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Liver macrophages revisited: The expanding universe
of versatile responses in a spatiotemporal context
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Abstract

The liver is a vital organ that continuously adapts to a wide and dynamic

diversity of self-antigens and xenobiotics. This involves the active contribution

of immune cells, particularly by the liver-resident macrophages, the Kupffer

cells (KCs), which exert a variety of central functions in liver homeostasis and

disease. As such, KCs interact with their microenvironment to shape the

hepatic cellular landscape, control gut-derived signal integration, and

modulate metabolism. On injury, the rapid recruitment of bone marrow

monocyte-derived macrophages alters this status quo and, when

unrestrained, drastically compromises liver homeostasis, immune surveil-

lance, and tissue organization. Several factors determine the functional roles

of liver macrophages in these processes, such as their ontogeny, activation/

polarization profile and, importantly, spatial distribution within the liver. Loss of

tolerance and adaptability of the hepatic immune environment may result in

persistent inflammation, hepatic fibrosis, cirrhosis, and a tumorigenic niche

promoting liver cancer. In this review, we aim at providing the most recent

breakthroughs in our understanding of liver macrophage biology, particularly

their diversity and adaptability in the hepatic spatiotemporal context, as well as

on potential therapeutic interventions that may hold the key to tackling

remaining clinical challenges of varying etiologies in hepatology.

INTRODUCTION

The liver is the largest solid organ in the human body. The
liver is uniquely located within the vascular system,
receiving oxygenated blood supply from the hepatic artery
and intestine-supplied nutrient-rich blood from the portal

vein. As such, it exerts crucial functions in the metabolism
and systemic blood detoxification while serving as the
gateway for gut-derived signals entering the liver through
the portal vein. Gut-derived signals include nutrients,
microbiota-related products, food-borne antigens, and
toxic xenobiotics (eg, drugs and alcohol).[1] A substantial
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part of the blood filtering functions of the liver are carried
out by highly specialized tissue-resident macrophages,
also known as Kupffer cells (KCs). KCs represent the
largest reservoir of tissue-resident macrophages in the
human body. They are located within the fenestrated
blood sinusoids and remain relatively immobile during
homeostasis, sensing and catching blood particles,
pathogen-associated molecular patterns, and damage-
associated molecular patterns.[2] Their cytoplasmic
expansions reach out through the sinusoids, enabling
them to establish direct membrane contacts with hepato-
cytes. During homeostasis, KCs are predominantly
favoring the liver immune tolerance (reviewed in the work
by Musrati et al [3,4]). Despite the KC predominance within
the parenchyma, it is increasingly recognized that the liver
contains at least two additional macrophage populations
during homeostasis: bile duct–associated and sub-
capsular macrophages with distinct ontogeny and
functions.[5,6] Yet, alternative cellular origins of liver
macrophages remain to be demonstrated, particularly in
view of potential interspecies peculiarities. Importantly and
due to their potent phagocytic capacities, KCs represent
the primary innate immune cell responders during liver
injury.[7] The liver KC pool may be replenished through
local proliferation of KCs, a mechanism shown to be IL-6
dependent in mouse partial hepatectomy.[8] Yet, their first-
line roles also mean they are primarily affected by severe
or chronic adverse events. Consequently, KC depletion
has been reported in a wide range of human diseases and
animal models.[4] KCs themselves are not all alike. Indeed,
recent reports pointed out an inherent heterogeneity
through at least two KC compartments of the same
embryonic origin, and more subtypes are expected to be
identified in the near future. As such, KC2 was identified in
mice as a minor population of CD206hiESAM+ KCs,
expressing LSEC-associated genes Mrc1, Esam, and
Lyve1, and a gene signature suggesting key roles in lipid
metabolism and lipid-associated oxidative stress through
CD36 as evidenced by siRNA delivery to liver KCs.[9]

Furthermore, the same CD206hiESAM+ KC2 population
was evidenced to be required for an effective T-CD8+

response through IL-2–mediated antigen cross-presenta-
tion in murine livers.[10] In humans, KCs are less well
characterized, and no single marker can unequivocally
distinguish embryonically derived from monocyte-derived
liver macrophages. However, human embryonic KCs are
(mostly) positive for CD49a+, T-cell/transmembrane
immunoglobulin and mucin domain containing 4+, and
V-set immunoglobulin-domain-containing 4+ (a macro-
phage complement receptor required for phagocytosis of
circulating pathogens+) and less prompt to respond to
lipopolysaccharides exposure by increasing inflammatory
cytokine release as compared to their monocyte-derived
counterpart.[11]

