states
depending on the surrounding tissue microenvironment (119).
Characterization of these functional programs is important since
they seem to have vast implications in the outcome of several
chronic auto-inflammatory and degenerative diseases (120).
Conventionally, they are divided into classically activated M1
(pro-inflammatory) and alternatively activated M2 (restorative)
macrophages (119). Polarization into M1 macrophages is driven
by activation of TLR signaling through LPS and IFN-y challenge;
while stimulation with regulatory cytokines (IL-4, IL-10) primes
a M2 polarization. Several reports have pointed that, in many
contexts, the dichotomy M1/M2 may not be sufficient to
describe a relevant macrophage population because of its
heterogeneity, the complexity of the activation stimuli, and
surrounding tissue microenvironment (121-123). However, in
the context of fibrosis, two distinct macrophage population
have been described for its role in modulating the body
response to chronic injury: pro-fibroinflammatory and resolutive
macrophages, often associated with M1 and M2 features,
respectively. These polarizations have the ability to influence the
tissue microenvironment and with it, the net cellular response
and outcome of the disease. For instance, pro-inflammatory
macrophages, displaying high levels of inflammatory marker
lymphocyte antigen 6 complex, locus C (Ly6C), are characterized
by a high production of chemokines (such as CCL2) that
attract inflammatory cells to the site of injury, pro-inflammatory
cytokines (such as TNF-a and IL-1f) that perpetuate hepatic
damage and TGF-B that activates HSCs into ECM-producing
myofibroblasts. On the contrary, restorative macrophages,
displaying low levels of Ly6C, seem to be responsible for inducing
HSCs apoptosis (through TRAIL and MMP9), digesting the

excess of ECM and promoting clearance of the profibrotic
stimuli, thereby facilitating tissue regeneration (122-125).
Both tissue-resident and monocyte-derived macrophages can
acquire these functional programs. However, the latter is the
predominant population during tissue injury (122), highlighting
the relevance of infiltration of inflammatory cells in the course of
the disease.

Pro-fibroinflammatory ~macrophages exhibit a wide
assortment of mechanisms that allow them to activate and
perpetuate inflammation and fibrosis in both TGFf-dependent
and independent circuits. One way to modulate the surrounding
cellular response is by influencing the tissue microenvironment.
An important component of this microenvironment is the
level of oxidative stress, intimately linked to the Advanced
Glycation End-Products (AGE)-Receptor of AGEs (RAGE)
pathway (120, 122). AGEs refer to a heterogeneous group of
toxic by-products that are a result of irreversible non-enzymatic
reactions between sugars and proteins as consequence of
elevated intra-cellular oxidative species. In normal physiological
conditions, AGEs are produced in small amounts, released into
the extracellular space, and cleared by specialized phagocytic
cells: principally macrophages through scavenger receptors
(Figure 5A). However, during chronic injury, under continuous
oxidative stress, the production of AGEs is higher than their
clearance and this leads to their accumulation in the extracellular
space, affecting surrounding cells. Interaction of AGEs (or/and
other RAGE ligands, such as S100 proteins and HMGB1) with
their receptor triggers a signal transduction cascade through
different pathways, resulting in numerous cellular responses
such as inflammation, fibrosis, or apoptosis (120, 126, 127), as
depicted in Figure 5B.

In the murine model, RRV has the ability to infect the
macrophages, resulting in their activation (85). Activated pro-
inflammatory macrophages are one of the main sources of
AGEs but damaged cholangiocytes and hepatocytes have also
been shown to produce several RAGE ligands in response
to injury. In patients with BA, the serum levels of soluble
RAGE has been correlated with the severity of the disease
(128). A recent network analysis study involving the three main
human cholangiopathies (including BA), identified a common
connectome in which AGE-RAGE pathways occupy central
nodes (129). Remarkably, we have observed an induction of
oxidative species and production of AGE-RAGE ligands in RRV-
infected cholangiocytes (unpublished work), which suggests
an involvement of oxidative stress circuits from the onset of
the disease.

THERAPEUTICS AND CLINICAL TRIALS

The routine treatments of BA patients after HPE are
ursodeoxycholic acid, antibiotics, and fat-soluble vitamin
formulations that have not substantially improved the outcomes
of the disease. In a double-blind, placebo-controlled study
(START trial) corticosteroid administration within 3 days
of the HPE did not change the outcome of the BA cohort
while increased the risk of serious adverse effects as compared

Frontiers in Immunology | www.frontiersin.org

February 2020 | Volume 11 | Article 329


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ortiz-Perez et al.

Immunopathogenesis of Biliary Atresia

s Al

AR ooy

LK IK SR )

aflapa oA fla i

L /\ @le |

aal
s

ool

aflani ‘ WALy

Aaalg

A Clearance of RAGE ligands and DAMPs B Accumulation of RAGE ligands and DAMPs
® o @@ @ .“.l.(. ® e @ ® oo .H.‘/“\{:? ae @ |®
Q) | ‘\ ) 1 l ) I | \/l Jé/‘\iﬁ “ |
| iy UV U U U e et U “vw‘w,n‘wmMl,wuJuuHw‘..J‘;u‘f\mu‘.,‘wuuud o LS R S y,“HMn;;\/é\.\/gmu QI

@e Lo HW
A\ {

@ Ve

-] Healthy/Apoptotic/Necrotic Healthy/Apoptotic/Necrotic Quiesc.ent/Activated Damage

ga’ Cholangiocyte Hepatocyte Hepatic Stellate cell

Q

=] L.
Mg B @

Activated Teell Innate Endothelial ) RAGE

Macrophage Macrophage Lymphoid Cell cell ligands or DAMPS

| oxidative stress *

e

| inflammation T

A spafa il

l*-/-

g

-
/

naflal 'm_p Tr;umv‘q g wmwj/é’\l\;pmmu'\m‘fi,q:,m”
e @] 0@ 0]‘”\/5%{&&,0 ‘

| fibrosis 1 |

FIGURE 5 | Schematic representation of macrophages and tissue micro-environment: (A) Clearance of receptor of advanced glycation end products (RAGE) ligands
and Damage-Associated Molecular Patterns (DAMPs) under physiological conditions and (B) accumulation of RAGE ligands and DAMPs and consequent
perpetuation of damage through the induction of oxidative stress, inflammation, and fibrosis.

to placebo controls (130). Although corticosteroids in BA
infants younger than 2 weeks of age did appear to improve
biliary drainage, with pending data on native liver survival
(131) suggesting a possibility of corticosteroids use on these
subsets of infants. In the future, the agents which are currently
being tested in cholestatic and fibrotic liver diseases in adults
(132) can also be investigated in BA, such as the farnesoid X
receptor (FXR) agonist, obeticholic acid, and the modified bile
acid norursodeoxycholic acid, which are also currently used
in primary biliary cholangitis (PBC) and primary sclerosing
cholangitis (PSC) patients (133, 134). Other agent such as apical
sodium-dependent bile acid transporter (ASBT) inhibitor may
reduce bile acid burden in the liver. The two other agents
that are currently used in clinics for pediatric liver diseases—
bile acid sequestrants (cholestyramine or colesevelam) and
ursodeoxycholic acid—are yet to be thoroughly tested in clinical
trials in BA (135).

CONCLUSION AND FUTURE
PROSPECTIVE

Due to the establishment of experimental models of BA,
especially the RRV murine model, some of the driving
mechanisms of epithelial injury and duct obstruction have been
elucidated, and the corresponding key cellular and molecular
targets have been identified. However, the real applicability
of these targets for therapy is hindered due to the lack of
early diagnosis and screening tools, and that many questions
regarding the etiology of the disease remain unanswered.
The molecular and cellular mechanisms in which the disease
progresses are still under investigation. Increasing evidence
suggests a deeper implication of intricated mechanisms of
the innate immunity from the onset of the disease: namely,
oxidative stress, altered metabolism, and induction of long-
term/abnormal epigenetic changes. Among them, AGE-RAGE
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pathway has attracted most of the attention since it encompasses
key circuits involved in the pathogenesis of several chronic
inflammatory and degenerative diseases, including biliary atresia.
Further investigation is needed to determine the extent of
implication of the AGE-RAGE pathway and its crosstalk with
other fibro-inflammatory circuits. Because macrophages are
one of the main drivers of AGE-RAGE and their functional
polarizations seem to occupy a central role in the modulation
of the tissue response and outcome in chronic conditions,
future research should interrogate these cell populations in
the context of biliary atresia. Imperatively, there is a need to
develop new or improve existing experimental platforms to
perform mechanistical studies of later events of the disease and
facilitate the identification and implication of cell populations
and pathways. In addition, deeper understanding of the model
induction through other viruses and/or toxins could shed some
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Hepatic macrophage populations include different types of cells with plastic properties
that can differentiate into diverse phenotypes to modulate their properties in response
to different stimuli. They often regulate the activity of other cells and play an important
role in many hepatic diseases. In response to those pathological situations, they are
activated, releasing cytokines and chemokines; they may attract circulating monocytes
and exert functions that can aggravate the symptoms or drive reparation processes. As
a result, liver macrophages are potential therapeutic targets that can be oriented toward
a variety of aims, with emergent nanotechnology platforms potentially offering new
perspectives for macrophage vectorization. Macrophages play an essential role in the
final destination of nanoparticles (NPs) in the organism, as they are involved in their uptake
and trafficking in vivo. Different types of delivery nanosystems for macrophage recognition
and targeting, such as liposomes, solid-lipid, polymeric, or metallic nanoparticles, have
been developed. Passive targeting promotes the accumulation of the NPs in the liver
due to their anatomical and physiological features. This process is modulated by
NP characteristics such as size, charge, and surface modifications. Active targeting
approaches with specific ligands may also be used to reach liver macrophages. In
order to design new systems, the NP recognition mechanism of macrophages must be
understood, taking into account that variations in local microenvironment may change the
phenotype of macrophages in a way that will affect the uptake and toxicity of NPs. This
kind of information may be applied to diseases where macrophages play a pathogenic
role, such as metabolic disorders, infections, or cancer. The kinetics of nanoparticles
strongly affects their therapeutic efficacy when administered in vivo. Release kinetics
could predict the behavior of nanosystems targeting macrophages and be applied
to improve their characteristics. PBPK models have been developed to characterize
nanoparticle biodistribution in organs of the reticuloendothelial system (RES) such as
liver or spleen. Another controversial issue is the possible toxicity of non-degradable
nanoparticles, which in many cases accumulate in high percentages in macrophage
clearance organs such as the liver, spleen, and kidney.
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INTRODUCTION

The use of particles as carriers of therapeutic agents for liver
targeting is not a new idea. Hepatic nanoparticle uptake and
distribution was initially studied as a drawback to be avoided
because it entails a lack of specific selective distribution to
other desired targets as well as toxicity and safety concerns.
Nevertheless, from another point of view, strategies of selective
delivery to different kinds of hepatic cells have also been
explored in the search for specific targets of drugs included in
nanoparticulated systems, such as hepatocytes, hepatic stellar
cells, endothelial cells, and also the Kupffer cells (KC), the
resident liver macrophages.

The liver is a very complex organ with many cells that are
different in both morphology and functionality but which are
nonetheless strongly inter-related. Although there are some other
hepatic cells with phagocytic activity, KCs are undoubtedly the
main ones responsible for phagocytosis in the liver. Moreover, it
is estimated that they constitute 80-90% of all the macrophages
present in the body (1).

Kupfer cells are the liver-resident macrophages, considered
professional phagocytes to distinguish them from facultative
ones. They are the largest mononuclear phagocyte population in
the body and constitute approximately 20% of non-parenchymal
liver cells. They present functional heterogeneity, likely due to
their different origins and intrinsic plasticity (2).

They have an evident role in monitoring the blood entering
the zone in order to endocytose debris, degenerated cells and
any potentially harmful materials from the gut and circulation
stream. Their strategic location at the luminal side of the hepatic
sinusoidal endothelium allows them to act as sentinels that
capture and process particles. They are involved in antigen
presentation and processing and in the modulation of some
hepatocyte functions.

Activation of Kupffer cells can induce a series of events to
inhibit pathogen replication, recruit other immune cells into the
liver, and activate them. On the other hand, interaction derived
from infiltration immune cells leads to KC regulation (2). These
complex and multiple inter-relationships with other hepatic cells
and their concomitant role in immunological processes provide
KCs with a wide variety of receptors that can be harnessed for
their specific targeting (3, 4).

Due to the involvement of KCs in the evolution of many liver
diseases, modulation of their activity may be used for therapeutic
ends and nanosystems constitute promising alternatives for
achieve this goal. In the present work, we will focus on the
proposed nanosystems for targeting hepatic macrophages in
order to improve pathological processes in the liver. The role of
macrophages in liver diseases, the types of nanovehicles used,
their characteristics, and the influence of the phenotype will
be revised. Also, pharmacokinetic models for characterizing the
biodistribution of NPs in the liver are addressed.

MONOCYTE-MACROPHAGE SYSTEM
(MPS)

Macrophages have been considered to be a part of different
body systems throughout history. Previously considered as

reticulo-endothelial system (RES) cells, nowadays, macrophages
are generally considered to belong to the monocyte mononuclear
phagocyte or monocyte macrophage system (MPS), originally
defined as a cell lineage of promonocytes that give rise to
monocytes that finally becomes macrophages in tissues. This
concept was later reformulated to include dendritic cells (5), and
recently also the concept of the MPS has been questioned, based
on evidence that tissue resident macrophages may be a separate
lineage seeded during embryonic development and capable
of self-renewal. The newly proposed nomenclature classifies
mononuclear phagocytes according to their ontogeny, location,
and/or morphology (6). Regarding the phagocytic cells in liver,
the main difference of the newly proposed nomenclature is that
macrophages and derived monocyte cells are considered to be
separate entities (7).

Macrophages

Macrophages are specialized phagocytic cells strategically
distributed in the body and specifically adapted to each tissue
once they are settled. They are non-migratory cells that monitor
their surrounding environment and process the material
they engulf. They also recruit other immune cells, playing an
important role in immune defense and homeostatic processes
(8). To fulfill their functions, macrophages possess a wide range
of sensing molecules specialized according to the tissue in which
they are nested in each case.

Due to their central role in homeostasis, inflammation, and
immunity, macrophages have arisen as interesting targets for
therapeutic intervention (9).

Tissue macrophages are a very heterogeneous group of cells
due to their different origins and their adaptation to the local
environment. The contributions of embryonic origins and adult
bone marrow cells vary depending on the tissues, with even
tissue-resident macrophages of prenatal origin deriving from
different hematopoietic stem cells.

In view of the new evidence that questions the previous MPS
model, it is postulated that there are two groups of macrophages
in tissues: one coming from prenatally established populations
and a second one originating from infiltrated monocytes that
are more related to inflammatory conditions. Figure 1 illustrates
the different origins and development processes of tissue-
resident macrophages.

It has been demonstrated in mice that there are also
several monocyte-derived tissue macrophage populations whose
phenotypes reflect different origins. One such population is
made up of macrophages originating from Ly-6C high expressing
monocytes (classical monocytes), mainly coming from bone
marrow, that express inflammatory chemokine receptors (like
CCR?2), pattern-recognition receptors, and cytokines. Another
population is made up of macrophages derived from Ly-6C
low expressing monocytes (non-classical monocytes), mainly
coming from the spleen, that present a patrolling behavior and
express more scavenging receptors. In the steady state, classical
ones can leave the bloodstream and patrol extravascular tissues.
They can be converted in some proportion into Ly-6C low
expressing monocytes and transport antigens to lymph nodes.
Non-classical monocytes patrol the intravascular spaces to clear
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dying endothelial cells. Under inflammation, classical monocytes
differentiate to macrophages that are capable of self-renewal (10).

Despite the differences between mice and humans, genetic
expression studies have demonstrated that these two subsets of
monocytes are also present in humans, together with another
intermediate subset between the classical and the non-classical
(11, 12).

With respect to the macrophages that are present in the liver,
although traditionally the term hepatic macrophages and Kupfter
cells (KC) are used almost interchangeably, modifications to the
MPS model mentioned above have also affected this assumption.
After injury, heterogeneous hepatic macrophages populations
can be observed, such as liver-resident macrophages or KCs and
two subsets of bone marrow monocyte-derived macrophages
(MoMFs), as well as peritoneal macrophages for subcapsular
regions of the liver (13).

Classification

It is well-established in mice that macrophages can undergo two
different activation states: M1 or classically activated and M2
or alternatively activated. M1 macrophages can produce pro-
inflammatory cytokines and chemokines, high levels of reactive
nitrogen and oxygen intermediates. They can also facilitate Thl

response and strong antimicrobial and antineoplastic effect. M2
ones are suppressive, involved in cellular repair and characterized
by efficient phagocytic activity and high expression of scavenger,
galactose, and mannose-type receptors. M1 and M2 even present
different iron, glucose, and amino acid metabolism (2, 4).
Although not much information is available regarding human
beings, there is evidence to suggest a similar behavior in human
macrophages (14). This traditional dichotomic classification
seems to be too simplistic in view of recent increases in our
knowledge of this area due to new sophisticated characterization
techniques. Regarding Kupffer cells, their great flexibility and
plasticity allow them to adopt a range of multiple intermediate
phenotypes depending on the signals, which can lead to a broad
spectrum of activation states (13, 15). Nevertheless, this simple
classification into two possible extreme activation states is still
used as a reference for KC behavior.

Differences not only in activation but also in origin have a
great impact on the different subsets that can be defined for liver
macrophages. The ontogeny and maintenance of resident hepatic
macrophages have been the objects of many studies by important
research groups, which have demonstrated that, besides the
existence of self-renewal processes from prenatally settled local
precursor cells, Kupffer cell populations are maintained by
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the infiltration of circulating bone-derived monocytes that
differentiate into Kupffer cells in the liver (16, 17). Murine
models have provided evidence that MoMF can contribute to
regenerating the resident liver macrophage population when KC
are massively depleted (18).

On the other hand, even some studies with models of sterile
liver injury have shown phagocytes with an expression of the
transcription factor GATA-6, suggesting macrophage infiltration
from the peritoneal cavity (19).

ROLE OF KUPFFER CELLS IN HEPATIC
DISEASES: CYTOKINES AND
CHEMOKINES

Due to their physiological functions, Kupffer cells are involved
in local cell communication and homeostasis maintenance. The
prominent role of KCs in immune processes, particle engulfment,
antigen presentation, and the attraction and stimulation of T cells
is well-known. They recruit other immune cells in the liver and
release mediators to initiate response in other liver cells (2, 13).

Regarding other types of hepatic macrophages, it is known
that bone marrow-derived macrophages participate in liver
repair and regeneration but functional differences with Kupfter
cells have not been clearly established. Following their activation,
they produce cytokines that trigger a cascade of responses in
other cells. If we accept the classical M1/M2 classification, it
can be said that M1 KCs release proinflammatory cytokines,
including tumor necrosis factor (TNF)-a, IL-6 and IL-1f,
while M2 KCs release IL-4, IL-10, IL-13, and transforming
growth factor-p. Consequently, the balance between these two
phenotypes can ultimately lead to many different effects such as
liver damage and wound repair (20).

The complex roles and expression of different KC phenotypes
can lead to both protective and harmful responses (2, 21), and
since it is required that their activation be precise, timely and
localized, any KC dysregulation can lead to significant pathology
(15). However, the results of some studies and hypotheses
regarding these opposing effects are disputed. In some cases,
KC depletion can be beneficial because of the reduction of
inflammation or fibrosis but, on the other hand, the suppression
of KC’s role against pathogen invasion can clearly be harmful.
Further studies must be done in order to conclude if KC depletion
could prevent or exacerbate liver damage.

Thus, liver macrophages play an essential role in many
pathogenic stages such as acute liver injury, fatty liver disease,
fibrosis, cirrhosis, and liver tumors (22), constituting potential
therapeutic targets for liver disease treatments. However, the
pathogenesis of the disease treated and the phenotype of the
macrophages targeted are points to consider when targeting
macrophages (23).

In response to liver injuries such as alcoholic liver
and non-alcoholic fatty liver disease (NAFLD) diseases,
Kupfter cells are activated and a polarization to an M1-like
phenotype is promoted in resident as well as monocyte-derived
macrophages (24, 25). When injury ends, there is a switch to
M2 restorative macrophages that release anti-inflammatory

cytokines, regenerative growth factors, and matrix degrading
metalloproteinase (MMP) expression, which promote tissue
repair (26).

Macrophage polarization also has an important role in the
growth and development of tumoral tissues. Macrophages in
tumor tissues (TAMs) are mostly M2-like cells that produce
tumor-promoting cytokines and growth factors that promote
tumor expansion, angiogenesis, metastasis, and immune cell
evasion. TAMs also contribute to drug resistance (27, 28).

TARGETING LIVER MACROPHAGES WITH
NPs

Delivery Systems for Macrophages

Recognition and Targeting

Liver macrophages are specialized in the internalization
of foreign nanoparticles, playing an essential role in its
destination in the organism, since they are involved in their
uptake and trafficking in vivo. Therapeutic capacity and
clearance mechanisms in clinically relevant nanomedicines
have been linked to macrophage activity. However, due to their
pathophysiological roles in diseases (29), liver macrophages
are also potential therapeutic targets for a variety of aims,
from cell activation to monocyte recruitment or macrophage
differentiation (30). Emerging nanotechnology systems may
offer new perspectives for macrophage vectorization. After
intravenous administration, nanoparticles are opsonized in the
bloodstream before being phagocytized by macrophages and
accumulated in the RES organs. This passive targeting promotes
the accumulation of the NPs in the liver, a process that increases
within tumors due to the EPR (enhanced permeability and
retention) effect (31).

Kupffer cells internalize NPs through multiple scavenger,
toll-like, mannose, and Fc receptors (23). The mechanisms
involved are macropinocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis, and additional endocytotic
pathways (1, 32, 33). Clathrin-mediated endocytosis has been
pointed out as responsible for the internalization of size
ranges of approximately 100-350 nm, while caveolin-mediated
mechanism is responsible for the endocytosis of 20-100 nm
particles (34-36). Macropynocitosis allows for large volume
extracellular internalization of 0.5-5um nanosystems (23).
The internalization process is then modulated by the size of
the NPs as well as other characteristics such as charge. Larger
nanoparticles generally show more efficient hepatic uptake: a
diameter >200 nm is preferred for liver deposition (1, 37-39).
Charged NPs, especially those with a positive charge, are taken
up to a greater extent than those with a neutral charge (23, 39).
Shape also has a great impact on NP uptake and elongated
NPs are taken up less by macrophages than spherical ones (40).
However, cylindrical silica NPs showed the highest accumulation
in the liver compared to other shapes (41). Moreover, surface
hydrophobic NPs tend to be opsonized by proteins that make
them attractive to the phagocytic cells of the MPS (42-44).

Therefore, the success of therapeutic strategies targeting
liver macrophages involves the use of different NP types with
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appropriate properties to allow them to be preferentially taken
up by the liver. Incorporation of ligands to the surface of NPs
increases specificity through active targeting (21, 31).

Liposomes
Liposomes are biodegradable vesicles with an aqueous core
and a phospholipidic membrane that can carry hydrophilic
as well as hydrophobic compounds. They have the advantage
of being both biocompatible and biodegradable, whereas their
instability is one of their main drawbacks. Macrophages,
especially KCs, readily phagocytose circulating liposomes (45),
causing them to accumulate in the liver (46). The liposomes
proposed for the vectorization to hepatic macrophages have
mainly sizes of ~100nm due to restrictions on parenteral
formulations. This passive targeting has been exploited for the
administration of anti-infective drugs that have an effect on liver
macrophages, some examples of which are shown in Table 1. For
instance, commercial liposomal formulations of amphotericin B
(Ambisome) allow the drug to accumulate in spleen and liver
macrophages that constitute a reservoir of Leishmania, reducing
the drug’s nephrotoxicity (54, 55). Besides, the encapsulation
of vancomycin in liposomes improves its poor penetration into
cells, allowing its targeting to Kupffer cells. In a mouse model,
such formulations reduced the intracellular Methicillin-resistant
Staphylococcus aureus (MRSA) reservoir where the bacteria can
survive and proliferate, significantly increasing the survival rate
of infected mice over those treated with the drug solution (48, 49).

Liposomes are also suitable vehicles for the targeting of anti-
inflammatory compounds such as dexamethasone, curcumin, or
calcitriol to the liver. They show improved results over the free
drug in the treatment of acute and chronic liver disease models
in mice. Pharmacokinetic studies show the preferential uptake of
the liposomes by the liver although they accumulate not only in
Kupfter cells but also in monocytes, infiltrating macrophages and,
to a lesser extent, T cells. Liposomes also induce a repolarization
of macrophages to a regulatory phenotype (50, 51).

Pathological conditions may influence the liposomes behavior,
and recently, changes in spatial distribution and a decrease in

the liposomes uptake by macrophages has been described in liver
fibrosis (56).

Liposomes can be decorated for active vectorization with
surface modifiers, such as mannose that has been proposed for
the treatment of liver tumors in order to increase liposome
uptake by macrophages via receptor-mediated endocytosis. The
increase in mannose ligand concentration leads to a higher
accumulation percentage in the livers of mice. Also, active
targeting of an immunomodulator to liver by mannose-decorated
liposomes resulted in more effective inhibition of metastasis than
when delivered by liposomes without mannose (53, 57).

Substances attached to liposome surface may produce other
effects. Some arginine-like ligands may switch macrophages to
the M1 phenotype in order to achieve an antitumor effect. In a
study with a library of this kind of ligands, nitroarginine, and
acetylglutamine DOPE:DOPC liposomes were the most effective
for the redirection of macrophage phenotypes (52).

In summary, preferentially uptake of liposomes by liver
macrophages make them suitable vehicles for the vectorization of
anti-inflammatory, anti-infective or other drugs for the treatment
of liver diseases. When associated with anti-inflammatory
compounds, they are able to promote the macrophages’
regulatory state and reduce the dose for the treatment of acute
and chronic liver injury. The decoration of the surface of
liposomes with arginine-like and mannose ligands may be useful
for anti-tumor treatments.