Intriguingly, when the KC self-maintenance does not
suffice, monocyte-derived macrophages (MoMFs) pos-
sess the ability to replenish the liver macrophage pool

and become KC-like liver macrophages as demonstrated
in mouse studies and findings that remain to be
confirmed in human settings.[12–14] Yet, it has been
demonstrated that those KC-like macrophages differ
from KC, in particular by inducing a stronger proinflam-
matory response on liver rechallenge and by altering the
liver free fatty acid metabolism by limiting lipid toxicity
through enhanced triglyceride storage in mice.[15,16]

Interestingly, C-C chemokine receptor (CCR)2-blockade
prevented this shift in the overall liver macrophage
landscape and could prevent the establishment of liver
macrophages prone to proinflammatory responses in
rodent models of liver fibrosis.[17,18] Furthermore, MoMFs
were also demonstrated to be key contributors to the
immune cell influx subsequent to portal area tissue injury,
as demonstrated notably in acute and chronic bile duct
injury models or chronic human liver diseases.[19–21] The
role of MoMFs, however, remains complex since they
were both shown to increase proinflammatory and
fibrogenic pathways and to be critical in the initiation of
tissue repair mechanisms (reviewed in the work by
Hassan et al[22]).

Peritoneal macrophages, which differentiate locally
in the peritoneal cavity and express the transcription
factor GATA binding protein 6 (GATA6) in mice, can
represent another source of macrophages for the
liver.[23] Indeed, superficial and sterile thermal injury of
the liver in mice induces a rapid, focal recruitment of
GATA6+ peritoneal macrophages involved in inflam-
matory response moderation and tissue repair.[24] The
relevance of peritoneal macrophages in human liver
diseases remains to be characterized.

As such, it is accepted that “liver macrophages” may
exhibit a broad range of features in terms of cell of
origin, functions, and morphological traits. In practice,
macrophage-related immune responses are oftentimes
found on liver biopsies and are mostly characterized
using conventional staining and bright field microscopy
imaging. For instance, localized aggregation of macro-
phages and other immune cells called a granuloma,
evidences a local adaptive immune response activation
and can be found in various conditions such as
autoimmune or infectious diseases.[25] Foamy macro-
phages, expressing classical macrophage markers
such as F4/80 and notably surrounding injured hepato-
cytes in crown-like structures during steatotic liver
diseases, were also evidenced to be associated with
disease progression when expressing high levels of
macrophage scavenger receptor 1.[26,27] A variety of
granulomas can be identified, including lipogranulomas
associated with liver steatosis and nonspecific micro-
granulomas. Ceroid-laden macrophages, observed by
periodic acid Schiff with diastase staining and sugges-
tive of their phagocytic capacities, are observed in
conditions marked by chronic fibrosis or steatosis in
humans, rats, and mice, although their roles in disease
progression remain to be clarified for their integration
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into the most recent definitions of functional macro-
phage subtypes.[28–30] Indeed, recent technological
advances further expanded our horizon on previously
unexplored dimensions for liver macrophage character-
ization. This includes spatially resolved and timely
defined cellular definitions, the analysis of multi-
dimensional data sets of varying natures (eg, proteomic,
transcriptomic, metabolic), as well as the integration of
complex microenvironment parameters, including thor-
ough characterization of the neighboring or distant cells
with distinct cell or disease complexities. This literature
review aims at embracing the broad diversity of “liver
macrophage” in tissue homeostasis and upon varying
diseases.

New dimensions for liver macrophage
phenotyping

Until recently, most investigators would have consid-
ered “immune cell phenotyping” as assessing several
(surface) markers, such as clusters of differentiation,
defining cell subpopulations and allowing to assume cell
functionalities. Nowadays, and mostly thanks to tre-
mendous technological advances, it is possible to
further dissect key functionalities in situ and predict
cellular interactions at a much broader scale than ever.
These advances allowed for a wide broadening of our
understanding of macrophage biology, with direct
implications for our toolbox to investigate liver disease
driving mechanisms and consequently, to identify novel
targetable cellular processes for disease management
(Figure 1).

Location and timing as new phenotypic
markers with relevance for disease
progression

Innate immune cells are oftentimes defined as the first line
of defense against pathogens or tissue injuries. This
statement poses three conditions, though: that (A) the
right cell (subset) would be present at (B) the appropriate
location and (C) at the right time (eg, for communicating
with other cells) (Figure 2). Consequently, we now see the
rise of spatial biology exemplified by landmark studies
deciphering not only protein or transcript expression but
also cell location as a defining phenotypical marker. As
such, macrophages located near the bile ducts recently
received substantial attention. In conditions of cholestatic
injury, these macrophages are oftentimes termed “bile
duct–associated macrophages” to emphasize their
localization in proximity to ductular cells, as observed in
both human and mouse livers.[21,31,32] In metabolic
dysfunction–associated steatotic liver disease (MASLD,
formerly termed NAFLD), macrophages also accumulate
around ductular cells in relation to disease severity in

patients.[33] By a combination of spatial transcriptomics
and proteomics, those macrophages were termed as
lipid-associated macrophages due to their resemblance
to macrophages accumulating throughout the liver during
steatosis[6] and due to their transcriptomic similarity to
adipose tissue macrophages in obesity in both humans
and mice.[34] Other authors defined these phagocytes as
scar-associated macrophages and notably identified
them through their high expression in CD9 and trigger-
ing-receptor-expressed-on-myeloid-cells-2 (TREM2) in
human disease.[35] A consistent finding in all studies
listed above is that bile duct–associated macrophages
observed during disease likely derive from recruited, bone
marrow–derived monocytes. Indeed, in mice bile duct–
associated macrophages show low or no expression of
CLEC4F and Timd4 and are oftentimes defined as Trem2
and secreted phosphoprotein 1 (Spp1) positive.[21,33]

Inline, embryonic-derived KCs progressively undergo cell
death and are replaced by T-cell/transmembrane immu-
noglobulin and mucin domain containing 4 (Tim4)−

recruited monocytes in a mouse MASLD model. Interest-
ingly, those newly recruited monocytes adopt a tran-
scriptome resembling that of KCs, a phenomenon
attributed to diet-regulated transcription factors driving
KC identity gene induction through liver-X-receptor
signaling alterations.[35] Similarly, we evidenced that the
portal area-confined expansion of bile duct–associated
macrophages was a hallmark shared between a wide
variety of chronic human liver diseases ranging from
MASLD to alcohol-associated hepatitis and primary
sclerosing cholangitis (PSC). Intriguingly, similar findings
were observed in a mouse model of PSC and acute bile
duct injury.[19,33] Importantly, we also evidenced drastic
differences in the spatial localization of recruited mono-
cytes between human MASLD and the diet-induced
obesity-MASH mouse model. In the latter, monocyte-
derived macrophages accumulate throughout the liver
parenchyma and not solely in the portal area.[33] More
than serving as a potential means to evaluate disease
stages, portal accumulation of CCR2+ monocyte-derived
macrophages, in response to targeted biliary epithelial
cell injury, has been shown to drive portal inflammation
and fibrogenesis, as well as cholestasis in mice.[19,36]

These observations point toward the need for a better
understanding of the roles of portal monocyte-driven
inflammation in liver diseases, particularly those with a
portal area component.