Lipoplexes

Inhibition of regulatory pathways triggered by macrophages
via the use of gene therapies is another strategy for the
treatment of macrophage-associated diseases. Lipid-based NPs
are the most successful non-viral vehicles for targeting RNAi
to Kupfler cells and can reach a high efficiency of transfection.
Although they are sometimes referred to as liposomes, lipoplexes
are usually different in both structure and composition. They
are based on cationic lipids that are able to both bind
and condense negatively charged iRNA through electrostatic
interactions and to deliver the payload into the cytoplasm

TABLE 1 | Characteristics of some liposomes proposed for liver macrophages targeting.

Composition Size/nm Active Effect References
HSPC, CHOL, DSPG 80 Amphotericin B Leishmanicide 47)
DCP, DMPG, CHOL 527.6 £ 58.2 Vancomycin Improvement of MRSA infection (48, 49)
DPPC: PEG-(2000)-DSPE: 100 Dexamethasone Switch to M2 phenotype (50)
NBD-PE:CHOL Liver injury and liver fibrosis reduction
EPC:CHOL 100-150 Curcumin Switch to M2 phenotype (51)
1,25-dihydroxy-vitamin Reduction in liver inflamsmation, fibrosis and
D83 (calcitriol) fat accumulation
DOPC: DOPE 83.56-108.8 Arginin-like ligands Switch to M1 phenotype (52)
Antitumor
DSPC: CHOL: Mannose ~95 Muramy! dipeptide (MDP) Increase of Kupffer cells tumoricidal activity (53)

HSPC, hydrogenated soy phosphatidylcholine; CHOL, cholesterol; DSPG, distearoyl phosphatidylglycerol; DSPC, distearoyl 3 phosphatidylcholine; DCR dicethylphosphate;
DMPG, dimyristoylphoshatidylglycerol; DPPC, dipalmitoyl phosphatidylcholine; PEG-(2000)-DSPE, polyethyleneglycol-(2000)-distearoyl phosphatidylethanolamine; NBD-PE, N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)- 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethyl-ammonium salt); EPC, egg phosphatidylcholine; DOPC, 1,2-dioleoyl-sn-glycero-3-

phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.
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of target cells (58). They also incorporate neutral lipids in
order to attenuate the toxicity of cationic lipids. Besides cell
selectivity, the success of these kinds of therapies depends on
transfection efficacy. Lipoplexes are engulfed by Kupffer cells
through macropinocytosis and clathrin-mediated mechanisms
after IV administration, but RNAi escape from endosomes is a
rate-limiting step for these therapies (59). Proper lipid design
allows RNAI to reach the cellular cytoplasm where it exerts its
action. In this way, cationic lipid C12-200 eposide would prevent
RNAi lysosomal degradation (58) through a micropinocytosis
internalization mechanism as macropinosomes do not follow the
endosomic degradation pathway (23). It was applied to inhibit
the PD-1/PD-L1 pathway that contributes to the persistence
of viral liver infections. Lipid NPs of 70-80nm size were
efficiently internalized (66.5%) and expressed by Kupffer cells
after in vivo IV administration in viral-infected mice. This
led to an enhanced antiviral effect. This promising antiviral
immunotherapy may be applicable to vaccine development, to
treat diverse viral liver infections and other diseases such as
hepatocarcinome (60).

However, cationic lipids are used as vehicles for RNAi forming
lipoplexes. A high transfection efficacy in Kupffer cells can be
achieved with proper lipid selection, showing promising results
in immunotherapy.

Inorganic Nanoparticles

Inorganic NPs are a broad group of metallic and non-metallic
nanomaterials. Some of them are non-biodegradable, which
constitutes a pitfall for their use. However, they possess
excellent properties such as small size, high surface area, and
easy functionalization and may induce per se responses in
macrophages with different therapeutic applications as shown in
Table 2.

Inorganic NPs have been used in the diagnostic and treatment
of liver fibrosis and recently this topic has been reviewed
in depth (65). For instance, the reduction of inflammatory
macrophage activity caused by ceriumoxide NPs has been
proposed to prevent hepatic dysfunction in septic rats. The NPs
attenuate the expression of a number of different inflammatory
macrophage mediators that are associated with sepsis, improving
rat survival (61). This downregulation of Kupffer cell activity

was also reported for gold nanoparticles (GNPs) in two
rat liver-injury models causing antioxidant and antifibrotic
effects (62).

Inflammatory diseases may also be treated by the switch
of macrophages from an inflammatory (“M1”) to an anti-
inflammatory (“M2”) phenotype. Carbohydrates are able to
induce phenotypic changes promoting one or other activation
state depending on their physical and chemical characteristics
(66). As an example, glucomannan carbohydrate-decorated
silicon oxide nanoparticles promote M2 polarization in
macrophages by inducing clustering of mannose receptors (MR)
on the cell surface. Although this was assayed in a murine
inflammatory bowel disease model, it may be applied to other
inflammatory diseases (63).

Conversely, induction of an immune response was the aim of
calcium phosphate polyetilenimine/SiO, nanoparticles used as
carriers of a Toll-like-3 ligand. The NPs targeted the liver with
30-40% NP-positive cells when administered intravenously to
mice and could be applied to vaccination (67).

Another group of inorganic NPs with applications in liver
macrophage vectorization is superparamagnetic iron oxide
nanoparticles (SPIONs), which are promising nanomaterials
as diagnostic, iron supplement, and drug carrier agents.
Surface modifications can render a high biocompatibility (64).
They are phagocytized by macrophages and induce a pro-
inflammatory response (68-70) through the activation of the
Toll-like receptor 4 (71). Recently, they have been proposed
for the reeducation of M2 tumor-associated macrophages
to an antitumor M1 state in cancer treatment. This effect
was studied for carboxymethyldextran-coated iron oxide NPs
(Ferumoxytol®), which are approved by the FDA for the
treatment of iron deficiency and other clinical uses. In a
mouse in vivo model, these NPs inhibited tumor growth and
prevented metastasis development. This activity was associated
with the increase of M1 macrophages that may have been
promoted by iron overload (72, 73). The uptake mechanism of
carboxy-dextran coated SPIONs by human macrophages is a
clathrin-mediated and scavenger receptor endocytosis although
macropinocytosis may also contribute to internalization (74).
The recognition of SPIONs by macrophages depends on the
particle size and surface modifier, and it is better for positively

TABLE 2 | Some examples of inorganic nanoparticles for liver macrophage targeting.

NPs type Size/nm Model Effect References
CeOy 53.36 + 7.04 Lipopolysaccharide induced severe Reduced expression of inflammatory 61)
sepsis in rats macrophage mediators
Au 7.4+1.6 Rat liver injury with ethanol Downregulation of Kupffer cells activity 62)
and methamphetamine
Glucomannan-silica 276 +£0.6 Murine inflammatory bowel disease M2 polarization (63)
—28.89 + 1.60
SPIONs
Dimercaptosuccinic acid 65 Murine and human M2 cells Modification of M2 activation profile (64)
3-Aminopropyl-triethoxysilane 54
Aminodextran 150
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charged particles and for a size of ~60 nm of size, although such
SPIONSs show cytotoxicity (71, 74, 75).

The efficient SPION uptake by macrophages allows its use for
labeling macrophages in a cellular therapy for the treatment of
liver cirrhosis. The labeled cells were tracked in vivo by magnetic
resonance and no effects on phagocytic activity or cell viability
were observed (75). AuNPs have also been used to this end and
50nm was proposed as the optimal size for labeling without
toxicity concerns for both NPs types (76).

In summary, inorganic nanoparticles are able to stimulate
and also inhibit the activity of macrophages. Moreover, they can
promote a switch to a specific macrophage state. The desired
effect depends on the disease to be treated. The interaction of
SPIONs with macrophages has been well-characterized and a
mathematical model for the prediction of NPs uptake has even
been developed (74). However, further insights are needed to
clarify the relationship between the characteristics of NPs and
their therapeutic and toxic effects.

Polymeric NPs
Polymeric NPs are colloid systems made of natural or

in a nucleus and a polymeric shell (nanocapsules) (54).
They display great versatility. A fundamental feature of these
nanosystems is their biodegradability, which is essential for
intravenous administration.

Polymers of polylactic-glycolic acids (PLGA) are the most
used for drug delivery as they are compatible and biodegradable
compounds, and are excipients approved by the FDA. NPs
of these polyesthers show excellent properties as drug carriers
for liver macrophages vectorization (77) in order to improve
efficacy or reduce side effects. PLGA NPs have been proposed
as carriers of an inhibitor of the spleen tyrosine kinase SYK.
This enzyme is overexpressed in M1 macrophages and shows a
positive correlation with the pathogenesis of NASH and alcoholic
hepatitis in patients. Although the bare inhibitor was more
effective in vitro, its incorporation to 160 nm PLGA nanoparticles
improved its intrahepatic delivery and therapeutic efficacy in
vivo. This ameliorated fibrosis, inflammation, and steatosis in
mice after IV administration (Figure 2) (78).

The objective pursued for rosiglitazone NP incorporation
was to reduce their serious side effects such as the increased
risk of fatal cardiac arrhythmia. Rosiglitazone vectorization

synthetic polymers. They consist of a matrix in which the to macrophages using 200 nm PLGA/polyvinylic acid (PVA)
drug is homogeneously distributed or may be structured nanospheres allows for its selective delivery to circulating
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macrophages. Reproduced with permission (78).

FIGURE 2 | Inhibition of M1-specific differentiation and inflammatory markers by R406 in RAW macrophages. Gene expression of M1 markers IL-1B (A); FcyR1 (B);

iNOS (C); CCL2 (D); IL-6 (E); and CCR2 (F) in RAW 264.7 cells after incubation with medium alone (MO0) or M1 stimulus with R406 (0, 0.5, 1, and 5 uM). Expression
values for the respective genes in untreated M1 macrophages were set at 1.0 to calculate the relative gene expression. Data are presented as mean + SEM.

#p < 0.05, ##p < 0.01 denotes significance versus control MO macrophages. *p < 0.05, **p < 0.01, and **p < 0.001 denotes significance versus M1-differentiated
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monocytes and Kupffer cells, reducing obesity-related
inflammatory reaction in the white adipose tissue and liver
and mitigating undesired effects (79).

Cationic polymers have been proposed as carriers of genetic
material to reduce the expression of proteins related to liver
diseases. This was the objective of RNAi for protein NOGOB
encapsulation in [poly(amine-co-ester) (PACE) terpolymers]
NPs. NOGOB promotes M1 polarization, stimulating the
progression of alcoholic liver disease and liver fibrosis. The in
vivo spleen administration of the NPs with a size of 240-300 nm
allowed up to 60% Nogo-B protein suppression (80). This is
a high transfection efficacy although alternative administration
routes adequate for clinical use should be assayed. High
transfection efficacy was also achieved by PLAcore/PVAshell
NPs loaded with PEI-CD98 siRNA. The objective was the
downregulation of CD98, a factor that is overexpressed in the
livers of non alcoholic fatty liver disease (NAFLD) patients
playing as a key inducer in this disease. The IV administration
of CD98siRNA NPs with a size of 273.1 £ 19.3 nm effectively
targeted liver hepatocytes and Kupfter cells, leading to a
significant decrease of major proinflammatory cytokines and
markers of NAFLD (81).

Chitosan, a biodegradable, positively charged polymer of
natural origin is also widely used as a vehicle of RNAi. Quaternary
chitosan NPs were designed for vectorization to macrophages
of the RNAi of proinflammatory cytokine tumor necrosis factor
TNFa. The NPs with sizes between 210 and 279nm and zeta
potentials from 14 to 22mV achieved a high cellular uptake
efficiency near 100% by RAW-274-7 macrophages. NPs cross-
linking with TPP reduced their size and zeta potential, resulting
in better transfection abilities (82). Polyethylenimine (PEI) is
another cationic polymer with high transfection efficacy due
to the proton-sponge phenomenon. In order to increase the
chitosan’s ability to transfect and reduce the PEI cytotoxicity,
both components are mixed. NPs of sizes from 150 to 200 nm
with both polymers achieved high macrophages transfection in
vitro with non-cell toxicity (83). Functionalization of chitosan
and other polymers, such as dendrimers with mannose, allows
for active vectorization with a better selectivity for macrophage
vectorization of RNAi and drugs (84-86).

The applications of polymeric NPs extend to HIV infections,
where macrophages play a central role as virus reservoirs.
Kutscher et al. designed GLU-decorated chitosan (CS) shell and
polylactic-co-glycolic acid (PLGA) core nanoparticles (GLU-CS-
PLGA) that recognize special receptors expressed in infected
macrophages for the delivery of the antiretroviral drug nevirapine
(87). Also, polymeric NPs modified with folic acid may target
atazanavir/ritonavir to activated macrophages that overexpress
folate receptor at an elevated level (88).

Polyesthers and chitosan are the polymers most often used in
order to target drugs and RNAi to liver macrophages. To this end,
NPs sizes of 150 to 300 nm have been prepared. Decoration with
mannose and other ligands allow NPs to be selectively uptaken.

Other Nanosystems
Exosomes are phospholipidic nanoparticles of endosomal origin
that are secreted by cells. They display similar advantages

to synthetic nanoparticles, but they usually show higher
biocompatibility and physiological activity. Like the majority
of nano-sized vesicles, they also accumulate in the liver and
may target Kupffer cells. Exosomes derived from mesenchymal
stem cells reduce the levels of proinflammatory factors in
murine macrophages in vitro with a decrease in biochemical
and histological damage (89). These effects were also observed
in an in vivo experimental lethal hepatic injury mouse model.
The beneficial effect of these vesicles on reducing mortality
implies modulation of the inflammatory response and activation
of protective mechanisms to limit cell death (90).

Mesenchymal stem cell exosomes are then new types
of nanovehicles with anti-inflammatory and protective effect
in liver injury that constitute promising strategies for liver
disease treatments.

IMPACT OF MACROPHAGE PHENOTYPE
IN NPs UPTAKE AND TOXICITY

Nanosystems that specifically target and deliver therapeutics
to polarized macrophages are of interest due to the role
that they play in liver diseases. In order to improve the
design of those drug delivery systems, the interaction of
nanoparticles with macrophages of different phenotypes must
be understood, which is why it has been the subject of several
studies. Increased NP sequestration by M1 phenotypes has been
reported as they are involved in biological processing of foreign
materials. Thus, incorporation of phagocytosis promoters in
lipid-latex nanoparticles allowed them to target inflammatory M1
macrophages (91). Also, a higher sequestration by inflammatory
phenotype was found in vitro and in vivo for spherical silica
nanoparticles. This was attributed to the silanol terminal groups
that would attach to the receptors of anionic groups that are
overexpressed in M1 macrophages (92).

However, M2 macrophages show increased expression of
mannose and galactose receptors (93). This makes it possible to
target specifically anti-inflammatory phenotypes with mannose—
decorated nanoparticles (94). Pluronic and chitosan-based NPs
of 150 to 265 nm, decorated with mannose, with positive and
negative zeta potentials, respectively, can selectively target M2
macrophages to treat inflammatory diseases and HIV infections.
The charge of the NPs and their degree of internalization are
dependent on mannose density (84, 94).

Recently, a comparative study on gold nanoparticle uptake by
human monocyte-derived macrophages of different phenotypic
polarization showed, in general, higher internalization of
gold nanoparticles by M2-polarized human macrophages in
comparison with the Ml-polarized cells. The extent of the
uptake was positively correlated with the expression of M2
markers CD163 and CD206. Further investigation in human
Kupfter cells showed comparable internalization of nanoparticles
by those unstimulated Kupffer cells with a mixed M1/M2
phenotype and the M2-polarized cells, both of which ingested
more nanoparticles than the M1-polarized cells did (28).

In short, various types of nanosystems have been designed
for targeting polarized macrophages, although further research
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is necessary to define the NP characteristics necessary for
promoting preferential M1 or M2 uptake.

HEPATIC BIODISTRIBUTION OF
NANOPARTICLES

The kinetics of nanoparticles when administered in vivo
strongly affects their therapeutic efficacy. Nanoparticular
systems are recognized by macrophages of the mononuclear

phagocyte system and tend to accumulate mainly
in organs such as the liver, the spleen, or the lungs
(95). The  selective distribution of nanoparticular
systems in these types of organs facilitates their use
for the diagnosis and treatment of different types
of pathologies.

Experimental studies conducted with cell lines and animals
have brought about a clarification of the mechanisms of
penetration into macrophages and hepatocytes using chitosan
nanoparticles (96).

Figure 3 shows the arrangement of chitosan nanoparticles in
Kupfter cells, hepatocytes, and in whole animals.

As shown in Figure 3, in vivo studies in mice demonstrate
that, at the level of Kupffer cells, the cellular uptake of chitosan
nanoparticles is produced via mechanisms of phagocytosis and
clathrin- and caveolin-mediated endocytosis and their release
through the lysosomal and multivesicular pathways. In addition,
nanoparticles penetrate intracellularly into hepatocytes. The
renal and hepatobiliary excretion pathways constitute the main
routes of elimination in vivo, observing a slow elimination
with a nanoparticle half-life of >60 days (96). In addition,
in vitro studies conducted with murine macrophage cell lines
show that chitosan nanoparticle uptake was clathrin-mediated
endocytosis as a primary mechanism and also via phagocytosis as
a secondary mechanism. After internalization, a large proportion
of the nanoparticles may be excreted from the cells by lysosome-
mediated and multivesicular body-mediated exocytosis (97).

Short-term biodistribution of silica nanoparticles in mice
demonstrates their high accumulation in organs of the reticulo-
endothelial system such as liver and spleen. At the same time, the
animals in the experiment showed a clear increase in the number
of hepatic macrophages over time. Aggregates of macrophages
or microgranulomes increased between 6 and 24h after silica
nanoparticle administration. Clearance of silica nanoparticles
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FIGURE 4 | Biodistribution of GNS-labeled macrophage cells at different times
after IV administration in mice (102). International Journal of Nanomedicine.
Reproduced with permission from Dove Medical Press Ltd.

from the liver appears to be slower than from the spleen, probably
due to hepatic processing and biliary excretion (98).

Other authors also describe the retention of silica
nanoparticles and the development of fibrosis in rat livers
up to 60 days after IV administration (99).

Iron oxide nanoparticles are a type of system increasingly
used for magnetic resonance imaging in diagnostic techniques
(100). The administration of polyacrylic acid-coated iron oxide
nanoparticles is associated with a selective distribution in the
liver that produces proinflammatory activation and liver toxicity
in mice. A high accumulation of iron was also observed by
macrophages phagocytosis in the periportal zone of the hepatic
acinus of the liver and in the splenic red pulp of the spleen which
demonstrates the specific uptake of this type of nanoparticles by
the monocyte-macrophage system (101).

Nanosystems are currently being combined with cell-based
platforms with interesting biodistribution properties and with
different therapeutic objectives.

As an example, plasmonic gold nanostars (GNS) were
incorporated into immune system cells such as dendritic cells or
macrophages obtained from bone marrow in order to investigate
the biodistribution of these types of cells in a murine lymphoma
model (102).

Figure 4 shows biodistribution in organs and tissues at
different times in mice after IV administration of GNS-labeled
macrophage cells. The quantification of gold in the different
tissues was performed using an ICP-MS technique (102).

As shown in Figure4, after IV administration of GNS-
labeled macrophage cells, a specific distribution of this cell-
based nanosystem preferably in the spleen, liver, and lung was
observed, indicating that these organs had high macrophage cell
accumulation. This type of cell-based delivery system presents
interesting applications for cell-tracking studies (102).

Stabilin (-1 and -2) are specific receptors for the cellular
uptake of different substances such as antisense oligonucleotides
in the liver through clathrin-mediated endocytosis (103). Recent
studies have been conducted to determine the mechanisms
involved in the uptake of nanoparticles by hepatic macrophages.
For this reason, an embryonic zebrafish model has been used
to evaluate the interaction of nanoparticles with macrophages
and endothelial cells using liposomes as nanoparticles. This
research has demonstrated the role of the stabilin-2 receptor in
the uptake of nanoparticles by endothelial cells. The nanoparticle
uptake proved to be independent of the type of material and the
functional properties of the nanoparticles but was influenced by
the surface charge of the nanoparticle. In addition, the interaction
between endothelial cells and nanoparticles can be blocked by
competitive inhibitors of stabilin-2 such as dextran sulfate (104).

In another work about the mechanisms involved in the
anti-inflammatory activity and in the recognition of crystals
and nanomaterials by macrophages, cell-surface receptors or
membrane cholesterol have been described as mechanisms
involved in crystal nanoparticle recognition although other
phagocytosis mechanisms are still unknown (105).

Pathological conditions may also influence NPs uptake.
Liver fibrosis profoundly changes the myeloid compartment
in the liver, with decreasing numbers of Kupffer cells and
increasing numbers of MoMF. With the aim of investigating
the changes in the targeting properties of different nanosystems
in hepatic fibrosis, Ergen et al. studied the biodistribution
of three intravenously injected carrier material, ie., 10nm
poly(N-(2-hydroxypropyl)methacrylamide) polymers, 100-nm
PEGylated liposomes, and 2,000nm poly(butyl cyanoacrylate)
microbubbles, in two fibrosis mice models. They found a
decreased uptake of polymers and microbubbles by almost all
myeloid cells of the fibrotic liver. However, liposomes had an
overall higher targeting efficiency for endothelial and myeloid
cells, which remained high even in fibrotic livers with around
60% carrier positive cells in healthy livers and after induction
of liver fibrosis, although with a low specificity for the various
cell populations. In all cases, Kupffer cells and monocyte-derived
macrophages were the cells with increased percentage of carrier-
positive cells (56).

Pharmacokinetic Models

Different pharmacokinetic models such as compartmental and
especially physiologically based pharmacokinetic (PBPK) models
have been developed to characterize the disposition of drugs
in different organs and tissues, and especially in the liver,
when they are administered in different types of nanoparticles
(98, 106-112).

Classic pharmacokinetic models, such as the two-
compartmental model, have been proposed to characterize
the accumulation in the reticulo-endothelial system and in the
livers of mice, as well as the elimination of superparamagnetic
iron oxide nanoparticles (SPIONs). The model allows binding to
Kupfter cells and extrahepatic clearance of nanoparticles to be
characterized using dynamic magnetic resonance imaging (MRI)
as seen in Figure 5 (106). The constants Kj, and Koyt describe
the kinetics of nanoparticles associated with and dissociated from
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the macrophage, and the constant K. describes the elimination of
nanoparticles from the blood compartment by the extrahepatic
RES (97).

The kinetic parameters of distribution in the liver Kj, and
Kout are related to Kupffer cell numbers, allowing the function
of the reticulo-endothelial system to be evaluated in different
situations and presents therapeutic applications in liver disease,
allowing the chronic liver injury to be evaluated, taking into
account that the macrophages are integrated in different stages
of the inflammatory process (106).

Physiologically Based Pharmacokinetic
(PBPK) Models

PBPK models have been developed to characterize nanoparticle
biodistribution in organs of the reticuloendothelial system (RES)
such as the liver or the spleen.

PBPK models constitute an interesting strategy for modeling
and simulation that allow the kinetic behavior of drugs in
animals and humans to be predicted with a physiological basis.

These models are based on grouping the body into different
compartments that are assimilated to different organs and
tissues. These compartments are defined by the volume of
tissue and the blood flow that irrigates it. The mass balance
of the drug throughout the body is defined through first-order
differential equations. The distribution of the drug in each of the
tissues can be perfusion-limited or diffusion-limited (112-114).
Perfusion rate-limited kinetics occurs when blood flow limits
tissue distribution. In the steady state, the concentration of drug
in the tissue is in balance with the concentration of drug in
the blood through a specific partition coeflicient for each tissue.
This type of distribution occurs in lipid molecules that easily
penetrate the tissue. Permeability rate-limited kinetics occurs
when permeability across the membrane constitutes the limiting
process of intratisular distribution and occurs mostly in more
polar or hydrophilic molecules (112, 113).

Specific PBPK models that consider the specific disposition
properties of nanoparticles have been developed to characterize
the biodistribution and elimination of nanoparticulate systems
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FIGURE 6 | Specific PBPK model to characterize the biodistribution of nanoparticles (112). Reproduced with permission.

in the whole body. This model assumes the existence of two
PBPK submodels: one to characterize the disposition of the
nanoparticles and another to characterize the disposition of
the free drug as shown in Figure 6. This model predicts a
greater accumulation of nanoparticles in the liver, spleen, and
lungs due to the vascular structure of these tissues and the
uptake of nanoparticles by the mononuclear phagocytic system.
On the other hand, this type of model has some limitations,
given that certain processes, such as aggregation or degradation
of nanoparticles, among others, can change the properties of
nanoparticles and their arrangement in different organs and
tissue. In addition, this type of model allows the interaction
between the drug, the nanoparticle, and the complex physiology
of the organism to be modeled and simulated (112).

Some of these PBPK models have been designed
to characterize the role of macrophages in drug tissue
concentrations by combining the data from clinical studies
with in vitro data. The model allows the concentration of the
antibiotic moxifloxacin in tissues from biopsies to be predicted,
including those from interstitial fluid, intracellular fluid, vascular
space, and macrophages. The study showed that macrophages
contribute to the accumulation of the drug in tissues from
biopsies (109).

This same type of PBPK model has also been used to
predict behavior in liver diseases such as liver cirrhosis. This
model allows changes in the plasma concentrations of different
drugs, such as alfentanil or lidocaine among others associated

with Child-Pugh class A, B, and C liver cirrhosis, to be
predicted (115).

Previously, general PBPK models that allow the distribution
of drugs incorporated in different types of nanoparticles to be
simulated have been described (111). The model was tested
with different kinds of nanoparticles with differences in drug
dose, size, charge, shape, or surface properties. This model also
considers saturable phagocytosis of the nanoparticles. This model
is based on another previously published model to characterize
the biodistribution of PAA-PEG (116).

This model considers 10 anatomical compartments and
each compartment is divided into three subcompartments that
represent blood, tissue, and phagocytic cells.

Bigger nanoparticles are better recognized by the
macrophages than smaller ones. On the other hand, cationic
nanoparticles are better recognized by macrophages than
anionic or neutral ones (112, 117). Based on this model, when
nanoparticles are injected into the blood, they are captured by
phagocytic cells of organs of the reticulo-endothelial system
(RES) such as the liver and the spleen depending on their
electric charge, size, and agglomeration state, among other
factors (111).

In the field of toxicokinetics, PBPK models have been
applied to characterize the biodistribution of silver nanoparticles
compared to ionic silver. The PBPK model predicts a higher
accumulation of silver in the liver as silver nanoparticles in
comparison with ionic silver (118).
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NANOPARTICLE TOXICITY

The toxicity of nanosystems is an important issue that may limit
its applicability. Once in the organism, the processing and final
fate of nanoparticles is dependent on their composition.

Liposomes are  biodegradable  phospholipidic-based
nanosystems, and once administered, they are degraded by
serum proteins in the blood circulation or by intracellular
lipases. The degradation products of liposomes are their
constituent lipid molecules that can be further metabolized by
the body. This also holds for other lipids forming solid lipid
nanoparticles. However, positively charged lipids show limited
compatibility as they may induce cytokine activation and cellular
toxicity with apoptosis (119).

Polymeric nanoparticles are modified in the organism, giving
rise to constituent monomeric units or modified polymer chains.
For biodegradable polymers, degradation products are smaller
than the renal molecular weight cutoff size and can follow renal
elimination (120, 121). For non-biodegradable components,
the larger molecules may be cleared by hepatobiliary or the
mononuclear phagocyte system, but their biotransformation in
hepatocytes and macrophages may cause toxicity (122, 123). As
their lipidic counterparts, cationic polymers such as PEI show
high cellular toxicity (1).

The non-biodegradability of some inorganic NPs is a factor
that leads to liver toxicity (124) and limits their applicability in
humans. When NPs are not decomposed by the phagocytosis
process, they will remain within the cell and be sequestered in the
spleen and liver for long periods of time (122, 125-127). Once the
nanoparticle-filled phagocyte dies, those nanoparticles are taken
up again by other phagocytes of the same organ, resulting in a
similar total amount of nanoparticles accumulated (128). NPs
accumulate in the liver and especially in Kupffer cells (129) and
could cause fibrosis and other histological tissue changes. They
produce oxidative stress that in turn modulates the autophagic
process in the liver, disrupting liver metabolism and homeostasis
(65). This hepatic oxidative damage has been reported in both in
vitro and in vivo models for AuNPs, SiO,NPs, and AgNPs, with
differences among the NP compositions (130-134). However,
long-term effects need to be further characterized (65).

Tunable properties of NPs, such as shape, surface charge, and
size, may affect their toxicity (135, 136). For instance, cerium
oxide (CeO;) NPs with rod-like shape showed higher and dose-
dependently enhanced macrophage cytotoxicity responses with
respect to cubic/octahedral NPs (137). The surface charge is
also an important parameter that affects NP clearance rate.
One study with mesoporous silica NPs (MSNs) showed that
positively charged NPs were rapidly excreted from the liver into
the gastrointestinal tract while negatively charged NPs remained
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Christiana Graf', Martin Schulz’, Christian Jansen?, Michael Praktiknjo?,

Robert Schierwagen’, Sabine Klein', Christian Trautwein?®, Hermann E. Wasmuth?,
Marie-Luise Berres®, Jonel Trebicka*°* and Jennifer Lehmann?
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Background and Aims: Monocyte chemotactic protein-1 (MCP-1) is a potent
chemoattractant for monocytes. It is involved in pathogenesis of several inflammatory
diseases. Hepatic MCP-1 is a readout of macrophage activation. While inflammation is
a major driver of liver disease progression, the origin and role of circulating MCP-1 as a
biomarker remains unclear.

Methods: Hepatic CC-chemokine ligand 2 (CCL2) expression and F4/80 staining for
Kupffer cells were measured and correlated in a mouse model of chronic liver disease
(inhalative CCly for 7 weeks). Next, hepatic RNA levels of CCL2 were measured in
explanted livers of 39 patients after transplantation and correlated with severity of
disease. Changes in MCP-1 were further evaluated in a rat model of experimental
cirrhosis and acute-on-chronic liver failure (ACLF). Finally, we analyzed portal and hepatic
vein levels of MCP-1 in patients receiving transjugular intrahepatic portosystemic shunt
insertion for complications of portal hypertension.

Results: In this mouse model of fibrotic hepatitis, hepatic expression of CCL2
(P = 0.009) and the amount of F4/80 positive cells in the liver (P < 0.001) significantly
increased after induction of hepatitis by CCly compared to control animals. Moreover,
strong correlation of hepatic CCL2 expression and F4/80 positive cells were seen
(P = 0.023). Furthermore, in human liver explants, hepatic transcription levels of CCL2
correlated with the MELD score of the patients, and thus disease severity (P = 0.007).
The experimental model of ACLF in rats revealed significantly higher levels of MCP-1
plasma (P = 0.028) and correlation of hepatic CCL2 expression (R = 0.69, P = 0.003).
Particularly, plasma MCP-1 levels did not correlate with peripheral blood monocyte CCL2
expression. Finally, higher levels of MCP-1 were observed in the hepatic compared to the
portal vein (P = 0.01) in patients receiving TIPS. Similarly, a positive correlation of MCP-1
with Child-Pugh score was observed (P = 0.018). Further, in the presence of ACLF, portal
and hepatic vein levels of MCP-1 were significantly higher compared to patients without
ACLF (both P = 0.039).
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Queck et al.

MCP-1 in Decompensated Cirrhosis

Conclusion:

Circulating levels of MCP-1 mainly derive from the injured liver and

are associated with severity of liver disease. Therefore, liver macrophages contribute
significantly to disease progression. Circulating MCP-1 may reflect the extent of hepatic

macrophage activation.

Keywords: acute-on-chronic liver failure (ACLF), decompensated liver cirrhosis, inflammation, monocyte
chemotactic protein 1 (MCP-1), transjugular intrahepatic portosystemic shunt (TIPS)

INTRODUCTION

Unresolved hepatic inflammation is known to be a major driver
of progression in liver disease (1, 2). Hereby, composition of
resident and infiltrating monocyte derived macrophages plays
a pivotal role in homeostasis of hepatic inflammation and
development of fibrosis (3). The phenotype of M2-macrophages
(alternative type) is involved in tissue repair and resolution of
inflammation in liver disease, whereas M1 phenotype (classic
type) leads to pro-inflammatory signaling (4). Thus, monocyte
chemotactic protein 1 (MCP-1) recruits peripheral monocytes
to the liver and supports takeover of M1 dominant phenotype
in hepatic macrophages (5). Systemic inflammation is known to
be the key mediator for the development of acute-on-chronic
liver failure (ACLF), and an increase in leucocytes and C-
reactive protein is strongly associated with the onset of ACLF (6).
Nevertheless, activation of Kupffer cells and hepatic monocyte
recruitment in ACLF suggest an important role of hepatic
inflammation in ACLF development (7, 8). Mechanistically,
bacterial translocation takes place in advanced liver disease with
portal hypertension, resulting in consecutive inflammation and
oxidative stress in the portal venous compartment (9, 10). Early
diagnosis and prevention of ACLF is essential, since 28-day
mortality rates of 30% and higher are reported (11). Therefore,
we hypothesized that levels of MCP-1 in the portal vein and
hepatic transcription of CCL2 may be associated with severity
of liver disease and complications of cirrhosis, including ACLF.
To address this hypothesis, we measured MCP-1 transcription in
explanted cirrhotic livers and MCP-1 levels in portal and hepatic
venous blood from patients with decompensated cirrhosis at
transjugular intrahepatic portosystemic shunt insertion (TIPS),
and further confirmed our findings in animal models of cirrhosis
and ACLF.

PATIENTS AND METHODS

Patients, Animal Models, and Methods

Our study was undertaken to investigate the role of MCP-1 as
a marker of liver disease progression, associated complications
and ACLF. To this end, we performed two animal models of
cirrhosis and ACLE and included two patient cohorts (TIPS and
liver transplantation).

Mouse Model of Toxic Liver Fibrosis

As previously described and published (12), male wild-type
(WT, C57Bl6/]) mice (12 weeks old) were purchased (Charles
River Laboratories Research Model and Services Germany,
Sulzfeld, Germany). A total of 11 mice were used for this

study. The animals were kept at 22°C with a 12:12-h day-
night cycle in individually ventilated cages. Liver injury was
induced by inhalative CCly exposure for seven weeks (once/week
for the first four weeks, followed by intoxications twice/week
for the next three weeks). Briefly, CCly was insufflated with
a flow of 2 I/min for 1min, the cage remaining closed for
another minute, and CCly finally removed under the hood for
10 min. Water and chow were provided ad libitum. All animals
intoxicated with CCly additionally received phenobarbital (0.33
g/l) via drinking water as an inducer of the cytochrome P-
450 metabolic activity. Control age-matched untreated mice
were used in the experiments. Before being euthanized, mice
received ketaminexylazine anesthesia (100 mg ketamine/kg body
weight and 10 mg xylazine/kg body weight) via intraperitoneal
injection. Liver samples were fixed in formaldehyde (4%)
and subsequently embedded in paraffin. All experiments were
performed in accordance with the German Animal Welfare Act
and the guidelines of the animal care facility of the University
Hospital, Bonn (Haus fiir Experimentelle Therapie, University
Hospital Bonn, Germany), and were approved by the North
Rhine-Westphalian State Agency for Nature, Environment,
and Consumer Protection (LANUYV; file reference LANUV
NRW, 84-02.04.2015.A491).

F4/80 staining of liver tissue

Stainings were performed on paraffin slides (2-3 wm) for F4/80
immunohistochemistry (IHC). F4/80 IHC was analyzed by
counting positive stained cells in high power fields captured at
a 200x magnification. A minimum of 12 high power fields were
used for analysis.

Patient Cohort 1 (Liver Transplantation)

In patient cohort 1 (liver explants), 39 cirrhotic patients
undergoing liver transplantation were included for measurement
of hepatic mRNA expression of MCP-1. These patients were
enrolled between 1999 and 2005 at the Department of Internal
Medicine I, University of Bonn, Germany, as previously
described (13). The study protocol was accepted and approved
by the local ethics committee of the University of Bonn (029/13).

Quantitative PCR

Total RNA was isolated with ReliaPrep™ RNA Miniprep
Systems (Promega, Madison, WI, USA) from shock-frozen
liver tissue following the ReliaPrep™ RNA Cell Miniprep
System protocol. Hereby, RNA concentration was measured
spectrophotometrically at 260 nm. For each sample, 1 g of total
RNA was used. cDNA synthesis was performed by the ImProm-
IT Reverse Transcription System (Promega, Madison, WI, USA).
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Primers and probes for the housekeeping gene (18SrRNA) were
provided by Thermo Fisher Scientific, Waltham, MA, USA, as a
ready-to-use mix. Every sample underwent two DNase digestion
steps to dispose of genomic DNA. Quantitative PCR (qPCR)
was carried out using TagMan gene expression assay for CCL2
(assay ID Hs00234140_m1, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol on a 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA. The PCR reaction was performed in a 25-pL volume
containing 12.5 pL of 2 x TaqgMan-PCR master mix and 2
ML (equivalent to 67 ng of total RNA) of ¢cDNA. The final
concentrations were 100nM for the primers and 200 nM for
the probe. Firstly, measurement of cycle threshold values was
performed (Ct). Secondly, adjustment with endogenous controls
created the ACt value was performed. Matching the ACt value
between study and control group created the AACt value. The
final results of the liver samples were expressed as 2722t and
revealed the x-fold change of gene expression compared to the
control group. Experiments were carried out in duplicates and
results were normalized to 18S rRNA. Duplicate measurements
were used as a method to control for loading error. If duplicates
were far apart, we either measured once again or we disregarded
the sample. Measurement of mRNA levels were performed as
previously described (14-16).

Rat Model of Cirrhosis and ACLF

Induction of liver cirrhosis and ACLF

Male wildtype (WT) Sprague Dawley rats were used. The
experiments were performed according to the guidelines and
regulations approved by LANUYV, the responsible committee
for animal studies in North Rhine-Westphalia, Germany. All
rats were placed in a controlled environment (12h light/dark;
temperature 22-24°C) and received water and standard rat feed
(Ssnift, Soest, Germany) ad libitum. Bile duct ligation (BDL) was
performed in male WT rats with an initial body weight (BW)
of 180-200g to induce cholestatic liver cirrhosis, as previously
described (17). ACLF was induced twice via intraperitoneal
injection (day 21 and day 25 after BDL) of 6.25 jng/kg bodyweight
(BW) lipopolysaccharid (LPS; E. coli O55:B5, Sigma-Aldrich,
St. Louis, USA). Untreated BDL and sham-operated rats served
as controls.

Tissue and blood collection

At the end of the experiment, liver samples were harvested,
snap-frozen and stored at —80°C. Peripheral blood was collected
in EDTA tubes (Sarstedt, Nimbrecht, Germany) for isolation
of peripheral blood mononuclear cells (PBMCs). PBMC were
isolated by density gradient centrifugation using Pancoll (PAN-
Biotec, Aidenbach, Germany), as previously described (Beyer M,
Abdullah, Nat Immunol, 2016). Cells were suspended in RPMI
1640 media with 10% fetal calf serum and 10% dimethyl sulfoxide
(Gibco, Carlsbad, USA) and stored at —80°C.

Transcriptome analysis

Transcriptome analysis was performed by PakLabs (Hennigsdorf,
Germany) using the Agilent Microarray XS (Agilent
Technologies, Santa Clara, USA). Briefly, Low Input QuickAmp

Labeling Kit (Agilent Technologies, Santa Clara, USA) was used
to create fluorescent complementary RNA (cRNA) followed
by hybridization to microarrays using the Gene Expression
Hybridization Kit (Agilent Technologies, Santa Clara, USA).
Fluorescence signals were detected using SureScan Microarray
Scanner (Agilent Technologies, Santa Clara, USA).

Assessment of peripheral blood MCP-1

Peripheral blood circulating MCP-1 in rodents was measured in
25 pl of plasma using a multiplexed bead-based immunoassay
(Milliplex MAP Cytokine/Chemokine Magnetic Bead Panel)
(Merck Millipore, Darmstadt, Germany) on a Luminex
100 Bioanalyzer (Luminex Corp., Austin, TX), as described
previously (6). The readouts were analyzed with Milliplex
Analyst software (Merck Millipore) and a five-parameter logistic
regression model was used to calculate the concentration of each
sample (pg/ml).

Patient Cohort 2 (TIPS)

Patient cohort 2 (TIPS) consisted of 18 patients with diagnosed
liver cirrhosis and severe portal hypertension undergoing TIPS-
insertion. Patients from this cohort were recruited between May
2000 and April 2003 at the Department of Internal Medicine
I, University of Bonn, Germany. Patients older than 18 years,
with clinical signs of liver cirrhosis and a multidisciplinary
defined indication for TIPS insertion were included in our trial.
Exclusion criteria were presence of systemic infection, hepatic
encephalopathy (higher than grade I), bilirubinemia (higher than
5mg/dl), or arterial pulmonary hypertension. Once the right
branch of the portal vein was cannulated, we harvested blood
from the portal and the hepatic vein in EDTA tubes (N = 18) for
analysis of MCP-1. All TIPS insertions were performed without
general anesthesia. After collection of the blood, we centrifuged
the samples at 3,000 revolutions per minute for 15min at 4°C.
Afterwards, plasma samples were stored at —80°C, as previously
described (18, 19). All patients provided written consent to all
procedures, as declared in the study protocol.

Assessment of circulating MCP-1 levels

Plasma concentrations of MCP-1 from the portal and the
hepatic vein in humans were also measured in 25 pl of plasma
using a multiplexed bead-based immunoassay (Milliplex MAP
Cytokine/Chemokine Magnetic Bead Panel) (Merck Millipore,
Darmstadt, Germany) on a Luminex 100 Bioanalyzer (Luminex
Corp., Austin, TX), as described previously (6, 13, 20). The
readouts were analyzed with Milliplex Analyst software (Merck
Millipore) and a five-parameter logistic regression model was
used to calculate the concentration of each sample (pg/ml).

STATISTICAL ANALYSES

GraphPad Prism 5 for Windows (GraphPad Software, Inc.)
or BIAS® for Windows were used for the performance of
statistical analyses. Wilcoxon matched-pairs signed rank
test was used for paired intra-individual comparisons,
namely portal versus hepatic vein MCP-1 concentrations.
Group differences of unrelated groups were assessed by the
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Mann-Whitney test. Independent associations of variables
were assessed in linear regression models. After univariate
analyses, multivariate analyses were performed for significant
associations using a P < 0.1. Variables with a P > 0.1 were
discharged from the model. Correlations were assessed using
Spearmen/Kendall rang correlation. P < 0.05 were considered to
be statistically significant.

RESULTS

Hepatic Levels of MCP-1 Are Increased in

a Toxic Model of Liver Disease in Mice

In order to detect macrophages, we performed F4/80
immunohistochemistry staining in control and CCly-intoxicated
animals. Representative images show stronger F4/80 positivity
in treated mice, which was confirmed via counting F4/80-
positive cells (Figures 1A,B). Real-time PCR of CCL2 revealed
a statistically higher upregulation in CCly-intoxicated animals
compared to control mice (Figure1C). Moreover, linear
regression analysis showed a strong positive correlation between
mRNA levels of CCL2 and immunohistochemistry quantification
of MCP-1 in our animal model (Figure 1D).

Baseline Characteristic of Patient Cohort 1

(Liver Transplantation)

Patients undergoing liver transplantation (N = 39) were mainly
male (N = 24; 62%), with a mean age of 47 years. Their mean
MELD score was 15 (range 6-27). Most patients had Child Pugh
score C (N = 20; 51%) and B (N = 16; 41%). Viral hepatitis
was the main etiology of cirrhosis (N = 16; 41%), followed by

alcohol (N = 12; 30%), and primary sclerosing cholangitis (N =
7; 18%). Ascites was present in 21 of the patients (54%). Fifteen
patients (38%) had a history of gastrointestinal bleeding. Twenty
percent of the patients had hepatorenal syndrome type 1 (N
= 8), and another 70% (N = 27) had hepatorenal syndrome
type 2. Fourteen patients (36%) were diagnosed with overt
hepatic encephalopathy. All patient information is included in
SI-Table 1.

Hepatic CCL2 Transcription Levels Were
Associated With Severity of Disease at
Liver Transplantation

Transcription levels of CCL2 in explanted livers showed a
correlation to severity of liver disease. Patients with a MELD
score above 13 points had significantly higher levels of CCL2,
compared to patients with a MELD score below 14 points (P =
0.0066). Patient stratification by Child-Pugh score also showed
increasing levels from Child-Pugh level A to C, even if not
statistically significant (Figure 2).

MCP-1 Is Increased in Experimental ACLF
and Correlates With Hepatic

CCL2 Expression

Bile duct ligation (BDL; 28 days) was performed in rats,
and lipopolysaccharid (LPS; from Escherichia coli) was injected
intraperitoneally (i.p.) on day 21 and day 25 after BDL for
induction of ACLF. Circulating MCP-1 levels in peripheral
blood were significantly increased in ACLF—(P = 0.028),
compared to BDL—and healthy control animals. Furthermore,

F4/80 immunohistochemistry
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154 P=0.009
B &0
.
2
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8 % uy
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FIGURE 1 | F4/80 immunohistochemistry staining (A) and its quantification (B), transcript levels of CCL2 in livers of CCly intoxicated mice (C), and correlation of both
(D). The scale bar is 100um (A). Results are expressed as mean =+ standard error of the mean (SEM); Mann-Whitney test (B,C). Controls: N = 5, CCl4 group: N = 6.
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CCL2 gene expression was highly upregulated in liver tissue
(P = 0.03) but remained unchanged in isolated PBMCs from
ACLF rats. Importantly, CCL2 expression in liver tissue (R =
0.69; P =0.003), but not in PBMC (R = 0.29; P = 0.24), correlated
with the circulating MCP-1 levels in control, BDL and ACLF
animals (Figure 3).

Baseline Characteristics of Patient Cohort
2 (TIPS)

We included 18 patients undergoing TIPS insertion with a mean
age of 59 years in the study. Refractory ascites (N = 9; 50%) was
the major indication for TIPS insertion, followed by secondary
prophylaxis of variceal bleeding (N = 6; 33%). In three patients
(17%), indication was presence of esophageal variceal bleeding, as
well as ascites. Most patients were admitted with alcohol-related
liver cirrhosis (61%), followed by viral hepatitis (28%). Patients

had a mean MELD score of 14 points (range 7-32), and most
patients were classified as Child-Pugh B at the time of study
inclusion. Presence of acute-on-chronic liver failure, calculated
by the CLIF-C ACLF score, was seen in 5 out of 18 patients at
TIPS insertion (28%). All ACLF patients presented with kidney
failure—3 out of 8 patients with a CLIF-C organ failure (OF) score
of seven points, and 5 out of 8 patients with a CLIF-C OF score
of 8 points, respectively (SI-Table 2).

Increased Hepatic Vein Levels of MCP-1 in
Decompensated Cirrhosis at TIPS Insertion
Are Correlated With Disease Severity

Hepatic vein levels of MCP-1 were significantly higher compared
to levels in the portal vein at TIPS insertion (P = 0.01)
(Figure 4). Regression analyses revealed hepatic vein levels of
MCP-1 associated with systemic levels of leucocytes (univariable
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P =0.026, multivariable P = 0.04) and INR (univariable P = 0.01,
multivariable P = 0.013). Furthermore, inverse association with
systemic levels of albumin (univariable P = 0.002, multivariable
P = 0.002) was observed (SI-Table 3). Moreover, portal vein
levels of MCP-1 showed association with systemic levels of
leucocytes (univariable P = 0.027, multivariable P = 0.036)
and were inversely associated with albumin (univariable P =
0.004, multivariable P = 0.003) (SI-Table 4). Child-Pugh score
positively correlated with MCP-1 levels in the hepatic vein (R =
0.55; P = 0.018) (Figure 5). Moreover, patients with ACLF had
significantly higher levels of MCP-1 in the hepatic, as well as the
portal vein (both P = 0.039) (Figure 6). Stratification of patients
according to presence of gastrointestinal bleeding, ascites or
hepatorenal syndrome did not show significant differences in
portal or hepatic vein levels of MCP-1 (SI-Table 5).

DISCUSSION

The major finding of this study is that circulating MCP-1 is
associated with severity of liver cirrhosis, and that it mainly
derives from the diseased liver.

We could demonstrate that hepatic transcription of CCL2
correlates with disease severity and cirrhosis-associated
complications. Patients with higher levels of MCP-1 had a

250- P=0.01
P .\'
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2 150
T 100 g
(8}
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FIGURE 4 | Levels of MCP-1 in portal and hepatic vein in decompensated
cirrhosis. Wilcoxon matched-pairs signed rank test. Patients N = 18. MCP-1,
monocyte chemoattractant protein-1; P < 0.05 were considered

statistically significant.

reduced survival, predicted by the MELD score and presented
with more complications, evaluated by the Child-Pugh score,
even in our rather small patient cohort.

To date, several animal studies have provided evidence that
MCP-1 reflects monocyte recruitment and inflammation in liver
disease (21, 22). Further, pharmacological inhibition of MCP-1
has been shown to result in reduced infiltration of macrophages
into the liver and therefore, amelioration of steatohepatitis in
rodent models (23).

We could observe that hepatic macrophages are possibly
the main source of elevated systemic MCP-1 in decompensated
cirrhosis, shown by increased hepatic transcription of CCL2
in correlation with the number of hepatic macrophages (F4/80
staining) and increased MCP-1 levels in hepatic vein blood.
This is of special interest since peripheral blood monocytes
are known to be dysfunctional in decompensated cirrhosis
with impaired anti-microbial ability (24). Therefore, liver-
specific, inflammation-driven monocyte recruitment with tissue
dependent MCP-1 activation and release could be a key
mechanism of systemic inflammation.

Since the portal vein contains a unique immune composition
and is known to be influenced by portal hypertension and
bacterial translocation (10, 25), relatively higher MCP-1 levels
in the hepatic vein reflect an overwhelming hepatic production
with consecutive maintenance in monocyte recruitment
and pro-inflammatory signaling. Furthermore, patients with
acute-on-chronic liver failure, a syndrome closely associated
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FIGURE 6 | Levels of MCP-1 in portal (A) and hepatic vein (B) in dependency
of ACLF. Mann-Whitney test. Patients N = 18. MCP-1, monocyte
chemoattractant protein-1; ACLF, acute on chronic liver failure score; P < 0.05
were considered statistically significant.
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with systemic inflammation and devastating mortality (26),
had higher MCP-1 levels compared to patients without ACLF.
This could be further confirmed in our rodent model of
experimental cirrhosis and ACLF. Thus, ACLF induction led
to an upregulation of CCL2 expression in hepatic tissue, and
consequently led to increased MCP-1 plasma levels in ACLF rats.
Importantly, our data suggest that changes in MCP-1 plasma
level are not associated with PBMC, but rather with diseased liver
tissue, since circulating MCP-1 is strongly correlated with hepatic
CCL2 expression, but not with CCL2 in PBMCs. The positive
correlation of MCP-1 to the presence of ACLF further emphasizes
the clinical relevance of monocyte recruitment and inflammation
in cirrhosis. Interestingly, immune dysfunction in progression
of cirrhosis was seen to be disease stage dependent. In a recently
published study, patients with advanced, but compensated
cirrhosis showed overwhelmingly pro-inflammatory signaling,
while patients with ACLF presented signs of immune paralysis
with a decrease of several pro-inflammatory cytokines in
peripheral blood (27). In our study, presence of sepsis or acute
infection are contraindications for TIPS insertion, whereas ACLF
correlation to elevated MCP-1 levels in portal and hepatic vein
revealed patients with subclinical, but immunological relevant
inflammation. This possibly underlines the role of MCP-1 as a
biomarker for early prediction of cirrhotic patients with high
morbidity and mortality risk. Finally, we found independent
inverse correlation of MCP-1 levels in the portal and the hepatic
vein and systemic albumin levels. This correlation may also be
due to the fact that albumin binds MCP-1 (28, 29).