The portal area receives particular attention in recent
studies. As such, there has been evidence for an immune
zonation, particularly for liver macrophages, that is
interposed to hepatocyte zonation on a central to portal
area axis, and this zonation pattern is changing after
birth, at least in mice.[37,38] For instance, the restricted
zonation of Trem2- and osteopontin (Spp1)-expressing
macrophages to portal areas seems to have conse-
quences in chronic liver diseases marked with portal
fibrosis and inflammation including PSC.[21,32] Portal
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F IGURE 1 Opposing old dogmas and new insights on liver macrophage biology and therapeutic approaches. Determining shifts in our
understanding of macrophage biology led to a long-needed redefinition of the liver macrophage landscape. In particular, the field evolved from
considering liver macrophages as a homogeneous pool of phagocytes to recognizing their extended diversity in origins and fate and functions in
homeostasis and disease. This results in a paradigm shift from immunosuppressive to immunomodulating therapeutic approaches.
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area-located MoMFs and not KCs exert the most
prominent changes in particular increased Spp1 expres-
sion in mice, when bile duct ligation was combined with
dextran sodium sulfate–induced colitis, as compared to
bile duct ligation alone.[21] KCs located closer to portal
areas were evidenced to be central players in the control
of gut-derived pathogens in mice.[38] This zonation was
absent in germ-free mice unless orally exposed to
lipopolysaccharides and totally or partially absent in
myeloid differentiation primary response protein
(Myd88−/−) and toll-like receptor 4 (Tlr4)−/− mice, respec-
tively. The authors demonstrated that liver sinusoidal
endothelial cells were responsible for this phenotype.
These findings further support the role of chronic micro-
biota-derived antigen sensing by liver cells in driving KC
zonation. Beyond anatomic location, direct effects of the
diet onmacrophage zonation were evidenced in amurine
dietary MASLD model.[35] In a western diet and fructose
feeding model of steatohepatitis (metabolic dysfunction-
associated steatohepatitis [MASH]), Clec4f+ Trem2+

macrophages present in crown-like structures are
positive for the proliferation marker Ki67 and exhibit an
increased expression of CD207, a pathogen binding
receptor, as compared to homeostatic conditions.[39]

More specifically, an analysis of co-varying genes within
specific experimental groups indicated a possible cou-
pling between zone-3 detoxification processes, regener-
ation, and inflammation. Consistent with earlier studies
discussed above, marked reductions of Cd163 and

macrophage receptor with collagenous structure (Marco)
KC-associated gene expressions were further evidenced
in this MASH mouse model.

Besides location, timing is increasingly regarded as a
key parameter in liver macrophage studies as well.
Advanced transcriptomic analyses support the hypoth-
esis of a circadian rhythm-dependent human liver
macrophage activation pattern.[40] In particular, macro-
phages were shown to be either prone to reactivity or to
tolerance during daytime or nighttime, respectively.[41]

This brings attention to the timing of experimentation or
sampling as crucial parameters when studying macro-
phages, a phenomenon not only described for macro-
phage biology but also for liver regeneration after partial
hepatectomy, with potential clinical implications.[42]

Moreover, and importantly, sex-specific and gender-
specific differences have been identified in macrophage
responses, particularly in metabolism-related liver dis-
eases. For instance, male mice fed a high-fat diet had
more pronounced macrophage accumulation in adipose
tissue.[43] Furthermore, female bone marrow–derived
murine macrophages isolated from high-fat diet-fed mice
exhibited lower migratory properties than male cells, a
result independent of whether or not the mice were lean
or obese and independent from estrogen. Macrophages
from both sexes expressed similar basal levels of CCR2,
yet macrophages generated from high-fat diet-fed male
mice expressed higher levels of CCR2 and leptin
receptors in response to free fatty acid.[43] Contrastingly,
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F IGURE 2 Multidimensional dissection of liver macrophages. Recent insights into liver macrophage diversity drastically expanded the number
of dimensions in which those highly versatile immune cells may be characterized. Beyond classical and alternative phenotype hallmarks, liver
macrophages may now be defined in situ, in vitro, and even in silico through additional metadata such as their morphological peculiarities,
functional assets, neighboring, and interactome, among other traits. Technological advances (hardware and software) growing at an
unprecedented pace allow for this accelerating expansion of the liver macrophage universe.
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multidrug resistance 2 gene (Mdr2)-deficient female mice
show higher CCR2-positive macrophage recruitment,
along with more pronounced liver disease phenotype
and better therapeutic response to corticosterone than
male counterparts.[44,45] Many investigations remain
necessary to fully decipher the implications of gender
on metabolic and immune-mediated liver diseases.

Cell-cell interactions

Cell-cell interactions—involving not only immune cells but
also parenchymal and nonparenchymal hepatic cell
populations—are essential for driving liver disease pro-
gression or proper resolution from injury.[46,47] The rise of
single cell–resolved transcriptomic and proteomic analy-
ses, together with bioinformatics tools evolving at a fast
pace, allowed for the elaboration of predictive algorithms
that may decipher complex cellular interactions. This is
particularly illustrated by CellChat and CellPhoneDB
identifying receptor-ligand pairs from donor and recipient
cells.[48,49] These approaches have a high hypothesis-
generating potential, as exemplified by recent studies.[50]