Our study has several limitations. All our patients are
decompensated patients, and TIPS placement was performed in
a relatively small cohort of patients. Access to hepatic blood
compartments and hepatic tissue in patients with advanced liver
disease is rare and difficult to access. Therefore, samples are not
paired as this is not possible in clinical practice. Moreover, MCP-
1 assessment in our liver samples was only performed on the level
of gene expression, but not on the protein level. Furthermore,
presence of ACLF was only documented for the TIPS cohort and
not for the liver transplantation cohort.

In conclusion, circulating levels of MCP-1 mainly derive from
the injured liver and are associated with severity of liver disease.
Therefore, liver macrophages contribute significantly to disease
progression, and circulating MCP-1 may reflect the extent of
hepatic macrophage activation.
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Liver cancer is the third most common cause of cancer related death in the World.
From an epidemiological point of view the risk factors associated to primary liver
cancer are mainly viral hepatitis infection and alcohol consumption. Even though there
is a clear correlation between liver inflammation, cirrhosis and cancer, other emerging
liver diseases (like fatty liver) could also lead to liver cancer. Moreover, the liver is
the major site of metastasis from colon, breast, ovarian and other cancers. In this
review we will address the peculiar status of the liver as organ that has to balance
between tolerance and immune activation. We will focus on macrophages and other
key cellular components of the liver microenvironment that play a central role during
tumor progression. We will also discuss how current and future therapies may affect the
balance toward immune activation.

Keywords: liver, macrophage, T cell, T cell therapy, cancer

INTRODUCTION

The liver is a multi-tasking organ responsible for many crucial functions in the body. It is mostly
known for its metabolic and detox work, in fact, it participates in the metabolism of fats (making
bile), it stores and releases glucose and it clears harmful substances from the blood. The liver
receives about 1.5 L of blood every minute coming from the digestive tract and its job is also to
prevent and fight infections coming from the bloodstream. With such massive amount of blood,
it is easy to imagine the countless potential antigens that the liver encounters at any given time.
To prevent unnecessary inflammation and autoimmune disease the liver harbors different cellular
components that work together with complex loops of interactions to maintain the organism
homeostasis (1). Immune tolerance is therefore needed in the liver as safe measure to prevent tissue
damage that would compromise the metabolic functions of this organ (2). The down side of this
protective effect is that some infections, like viruses targeting hepatocytes (3) and even cancer have
the possibility to escape the immune-response and give rise to potentially lethal liver diseases (4-
7). A general view is that tolerance can be induced by both an insufficient/tolerogenic priming
of effector T cells (8, 9) and directly through a regulatory T-cell response (10, 11). Kupffer cells,
the specific tissue-resident macrophages of the liver, have a key role in promoting tolerance (12).
This review will examine the major cellular components of the liver and tumor microenvironment,
their role in controlling the balance between tolerance and activation and the potential therapeutic
interventions to tilt the balance against liver cancer progression.
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Liver Macriphages

ANTIGEN PRESENTATION IN THE LIVER
Role of Kupffer Cells

Kupfter cells (KCs) are liver-resident macrophages, they originate
from fetal liver-derived erythromyeloid progenitors and their
population is maintained by self-renewal and not by infiltrating
monocytes (Figure 1; 13, 14). KCs are located in the hepatic
sinusoid as represented in Figure 2, where pathogens enter
the liver via portal or arterial circulation (15). The KC
population represent a first line defense against infectious
particles and potentially immune reactive particles entering
the blood stream from the gut (16, 17). KCs express several
scavenger receptors (18) such as Toll-like, complement, antibody
receptors which allow them to activate danger-associated
molecular patterns and internalize, and kill pathogens (15,
19). They also contribute to the initiation of an innate
immune response by secretion of cytokines and chemokines
(20). The KCs have a potent phagocytic activity not only for
the above-mentioned blood-born pathogens but also for other
particles/complexes/debris originating from dead erythrocytes
and cells of the hepatic parenchyma. Other functions of KCs
are related to the iron (21), bilirubin (22) and cholesterol
metabolism (23).

The role of KCs in antigen presentation has been considered
to be limited based on experiments where isolated mouse KCs
only induced a low T-cell proliferation against soluble antigens
in vitro (24). Other experimental in vivo set-ups (12) showed that
KC were able not only to phagocytize particle-bound antigens
but also subsequently induce a tolerogenic T-cell response against
those antigens. This could be measured by induction of local
T-cell proliferation, expansion of Foxp3 + IL-10 + OTII T
regs in vivo. A high level expression of PDL-1 and secretion of
IL-10 by KCs strongly suggests that this cell type can present
antigens to CD4+ T cells but then with the goal of inducing
tolerance (12, 25).

It is important in this regard to keep in mind that KCs
are not a homogenous population. As with other macrophage-
like cells, two distinct subsets have been identified, one “M1
immunogenic” type that has phagocytic properties and secretes
high levels of IL-12 and low levels of IL-10 (26) and another
“M2 alternatively activated” type that secretes high levels of
IL-10, TGF-b and low levels of IL-12 (27). When TLRs
are engaged the KCs usually act as M2 type (28). When
it comes to antigen presentation, several evidences implicate
KCs as capable antigen presenting cells (APCs) but due to
their up-regulation of inhibitory molecules like PD-L1 (29)
and also Fas ligand (30) their major role is likely to be
suppression T cell activation and induction of Tregs (10).
The classification in M1 and M2 types is not exhaustive and
does not reflect the complexity and diversity of functions
among this cell population. Further subgrouping of the M2
type in M2a, M2b, and M2c has indeed been proposed. These
subgroups express different markers and respond to different
stimuli (17, 31). It is important to note that tumor-associated
macrophages, which will be discussed later, have a M2 phenotype
but a distinct transcriptional profile that promotes tumor
angiogenesis (17, 32).

Antigen Presentation by Other Cell Types

A schematic representation of antigen presentation to CD4+
and CD8+ T cells is depicted in Figure 3. Kupffer cells are
not the only cell type in the liver that function as APC but
inducing tolerance instead of immune activation. Human hepatic
myeloid dendritic cells (DC) (phenotypically characterized as
CD11b+, CD11c+, and CD1c+) secrete IL-10 and induce IL-
10 secretion by T cells (33) upon release by hepatic stromal
cells of macrophage colony stimulating factor (34). Plasmacytoid
DC (phenotypically characterized by expression of BDCA-2 and
CD123) are also present in the liver and up-regulate PD-L1 in
response to TLR agonists, promoting Treg cell differentiation (35,
36). Even though the liver APCs are skewed toward inducing
tolerance there is also a population of myeloid DC (CD141+) that
is able to cross-present antigen to CD8+ cells and induce IFN-g
secretion (37, 38).

Other liver parenchymal cells also express MHC and
costimulatory molecules and are capable of antigen presentation,
although most of them still induce tolerance against the antigens
presented. Endothelial cells, located at the liver sinusoids and
termed liver sinusoidal endothelial cells (LSECs), promote
tolerance in CD8+ T cells (39, 40) and lead CD4+ T cells toward
Tregs differentiation (11) by secreting IL-10, TGF-b, PGE2 (41)
and upregulating PD-L1 (42).

Hepatic stellate cells (HSCs) reside along the sinusoids and
regulate the blood flow through these veins. HSCs can present
antigens to T cells but again to promote Treg differentiation
(43-45).

Lastly hepatocytes seem to be able to present antigens to
CD8+ and CD4+ T cells but fail to sustain their proliferation
and induce apoptosis instead (46, 47).

Viral Hepatitis Infection: Chronic

Inflammation and Liver Cancer

The three major viruses responsible for viral hepatitis are the
hepatitis B virus (HBV), the hepatitis C virus (HCV), and
the hepatitis D virus (HDV), each estimated to be chronically
infect 257 milion, 140 milion, and 15 milion people worldwide,
respectively (48). While the viruses are quite different as HBV is
a double stranded-DNA virus belonging to the Hepadnaviridae
family, HCV is a single-stranded + RNA virus belonging to the
Flaviviridae family, and HDV a single stranded circular -RNA
viroid, they share common pathological paths. All viruses infect
hepatocytes but are not directly cytolytic, the cell damage in fact
is due to the anti-viral immune response, such as direct killing
by cytotoxic CD8+ T cells or NK cells (49) or the action of
inflammatory cytokines (50). During immune activation, liver
resident APCs can activate virus-specific T cells which are then
responsible for recognition and killing of infected hepatocytes
and secretion of inflammatory cytokines (50). Acute hepatitis
is associated with viral clearance in 95% of HBV infections in
adults but only 5% of vertical infections, and in about (49).
25% of HCV infections For HDYV, a satellite virus to HBV, acute
infections occur when HBV and HDV coinfect a host (clearance
rate is 95%), whereas most become chronically infected by HDV
when appearing as a superinfection of HBV carriers. When viral
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Kupffer cells

b

High level of MHC and costimulatory molecules [7]
High level of PDL-1 and secretion of IL-10 [12, 25]

Not a “M1 ic” type that has phagocytic properties
and secretes high levels of IL-12 and low levels of IL-10 [26]; “M2 alternatively-activated”
type secretes high levels of IL-10, TGF-b and low levels of IL-12 [27]. Further subgrouping
ofthe M2 type in M2a, M2b and M2c has been proposed [17, 31]

Human hepatic myeloid dendritic cells (CD11b+, CD11c+ and CD1c+)

¢

Phenotype CD11b+, CD11c+ and CD1c+
Secretion of IL-10 and induction of IL-10 secretion by T cells [33] upon release by hepatic
stromal cells of macrophage colony stimulating factor [34]

Human hepatic myeloid dendritic cells (CD141+)

¢

Phenotype CD141+
Antigen cross-presentation to CD8+ cells and induction of IFN-g secretion [37, 38]

Plasmacytoid dendritic cells (BDCA-2+ and CD123+)

¥

Phenotype BDCA-2+ and CD123+
Up-regulation of PD-LL in response to TLR agonists, promoting Treg cell differentiation
35,36

Liver sinusoidal endothelial cells

P

Promote tolerance in CD8+ T cells [40, 41]

Lead CD4+ T cells toward Tregs differentiation [11] by secreting IL-10, TGF-b, PGE2 [42]
and upregulating PD-L1 [43]

In the tumor have an accelerated cell cycle, greater migratory abilities and also secrete
factors like IL-6, IL-8, MCP-1, GRO-a that can promote tumor progression and metastasis
[51, 66, 67]

Hepatic stellate cells

Promote Treg differentiation [44-46]
Secretion of several soluble factors like cytokines (IL-6, IL-1B) [52], chemokines (CCLS,
CCL21) [53] and growth factors (TGFa, TGFb, EGF, PDGF, bFGF) [54]

When activated HSCs can infiltrate in the HCC stroma [57] and promote tumor
vascularization by secreting PDGF that attracts pericytes which also secrete VEGF [51, 58]

Hepatocytes

i

Able to present antigens to CD8+ and CD4+ T cells butfail to sustain their proliferation
and induce apoptosis instead [47, 48]

Cancer-associated fibroblasts

\

Secretion of growth factors, cytokines and chemokines (e.g. EGF, FGF, HGF, TGFb, IL-6)
that stimulate also tumor growth and proliferation [59], as well as a more malignant
phenotype [60, 61]

Play an important role during HCC growth and metastasis [51, 62-64]

Tumor associated macrophages

Promote tumor initiation by secretion ofinflammatory molecules like IFN -g, TNF-a and IL-
6in response to chronic infection or irritation and this chronic inflammation [79]

Promote tumor progression and malignancy by switching to an immunosuppressive
phenotype [78]

Supportthe metastatic process by promoting tumor cell migration and angiogenesis [78,
80-82]

Cytotoxic lymphocytes

Can kill tumor cells and recruite macrophages
An immune response against common tumor antigens has been identified from both TIL
and blood of HCC patients [68]

Tregs

o-

Suppression ofimmune response by inhibiting CD8+ T cell effector functions like
degranulation, and production of perforin and granzymes [70]

Mucosal-associated invariant T cells

Expression of cytokines [71] and other effector molecules [72]
Negatively affected by chronic viral hepatitis infection [73]

Natural Killer Cells

Protective role in the liver especially during chronic viral hepatitis infection even though
they are still functionally impaired by HBV and HCV [74]

FIGURE 1 | Key cellular components of liver tumor microenvironment. Schematic representation of cell types and summary of functions in tumor microenvironment.
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FIGURE 2 | Schematic structure of liver sinusoid. Key cell types and their spatial location are schematically represented.
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clearance is not achieved and the virus is able to persist in
the host, this is associated with a chronic inflammation of the
liver that can lead to fibrosis, cirrhosis and also cancer. Thus,
it is most likely that the persisting hepatic inflammation is the
key driver for transformation of hepatocytes to cancer cells.
The mechanisms of persistence differs for the different viruses,
although a common strategy is to disturb and impair the host
immune response. For HBV T cell tolerance, or dysfunction,
is a key mechanism of persistence (51). In neonatal vertical
infection, the high rate of chronicity is most likely explained
by the immature immune response of the host in combination
with overproduction of some HBV proteins. In particular one

of these proteins is able to pass the placenta and thereby, when
presented during schooling of the immunesystem, is perceived
as self proteins (52, 53). Hence, these T cell clones are deleted.
Other mechanisms of persistence used by HBV, are the constant
presence of viral antigens causing immunactivation and then
anergy or dysfunction. Finally, the over production and secretion
of HBV surface antigen (HBsAg) particles mainly composed of
small HBsAg, effectively blocks neutralizing anti-HBs antibodies.
Thus, viral particles whose surface is mainly composed of PreS1
and PreS2 can escape these antibodies and infect new cells.
Taken together, these factors most likely explain why HBV is able
to persist, despite being a genetically stable virus. In contrast,
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several observations point to the fact that the higher rate of
chronic infections due to HCV as compared to HBV is associated
with the better ability of HCV to evade adaptive immunity
(54-56), probably due to its extreme mutation rate (57). Thus,
HCV persists as a virus constantly changing to evade both B
and T cells. For HDV the mechanisms of persistence are less
well known, except that HDV accelerates the tissue damage and
disease during dual infection. Chronic hepatitis, regardless of
the virus causing it, is characterized by a persistent presence of
the viral antigens, which cause a continuous T cell stimulation.
This chronic stimulation is regulated by immune checkpoint (i.e.,
expression of PD-1) that limit the effector functions of the virus-
specific T cells resulting in a loop of low-grade inflammation
and ineffective viral clearance (58, 59). Another important actor
in the balance between immune activation and suppression are
Tregs. Effective viral clearance is achieved through cytotoxicity
that can be very dangerous if uncontrolled, or too massive. An
excessive tissue damage needs to be prevented for the sake of
host survival, and therefore the role of Tregs can be seen as a
safe measure against fatal liver injury. Mouse studies modeling
acute HBV infection observed an increased liver damage after
Treg depletion (60), also HCV mouse models showed a transient
peak of Tregs during acute infection, and a persistent increase
in Tregs frequency in chronic infection (61). It is not yet clear
wheather Tregs expansion is a cause or a consequence of chronic
infection, but certainly this phenomenon is highlighting the
complex interplay and immunological balance occurring in the
liver during viral infection. The major long-term consequence
of chronic infection is the occurrence of fibrosis and cirrhosis
that impair liver functionality and also the insurgence of cancer.
Treg expansion has been observed in samples of hepatocellular
carcinomas (HCCs) and cirrhotic tissue (62). In this study (62),
the expression of OX40 (a activation marker) correlates with
intratumoral Treg frequency and other markers of proliferation
like Ki67; OX40L on the other hand is expressed on myeloid liver
infiltrating cells that co-localize with Tregs and directly correlates
with HCV viral load. So this is an example of interplay between
the host and the virus that is trying to escape the immune system
by inducing Tregs via OX40L-OX40 interaction (63, 64).

PRIMARY TUMORS IN THE LIVER (HCC)

Hepatocellular carcinoma is one of the leading causes for cancer-
related death in the world. HCC is mostly asymptomatic and the
diagnosis is usually made at a late stage, whereby the prognosis
generally is poor. Several risk factors have been identified
for HCC, such as chronic viral hepatitis, excessive alcohol
consumption, obesity, fatty liver, and diabetes (65). Although
the presence of these risk factors aid in monitoring specific
patient populations, the molecular mechanism(s) behind tumor
initiation, progression, and metastasis are poorly understood and
this poses a limitation to find efficient therapeutic approaches.
Hepatocellular carcinoma is associated with the dysregulated
growth of hepatocytes that form dysplastic nodules resulting in
chronic liver damage or cirrhosis. Mouse models have shown
that the hepatocytes in this context have a higher expression of

vimentin and type I collagen, suggesting that they are acquiring
mesenchymal phenotype (66).

Although the specific mechanism has not been clarified,
increasing evidence is pointing at the role of tumor
microenvironment in HCC pathogenesis (67). In the following
sections we will describe the main cellular components of the
liver tumor microenvironment considering the primary tumor
but also the metastatic deposits originated from other common
tumor types like colon and breast cancer.

MAIN CELLULAR COMPONENTS OF
THE TUMOR MICROENVIRONMENT

Hepatic Stellate Cells (HSCs)

A summary of cellular components of the tumor
microenvironment is represented in Figure 1. These cells are part
of the liver connective tissue and are located on the perisinusoidal
space. HSCs have many homeostatic functions such as vitamin
A accumulation, synthesis of collagen, expression of several
soluble factors like cytokines (IL-6, IL-1B) (68), chemokines
(CCL5, CCL21) (69), and growth factors (TGFa, TGFb, EGE,
PDGE and bFGF) (70). Liver damage can cause proliferation
of HSCs and cytoskeleton remodeling (71, 72). When activated
HSCs can infiltrate in the HCC stroma (73) and promote tumor
vascularization by secreting PDGF that attracts pericytes which
also secrete VEGF (67, 74).

Cancer-Associated Fibroblasts (CAFs)

This type of fibroblasts mediates several interactions between
the tumor and the liver stroma. They secrete growth factors,
cytokines and chemokines (e.g., EGE, FGE, HGE, TGFb, and IL-
6) that stimulate also tumor growth and proliferation (75), as
well as a more malignant phenotype (76, 77). Several evidences
showed that CAFs play an important role during HCC growth
and metastasis (67, 78-80).

Endothelial Cells

The main role of these cells is to promote tissue vascularization.
The morphology of blood vessels is different in tumors compared
to normal tissues, probably due to increased permeability, and
this seems to be related to molecular and functional differences
of epithelial cells (81). In particular, the endothelial cells present
in the tumor have an accelerated cell cycle, greater migratory
abilities and also secrete factors like IL-6, IL-8, MCP-1, and
GRO-a that can promote tumor progression and metastasis (67,
82, 83).

Immune Cells

Tumor Infiltrating Lymphocytes (TILs)

Tumor Infiltrating Lymphocytes can play an important role
for tumor progression, like Tregs, but can also be the source
of powerful anti-tumor cells that can be used for therapy. An
immune response against common tumor antigens has indeed
been identified from both TIL and blood of HCC patients (84).
The presence of Tregs in tumor is usually associated with a worse
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prognosis (85) since this cell type suppress the immune response
by inhibiting CD8+ T cell effector functions like degranulation,
and production of perforin and granzymes (86). Recent studies
are also highlighting the importance of a mucosal-associated
invariant T cell population (MAIT) that is able to activate and
express cytokines (87) and other effector molecules (88), MAIT
cells seem also to be negatively affected by chronic viral hepatitis
infection (89).

Natural killer cells (NK) account for up to 50% of the
total number of lymphocytes present in the liver. It has been
shown that NK have a protective role in the liver especially
during chronic viral hepatitis infection even though they are
still functionally impaired by HBV and HCV (90). In HCC, it
seems that the NK functionality is also impaired but the use
of genetically modified NK cells in combination with kinase
inhibitors has provided promising results by in vivo models
(91, 92).

Tumor Associated Macrophages (TAMs)

Macrophages are frequently found in tumors and according to
a high number of clinical and experimental data they seem to
promote tumor initiation, progression and even metastasis (93,
94). The mechanism behind the contribution of macrophages
to cancer initiation and progression seems to be caused at
two major steps: initially macrophages secrete inflammatory
molecules like IFN-g, TNF-a and IL-6 in response to chronic
infection or irritation and this chronic inflammation seems to be
causal to tumor initiation (95). Once the tumor is established,
the macrophages switch to an immunosuppressive phenotype
promoting progression and malignancy (94). Moreover, TAMs
support the metastatic process by promoting tumor cell
migration and angiogenesis (94, 96-98). In HCC a role of
infiltrating monocytes and KCs seems to be to drive tumor
progression and metastasis (99). The presence of TAMs is also
associated with increase tumor burden an higher metastasis rate
in both HCC patients and mouse models of liver cancer (100).
In particular the ability of macrophages to secrete cytokines,
chemokines and growth factors seems to be a crucial component
of tumor initiation and proliferation (99, 101). KCs have a pro-
inflammatory function that seems to be particularly important
for HCC initiation (102). At later stages when the tumor is
already established their ability to express PD-L1 and secrete
immunosuppressive cytokines like IL-10 further contribute
to promote tumor progression due to inhibition of effector
lymphocytes like CD8+ T cells (14, 103, 104).

Microenvironment of Metastatic

Deposits in the Liver

As already mentioned the liver receives a massive amount
of blood which may help to explain the transport and
hepatic entry of metastatic tumor cells coming from other
organs of the body. The liver is indeed the main site of
metastasis for several types of cancer, like colon, pancreas,
melanoma, breast cancer, and sarcomas (105). The same cellular
components that play an important role for tumor initiation
and progression of primary liver cancer are also likely to be
involved in facilitating the establishment of metastasis (106,

107). Another cell type that has been recently shown to be an
important player for development of metastasis are marrow-
derived immune cells recruited to the liver. A mouse model
of metastatic pancreatic ductal adenocarcinoma revealed an
interplay between the different cellular types in the liver that
ultimately favored the metastatic deposit formation (108). In
this model, tumor cells secrete exosomes that are taken up by
KCs that then increase TGFb production affecting HSC that
also increase fibronectin production with ultimate recruitment
of bone marrow-derived macrophages. Another study found
that exosomes from pancreatic cell lines able to metastasize
in the liver, contain integrins that can fuse preferentially with
KCs. These data also suggest that exosomes may have a role
in disease progression and specific organ metastasis depending
on the integrins that they contain (109). In general as a
metastatic circulating cell survive the first line of defense offered
by KCs and HSC (110), the liver milieu, rich of growth
factors, proinflammatory molecule such as S100A8, and immune-
suppressive cytokines, favors the formation of pre-metastatic
niches (109, 111-114). In mouse models, NK cells are shown to
play an important role in immune surveillance and prevention or
delay of metastatic formation in the liver (115-117). Cancer cells
are able to escape direct NK cytotoxicity by forming clusters with
other cancer cells (118).

TARGETS FOR THERAPY: CAN WE TILT
THE BALANCE?

As described above the level of complexity of the liver and
liver-cancer microenvironment is very high. Due to the multiple
cellular components, cytokines, chemokines, and physical
disposition around the liver sinusoid, it is unlikely that one single
approach could be able to break the vicious loop of inflammation,
growth stimulation, and immune-tolerance that characterize the
interplay between liver and cancer. Despite this, we believe that
a combined approach of several therapies targeting different
components of the tumor microenvironment may be effective. In
the following sessions the available and potential future therapies
for liver cancer are reviewed.

Target Microenvironment With Drugs

It is possible to specifically block the signaling pathways used by
cancer cells to take advantage of the stroma cells and their growth
stimulation (119). For HCC the two most studied pathways are
the ones that promotes inflammation and angiogenesis (120).
The only approved drug for advanced HCC is Sorafenib, a
multi-kines inhibitor that target VEGFR, Raf-kinase and PDGFR,
but unfortunately its efficacy is limited (121). Other drugs
with similar mechanism of action are currently in experimental
evaluation (122, 123).

Target Microenvironment With Physical
Agents

One curative option for early stage HCC is ablative surgery. If
the tumor is removed completely or the liver is transplanted
there is a chance that the tumor will not come back. Most of
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patients are unfortunately diagnosed at a very late stage when
surgical alternatives are not a possibility anymore (65). Common
ablative procedures like radiation, cryoablation, and trans arterial
chemoembolization (TACE) are also used at a late stage as
palliative treatment. Physically destroying tumor cells may have
the advantage to release tumor-antigens that can be taken-up
by APCs and be cross-presented to T cells. Increased tumor-
specific cytotoxicity has indeed been detected after this type of
therapies (124-126). The potential side effect of this treatment is
that the presence of PD-L1 on most of APCs in the liver could
actually inhibit the tumor-specific T cell response (127) so one
obvious measure would be to combine ablation therapy with
PD-1 blockade treatment (128, 129). This is currently tested in
various clinical trials.

Target Microenvironment With

Immunotherapy
Immune suppression and tolerance are key factors in the
induction, progression and metastasis of cancer in the liver.
It is logical to assume that targeting the immune cells in the
liver, reverting what cause their anergic state, may offer a
solution for cancer treatment. Several immunotherapy trials have
been conducted for HCC with cell therapy (LAK and TIL),
cytokines and check-point inhibitors, dendritic cells vaccines and
combinations of the above (129). The outcomes of these trials
are promising but still not enough to offer a complete remission
for HCC. Possibly, the particular microenvironment of the liver
presents more challenges compared to other epithelial cancers
that were successfully treated by adoptive cell therapy (130-134).
One current promising immunotherapeutic approach is the
use of check-point inhibitors that target PD-1 and CTLA-4
promoting T cell activation (135). Recent clinical trials with the
anti-PD-1 monoclonal antibodies Nivolumab showed promising
anti-tumor activity in some patients with advanced HCC (136).

CONCLUSION

In this review we focused on the interplay within the liver
between non-parechymal phagocytig and APCs, viruses, and liver
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Liver fibrosis is characterized by the excessive accumulation of extracellular matrix (ECM)
proteins and enzymes, especially fibrillary collagens, and represents a major cause of
morbidity and mortality worldwide. Lysyl oxidases (LOXs) drive covalent crosslinking
of collagen fibers, thereby promoting stabilization and accumulation of liver fibrosis
while limiting its resolution. Here we show in a carbon tetrachloride (CCly)-induced
liver fibrosis murine model that treatment with a novel anti-lysyl oxidase like 2 (LOXL2)
neutralizing antibody, which targets extracellular LOXL2, significantly improves fibrosis
resolution. LOXL2 inhibition following the onset of fibrosis accelerated and augmented
collagen degradation. This was accompanied by increased localization of reparative
monocyte-derived macrophages (MoMFs) in the proximity of fibrotic fibers and their
representation in the liver. These cells secreted collagenolytic matrix metalloproteinases
(MMPs) and, in particular, the membrane-bound MT1-MMP (MMP-14) collagenase.
Inducible and selective ablation of infiltrating MoMFs negated the increased “on-fiber”
accumulation of MMP-14-expressing MoMFs and the accelerated collagenolytic activity
observed in the anti-LOXL2-treated mice. Many studies of liver fibrosis focus on
preventing the progression of the fibrotic process. In contrast, the therapeutic mechanism
of LOXL2 inhibition presented herein aims at reversing existing fibrosis and facilitating
endogenous liver regeneration by paving the way for collagenolytic macrophages.

Keywords: liver macrophages, lysyl oxidase like 2 (LOXL2), liver fibrosis, matrix metalloproteinases (MMPs), matrix
metalloproteinase-14 (MMP-14), monocyte-derived macrophages

INTRODUCTION

Liver fibrosis is a dynamic process characterized by increased deposition of extracellular matrix
(ECM). It emanates from chronic liver injury of any etiology, including chronic viral infection,
alcoholic liver disease (ALD), and non-alcoholic steatohepatitis (NASH), a progressive form of
fatty liver disease. The liver is primed to respond quickly to injury by activating regenerative
feed-forward mechanisms after eliminating the cause of injury. Yet, in the case of liver fibrosis,
persistent injury triggers a chronic wound-healing response, leading to the replacement of
parenchymal cells by ECM components. Progressive ECM accumulation gradually generates
cirrhosis, characterized by disruption of the hepatic architecture and subsequent altered blood
flow leading to portal hypertension. Decompensated liver fibrosis may cause further medical
complications including ascites, hepatic encephalopathy, variceal hemorrhage, and an increased
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individual risk of hepatocellular carcinoma (HCC) (1). While
advanced liver fibrosis and cirrhosis have been considered static
and irreversible stages, the current paradigm argues that these
processes are dynamic and potentially reversible that can be
modulated by halting their progression and/or by promoting
their resolution (2).

Collagen crosslinking is a hallmark phenotype and an essential
process in fibrotic matrix stabilization, contributing to fibrosis
progression and limiting its reversibility (3). During fibrosis,
activated hepatic stellate cells (HSCs) transdifferentiate into
proliferative, contractile, fibrogenic myofibroblasts (4). Together
with portal fibroblasts, HSCs secrete large amounts of ECM
proteins, predominantly fibrillar type I and III collagens (4, 5),
as well as enzymes that stabilize these ECM components via
crosslinking (6). Enzymes belonging to the lysyl-oxidase (LOX)
family are responsible for collagen as well as elastin crosslinking
in pathological conditions like fibrosis (3, 7). Particularly in
the liver, crosslinking and overexpression of tissue inhibitors
of metalloproteinases (TIMPs) confer resistance to proteolytic
degradation, thereby promoting excess ECM accumulation and
stability. Among the five variants of the LOX family, lysyl
oxidase-like 2 (LOXL2) has been identified as the primary
enzyme promoting network formation of collagen and elastin
fibers during human and experimental liver fibrosis of various
etiologies (3, 6, 8-10) as well as HCC metastasis (11). Indeed,
previous studies in rodent models have indicated that LOXL2
inhibition can ameliorate liver fibrosis (9, 12), thus highlighting
its therapeutic potential.

Hepatic macrophages are a heterogeneous cell population of
resident self-sustaining phagocytes termed Kupffer cells (KCs)
and monocyte-derived macrophages (MoMFs) recruited from
the circulation to the injured liver (13, 14). Macrophages
were shown to play distinct and opposing roles during liver
fibrosis, having been critically implicated in both pro-fibrogenic
processes and scar-tissue degradation. On the one hand, they
promote fibrosis by secreting pro-fibrotic mediators such as
transforming growth factor beta (TGF-B) and platelet-derived
growth factor (PDGF), and indeed the targeted deletion of liver-
infiltrating Ly6C™ monocytes or inhibition of their recruitment
ameliorates hepatic inflammation and fibrosis (15-20). On
the other hand, it has been shown in mouse models that
macrophages can undergo a phenotypic switch during the
disease process of liver fibrosis. If chronic injury ceases, local
molecular signals trigger the transition of pro-fibrogenic Ly6Ch
monocytes into pro-restorative Ly6C'® MoMFs. These cells
facilitate the resolution of fibrosis by producing specific matrix
metalloproteinases (MMPs) and other proteolytic enzymes like
cathepsins and are capable of both degrading and clearing
fibrotic ECM (18, 19, 21-24). Indeed, depletion of MoMFs during
the resolution phase exacerbates fibrosis (16, 18) while their
augmentation accelerates its resolution (22, 25). Accordingly,
novel strategies to treat liver disease aimed at targeting
macrophages were proposed (26). Yet, with the progression
of liver fibrosis, macrophages fail to engage in reparative
activities. It has been shown in vitro that crosslinking in
collagenous scaffolds limits their degradation by macrophages
(27). Therefore, LOXL2-driven collagen crosslinking during liver

fibrosis may impede the collagenase activity of MoMFs and their
reparative behavior.

Here, we used a novel anti-LOXL2 monoclonal antibody,
GS341, targeting the catalytic site of extracellular LOXL2
enzymes within the tissue. Its administration following the
induction of carbon tetrachloride (CCly)-induced liver fibrosis
was sufficient to accelerate liver resolution by degrading scar
tissue. We show that inhibition of LOXL2-mediated collagen
crosslinking facilitates the arrival of MoMFs expressing a
unique repertoire of collagenolytic MMPs to the proximity of
collagen fibers.

MATERIALS AND METHODS

Animals

The following 8 to 12-week-old mouse strains were used:
C57BL/6] wild-type male mice were purchased from Envigo
Laboratories (Jerusalem, Israel); CxzcrI€?/t male mice
(B6.129P- Cx3crltmlLitt/]) (28) were generously provided by
Prof. Steffen Jung (Weizmann Institute of Science, Israel). All
experiments and procedures were approved by the Weizmann
Institute of Science Animal Care and Use Committee (TACUC
approval no. 33070117-2).

Liver Injury

Hepatic fibrosis was induced by intraperitoneal (i.p.) injections of
CCly (Sigma-Aldrich, Rehovot, Israel) diluted in olive oil (Sigma-
Aldrich, Rehovot, Israel) (0.9 CCly pL1/g), twice a week for 4 weeks
(nine injections in total).

Therapeutic Anti-lysyl Oxidase Like 2 or
Immunoglobulin G Control Antibody
Treatment

In-house designed and generated antibodies (Abs) anti-
LOXL2 (GS341) and anti-glutathione S-transferase [GST,
immunoglobulin G (IgG) control antibody] were purified as
previously described (29), both in the same conditions. Two
weeks after CCly-induced fibrosis, mice were injected with
GS341 or control Ab every other day at a concentration of 10
mg/kg body weight, so that the last injection was given 24 h after
the last injection of CCly (eight injections in total).

MC-21 Administration

Mice received an i.p. injection of 300 l anti-mouse CCR2
mAD (clone MC-21)-conditioned media (29 pg Ab/ml) for four
consecutive days before harvesting the liver tissues.

In situ Zymography

In situ zymography was conducted as previously described
(30). Briefly, unfixed 10 pm frozen mouse liver sections were
incubated with diluted DQ collagen type I (Invitrogen) (diluted
1/50 in developing buffer: 150 mM NaCl, 5mM CaCl,, 100 mM
Tris-HCI pH 7.6, 20 wM ZnCl, 0.05% Brij 35) for 4h at 37°C.
Next, sections were fixed with 4% paraformaldehyde, then
mounting solution (Immu-Mount™ Thermo Scientific) was
added, and slides were covered with a coverslip. The slides were
imaged under a two-photon microscope (2PM:Zeiss LSM 510
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META NLO) or a Nikon Eclipse 80-I fluorescence microscope
equipped with a Nikon digital camera (DXM1200F).

Two-Photon Microscopy, Second

Harmonic Generation Imaging

Stained liver sections were imaged using a two-photon
microscope in a second harmonic generation (SHG) mode: 1.
2PM:Zeiss LSM 510 META NLO, equipped with a broadband
Mai Tai-HP-femtosecond single box tunable Ti-sapphire
oscillator with automated broadband wavelength tuning 700-
1,020nm from Spectraphysics, for two-photon excitation. 2.
Leica TCS SP8 MP in an upright configuration, equipped with a
Chameleon Vision II femtosecond tunable laser (680-1,080 nm)
(Coherent Inc., USA) and an Acusto Optical Tunable Filter
(Leica Microsystems CMS GmbH, Germany). For second-
harmonic imaging of collagen, a wavelength of 800-855nm was
used (detection at 390-450 nm).

Calculating Co-localization of Zymography

and Collagen Signals

Images of collagen fibers and zymography signals were obtained
using a two-photon 2PM:Zeiss LSM 510 META NLO microscope.
Collagen fibers were detected by second-harmonic imaging with
a wavelength of 800-855nm and detection at 390-450 nm. The
zymography signal was excited at 488 nm, and its emission
was detected at 515nm. Analysis of the images was done by
measuring the intensity of the zymography signal overlapping
with the main collagen fiber in the image. Analysis was done with
Image] software.

Cell Line and Culture

The human dermal fibroblast (HDF) cell line was a gift from
the laboratory of Stephen Weiss (University of Michigan, Ann
Arbor, MI). HDF cells were cultured in high-glucose Dulbecco’s
modified Eagles medium (DMEM, Invitrogen) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS,
Invitrogen), 100 U/ml penicillin, and 100 g/ml streptomycin
(Biological Industries). The cells were maintained at 37°C in a
humidified atmosphere containing 5% CO,, and the medium was
exchanged every 2-3 days and passaged after reaching 80-90%
confluence. For ECM synthesis, HDF cells were grown on glass
coverslips in 24-well dishes until reaching contact inhibition.
Then, the medium was replaced and supplemented with 5ng/ml
epidermal growth factor (EGF), 5 pug/ml insulin, and 100 pg/ml
L-ascorbic acid phosphate magnesium salt n-hydrate to induce
ECM secretion, in the presence of phosphate buffered saline
(PBS) or GS341 in PBS (100 ng/.1) for 14 days.

Immunoprecipitation

Magnetic protein G beads (Genescript) were incubated with
GS341 according to the manufacturer’s instructions. The GS341-
coated beads were incubated with a fibrotic 48 h liver tissue
lysate for 1 h at room temperature. Pellet beads were obtained by
magnet separation rack and then were washed three times with
PBS. The immunoprecipitation complex was eluted by adding
90 I of elution buffer (Thermo-Scientific) directly to the beads

followed by 5-min incubation. pH neutralization was performed
by adding 10 pl of 1 M Tris-HCI pH 8.

Histopathological Fibrosis Scoring and

Calculation of Collagen Coverage Area

Liver samples were fixed with 4% paraformaldehyde, paraffin
embedded, sectioned, and stained with Sirius red. Sirius red-
covered areas were analyzed and quantified by Image]J software:
for all images, color de-convolution of FastRed FastBlue 3,3’
diaminobenzidine (DAB) was applied. Then, for each red image,
a suitable threshold was applied, and Analyze Particles plugin
was used to detect the collagen-covered area. Blind grading of
liver fibrosis severity was performed by a trained pathologist
based on the Ishak histopathological scoring method (31). In
brief, fibrosis was scored as 0 (no fibrosis), 1 (some portal tracts
expanded), 2 (most portal tracts expanded), 3 (most portal tracts
expanded, =+ links), 4 (marked bridging, P-P and P-C links), 5
(marked bridging, occasional nodules, incomplete cirrhosis), and
6 (cirrhosis, probable or definite).

Quantitative Real-Time PCR

Liver were homogenized using a bead beater
homogenizer. Total RNA was isolated using the PerfectPure RNA
Tissue Kit (5 Prime GmbH) according to the manufacturer’s
protocol. RNA was reverse transcribed using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems Inc.).
qRT-PCR was performed using SYBR Green PCR Master Mix
(Applied Biosystems inc.) on an ABI 7300 instrument (Applied
Biosystems). Values were normalized to the Tbp or Rplp0
housekeeping genes. Primer sequences are listed in Table 1
below. Data are presented as mean fold change using the
2-ACT method (32). The standard error of the mean (SEM) was
calculated on the 27ACT data, as was the statistical analysis.

tissues

De-cellularization of Liver Tissues

Samples were incubated in a de-cell solution with 3% Triton-100
(6h, 25°C) and then in a de-cell solution with 0.4% Triton-100
overnight at 4°C [de-cell solution: 1.5M NaCl, 50 mM Tris pH
8, 50 mM EDTA, protease inhibitor cocktail (Roche)]. Samples
were washed three times in ddH, O and then incubated with 0.5%
sodium deoxycholate (60 min, 25°C) to remove lipid remaining.

TABLE 1 | Primer sequences used for gRT-PCR.

Gene Forward Reverse

Mouse tbp 5'-GAAGCTGCGGTAC 5'-CCCCTTGTACCCT
AATTCCAG-3 TCACCAAT-3'

Mouse rplp0 5 -TCCAGCAGGTGTT 5 -CCATCTGCAGACA
TGACAAC-3' CACACT-3'

Mouse acta2 5 -GTCCCAGACATCAG 5'-TCGGATACTTCAGC
GGAGTAA-3' GTCAGGA-3

Mouse col1al 5'- GCTCCTCTTAGG 5'-CCACGTCTCACC
GGCCACT-3' ATTGGGG-3

Mouse timp1 5'-CGAGACCACCTTA 5 -ATGACTGGGTGTA
TACCAGCG-3' GGCGTA-3
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Samples were washed again three times in ddH,O and stored at
4°C until use.

Scanning Electron Microscope

De-cellularized mouse liver tissues were fixed using fixative buffer
(4% paraformaldehyde, 2% glutaraldehyde in 0.1 M cocodylate
buffer with 5mM CaCl, pH 7.4) overnight at 4°C. The fixed
samples were incubated with 1% uranyl acetate for 30 min in the
dark and then dehydrated through increasing concentrations of
ethanol ranging from 30 to 100%. Samples were subsequently
dried in a critical point dryer and gold sputtered for imaging
by a scanning electron microsope (SEM) (Ultra 55 Feg; ZEISS).
Fibrotic fiber thickness from high-resolution SEM images was
measured. For each image, fibers were randomly chosen and
measured using Image] software. As this is a continuous model
of fibrosis, we assume new fibers are always being formed;
therefore, fibers under thickness of 25 m were omitted from
total calculation.

Cell Isolation for Flow Cytometry and Mass
Cytometry

Mice were sacrificed, and their livers were harvested after
perfusion with PBS via the left ventricle. Livers were weighed,
minced into small fragments, and incubated in shaking for
45min at 37°C with 1ml PBS (with Mgtt and Ca™™)
containing 0.5 mg/ml collagenase type IV (Sigma-Aldrich,
Rehovot, Israel) and 0.1 mg/ml DNase I (Roche). Digested tissue
was filtered and mashed with a syringe plunger through a 250-
WM nylon sieve in FACS buffer [PBS, 2% fetal calf serum (FCS),
2mM ethylenediaminetetraacetic acid (EDTA)] to mechanically
dissociate the remaining tissue. This was followed by three cycles
of washing with FACS buffer at 30 g, each time taking only the
supernatant, while omitting the non-leukocyte cell pellet. The
supernatant cell pellet was then centrifuged at 390 g, and the
pellet cells were lysed for erythrocytes using a red blood cell lysis
buffer (Sigma-Aldrich, Rehovot, Israel) (2 min, 25°C).

Flow Cytometry

The following anti-mouse Abs were used: CD45 (clone 30-F11),
CD11b (clone M1/70), Ly6C (clone HK1.4), Ly6G (clone 1A8),
CX3CR1 (clone SA011F11), CD64 (clone X54-5/7.1), MHCIIL
(clone M4-114.15.2)—all purchased from BioLegend (San Diego,
USA). Anti-mouse F4/80 (clone A3-1) was purchased from
BIORAD. Anti MMP-14 was purified in-house from hybridoma
cells of LEM-2/15 (33). The cells were incubated with Abs for
30 min in FACS buffer (dark, 4°C) and then washed once with
FACS buffer. Cells were analyzed with BD FACSCanto™ II
(BD Bioscience). Flow cytometry analysis was performed using
Flow]Jo software (TreeStar, Ashland, OR, USA).

Mass Cytometry (cyTOF)

Subsequent to the cell isolation procedure, cells were stained
according to a previously published protocol (34). Individual
mice cell suspensions were stained with 0.125uM Cell-ID
Cisplatin for viability and fixed using Maxpar® Fix I Buffer.
Samples were then permeabilized using Maxpar® Barcode
Perm Buffer and then barcoded using the Cell-ID™ 20-Plex
Pd Barcoding Kit, allowing us to join samples for antigen

TABLE 2 | List of antibodies used in the mass cytometry analysis.

Name Product Provider Isotope conjugation
Anti-human/mouse 3160012 FLUIDIGM 160Gd-FLUIDIGM
CD45R/B220

Anti-mouse CD11c 3142003 FLUIDIGM 142Nd-FLUIDIGM
Anti-mouse TER-119 3154005 FLUIDIGM 154Sm-FLUIDIGM
Anti-mouse Ly-6C 3162014 FLUIDIGM 150Nd-FLUIDIGM
Anti-mouse Ly-6G 3141008B FLUIDIGM 141Pr-FLUIDIGM
Anti-mouse CD64 3151012 FLUIDIGM 151Eu-FLUIDIGM
Anti- mouse F4/80 3159009 FLUIDIGM 159Tb-FLUIDIGM
(BMS8)

Anti-mouse CD45 3089005 FLUIDIGM 89Y-FLUIDIGM
Anti-mouse CD3e BLG-100345 Biolegend 153Eu-FLUIDIGM
(maxpar ready)

Anti-mouse CX3CR1 3164023 FLUIDIGM 164Dy-FLUIDIGM
(SAO11F11)

Anti-mouse I-A/I-E 32090068 FLUIDIGM 209Bi-FLUIDIGM
(M5/114.15.2)

Anti-mouse CD11b 3143015 FLUIDIGM 143Nd-FLUIDIGM
Anti-MMP-9 ab38898 Abcam 149Sm-Home made
Anti-MMP-14 ab51074 Abcam 156Gd-Home made

staining. Abs used for staining are listed in Table2 below.
Before analyzing, the cell suspension was incubated with Cell-
ID Intercalator Iridium for 20 min. Cells were analyzed with a
cyTOF2® mass cytometer (Fluidigm). Results were normalized
and debarcoded using fluidigm cyTOF software (35). Gating
and further analysis of the CyTOF results were done with
Flow]Jo software.

Immunofluorescence Staining

Frozen Section

Liver samples embedded in OCT were cross-sectioned (10 pm)
on glass microscope slides. Sections were fixed with PBS 4%
paraformaldehyde (PFA) for 20min at 25°C. Samples were
blocked in PBS, 20% normal horse serum, and 0.2% Triton x-
100 (20 min, 25°C) and then incubated with a primary Ab in
PBS, 2% normal horse serum, and 0.2% triton (overnight, 4°C).
Samples were then washed three times in PBS and incubated with
a secondary antibody (60 min, 25°C). Next, they were mounted in
a mounting medium.

Paraffin-Embedded Sections

Liver samples were fixed with PBS 4% PFA, paraffin embedded
and sectioned (4 wM). Slides were de-paraffinized using Wcap
solution (Bio optica, Milano, Italy) (75°C, 20 min). Antigen
retrieval was performed in 0.1 M EDTA, pH 8.0 (Diagnostic
BioSystems, CA, USA) using a pressure cooker (125°C, 3 min),
followed by washes with worm ddH,O. Samples were blocked in
PBS, 20% normal horse serum, and 0.2% Triton X-100 (20 min,
25°C) and then incubated with primary Ab in PBS, containing 2%
normal horse serum and 0.2% Triton X-100 (60 min, 25°C). Next,
samples were washed three times in PBS and incubated with a
secondary antibody (60 min, 25°C) and mounted in a mounting
medium. Primary Abs: anti-GFP antibody (ab6673, Abcam),
anti MMP-14 (ab51074, Abcam), TIMP1 (ab86482, Abcam). For
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MMP-14 staining, the samples were incubated with a biotin
antibody (711-065-152, Jackson ImmunoResearch) following the
incubation of the first Ab. Then, a cy3-streptavidin (016-160-084,
Jackson ImmunoResearch) was used as a secondary Ab. TIMP1
staining was done following in situ zymography after the sections
were fixed with 4% PFA.

Tissue Extraction and Western Blotting
Frozen liver tissues were washed in PBS, homogenized in
RIPA lysis buffer (EMD Millipore, Burlington, MA, USA)
with a protease inhibitor (Roche, Basel, Switzerland) using a
hand homogenizer, and centrifuged (14,000 g, 15min, 4°C).
Supernatants were then resuspended in a sample buffer [200 mM
Tris pH 6.8, 40% glycerol, 8% sodium dodecyl sulfate (SDS),
100mM dithiothreitol (DTT), 0.2% bromophenol blue] and
boiled for 5min. Tissue extracts were then subjected to SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred
onto polyvinylidene fluoride (PVDF) membranes by electro-
blotting. Membranes were blocked in Tris-buffered saline
with Tween 20 (TBST) buffer (200mM Tris pH 7.5, 1.5M
NaCl, 0.5% Tween 20) and 2% bovine serum albumin (BSA,
60 min, 25°C) and then incubated with the corresponding
primary Ab (60 min, 25°C), washed three times with TBST
and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (60min, 25°C). Quantification of the
band intensities was performed using the Image] analysis
tool. Abs used in this study: LOXL2 (ab179810, Abcam),
LOX (ab ab174316, Abcam), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, sc-25778, Santa Cruz). Secondary Abs
(both anti-rabbit and mouse) conjugated to HRP were purchased
from Jackson ImmunoResearch (cat No.111-001-003 and 115-
001-003, respectively). Abs were used at the manufacturer’s
recommended dilution.

Analysis of Macrophages/MMP-14

Distance From Collagen Fibers

Z-stack images of liver sections were obtained with a Leica TCS
SP8 MP microscope. Collagen fibers were detected by second
harmonic imaging with a wavelength of 855 nm and detection at
390-450 nm. The macrophage signal [green fluorescent protein
(GFP)] was excited at 488 nm, and its emission was detected at
515nm. The MMP-14 signal (cy3) was excited at 561 nm, and
its emission was detected at 570-590 nm. Analysis of the images
was done as follows: in Imaris software, surfaces were created
for the main fiber in the image (omitting the surrounding short
fibrils) and for the macrophages/MMP-14, both with a suitable
threshold. A dilate surface of 15 um and distance transformation
map around the main fiber surface were created in order to
analyze the distance of the macrophages/MMP-14 from the
main fiber. Finally, the total macrophages/MMP-14 volume at a
distance of <15 pum from fiber was normalized to the volume of
the fiber 15 wm dilate surface.

Statistical Analysis

Data were analyzed by unpaired, two-tailed t-test to compare
between two groups or by one-way ANOVA to compare several
groups. After the null hypothesis was rejected (p < 0.05),
Tukey’s Honestly Significant Difference or Dunnett tests were

used for follow-up pairwise comparison of groups in the one-way
ANOVA. Data are presented as mean =+ SEM; values of p < 0.05
were considered statistically significant (*P < 0.05, **P < 0.01,
#%P 2 0.001).

RESULTS

Collagenolytic Activity of Matrix
metalloproteinases During the Recovery
Phase of Carbon Tetrachloride-Induced

Liver Fibrosis

Understanding the naturally occurring collagenolytic events in
the fibrotic liver necessitates a reproducible model of reversible
hepatic fibrosis. Hence, we have utilized a spontaneously
reversible murine model of liver fibrosis based on repeated
challenges with CCly. C57BL/6 mice received nine i.p. injections
of CCly over the course of 4 weeks. Liver tissue was then
harvested 24, 48, 72, and 120 h after the last injection (Figure 1A).
Comparison was made with age-matched uninjured livers from
mice injected with vehicle (oil) only. Analysis of Sirius red
staining, which stains for fibrillary collagen, revealed fibrosis
peaks ~24h after the last injection, manifested by bridging
fibrosis (collagen fibers connecting at least two portal triads) and
septa formation (Figures 1B,C). Early regeneration took place
after 72h and at 120 h, when a substantial reduction in fibrosis
(area covered by collagen) had already occurred (Figures 1B,C).
Several groups have shown that a myriad of ECM remodeling
enzymes are elevated during liver fibrosis, including ECM-
degrading enzymes such as MMPs. However, their contribution
to the pathogenesis of liver fibrosis or its resolution remains
controversial (36, 37). We therefore investigated the localization
and kinetics of collagenolytic MMPs following the cessation of
CCly administration by testing their in situ activity. To this
end, non-fixed liver samples were treated with a fluorogenic
collagen substrate that emits a fluorescent signal upon its in
situ digestion by endogenous MMPs. At the peak of fibrosis
(24 and 48h), collagenolytic enzyme activity was demonstrated
only at the area surrounding the collagen fibers. However, at
72-120h, the collagenolytic activity of MMPs was associated
with the collagen fibrils as depicted by the co-localization of
the zymographic signal with the second harmonic generation
(SHG) signal (Figures 1B,D). These results highlight that access
of natural collagen-degrading enzymes to the fibrotic scar
commences at 72-120 h following termination of CCly treatment.