For instance, it has been suggested using CellChat and
additional tools that blocking the macrophage-T cell
interactions might prevent the establishment of a tolero-
genic environment in hepatocellular carcinoma, and that
the chemokine—chemokine receptor axes such as C-X-C
motif chemokine ligand (CXCL) 16-CXCR6, chemokine
(C-C motif) ligand (CCL)6-CCR2, and CCL5-CCR5 would
be crucial molecular partners for T cell-macrophage cross
talk during Schistosomiasis japonicum–induced liver
fibrosis in mice.[51,52] These findings, combined with
evidence of spatial neighboring and temporal synchronic-
ity, open new perspectives for advanced immune
microenvironment understanding. Recently, CellChat
has been upgraded to allow for spatially resolved
transcriptomic-based cellular interaction analysis.[53]

Hence, further combination of cellular cross talk and
spatial data is to be expected in the very near future in the
field of liver macrophages (or their respective subsets).

Yet, experimental confirmation for such predictions of
cell-cell interactions is crucial. A recent study dissected
the roles of MoMFs during concanavalin-A–induced
acute injury resolution in mice.[54] Accordingly, it was
evidenced that two distinct populations of MoMFs were
involved, one controlling tissue scarring by phagocy-
tosing cellular debris and activating fibroblasts through
platelet-derived growth factor subunit B, the other one
by inducing SRY-box transcription factor 9 expression
in the hepatocytes lining the necrotic areas through
Jagged 1/Neurogenic locus notch homolog protein 2,
thus preventing tissue injury spread.[54]

Liver cancer and metastases represent other condi-
tions in which cell-cell interactions are crucial, and
multiple intrahepatic and extrahepatic macrophage pools
are involved. The liver represents a preferred metastatic

site for colorectal cancer.[55] Liver metastasis growth
rates were reduced in mice with preserved circulating
monocytes and KC population but depleted for peritoneal
macrophages, either by clodronate-loaded liposome
injection or in macrophage-specific Gata6 knockout
animals.[56] The proposed mechanism, as demonstrated
by intravital imaging, is that peritoneal macrophages
directly interact with metastatic cells in the liver, which
leads to their upregulation of the T-cell–suppressing
molecule programmed cell death ligand-1 but not antigen
presentation–related proteins and their polarization
toward an alternative, protumoral phenotype, altogether
preventing T-CD8+ cytotoxic lymphocyte activation. In
addition, locally released IL-10 induces programmed cell
death ligand-1 on hepatic myeloid cells, thereby attenu-
ating CD8-dependent cytotoxicity against metastatic
lesions in mouse models.[57]

Following the spread of sequencing technologies, a
number of algorithms have emerged to dissect bulk and
single-cell transcriptomic data. As one example of such
applications, tools predicting cell-cell interactions by
comparing the expression levels of ligand-receptor pairs
highlighted the detrimental prognostic value of the SPP1-
angiopoietin-like protein 2 duet overexpression by
macrophages and cancer-associated fibroblasts, respec-
tively, in human colorectal cancer metastasis.[58] Yet,
deciphering the biological roles of SPP1 (gene encoding
for osteopontin) has been more challenging, as reflected
by recent and earlier studies. SPP1-expressing liver
macrophages were suggested to interact with CD44-
expressing hepatocellular carcinoma cells and to inhibit
CD8+ T cell cytotoxicity in humans.[59,60] Interestingly,
cholangiocarcinoma cells were also reported as a potent
source of SPP1.[61] Furthermore, liver lipid-associated
macrophages were shown to express higher levels of
SPP1 during human pancreatic cancer metastases.[62]