GS341 Relaxes Collagen Packaging in vitro
and Specifically Targets Lysyl Oxidase Like

2 in the Fibrotic Liver

Targeting specific stages of collagen assembly during liver fibrosis
presents a great challenge due to the involvement of various
crosslinking enzymes in the multistep, hierarchical process of
collagenous matrix buildup. LOXL2 plays a critical role in
collagen crosslinking during liver fibrosis development, with
its inhibition linked with reduced liver fibrosis (9, 12). Here,
we used a novel anti-LOXL2 monoclonal antibody (mAb)
developed in our lab, GS341, which targets the catalytic site of
the enzyme (29). Grossman et al. (29) have previously shown
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FIGURE 1 | Matrix metalloproteinase (MMP)-governed collagenolytic activity naturally appears at the resolution phase of carbon tetrachloride (CCly)-induced fibrosis.
(A) Schematic representation of the liver fibrosis model. inj, injection. (B) Representative images of Sirius red stain (top) and in situ zymography (bottom) of samples
collected from mice sacrificed at different time points after the last (ninth) injection of CCls or oil control (Sirius red scale—250 pm; zymography scale—50 um).

(C) Sirius red quantification by calculating the fraction of collagen-covered area. Analysis was done using Imaged software (n = 4). (D) Representative images of livers
excised from CCls-injected mice at the peak of fibrosis (24 h) and recovery phase (120 h). Zymography signal (green) and collagen signal by second harmonic
generation (SHG, red) were obtained using two-photon microscopy (scale—50 um) (n > 2). The co-localization of the zymography and collagen signals were quantified
by measuring the intensity of the zymography signal that overlapped with the main collagen fiber in the image. Data were analyzed by one-way ANOVA with Dunnett
post hoc comparison. Results are presented as mean + SEM with significance: “p < 0.05, **p < 0.001. Data in (A-D) represent a single experiment.

that GS341 changes the natural alignment and diameter of
collagen fibers in vitro as well as in vivo in a breast cancer
model. In agreement with these previous results (29), we found
that LOXL2 inhibition by GS341 in a native fibroblast-derived
three-dimensional (3D) matrix in vitro system alters the natural
alignment of fibrillary collagen (Figure 2A). In addition, ECM
scaffolds treated with GS341 were significantly thinner than the
control (Figure 2B). Next, in order to verify the specificity of
the GS341 mAb within the fibrotic liver, immunoprecipitation
(IP) was conducted (Figure 2C). GS341 specifically precipitated
LOXL2 from the lysate and not LOX (Figure 2C). Altogether,

these results display the specificity of GS341 toward LOXL2 in the
fibrotic liver and its ability to interfere with collagen alignment
and packaging.

Inhibition of Lysyl Oxidase Like 2-Mediated
Collagenous Matrix Remodeling
Ameliorates Hepatic Fibrosis

We further investigated the ability of GS341 to ameliorate
existing progressive fibrosis. Accordingly, mice on the CCly
regimen started after 2 weeks to receive either GS341 or an IgG
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Lower panel: Representative fiber directionality analysis plots depicting the frequency of fibers in a specific orientation. Analysis was done using Imaged software. (B)
The thickness of the in vitro native fibroblast-derived 3D matrix treated with GS341 or PBS. (C) Immunoprecipitation (IP) of fibrotic liver lysate with GS341. Beads
conjugated with GS341 were incubated with a fibrotic liver lysate, and the eluted fraction was tested in Western blot against commercial anti-LOX and LOXL2
antibodies (lane 1 in each membrane). LOX and LOXL2 recombinant proteins (lane 2) served as positive controls. IP, immunoprecipitation; r, recombinant. Data were

analyzed via an unpaired, two-tailed t-test. Results are presented as mean + SEM with significance: *p < 0.05. Data in (A=C) represent one single experiment.

control mAb every other day (eight injections in total), with the
last treatment given 24 h after the last CCly injection (Figure 3A).
Analyses were performed at 48h after the last CCly injection.
This time point is at the peak of the inflammatory/fibrotic
phase, while resolution and “on fiber” collagen degradation
activity has not yet begun (Figures 1B-D). Sirius red staining
revealed a significant reduction in the collagen-stained area
in mice following GS341 compared to control Ab treatment
(Figures 3B,C; Figure S1A). Blind grading of liver fibrosis
severity performed by a trained pathologist based on the Ishak
histopathological scoring method (31) showed that mice treated
with GS341 exhibited a significantly improved fibrotic score
mainly due to reduced bridging scar tissue between portal
tracts (Figure 3D). We have repeated this experiment, this time
looking at 24 h following the last CCLy4 injection, to examine the
cumulative effect of GS341 on collagen accumulation. Sirius red
staining revealed a significant reduction in collagen-stained area
in the GS341 group (Figures S1B,C). Interestingly, QRT-PCR of
liver tissue 24 h post treatment revealed no difference between
the GS341-treated and control groups in the gene expression
of key fibrotic elements, including collagen type-I (Collal),
alpha-SMA (Acta2), and tissue inhibitor of metalloproteinases 1
(Timp1) (Figure 3E), suggesting that LOXL2 inhibition in this
model and under this treatment regimen does not directly affect
the fibrotic activity of HSCs. Following up on the observation
that LOXL2 inhibition affected collagen morphology in vitro
(Figures 2A,B), we assessed its effect on collagen arrangement
and assembly in vivo. High-resolution SEM analysis of de-
cellularized 3D ECM scaffolds extracted from GS341- and control
Ab-treated livers 48h after the last CCly injection uncovered

major changes in the morphology and arrangement of collagen
fibers (Figure 3F). While collagen fibers in the control livers
displayed a tightly packed structure of linear fibrils, those in the
GS341-treated livers assumed a looser, disoriented structure with
gaps between the fibrils (Figure 3F). A significant reduction in
average collagen fibril diameter was observed in control (37 nm)
vs. GS341 (33 nm)-treated groups (Figure 3G). Interestingly,
reduced levels of both LOXL2 and LOX were observed in the
GS341-treated livers, indicating that inhibition of extracellular
LOXL2 downregulates both collagen cross-linkers (Figure 3H).
Overall, these results demonstrate that inhibition of LOXL2
using our novel active-site neutralizing mAb reduces the amount
of fibrotic collagenous matrix in liver fibrosis and modifies its
arrangement and assembly.

Lysyl Oxidase Like 2 Inhibition Turns
Collagen Fibers More Accessible to

Macrophages

The ameliorating effects of LOXL2 inhibition on the collagen
coverage area, fibrotic score (Figures 3B-D), and morphology
(Figures 2A,B, 3F-G) prompted us to further explore whether
attenuation of LOXL2-governed crosslinking renders collagen
fibers more accessible and amenable to degradation. Innate
immune cells, especially macrophages, play distinct roles during
liver fibrosis but bear the potential to resolve it upon termination
of liver injury (16, 18, 19, 21-24). We hypothesized that LOXL2-
governed crosslinking makes collagenous matrix less accessible
to macrophages and their collagenolytic MMPs. Therefore, we
examined the localization of macrophages in livers of Cxscr18?/+
transgenic reporter mice (28) subjected to CCly-induced liver
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FIGURE 4 | Inhibition of lysyl oxidase like 2 (LOXL2)-governed extracellular matrix (ECM) crosslinking paves the way for macrophages to the fibrotic fibers.
CX3CR19/+ transgenic reporter mice subjected to carbon tetrachloride (CCls)-induced liver fibrosis and, after 2 weeks, to treatment with GS341 or a control
antibody (Ab). Livers were excised 48 h following the last CCly injection, stained with anti-green fluorescent protein (GFP) antibody, and then two-photon microscopy
imaging was used for the mutual detection of CX3CR1-GFP expression and the second harmonic generation (SHG) signal at the portal tract fibrotic area. (A) Upper
panel: representative images of the distribution of CXzCR1-GFP* monocyte-derived macrophages (MoMFs) (green) near collagen fibers (red) in GS341- and control
Ab-treated mice; yellow arrows indicate CXzCR1-GFPT MoMFs adjacent to the fibers; scale—50 wm. Lower panel: representative images of Imaris analysis for
quantification of the distance of infiltrating CX3CR1-GFP* MoMFs from the fiber. CX3CR1-GFP+ MoMFs are color coded according to their distance from the fiber;
yellow arrows indicate CX3CR1-GFP* macrophages adjacent to the fibers; scale—50 um. (B) Quantification of the CXsCR1-GFP* signal’s volume within 15 um from
the fiber normalized to the total collagen fiber volume; scale—50 wm (n > 5). (C) Imaris images showing that macrophages adjacent to the fiber are wrapping the fiber
and embracing its shape; scale—10 um. (D) Representative flow cytometry images showing the gating strategy used to identify MoMFs
(CD45+CD11b*LyBG~CXgCR1+LyBC°F4/80tCD64* MHCII*) and a summarizing graph showing their frequency normalized to tissue mass (g) at 48 h following
CCls-induced liver fibrosis. KC, kupffer cells; Neut, neutrophils; MoMFs, monocyte-derived macrophages. Data were analyzed by an unpaired, two-tailed t-test.
Results are presented as mean + SEM with significance: “o < 0.05, **p < 0.01. Data in (A,B) represent a single experiment, and data in (D) represent three
independent experiments.
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at 48h) and SHG signaling (collagen fibers) at the portal
tract fibrotic area. Forty-eight hours following the last CCly
injection, there was a significant increase in the representation
of CX3CR1-GFPT Ly6CM monocytes or their MOMF progenies
in the vicinity of fibrotic collagen fibers in GS341-treated mice
(Figure 4A). This was further calculated by the fraction of
CX3CR1-GFP™ MoMF cell volume within a radius of 15um
from the collagen fiber out of the total collagen fiber volume
(Figure 4B). Interestingly, the macrophages adjacent to the fiber
wrapped the fiber and embraced its shape (Figure 4C). Moreover,
GS341-treated mice also exhibited increased representation of
MoMFs in their livers (Figure 4D), suggesting that in the absence
of LOXL2 activity, the liver is more attractive or passable for
Ly6CM monocytes.

Ly6C" Monocytes and Their
Monocyte-Derived Macrophage
Descendants Express a Unique Repertoire
of Collagenolytic Matrix-Degrading

Enzymes

Intact fibrillar collagen can only be cleaved by a subset of MMPs
(i.e., MMP-1, MMP-8, MMP-13, and MMP-14) (37) and by
other proteases, such as cathepsin K (39). Given that inhibition
of LOXL2-governed buildup of collagenous matrix during liver
fibrosis facilitates the arrival of CX3CR1T Ly6CM monocytes
and their MoMF progenies in the vicinity of fibrous collagen
fibers (Figure4), we investigated whether this macrophage
subset expresses MMPs that can potentially degrade collagen
fibers. To assess the expression of collagenolytic MMPs in
these cells, we revisited available gene expression databases. In
a model of reversible CCL4-induced liver fibrosis similar to
the one used here, gene expression profiling has been done
on liver infiltrating CX3CR1% Ly6CM monocytes at the necro-
inflammatory phase (24 h) and their MoMF progenies at the early
resolution phase (72 h) (18). In the original paper, the expression
of some collagenolytic MMPs was noted in MoMFs. Here, we
revisited this database to further elaborate the full repertoire
of collagenolytic matrix enzymes expressed by these cells. We
found that Ly6C™ monocytes upregulate the expression of MMP-
13 (Mmp13) and downregulate that of MMP-8 (Mmp8) upon
differentiation into pro-restorative MoMFs (Figure 5A). Both
expressed pronounced levels of the membrane-type 1 (MT1-
MMP) (Mmp14) (Figure 5A). Remarkably, MT1-MMP (MMP-
14) is known to efficiently degrade fibrillary collagens in vivo.
Similar results were obtained in a model of acetaminophen-
induced liver injury (AILI) which included, in addition to
Ly6CM monocytes and MoMFs, the gene expression profiling
of resident KCs (14). Accordingly, gene expression profiling of
liver infiltrating CX3CR1*+ Ly6CM monocytes during the necro-
inflammatory phase (24h) and of resident CX3CR1~ KCs and
CX3CR1™ MoMFs during the resolution phase (72h) revealed
that Ly6C" monocytes had higher levels of MMP-8 but lower
levels of MMP-13 and similar levels of MMP-14. KCs expressed
lower levels of all these MMPs (Figure 5B). Cathepsin K gene
expression (Ctsk) was upregulated upon the differentiation of
Ly6CM monocytes into MoMFs at the resolution phase of both
CCly-indcued fibrosis (Figure 5A) and AILI (Figure 5B). Elastin

is another ECM protein linked to liver fibrosis progression,
and macrophage-derived MMP-12 was shown to mediate
its degradation during experimental liver fibrosis (23). We
found that Ly6CM monocytes profoundly upregulate MMP-
12 gene expression (Mmpl2) subsequent to their conversion
into the reparative MoMFs at the resolution phase of both
CCly-induced fibrosis (Figure 5A) and AILI (Figure 5B). The
expression of membrane-bound MMP-14 by Ly6CM monocytes
and MoMFs was especially intriguing, as most studies emphasize
the importance of secreted MMPs like MMP-8,—9,—12, and—13
in reducing liver fibrosis (18, 19, 21-23). The enhanced co-
localization of CX3CR1T MoMFs with fibrotic collagen fibers
as a consequence of GS341 treatment (Figure 4) suggests that
MMP-14 under these conditions may obtain accessibility to
degrade the scar tissue. Hence, we examined the expression
pattern of MMP-14 in the fibrotic liver by performing mass
cytometry (cyTOF) analysis at the peak of CCly-induced fibrosis
(48h). Out of the total MMP-14* cells in non-parenchymal
enriched liver cells, ~90% were CX3CR1"T macrophages. In
contrast, gating on MMP-9, another enzyme with collagenolytic
properties, revealed that its expression mostly originates from
neutrophils (~70%) but to some degree also from CX3;CR1™
macrophages (20%) (Figure 5C). Flow cytometry analysis further
confirmed the expression of MMP-14 mainly in MoMFs (defined
as CD11bTLy6G~CX3CR1TLy6Cl® CD64™), while other innate
immune cell populations present in the portal triad fibrotic area,
such as Ly6CM monocytes and neutrophils, were mostly negative
(Figure 5D). Interestingly, MoMFs from GS341-treated livers
express higher levels of MMP-14 than those isolated from control
Ab-treated livers (Figure 5E). Immunostaining of Cxzcr18h/+
liver sections further demonstrated increased accumulation of
CX3CR1-GFP* MoMF cells co-expressing MMP-14 in GS341-
treated livers (Figure 5F). Recently, single-cell transcriptomic
analysis of human liver in healthy and cirrhotic states uncovered
the existence of scar-associated macrophages (SAMs), which
were defined as analogous to MoMFs in mouse liver injury
models. These cells, marked by the expression of TREM2 and
CD9, expanded in the fibrotic niche and displayed a pro-
fibrogenic phenotype (40). Data mining into their available
gene expression dataset revealed the expression of MMP-14
among various parenchymal and non-parenchymal lineages
mainly by mononuclear macrophages (MPs) and endothelial
and epithelial cells. Among the MP populations, the main
subpopulation expressing MMP-14 was SAMs (Figure S2).
Collectively, these results outline that CX3CR1™ MoMFs express
a myriad of secreted and membrane-bound collagen- and
elastin-degrading enzymes.

Ly6Ch" Monocytes and Their
Monocyte-Derived Macrophage
Descendants Drive Collagen Degradation
in GS341-Treated Fibrotic Livers

Given that Ly6sCM monocytes and MoMFs express distinct
collagenolytic MMPs (Figure5), we conducted a spatially
scar-resolving activity-based assay for collagen degradation
by performing in situ zymography using fresh liver tissue
sections. Using this technique, we monitored the localization
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FIGURE 5 | Fibrotic macrophages express different collagenolytic matrix metalloproteinases (MMPs) in injured liver. (A) Mmp8, Mmp12, Mmp13, Mmp14, and Cstk
gene expression in sorted Ly6C" monocytes and monocyte-derived macrophages (MoMFs) 24 and 72 h following carbon tetrachloride (CCly)-induced fibrosis,
respectively, as extracted from the ArrayExpress database (www.ebi.ac.uk/arrayexpress, accession no. E-MEXP-3177). Their expression was normalized
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FIGURE 5 | to the expression of the adipocyte marker Adipoq, which served as a background expression level (0 = 3). (B) Mmp8, Mmp12, Mmp13, Mmp14, and
Cstk gene expression in sorted Ly6C" monocytes 24 h following acetaminophen-induced liver injury (AILI) and in sorted Kupffer cells (KCs) and MoMFs 72 h post AlLL.
Data were extracted from our existing database (GSE55606). Their expression was normalized to the expression of the adipocyte marker Adipog, which served as a
background expression level. Black asterisks indicate a significant difference from KCs at 72 h. Gray asterisks indicate a significant difference between Ly6C"
monocytes at 24 h and MoMFs at 72 h. (C) cyTOF analysis of livers following CCls-induced liver injury. Mice were injected three times with CCls without any treatment,
after which livers were excised 48 h following the last CCly injection. Presented are plots depicting the gating strategy and analysis of neutrophils and macrophages
percentage from total MMP-14+ or MMP-9% cells (n = 3). (D) Representative flow cytometry images showing the expression of MMP-14 in liver infiltrating neutrophils
(CD11b*LyBGtCXgCR1-CD64 ™), LyBCM monocytes (CD11b*Ly6G~ CX3CR1*LyBC"CDB4), and MoMFs (CD11b*Ly6G~CX3CR1+Ly6C°CD64t) 48 h following
CCly-induced liver fibrosis. (E) Mean fluorescent intensity (MFI) expression of MMP-14 in MoMFs as depicted by flow cytometry analysis. (F) Representative images

displaying the localization of CX3CR1-GFP™ MoMFs (green) and MMP-14 (red) in GS341- and control Ab-treated mice. White arrows indicate co-localization of
CX3CR1-GFP* and MMP-14 signals. Mono, monocyte; Neut, neutrophils; MoMFs, monocyte-derived macrophages. Data were analyzed using an unpaired,
two-tailed t-test (A,C,E) or one-way ANOVA with Tukey’s Honestly Significant Difference post hoc comparison (B). Results are presented as mean + SEM with
significance: *p < 0.05, *p < 0.01, and **p < 0.001. Data in (A-F) represent a single experiment.

of fibrillary collagen-degrading enzymes in liver sections
of mice treated with the fragment antigen binding (Fab)
moiety of GS341 or with control (PBS™/7) at the peak of
the fibrotic phase (48h). In the control group, collagenase
activity (zymographic signal) exhibited minor co-localization
with collagen fibers and was mostly distributed around them
(Figure 6A). In sharp contrast, in the GS341-Fab-treated
livers, collagenase activity co-localized with the collagen fibers
(Figure 6A), resembling the collagenolytic activity displayed at
the resolution phase of CCLg4-induced liver fibrosis (120h)
(Figure 1D). Moreover, immunostaining for the endogenous
MMP inhibitor TIMP1, a marker of liver fibrosis, together with
zymographic analysis of collagenase activity demonstrated that
GS341 treatment promotes the disengagement of collagenase
activity from TIMP1, while moving toward the fibrotic scar
area (Figure 6B). We could not detect any difference in the
expression of TIMP1, TIMP2, or MMP-2 in whole liver lysates
treated with GS341 or control Ab at 48h (Figure S3). To
further dissect the contribution of Ly6CM monocyte-derived
MoMFs to this accelerated “on fiber” collagenase activity, we
took advantage of the anti-CCR2 MC-21 antibody, which
selectively depletes blood-circulating Ly6C*CCR2% monocytes
and thus prevents their infiltration to the injured liver
(14, 38). Accordingly, in some of the GS341-treated mice,
MC-21 was administered following the last CCly injection.
Indeed, the inducible ablation of CX3CR1T Ly6CM monocytes
and their MoMF descendants eliminated the accelerated
and augmented collagenolytic activity adjacent to, or on
fibrotic fibers observed following LOXL2 inhibition (Figure 6C).
Importantly, simultaneous imaging of both MMP-14 and
collagenous matrix revealed higher expression of MMP-14
around the fibrillary collagen in the GS341-treated liver
compared to the control, and these MMP-14-expressing cells
were cleared by MC-21, confirming their Ly6CM monocyte
ontogeny (Figure 6D). Further calculation of the vicinity of
MMP-14 and the collagen fiber (up to a radius of 15um)
revealed its higher proximity in the GS341-treated group, which
was eliminated following MC-21-induced ablation of MoMFs
(Figure 6E). Altogether, these results suggest that CX3CRI™
MoMFs gain greater accessibility to fibrotic fibers by virtue of
LOXL2 inhibition, where they can use their unique repertoire
of secreted and membrane-bound MMPs to degrade the
fibrotic fibers.

DISCUSSION

Liver fibrosis-associated morbidity and mortality are
progressively increasing worldwide, with no successful anti-
fibrotic treatment available to date. Several reports implicate
LOXL2 in ECM buildup and stabilization during liver fibrosis
through crosslinking of structural proteins such as type I and
II collagens and elastin (3, 6, 8-10). The development and
accumulation of crosslinked fibers stabilize the fibrotic scar
produced during the process of liver injury, rendering it more
stable and therefore more resistant to degradation by matrix-
degrading enzymes. Liver macrophages are very plastic and
display opposing functions during liver fibrosis. A great deal of
research has been invested in trying to prevent their pro-fibrotic
behavior, while other therapeutic approaches have focused
on elucidating switches that can promote and augment their
reparative activity (26). Yet, with the progression of liver fibrosis,
macrophages fail to resolve the formed scar tissue. The results
presented here generate a direct link between LOXL2-governed
ECM crosslinking and the impaired accessibility and scar-
degrading activity of Ly6C™ monocyte-derived MoMFs in the
context of liver fibrosis. In this respect, therapeutic inhibition of
extracellular LOXL2 activity in livers with preestablished fibrosis
interferes with collagen packaging, rendering it more accessible
to infiltrating Ly6C" monocyte-derived MoMFs, which uniquely
bring to the fibrotic scar a set of membrane-bound and secreted
collagen- and elastin-degrading enzymes. We especially outline
here the provision by these cells of MMP-14 collagenase, which
as being membrane tethered, depends upon the proximity and
accessibility to collagen fibers.

Studies trying to understand the biochemical changes affecting
fibrosis irreversibility have pinpointed LOXL2 as a key fibrogenic
enzyme in liver fibrosis of various etiologies (3, 6, 8-10). In
one study, the benefit of concurrent treatment with an allosteric
anti-LOXL2 mAb (AB0023) in a reversible model of CCLy-
induced liver fibrosis was assessed (9). AB0023 improved mouse
survival and significantly reduced portoportal and portocentral
bridging fibrosis, as well as the representation of a-SMA™
myofibroblasts in the portoportal septa (9). Yet, it remained
unclear whether delayed LOXL2 neutralization would be as
effective in the settings of preestablished biliary and non-biliary
fibrosis. In this respect, in a follow-up study (12), delayed AB0023
treatment during progression (7-12 weeks) of thioacetamide
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FIGURE 6 | Ly6C" monocytes and monocyte-derived macrophages (MoMFs) facilitate collagen degradation following lysyl oxidase like 2 (LOXL2) inhibition.
(A) Representative images of in situ zymography of fragment antigen binding (Fab)-treated and control livers 48 h after the last carbon tetrachloride (CCly) injection.
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FIGURE 6 | Spatial localization differences are demonstrated in collagen type I-degrading enzymes in Fab-treated livers compared to control [n = 5,
green-zymography; red—second harmonic generation (SHG); scale—50 um]. (B) Representative images of in situ zymography and tissue inhibitor of metalloproteinase
(TIMP)1 staining of Fab-treated and control livers 48 h after the last CCl, injection. (C) Representative images of in situ zymography of GS341- and GS341+
MC-21-treated mice 48 h after the last CCl, injection (green-zymography; red-SHG; scale—50 um). (D) Representative SHG images of 48 h liver samples treated with
control antibody (Ab)/GS341/GS341+MC-21 Abs stained with MMP-14 antibody (scale—50 wm). (E) Quantification of the MMP-14 signal volume within 15 wm from
the fiber, normalized to the total collagen fiber volume (n = 3). Data were analyzed by one-way ANOVA with Dunnett post hoc comparison. Results are presented as
mean £+ SEM with significance: *p < 0.05, **p < 0.01. Data in (A-E) represent a single experiment.

(TAA)-induced fibrosis significantly reduced histological signs
of bridging fibrosis. AB0023 treatment also promoted fibrosis
reversal, with enhanced splitting and thinning of fibrotic septa,
and a 45% decrease in collagen area 4 weeks after recovery
from established TAA fibrosis (12). Furthermore, in two mouse
models of biliary fibrosis, AB0023 similarly achieved significant
anti-fibrotic efficacy and suppressed the ductular reaction, while
hepatocyte replication increased (12).

Although these studies clearly associate between LOXL2
inhibition and reduction in hepatic collagen levels, mechanistic
comprehension of this anti-fibrotic effect remains largely elusive.
On one hand, LOXL2 may perpetuate fibrotic responses via HSC
activation. Supporting this is the finding that exposure of both
HSCs and portal fibroblasts in culture to increased mechanical
tension on artificial polyacrylamide promotes their transition
to myofibroblasts (41). Moreover, increased liver stiffness as a
result of LOX-governed collagen crosslinking precedes fibrosis
and potentially drives the HSC-myofibroblast transition (42).
An additional mechanism was offered in an elegant study by
the Popov group showing that blockage of LOXL2 by AB0023
can directly promote the differentiation of EpCAM™ hepatic
progenitor cells (HPCs) toward regenerative hepatocytes, rather
than fibrogenic ductal cell lineage commitment (12). LOXL2
expression by HPCs further suggests possible intracellular effects
for this enzyme in determining the differentiation fates of
these cells. Moreover, conditioned medium from HSC cultures
promoted the growth of K19% cholangiocytes from HPC cells
and was likewise inhibited by AB0023. Therefore, the authors
suggested that in the setting of fibrosis, autocrine/paracrine
LOXL2 may favor HPC differentiation toward fibrogenic
cholangiocytes. We present here an additional disease-modifying
scheme. We show that LOXL2-governed collagen crosslinking
limits scar degradation by liver-infiltrating, scar-destroying
MoMFs. Previously, our lab demonstrated a role for LOXL2
in mediating morphological changes to collagen fibers in vitro
and in vivo in a breast cancer model (29). Fibers grown in the
presence of our novel active site anti-LOXL2 mAb (GS341) grow
thinner and lose their directionality. Here we show for the first
time, using high-resolution imaging, that inhibition of LOXL2
under conditions of progressive liver fibrosis changes the spatial
organization of the fibrotic fibers. The resultant loosening of
collagen assembly paves the way for the arrival of CX3CR1"
Ly6CM monocyte-derived MoMFs, which can now degrade the
unraveled collagen and facilitate liver regeneration.

A previous study performed in a model of TAA-induced
experimental liver fibrosis has explored the specific contribution
of LOX and LOXL2 to fibrotic matrix stabilization utilizing
specific blocking mAbs (M64 and AB0023, respectively) (12).

Of these, only LOXL2 inhibition reduced the levels of insoluble
collagen, a marker for collagen crosslinking. Here, we have used
advanced high-resolution SEM imaging to uncover the effects
of LOXL2 inhibition on collagen assembly in situ in a different
model of liver fibrosis. Our results indicate reduced collagen
packaging following treatment with GS341, suggesting indeed
that LOXL2 is a key mediator of collagen remodeling during
experimental liver fibrosis.

The increased matrix rigidity, which presumably accompanies
LOXL2-mediated collagen crosslinking, may have direct
implications on the migration and behavior of macrophages.
Macrophages express mechanosensors such as integrins that
can sense the ECM in their vicinity and transmit force from the
extracellular environment via their interaction with numerous
cytoskeletal and signaling proteins (43). Moreover, collagen
and its digestion products can act as chemotactic stimuli
for monocytes and macrophages (44, 45). Macrophages also
adapt their migration mode to the matrix architecture and
the biophysical parameters of the collagenous matrix (46).
For example, fibrillar type I collagen favors an amoeboid
migration mode, while denser 3D collagen I matrices promote
a mesenchymal migration mode of human monocyte-derived
macrophages (47). Nevertheless, the effects of the fibrotic
matrix in general, and LOXL2-mediated modification of
collagenous matrix in particular, on liver Ly6C" monocytes and
MoMF migration and intra-hepatic motility have so far been
overlooked. We show here that inhibition of LOXL2 activity
during progressive liver fibrosis leads to increased accumulation
of MoMFs within the liver parenchyma, particularly in the
vicinity (up to 15u) of fibrotic collagen fibrils. Some of these
macrophages actually adopt the shape of the collagen fiber while
wrapping it. MoMFs may be actively attracted to the liver due
to cues emanating from the exposure of buried epitopes as a
result of the morphological changes in collagen fibers inflicted by
LOXL2 inhibition, which favors collagen degradation by utilizing
a membrane-bound effective protease. Alternatively, the reduced
stiffness of the tissue may allow their easier entry into the liver.
These options warrant further in-depth elucidation. In addition,
a dense collagenous matrix may also dictate the behavior of
MoMFs. Indeed, monocytes and macrophages grown on a
collagen-rich matrix exhibit increased proliferation and acquire
an alternatively activated M2 polarization state (48-50). Our
results demonstrate accelerated collagen-degrading activity by
MoMFs following LOXL2 inhibition and specifically increased
expression of MMP-14. Further studies are required to determine
whether MoMFs can directly sense collagenous matrix and to
characterize the molecular reprogramming they are subjected
to in the absence vs. presence of LOXL2-governed collagen
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remodeling. Overall, these results suggest that extracellular
LOXL2-governed collagen remodeling impedes the arrival of
these reparative macrophages to the sites of fibrosis, providing a
possible mechanistic explanation for the failure of these cells to
resolve scar tissue in settings of advanced fibrosis.

Gene expression analyses supported by mass and flow
cytometry data and immunostaining revealed here that Ly6Ch!
monocytes acquire a unique repertoire of scar-degrading
enzymes upon differentiating into reparative MoMFs. These
include secreted MMPs, such as MMP-12 and—13. These
results are in agreement with previous studies (18, 19, 21-24).
Yet, we also show that CX3CR1T™ MoMFs uniquely express
the membrane-bound MMP-14 gene and protein and that its
expression by MoMFs is increased by LOXL2 inhibition. This
inhibition leads to increased proximity of MoMFs to fibrous
collagen fibers, which may provide access for membrane-based
MMP-14 to facilitate focal collagen proteolysis. In human
cirrhotic livers, MMP-14 expression is profoundly elevated
in comparison with normal liver tissue. It is also increased
during experimental CCL4-induced fibrosis, and its expression
persists at the resolution phase (51). Yet, the involvement of
MMP-14 in the pathogenesis and resolution of liver fibrosis
remains so far ambiguous. Studies in a model of liver ischemia—
reperfusion injury have indicated a role for MMP-14 in
facilitating macrophage infiltration into the injured liver via
interactions with fibronectin (52). Therefore, there may be a
connection between the increased representation of MoMFs in
GS341-treated livers and their higher expression of MMP-14.
MMP-14 may also participate in the activation of MMP-13 (53),
which is expressed by MoMFs as well.

Emerging evidence indicates that various cells composing the
fibrotic niche can produce matrix cross-linkers belonging to
the LOX family. Originally, HSCs and portal fibroblasts were
noted as the major sources of LOXL1, LOXL2, and LOXL3.
LOXL4 is widely expressed, while LOX in the normal liver
appeared to be expressed primarily by hepatocytes and portal
fibroblasts (6). As mentioned before, HPC cells can also produce
LOXL2 and react to it in an autocrine and paracrine manner
(12). Using immunoprecipitation assays, we show that GS341
specifically binds LOXL2. Yet, GS341 treatment reduces the
protein expression levels of both LOXL2 and LOX collagen cross-
linkers. Further studies are required to explain how inhibition of
LOXL2 activity downregulates the production of LOX. In a recent
study, single cell RNASeq transcriptomic profiling in human
cirrhotic patients has actually detected the expression of both
LOX and LOXL2 in the CD34TPLVAPTVWA1" endothelial cell
(EC) population, which expands in cirrhotic liver tissue and was
found to be restricted to the fibrotic niche (40). The fact that these
cells also express the fractalkine chemokine CX3CL1 (40) argues
for their possible interaction with CX3CR1*T MoMFs. Using the
gene expression dataset in this study, we show here that the
expression of MMP-14 in human cirrhotic livers is associated
with SAMs among MPs but is also expressed by ECs and epithelial
cells, all constituents of the fibrotic niche. These results highlight
that better comprehension of the LOXL2 and MMP-14 producing
cells within the fibrotic niche is important for elucidating their
pathophysiological crosstalk in the cirrhotic liver. For example,

one may argue that in the context of progressive fibrosis, LOXL2
production by ECs and/or myo-fibroblasts within the fibrotic
niche turns the collagen scar less accessible for degradation by
MMP-14 expressed on SAMs.

It is worth noting that the proteolytic activity of MMPs can be
regulated at multiple levels, including transcription, conversion
from zymogen to active enzyme, compartmentalization and
restraining by endogenous inhibitors such as TIMPs. Therefore,
when judging the pathophysiological relevance of MMP
expression in MoMFs, their collagenase activity has to be verified.
In this respect, by using a spatially resolving activity-based
assay for collagen degradation, we identified that collagen type
I-degrading enzymes, such as MMPs, are already produced
and active during the course of fibrosis progression and at
the fibrosis peak (24-48h). Nevertheless, their activity was not
localized to the collagen fibers but rather to cells around the
fibrotic areas and portal triads. Only during the regeneration
phase (72-120h), the zymographic activity of collagen type I
degradation co-localized with the fibrotic collagen fibers, i.e.,
the bridging fibrotic fibers. Importantly, we show that delayed
LOXL2 inhibition during the course of CCL4-induced fibrosis is
sufficient to accelerate the appearance of this regeneration-like
phenotype of co-localization already at the peak of fibrosis (48 h),
concomitantly with uncoupling from the endogenous MMP
inhibitor TIMP1. This “on fiber” transition of collagenase activity
is diminished by the inducible ablation of Ly6C™ monocytes and
their MoMF descendants. Therefore, these results highlight that
MoMFs are the primary source for collagen-degrading enzymes
following LOXL2 inhibition.

As mentioned above, preclinical studies with the
allosteric anti-LOXL2 AB0023 mAb have proved its efficacy
in ameliorating biliary and non-biliary fibrosis (9, 12).
Unfortunately, a humanized IgG4 monoclonal antibody against
LOXL2, Simtuzumab® (Gilead Sciences SA), has failed so far to
achieve a significant clinical benefit in patients with idiopathic
pulmonary fibrosis (54), NASH (55, 56), or primary sclerosing
cholangitis (57). Various factors may explain this failure to
translate the overall positive preclinical results to the clinic: first,
rodent models exhibit higher reversibility of liver fibrosis than
do humans, especially with respect to patients suffering from
cirrhosis and portal hypertension. Second, other compensatory
pathways can drive collagen crosslinking, including other
LOX isoforms and tissue transglutaminases. Third, there may
be genetic and epigenetic changes in human patients that
affect fibrosis progression and regression. We demonstrate
here the use of a novel anti-LOXL2 mAb that directly targets
the catalytic site of this enzyme, but its translational potency
remains elusive. Moreover, we provide a new mechanistic
view of how LOXL2 inhibition encourages the arrival of
reparative MoMFs. Therefore, it will be extremely important
in the future to delineate the molecular programs that favor
macrophage restorative vs. pathological activity in liver fibrosis.
In addition, immunotherapies that aim to enhance MoMF
levels and/or reparative activity are already being clinically
pursued (58, 59) and could have a synergistic effect with the
anti-LOXL2 mAD presented here on the recovery process from
liver fibrosis.
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Hepatic Macrophages in Liver Injury
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Ample evidence suggests that hepatic macrophages play key roles in the injury and repair
mechanisms during liver disease progression. There are two major populations of hepatic
macrophages: the liver resident Kupffer cells and the monocyte-derived macrophages,
which rapidly infiltrate the liver during injury. Under different disease conditions, the tissue
microenvironmental cues of the liver critically influence the phenotypes and functions
of hepatic macrophages. Furthermore, hepatic macrophages interact with multiple cells
types in the liver, such as hepatocytes, neutrophils, endothelial cells, and platelets. These
crosstalk interactions are of paramount importance in regulating the extents of liver
injury, repair, and ultimately liver disease progression. In this review, we summarize the
novel findings highlighting the impact of injury-induced microenvironmental signals that
determine the phenotype and function of hepatic macrophages. Moreover, we discuss
the role of hepatic macrophages in homeostasis and pathological conditions through
crosstalk interactions with other cells of the liver.

Keywords: Kupffer cells, monocyte-derived macrophages, liver injury, microenvironmental cues, cellular crosstalk

INTRODUCTION

Hepatic macrophages, consisting of liver resident Kupffer cells (KCs) and monocyte-derived
macrophages (MoM¢s), play a central role in maintaining homeostasis of the liver as well
as contributing to the progression of acute or chronic liver injury (1). Kupffer cells are the
most abundant tissue macrophages in mammalian bodies, accounting for 80-90% of total tissue
macrophages (2). In the liver, KCs are distributed along the hepatic sinusoids, preferentially near the
periportal areas (3). In the healthy liver, a small number of MoM¢s are located mainly in the portal
triad areas (4, 5). In mouse, KCs and MoM¢s can be distinguished by their differential expression
of certain cell surface markers. Kupffer cells are defined as CD11b°", F4/80", C-type lectin domain
family 4 member F, CD68*, and CX3C chemokine receptor 1 (CX3CR1)™ (6, 7). MoMas are
CD11b*, F4/80", Ly6C*, macrophage colony-stimulating factor 1 receptor (CSFIR)*. Human
KCs are not as well-characterized and normally identified as CD68™ cells (8). Human MoMds are
normally identified as CD14™, CC-chemokine receptor 2 (CCR2)™" cells (Table 1) (8, 9).

A salient function of macrophages is to remove pathogens and dead cells (3). In a healthy liver,
KCs constantly phagocytose aged erythrocytes, neutrophils, and effector CD8' T cells, thereby
maintaining homeostasis within the liver (10-12). Monocyte-derived macrophages are also able to
phagocytose dead endothelial cells and maintain integrity of vasculature under normal condition
(13). The phagocytosis function of macrophages and its contribution to liver homeostasis and
disease have been recently highlighted in an excellent review (14). Aside from phagocytosis,
macrophages act as antigen-presenting cells and regulate adaptive immune responses. It is known
that KCs play a central role in inducing immune tolerance to innocuous antigens that reached
the liver from the intestine (15). In contrast, MoM¢s that are recruited into the liver lose
the tolerogenic phenotype and instead contribute to antigen-specific proinflammatory immune
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TABLE 1 | Difference between KCs and MoM¢s.

KCs

MoM¢s

Origins Fetal liver-derived erythromyeloid progenitors
Location
CD11b%, F4/80", Clec4F*, CD68*, CX3CR1~
cDhes*

Cell surface markers in mice
Cell surface markers in humans
Functional differences

leukocyte recruitment

Along the hepatic sinusoids, preferentially near the periportal area

Induce immune tolerance to innocuous antigens; defend against
pathogens; sense alterations in tissue integrity and maintain tissue
homeostasis; orchestrate tissue repair after injury; facilitate

Circulatory monocytes from bone marrow-derived haematopoietic
stem cells

Mainly in the portal triad of the healthy liver

CD11b*, F4/80", Ly6C*, CSF1R*

CD14%, CCR2*

Contribute to anti-bacterial responses; replenish KCs after injury;
co-existence of subsets with opposing functions of
pro-inflammatory and anti-inflammatory; pro-fibrogenic and
anti-fibrogenetic

KCs, Kuppfer cells; MoMges, Monocytes-derived macrophages;, CD11b, cluster of differentiation molecule 11B; Clec4f, C-type lectin domain family 4 member f; CX3CR1, CX3C
chemokine receptor 1; CSF1R, Colony-stimulating factor 1 receptor; CCR2, Chemokine (C-C motif) receptor 2.

responses (Table 1) (16). During liver injury, a large number
of circulating monocytes infiltrate into the liver and further
differentiate into MoMés (17). Injury-induced modulations of
the liver tissue microenvironment, such as soluble mediators
released by activated/stress cells and accumulation of dead
cells, influence the phenotypes of both KCs and MoMds
and determine their involvement in aggravation of liver
injury or restoration of liver functions (6, 16, 17). Under
healthy and disease conditions, we call any signals received
from local microenvironment and prompted functional
differentiation of hepatic macrophages as microenvironmental
signals. Understanding how microenvironmental signals affect
the heterogeneity of hepatic macrophages and how hepatic
macrophages interact with other cells during liver injury is
instrumental not only in gaining basic knowledge but also
in designing therapeutic strategies to treat liver diseases. In
this review, we summarize the latest findings about specific
environmental signals that impact the phenotype and function
of hepatic macrophages and discuss the functions of hepatic
macrophages in healthy and diseased liver through interacting
with other cells.

ORIGIN OF HEPATIC MACROPHAGES

The recent development and improvement of research tools
have allowed us to gain novel insights into the origin
of hepatic macrophages. Contrary to the notion that KCs
are originated solely from bone marrow-derived circulating
monocytes (18), recent evidence suggests that KCs are mainly
derived from yolk sac erythromyeloid progenitors (EMPs).
Erythromyeloid progenitors colonize the fetal liver at E8.5
and give rise to macrophage precursors (pMacs) at E9.5
in a CX3CR1-dependent manner. A distinct transcriptional
programming involving the upregulation of DNA binding 3
(Id3) is important in the further differentiation of pMacs into
KCs (19). With regard to the maintenance of tissue-resident
macrophages including KCs, an interesting “niche competition”
model has been put forth. This model proposes that bone
marrow—derived circulating monocytes and EMPs have an
almost identical potential to develop into KCs and that they
compete for a restricted number of niches. However, during

liver development, the majority of liver niches are taken by
EMPs and few by monocytes. At steady state, the niches in
liver are self-maintained and tightly controlled by specific Maf
transcription repressors and enhancers (20). However, when
a significant number of KCs die or depleted experimentally,
circulating monocytes have been shown to contribute to the
KCs pool, suggesting that circulating monocytes have the
potential as their embryonic counterparts to develop into
KCs (21-23).

Monocyte-derived macrophages are derived from circulatory
monocytes, which are developed from bone marrow-resident
hematopoietic stem cells (23). Hematopoietic stem cells first
differentiate into common lymphoid progenitors and then
into granulocyte-monocyte progenitors (24, 25). Granulocyte—
monocyte progenitors further give rise to common monocyte
progenitors (cMoPs) under the regulation of macrophage CSF-1
(26). Eventually, cMoPs differentiate into circulatory monocytes.
These distinct steps of hepatic stellate cell (HSC) differentiation
into monocytes are tightly regulated by a number of transcription
factors and epigenetic DNA methylation mechanisms (23). In
mice, there are two subsets of monocytes in the liver: Ly6C™ and
Ly6Cl°" monocytes. The Ly6CP monocytes can differentiate into
Ly6C'°" monocytes, which can further differentiate into MoMds
(27, 28). In humans, the CD14"CD16~ and CD14~CD16"
monocytes correlate with Ly6CM and Ly6Cl°" monocytes in
mice, respectively (29).

IMPACT OF TISSUE
MICROENVIRONMENTAL FACTORS ON
HEPATIC MACROPHAGES

Irrespective of the cellular origins of hepatic macrophages,
they differentiate into different phenotypes depending on
the stimulatory signals in the tissue environment (30). In
disease conditions, there are two major types of stimulatory
signals (Table 2), including danger-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs).

Danger-associated molecular patterns are a diverse group
of molecules including nucleic acid in various conformations
(e.g., single-/double-stranded RNA or DNA), nuclear proteins
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TABLE 2 | Microenvironment in the liver.

Examples Reported in liver diseases References
DAMPs HMGB-1 AILL, I/R injury, NASH (31-36)
HSP-70 AlLI (37, 38)
Bile acids Cholestatic liver disease (39-43)
Histones I/R injury (44)
FFAs NASH (45)
mtDNA NASH (45)
PAMPs Bacteria-derived products, e.g. LPS ALD, NASH (46-49)
Hepatitis virus, e.g. HBV, HCV, HEV Hepatitis virus infection (50-52)
Phagocytosis of cellular debris Apoptotic cells LPS/D-gal-induced hepatitis, CCL4-induced (53-55)

liver fibrosis, ALD

DAMPs, danger-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; HMGB-1, high mobility group box 1; HSP-70, heat shock protein 70; FFAs, free
fatty acids; mtDNA, mitochondrial DNA; LPS, Lipopolysaccharides; HBV, hepatitis B virus; HCV, hepatitis C virus; HEV, hepatitis E virus; AlLl, Acetaminophen-induced liver injury; I/R,

Ischemia/Reperfusion; NASH, Non-alcoholic steatohepatitis; ALD, Alcoholic liver disease.

[e.g., high mobility group box 1 (HMGB1)], cytosolic proteins
[e.g., heat shock protein 70 (HSP-70)], purine nucleotides [e.g.,
adenosine triphosphate (ATP)], or mitochondrial compounds
(e.g., mtDNA, N-formyl peptides). Danger-associated molecular
patterns are recognized by pathogen recognition receptors
(PRRs), which are expressed on hepatic macrophages and can
activate the cells (56, 57). These PRR receptors include Toll-like
receptors (TLRs), nucleotide-binding oligomerization domain-
like receptors (NLRs), and retinoic acid-inducible gene 1-
like receptors (56). Danger-associated molecular patterns play
a critical role in activating macrophages during sterile liver
injury, which can be caused by a variety of stimuli, such as
overdose of acetaminophen (APAP), cholestatic obstruction,
excess accumulation of free fatty acids (FFAs), or hepatic
ischemia, and reperfusion (I/R) (31, 58). The release of DAMPs
is common in these situations, and it may be an active process
from viable or dying cells, or a passive process leaking out from
necrotic cells (56).

In APAP-induced liver injury (AILI), hepatocyte damage leads
to the release of HMGBI1, which activates KCs to produce
proinflammatory cytokines and chemokines (31). High mobility
group box 1 is a nuclear-binding protein that can function as
a DNA chaperone in nucleus, sustaining autophagy in cytosol
and DAMP molecule outside the cell (32). High mobility group
box 1-deficient mice show less inflammation and neutrophil
recruitment post-APAP treatment when compared to their
wild-type counterparts (31, 33). Mice lacking the receptor
for advanced glycation end products, a receptor for HMGBI,
on bone marrow-derived cells display a similar phenotype
as the HMGBI-deficient mice (31, 33). Together, these data
indicate that HMGBI1 activates KCs and contributes to AILI
(31, 33). Aside from HMGBI1, HSP-70 has also been reported
to be released by necrotic hepatocytes during AILI (37).
Heat shock protein 70 is an important component of cellular
machinery, facilitating protein folding, but also an inducible
stress-response protein that can undergo translocation to the
cell surface or is released into the extracellular milieu during
cellular stress or necrotic death (38). Heat shock protein 70

can stimulate macrophages to promote immune response and
inflammation (37).

Similar to the necroinflammatory injury pattern in AILL,
cholestatic liver disease is also characterized by hepatocytes
necrosis (59). Lesions in bile duct canaliculi cause an increase
of bile acids, which result in liver injury, but appear to
drive KCs into anti-inflammatory state (39, 59). Bile acids
can bind to G-protein-coupled bile acid receptor (TGRS5),
which is expressed on hepatic macrophages (40). Activation
of TGR5 in macrophages reduces proinflammatory cytokines
while maintaining anti-inflammatory cytokines (41). The anti-
inflammatory effect of TGR5 on macrophages is mediated by
inhibiting nuclear factor kB and JNK signaling pathways and
NLRP3 inflammasome (41, 43).

Hepatic I/R injury is another example of sterile tissue injury
in which DAMPs are released. It is reported that after I/R injury
hepatocytes actively secrete HMGBI, which binds to TLR4 and
activates KCs (34). In addition to HMGBI, other DAMPs, such
as histones, DNA fragments, ATP, and mitochondrial reactive
oxygen species (ROS), also activate KCs via different PRRs,
such as TLR9 (recognizing histones) (44), TLR3 (recognizing
RNA) (60, 61), TLR4 (recognizing HSP-70) (62), and nucleotide-
binding domain leucine-rich repeat containing family pyrin
domain containing 3 (NLRP3) (recognizing ATP) (63, 64).
As a result, KCs secrete ample proinflammatory cytokines to
exacerbate I/R injury (65).

Non-alcoholic steatohepatitis (NASH) is characterized by
steatosis with tissue injury and inflammation (35). Increased
accumulation of fat in hepatocytes leads to lipotoxicity, which
induces apoptotic and necrotic death of hepatocytes with
concomitant release of DAMPs, such as HMGB1 and FFAs
(35). Released HMGBI activates KCs via TLR4 as in other liver
injury cases (35, 36). Free fatty acids decrease the mitochondrial
membrane potential and subsequently induce mtDNA release
from the mitochondria to the cytoplasm (45). Released mtDNA
causes NLRP3 inflammasome activation in KCs, which further
promotes the production of proinflammatory interleukin 1p
(IL-1B) (45).
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Pathogen-associated molecular patterns include pathogen-
specific polysaccharides, lipoproteins, and nucleic acids. They
bind to PPRs expressed on hepatic macrophages and trigger
inflammatory activation of these cells (66). In alcoholic liver
disease (ALD), excess chronic ingestion of alcohol increases
gut permeability and causes translocation of bacteria-derived
products, such as lipopolysaccharides (LPSs), from the gut to
the liver (67). Lipopolysaccharide binds to CD14 in association
with TLR4 on KCs to initiate proinflammatory signaling (46).
Numerous studies have demonstrated that KCs play a central
role in alcohol-induced inflammation and injury of the liver
(27, 28). Kupffer cells produce cytokines such as tumor necrosis
factor o (TNF-a) and free radicals to promote ALD (68, 69).
In addition to KCs, MoM¢s can be differentiated from the
circulating monocytes that are recruited into the liver as a result
of the inflammatory response during liver injury (28). Two types
of MoMds (Ly6C" MoMds and Ly6CM MoMds) have been
reported to coexist in the liver of mice after chronic alcohol
feeding. The Ly6Cl°™ MoMgs exhibit restorative phenotype,
whereas Ly6CM MoMgs exhibit proinflammatory phenotype.
A large dose of alcohol binge after chronic alcohol feeding
enhances liver inflammation and injury with an increased ratio
of Ly6CM/Ly6C®" MoM¢. Moreover, Ly6CM MoM¢ switches
to Ly6Cl" MoM¢ upon phagocytosis of apoptotic hepatocytes.
Taken together, KCs and MoM¢ are involved in the pathogenesis
of ALD (27, 28, 70).

Whereas, translocation of LPS from the gut lumen to portal
circulation in ALD may result from direct alcohol toxicity to
intestinal epithelium (67), increased exposure to intestinal LPS
has also been considered in the pathogenesis of NASH (71).
Increased levels of LPS in the portal circulation have been
observed during NASH development (72). The role of LPS-TLR4
signaling in non-alcoholic fatty liver disease (NAFLD) has been
demonstrated in a number of studies (47). Toll-like receptor
4 expression on KCs is elevated both in patients with NASH
and mice fed with methionine-choline-deficient diet (47, 48).
Depletion of KCs by clodronate liposomes significantly reduced
TLR4 expression and steatohepatitis (47). Together, endotoxin
appears to play an important role in NAFLD through TLRs
on KCs, particularly TLR4. However, the function of MoM¢ in
response to endotoxin during NAFLD remains unclear.

Hepatitis virus infection is a leading cause of chronic
liver diseases (49). Hepatitis B virus (HBV) modulates liver
macrophage functions to favor viral replication and survival.
These modulations include reduced production of antiviral
cytokine IL-1p and enhanced levels of immunosuppressive IL-
10 (73). Hepatitis C virus (HCV) can enter KCs through
phagocytic uptake. Subsequently, viral RNA triggers myeloid
differentiation primary response gene 88 (MyD88)-mediated
TLR7 signaling to induce IL-1f expression. Hepatitis C virus
uptake concomitantly induces a potassium efflux that activates
the NLRP3 inflammasome and promotes the secretion of
activated IL-1p. Interleukin 1f produced by KCs contributes to
HCV disease severity (74). It has also been reported that the
function of monocytes/macrophages is impaired in pregnant
patients with hepatitis E virus (HEV)-induced acute hepatitis
(50). Toll-like receptor 3 and TLR7 expressions are reduced, and

MyD88 downstream molecules, IRF3 and IRF7, are decreased
in macrophages from these patients (50). The macrophage
phagocytic activity and Escherichia coli-induced ROS production
are significantly impaired in macrophages from HEV patients
as well (50). These data suggest that the impact of viruses on
hepatic macrophages could result in immune suppression and/or
inflammation and tissue damage.

Phagocytosis of Dead Cells

A salient function of macrophages is to remove dead cells and
cellular debris, which is a key initial step in resolving tissue
inflammation and promoting tissue repair from injury. It has
been widely reported that phagocytosis of dead cells triggers
transcriptional reprogramming of macrophages to switch from a
proinflammatory to an anti-inflammatory and tissue restorative
phenotype. For example, it is shown that the membrane-
bound transforming growth factor p (TGF-B) on apoptotic
cells can trigger KCs to produce IL-10, which suppresses the
proinflammatory immune response in a mouse model of LPS/D-
galactosamine-induced hepatitis (51, 52). In a mouse model
of ALD, it is reported that phagocytosis of cellular debris
triggers hepatic macrophages to switch from proinflammatory
to an anti-inflammatory phenotype (28). Similarly, in a
mouse model of carbon tetrachloride-induced liver fibrosis,
phagocytosis of cellular debris induces Ly6CM proinflammatory,
profibrotic MoM¢s to differentiate into antifibrotic macrophages
(52). The restorative macrophages are the most abundant
subset in the liver during maximal fibrosis resolution and
represent the predominant source of matrix metalloproteinases.
Moreover, it has been demonstrated that phagocytosis of necrotic
hepatocytes by macrophages activates Wnt ligand secretion,
thereby promoting liver regeneration (53).

In summary, the particular function of KCs and MoM¢ is
tightly regulated by microenvironmental signals, such as DAMPs
and PAMPs. The same signals may play a similar role in different
liver diseases; for example, HMGBI1 released by hepatocytes
triggers KC activation in AILI, I/R, and NASH, indicating similar
functions of macrophages in various liver diseases (32-34, 37, 54,
56, 58, 75, 76). In certain liver diseases, such as NAFLD and ALD,
DAMPs and PAMPs coexist to regulate macrophage functions
(35, 56, 77, 78) However, more studies are warranted to better
understand the differential functions of KCs and MoM¢s in a
given disease situation.

COMMUNICATION BETWEEN HEPATIC
MACROPHAGES AND OTHER CELLS IN
THE LIVER

There are five major cell types in the liver including
hepatocytes, biliary epithelial cells (cholangiocytes), liver
sinusoidal endothelial cells (LSECs), KCs, and HSCs (66, 79).
Hepatocytes account for roughly 80% of the liver’s mass (79),
and they perform a number of vital functions, including
protein synthesis, detoxification, and metabolism of lipids
and carbohydrates (79). Cholangiocytes are another type
of epithelial cells in the liver, lining the lumen of the
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TABLE 3 | The crosstalk of hepatic macrophages with other cells in the liver.

Interacted cell types  Roles of hepatic macrophages in interaction Reported in liver diseases References
KCs Hepatocytes KCs activate Notch signaling in hepatocytes ICC 81)
Hepatocytes KCs are essential for proliferation of liver progenitor cells Choline-deficient, (82)
ethionine-supplemented
diet-mediated liver injury
Hepatocytes KCs trigger hepatocytes senescence ALD (83)
Hepatocytes KC are activated by hepatocytes-derived extracellular vesicles ALD (84, 85)
HSCs KCs activate HSCs and modulate fibrogenic responses in HSCs Liver fibrosis (86, 87)
HSCs KCs secrete IFN-y to induce apoptosis of HSCs Liver fibrosis (88)
HSCs HSCs induce KCs differentiation and decrease its cytokine secretion Liver fibrosis (89)
LSECs KCs are essential for LSECs’ uptake of hyaluronic acid In vitro culture (90)
MoM¢s KCs produce CCL2 to recruit MoMd¢s Amodiaquine-induced liver injury 91)
Neutrophils The production of TNF-a and TGF-B by KCs is promoted by Cholestatic liver injury, 92, 93)
neutrophil-secreted IL-17; Express adhesion molecules to recruit neutrophils LPS-induced liver injury
NKT cells KCs produce IL-18 to recruit and activate NKT cells Alcoholic steatosis (94)
CD4* T cells KCs produce ROS, IL-6 and TNF-a to recruit CD4* T cells. Hepatic I/R injury (95)
T cells KCs produce IL-10, TGF-8, ROS, IDO, PGE2/J2 to induce and maintain T cell  Liver transplantation, HBV (96-101)
tolerance or apoptosis infection, in vitro culture
CD8* T cells KCs prime CD8* T cells to differentiate into effector cells to kill viruses HBV infection
Platelets KCs promote adhesion of platelets on the KCs to encase the bacteria and Bacteria infection in the liver
facilitate anti-bacterial responses
MoM¢s cholangiocytes MoMés release IL-6 to promote the proliferation of cholangiocytes Cholestatic liver disease (102, 103)
cholangiocytes MoM¢s are recruited by cholangiocytes-derived osteopontin and MCP-1 Partial Hepatectomy (104)
LSECs LSECs are activated by MoMds Partial Hepatectomy (105)
NKT cells MoM¢s promote NKT cells over-activation and cell death NAFLD (106)
NKT cells MoM¢s produce IL-12 to activate NKT cells, which inhibits liver regeneration Partial hepatectomy (107)

KCs, Kuppfer cells; MoMds, Monocytes-derived macrophages; LSECs, liver sinusoidal endothelial cells; HSCs, hepatic stellate cells; NKT cells, natural killer T cell; IFN-y, Interferon-
gamma; CCL2, chemokine (C-C motif) ligand 2, TNF-«, tumor necrosis factor alpha; TGF-B, transforming growth factor beta; IL-17, interleukin 17; IL-18, interleukin 1 beta, IL-6,
interleukin 6; IL-10, interleukin 10; ROS, reactive oxygen species, IDO, indoleamine 2,3-dioxygenase; PGE2/J2, prostaglandin E2/J2; MCP-1, monocyte chemoattractant protein-1;
ICC, intrahepatic cholangiocarcinoma; LPS, lipopolysaccharides; HBV, hepatitis B virus; I/R, ischemia/reperfusion.

bile ducts (79). Liver sinusoidal endothelial cells form the
lining of the smallest blood vessels in the liver, part of the
reticuloendothelial system (79). Liver sinusoidal endothelial
cells regulate the passage of molecules from the blood vessels
into the liver (79). Hepatic stellate cells are found in the
space of Disse, between hepatocytes and LSECs. Hepatic
stellate cells can transdifferentiate from a quiescent state
to an activated, highly proliferative, and wound-healing
myofibroblast (80). In addition, there are a variety of other
immune cells such as monocytes, neutrophils, and platelets that
contribute to liver homeostasis as well as disease progression
(66). In different types and stages of liver diseases, hepatic
macrophages are critically involved in the progression and
regression via close communication with other cells in the liver
(Table 3) (108).

Crosstalk Between Hepatic Macrophages
and Hepatocytes

The crosstalk between hepatic macrophages and hepatocytes has
been indicated in a number of studies. In a mouse model of
thioacetamide (TAA)-induced intrahepatic cholangiocarcinoma,
KCs accumulate around the central vein area and express
Notch ligand Jagged-1 rapidly after the initiation of the TAA

treatment, coinciding with the activation of Notch signaling
in pericentral hepatocytes. Depletion of KCs prevents the
Notch-mediated hepatocytes transformation to cholangiocytes,
suggesting that KCs contribute to the cell fate change in
hepatocytes (109). Another study has also demonstrated that
KCs are required for the proliferation of liver progenitor cells
that can differentiate into hepatocytes in a model of choline-
deficient, ethionine-supplemented diet-mediated liver injury and
regeneration (110). In ALD, it is shown that KC-produced
IL-6 triggers hepatocyte senescence, which becomes resistant
to apoptosis (81). Interestingly, recent studies also support
that hepatocytes communicate with macrophages through the
release of extracellular vesicles (EVs) that contain proteins and
microRNAs (82, 83). In vitro studies using HepG2 cells have
demonstrated that alcohol treatment induces an elevated release
of EV's, which activate THP-1 cells, a human leukemia monocytic
cell line into a proinflammatory phenotype through CD40 ligand
(83). Another study also showed that exosomes derived from
alcohol-treated hepatocytes mediated the transfer of liver-specific
miRNA-122 to monocytes and sensitized monocytes to LPS
stimulation (82). These studies suggest that hepatocytes release
EVs that contain altered proteins and miRNAs to regulate the
activation of monocytes/macrophages.

Frontiers in Immunology | www.frontiersin.org

April 2020 | Volume 11 | Article 322


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Shan and Ju

Hepatic Macrophages in Liver Injury

Interactions of Hepatic Macrophages With
Cholangiocytes, HSCs, and LSECs

Macrophages secrete IL-6 during infection, and IL-6 can induce
cholangiocyte proliferation leading to ductular reaction (84, 85).
On the other hand, cholangiocytes are the major source of
osteopontin and macrophage chemoattractant protein 1, which
acts as chemotaxis to recruit MoM¢s during partial hepatectomy
(102). Hepatic stellate cells and KCs are located in close proximity
to each other (86, 103). In a mouse model of CCls-induced liver
fibrosis, it is shown that depletion of hypoxia-inducible factor
la in HSCs inhibits KC activation and reduces the release of
proinflammatory cytokines, suggesting a function of HSCs in
regulating KCs during liver fibrosis (87). On the other hand, KCs
have also been reported to modulate HSC functions. Chemokine
(C-X-C motif) ligand 6 stimulates the phosphorylation of
epidermal growth factor receptor and the expression of TGEF-
B in KCs, which further activates HSCs and results in liver
fibrosis (103). It is reported that ROS and IL-6 activate KCs,
which in turn modulate fibrogenic responses of HSCs (104).
Activated KCs secrete interferon y, which subsequently induces
HSC apoptosis in a STAT1-dependent manner and reduces liver
fibrosis (111). Liver sinusoidal endothelial cells are the major
source of intercellular adhesion molecule 1 (ICAM-1). In partial
hepatectomy, ICAM-1 expressed on KCs and LSECs recruits
leukocytes, which leads to TNF-a and IL-6 production, thereby
promoting hepatocyte proliferation (89). Moreover, MoMds also
play an important role in activating LSECs and contributing
to vascular growth and liver regeneration (88). Kupfter cell
depletion inhibits hyaluronic acid uptake by LSECs and impairs
sinusoidal integrity, suggesting there is a crosstalk between KCs
and LSECs (37, 112).

Interactions of Macrophages With Other

Hepatic Immune Cells

Kupfter cell activation by pathogens results in CCL2 secretion,
which promotes the recruitment of monocytes into the injured
liver (105). It has been reported that alcohol treatment of THP-
1 cells or human primary monocytes triggers the secretion of
EVs, which induce the differentiation of naive monocytes into
anti-inflammatory macrophages by delivering cargos, such as
miR-27a (90).

Neutrophils are the most abundant white blood cells in the
circulation, and they are recruited to the liver in various injury
conditions (91). During cholestatic liver injury, neutrophils
secrete IL-17, which promotes the production of TNF-a and
TGEF-p by KCs. On the other hand, KCs express adhesion
molecules that induce neutrophil attachment and facilitate
bacterial clearance in the liver (113). Another study reported
that KCs coordinate with LSECs for neutrophil adhesion,
recruitment, and activation through TLR4 during LPS-induced
liver injury (78).

Natural killer T (NKT) cells are a group of “unconventional”
T cells that express both natural killer (NK) cell receptors and
T cell receptors. In the NASH liver, lipid accumulation causes
an increase of the number of MoM¢s and activates the cells to
a proinflammatory phenotype. Activated MoM¢s promote NKT
cell activation and induce NKT cell deficiency, contributing to

the pathogenesis of NAFLD (93). The importance of KC/NKT
interaction in liver regeneration has also been described. After
partial hepatectomy, MoM¢s produce IL-12 to activate hepatic
NKT cells, which prohibit liver regeneration (114). In ALD,
NLRP3 inflammasome activation results in IL-1f release by KCs.
Released IL-1P recruits and activates hepatic invariant NKT cells,
which promote liver inflammation, neutrophil infiltration, and
liver injury (106). Furthermore, ample evidence supports the
importance of macrophages in interacting with conventional T
cells. It has been shown that KCs trigger the recruitment of CD4™
T cells by ROS, IL-6, and TNF-a (107). Kupffer cells express high
levels of MHC class I and act as antigen-presenting cells. In fact,
a number of studies have shown that KCs play an important role
in inducing and maintaining T cell tolerance, through producing
tolerogenic mediators such as IL-10, TGF-8, ROS, indoleamine
2,3-dioxygenase, prostaglandin E,/J, (94, 97). Moreover, it is
reported that during liver transplantation KCs induce T cell
apoptosis and thus promote immune tolerance (98). After HBV
infection, KCs produce IL-10 and support liver tolerance by
inducing anti-HBV CD8* T cell exhaustion (99). A recent study
demonstrated that the induction of endoplasmic reticulum stress
in HCC cell lines induces the secretion of EVs. The HCC-derived
EVsinduce elevated expression of programmed death ligand 1 on
macrophages in vivo and in vitro, which causes T cell dysfunction
and impaired proliferation (100). Recent studies showed that
priming CD8* T cells by KCs leads to the differentiation of CD8™
T cells into effector cells that have powerful killing activities
against hepatitis viruses, such as HBV (101).

Moreover, interesting interactions between macrophages and
platelets have been unveiled (115). Under basal conditions,
platelets form transient “touch-and-go” interactions with von
Willebrand factor constitutively expressed on KCs (115). During
bacterial infection, platelets switch from “tough-and-go” to
sustained GPIIb-mediated adhesion on the KCs to encase the
bacteria and facilitate anti-bacterial responses (115).

In summary, hepatic macrophages interact with almost all cell
types of the liver. In naive state, KCs, through these interactions,
play a critical role in maintaining tissue homeostasis. Under
injury or disease conditions, the crosstalk of macrophages with
hepatocytes, cholangiocytes, LSECs, HSCs, and other immune
cells contributes to exacerbation of tissue damage or promotion
of liver repair and regeneration, depending on the cell type and
signaling pathways involved.
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The macrophage-inducible C-type lectin (mincle) is part of the innate immune system
and acts as a pattern recognition receptor for pathogen-associated molecular patterns
(PAMPS) and damage-associated molecular patterns (DAMPs). Ligand binding induces
mincle activation which consequently interacts with the signaling adapter Fc receptor,
SYK, and NF-kappa-B. There is also evidence that mincle expressed on macrophages
promotes intestinal barrier integrity. However, little is known about the role of mincle
in hepatic fibrosis, especially in more advanced disease stages. Mincle expression
was measured in human liver samples from cirrhotic patients and donors collected
at liver transplantation and in patients undergoing bariatric surgery. Human results
were confirmed in rodent models of cirrhosis and acute-on-chronic liver failure (ACLF).
In these models, the role of mincle was investigated in liver samples as well as in
peripheral blood monocytes (PBMC), tissues from the kidney, spleen, small intestine,
and heart. Additionally, mincle activation was stimulated in experimental non-alcoholic
steatohepatitis (NASH) by treatment with mincle agonist trehalose-6,6-dibehenate (TDB).
In human NASH, mincle is upregulated with increased collagen production. In ApoE
deficient mice fed high-fat western diet (NASH model), mincle activation significantly
increases hepatic collagen production. In human cirrhosis, mincle expression is also
significantly upregulated. Furthermore, mincle expression is associated with the stage of
chronic liver disease. This could be confirmed in rat models of cirrhosis and ACLF. ACLF
was induced by LPS injection in cirrhotic rats. While mincle expression and downstream
signaling via FC receptor gamma, SYK, and NF-kappa-B are upregulated in the liver, they
are downregulated in PBMCs of these rats. Although mincle expressed on macrophages
might be beneficial for intestinal barrier integrity, it seems to contribute to inflammation
and fibrosis once the intestinal barrier becomes leaky in advanced stages of chronic
liver disease.
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INTRODUCTION

The macrophage-inducible Ca’*-dependent lectin receptor
(mincle) is a primary component of the innate immune response
and acts as a sensor for pathogen-associated molecular patterns
(PAMPS) and damage-associated molecular patterns (DAMPS)
and is expressed mainly on cell types of the myeloid lineage
(e.g., macrophages) (1). Trehalose-6,6-dimycolate (TDM) stands
out among the PAMPS that interact with mincle (2). The
mycobacterial cell wall glycolipid has strong immunomodulatory
functions. Binding of the ligand to mincle leads to interaction
with the signaling adapter FC receptor gamma chain (FCERIG)
(3). The formed receptor complex enables intracellular signaling
molecules to dock on the immunoreceptor tyrosine-based
activation motif (ITAM) and thereby transduce signaling in
immune cells. The downstream signaling of the complex
proceeds inter alia via spleen associated tyrosine kinase (SYK)
and the nuclear factor kappa-light-chain-enhancer (NF-«kB) to
induce the gene expression of pro-inflammatory cytokines,
chemokines, and enzymes (4, 5). On the cellular level, mincle
stimulation promotes the inflammatory phenotype of mainly M1
macrophages (6, 7).

Mincle is known for its pro-inflammatory properties,
especially in non-alcoholic (NASH) and alcoholic steatohepatitis
(ASH) (8, 9), and might be involved in the activation of
myofibroblasts (8). In NASH, mincle is predominantly reported
to be involved in the formation of crown-like structures. In
these structures, dying cells are surrounded by infiltrating
macrophages, which promote adipose tissue inflammation and
fibrosis (10, 11). Similar structures have been described in NASH
livers, but not in other etiologies of chronic liver disease (12).
To date, only one study has investigated the role of mincle in
ASH in a murine model with mild fibrosis. This study identified
Kupfter cells, the macrophages of the liver, as the main source
for mincle expression. The inhibition of downstream signaling
by SYK inhibitors led to decreased production of inflammatory
markers (9).

In more advanced stages of chronic liver disease, an impaired
intestinal barrier followed by bacterial translocation into the
blood circulation are important events in the development
from stable liver cirrhosis toward acute-on-chronic liver failure
(ACLF) (13). Infiltrating bacteria or bacterial products lead to
chronic systemic inflammation (14). Mincle possibly plays an
important role in this process in two respects, namely integrity
of the intestinal barrier and systemic inflammation. It recognizes
gut bacteria that penetrate the Peyer’s patches and induces the
activation of immune cells to reinforce the intestinal barrier
and thus prevents systemic inflammation. Furthermore, mincle
deficiency leads to increased bacterial translocation and hepatic
inflammation (15). Since ACLF is accompanied by a high short-
term mortality of 30% within 28 days (16), targeting mincle
in advanced chronic liver disease potentially restores intestinal
barrier integrity and reduces bacterial translocation, thereby
possibly preventing ACLF development.

Since to date, there are only a few reports published about
the role of mincle in fibrosis and none about its role in more
advanced stages of chronic liver injury, this study aims to assess

the role of mincle in cirrhosis and ACLF in the liver and in other
organs that are highly affected by systemic inflammation.

MATERIALS AND METHODS

Human Liver Samples

Liver samples from cirrhotic patients were taken during liver
transplantation at the University of Bonn between 1999 and 2005.
Liver samples of non-cirrhotic donors were used as controls.
This study was approved by the local ethics committee of the
University of Bonn (029/13).

Liver samples of NASH patients were taken during bariatric
surgery at the St. Franziskus-Hospital (Cologne, Germany)
between 2018 and 2019. NASH was diagnosed in liver biopsies
independently by two experienced pathologists using the non-
alcoholic fatty liver disease activity score after Kleiner (17). Non-
alcoholic fatty liver diseases were ruled out for control individuals
with <5% of parenchymal steatosis. NASH patients had a Kleiner
score of 6 or 7, with at least 33% of parenchymal steatosis,
hepatocyte ballooning, lobular inflammation, and grade 2 or 3
fibrosis. This study was approved by the ethics committees of the
North Rhine-Westphalian Chamber of Medicine (2017110) and
of the University of Bonn (194/17).

Liver samples were immediately stored at —80°C and cut
on dry ice to avoid thawing. The studies were performed in
accordance with the declaration of Helsinki and patients gave
their written informed consent.

Animals

Twelve-week-old apolipoprotein E knockout mice (ApoE~/~,
C57BL/6] background; Charles River, Wilmington, USA) were
used for induction of experimental NASH.

For induction of chronic liver disease and ACLF, male wild
type Sprague Dawley rats with an initial body weight of 180-
200g were used. Rats were fed standard rat chow (Ssniff,
Soest, Germany).

All animals received water and chow ad Iibitum. The
animals were kept in individually ventilated cages at 22°C
with a 12h day/night cycle. All experiments were performed
in accordance with the German Animal Protection Law and
the guidelines of the animal care unit at the University of
Bonn (Haus fiir experimentelle Therapie, Bonn, Germany) and
approved by the relevant North Rhine-Westphalian state agency
for Nature, Environment, and Consumer Protection (LANUY,
Germany) (LANUV84-02.04.2014.A137).

Induction of Experimental NASH and

Administration of Mincle Agonist TDB
Mice were fed a high-fat, cholesterol-rich diet (western diet; WD)
containing 21% fat (with coconut oil), 19.5% casein, and 1.25%
cholesterol (Ssniff, Soest, Germany) for seven weeks to induce
NASH as described previously (18-21).
Trehalose-6,6-dibehenate (TDB) is a synthetic analog of the
mycobacterial cell wall glycolipid of trehalose-6,6-dimycolate
(TDM). TDB (dose 50 g, Invitrogen, Karlsbad, CA, USA) was
injected s.c. once per week for 7 weeks. Control mice received
solvent (sodium chloride).
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Induction of Experimental Cirrhosis and

Acute-on-Chronic Liver Failure

To induce cirrhosis, bile duct ligation (BDL) was performed
as a model for cholestatic liver disease as described previously
(22, 23). To induce ACLE rats received a single intraperitoneal
dose of lipopolysaccharide (LPS from E. coli O111:B4, Sigma-
Aldrich, St. Louis, USA, 6.25 mg/kg body weight) 25 days after
BDL and were sacrificed 72h after injection. BDL and sham-
operated rats without LPS injection served as controls. Sodium
chloride was used as solvent.

Tissue and Blood Collection
At the end of the experiment, animals were anesthetized and
laparotomy was performed for tissue collection. Liver, kidney,
spleen, small intestine, and heart were stored at —80°C until
further use as described previously (18, 24). Blood samples were
collected in EDTA tubes (Sarstedt, Niimbrecht, Germany) for
isolation of peripheral blood mononuclear cells (PBMC). PBMCs
were isolated by density gradient centrifugation using Pancoll
(PAN-Biotec, Aidenbach, Germany) as described previously (25).
Cells were suspended in RPMI 1640 media with 10% fetal calf
serum and 10% dimethyl sulfoxide (Gibco, Carlsbad, USA) and
stored at —80°C until further use.

Human liver samples were snap-frozen and stored at —80°C
following excision as described previously (26).

Hepatic Hydroxyproline Content
Hydroxyproline content measurement was performed as
described previously (24, 26). Briefly, analog segments of 200 mg
snap-frozen liver samples were dissolved and homogenized in
12N hydrochloric acid at 110°C. Homogenized samples were
later dissolved in methanol, oxidized with chloramine T, and
finally reacted with Ehrlich’s reagent. Samples were measured
photometrically at 558 nm.

Quantitative Polymerase Chain Reaction

RNA isolation and quantitative polymerase chain reaction
(qQPCR) were performed as described previously (24). Briefly,
total RNA was isolated with ReliaPrep RNA Miniprep Systems
and ¢cDNA synthesis was performed by the ImProm-II Reverse
Transcription System (both Promega, Madison, WI, USA).
DNase digestion was performed to dispose of genomic DNA.
TagMan gene expression assays (Thermo Fisher Scientific,
Waltham, MA, USA) were used (Supplemental Table 1) for
qPCR according to the manufacturer’s protocol on a 7300 Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA).
Experiments were carried out in duplicates. Gene expression was
calc