Similarly, reduced MoMF recruitment and low SPP1
expression were indicative of bariatric surgery benefits
over diet management for the prevention of MASLD-
related inflammation, fibrosis, and hepatocellular carci-
noma in patients.[63] Inline, higher levels of SPP1 were
indicative of a poor outcome in PSC, and SPP1
neutralizing antibodies were protective in Mdr2–/– mice
and in the bile duct ligation murine model of obstructive
cholestasis.[21] Similarly, SPP1-expressing macro-
phages are enriched in MASLD.[64,65] Besides, myeloid-
specific ablation of Spp1 led to an increase in liver
inflammation and liver crown-like structures in mice fed a
high-fat, fructose, and cholesterol diet, while knock-in
mice overexpressing Spp1 in MoMF or KCs had lower
NAS scores and increased oncostatin-M expression in
macrophages, pointing toward a protective role of
macrophage osteopontin through oncostatin-M.[64] Con-
trastingly, Spp1 knockout in mouse MoMFs was evi-
denced to increase their proinflammatory response to
lipopolysaccharides and to increase liver inflammation in
the bile duct ligation mouse model of obstructive
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cholestasis, thus highlighting the importance of disease-
specific and model-specific contextualization.[21] These
contradictory phenotypes were proposed to be the result
of choosing either a MoMF-targeted gene silencing
approach versus antibody-based SPP1 neutralization,
preventing its effects on all target cells, including
fibrogenic and biliary epithelial cells.[21,64,66] Overall, the
emerging insights into the key role of SPP1 in liver
inflammation simultaneously show us the strengths of
advanced bioinformatics in identifying relevant cell-cell
interaction pathways and remind us that extensive in vivo
validations remain necessary to capture the complexity
of biological mechanisms taking place in healthy and
diseased contexts.

The broad range of macrophage interactions with other
cells keeps on expanding. The combination of nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-κB) and necrosome activation trigger hepatic infiltra-
tion monocyte-derived macrophages with fibrogenic and
carcinogenic phenotypes in mice, a process suggested to
originate from CCL20 secretion by hepatocyte with
sublethal necroptosis.[67] Contrastingly, in vivo genome-
wide CRISPR-Cas9 knockout screening led to the
identification of the erythroid membrane-associated pro-
tein-galectin-9-dectin-2 axis as a driver of KC-mediated
cancer cell phagocytosis, thereby limiting liver metastasis
in mice.[68] This study further showed that human patients
with low erythroid membrane-associated protein expres-
sion on tumors had increased numbers of liver meta-
stases. Another recent example is that “anti-inflammatory”
MoMFs are prone to express higher levels of the potent
fibrogenic cytokine, TGF-β1. These MoMFs also repre-
sent a major source of the angiogenic VEGF in murine
livers.[69] As such, “anti-inflammatory” MoMFs may be
seen as key players in tissue repair mechanisms
necessary for organ function recovery after injury. Yet,
uncontrolled release of those factors may lead to fibrosis
and to the arising of a tumorigenic environment (reviewed
in the work byMedrano-Bosch et al[70]). Liver macrophage
zonation, participating in the establishment of the
sinusoidal KC niche, is dependent on hepatic stellate
cell-derived signals lost during inflammation (eg, in
MASH) and concomitant activation of stellate cells.[39]

Indeed and as opposed to the healthy condition, in murine
MASH, distinct populations of MoMFs and KCs share
similitudes in their transcriptional signatures and seem to
converge toward a Cd207hi or a Trem2hi KC-like cell
phenotype, although further evidence is required to
establish a clear contribution from cells of both liver-
resident and circulating macrophage origins.[39]

Neutrophils are, alongside MoMFs, first responders
of the innate immune system involved in pathogen
clearance. Whether neutrophil activation is detrimental
or beneficial in liver diseases is as debatable as for
MoMFs. Indeed, neutrophil-released reactive oxygen
species polarize MoMFs toward an anti-inflammatory
phenotype, and this is key in promoting mouse liver

repair in acetaminophen-induced acute liver injury.[71]

Neutrophil can further polarize macrophages toward a
repair phenotype by releasing micro-RNA 223, promot-
ing injury resolution in mouse models.[72]

On a similar note, macrophages are key in sensing
bacteria-derived metabolites, which in turn shape the
macrophage responses. In particular, microbiome,
mycobiome, and virome analyses highlighted that
striking differences between wildlings and laboratory
mice are highly relevant for the study of potent
therapeutic candidate responses, as wildlings better
reflected human immune responses and, noteworthy,
better fitted with actual clinical trials than conventional
laboratory animals.[73]

In vivo imaging visualizes macrophage
functionality

In light of the intricate cellular players present within the
liver microenvironment and the systemic circulation, and
despite major progress in in vitro modeling, there are
physiologically relevant reasons demanding in situ inves-
tigations, ideally in a living organism (ie, animal model).
As such, recent advances in intravital time-lapse micros-
copy allow for the study of dynamic changes in liver
sinusoidal branching together with the analysis of the liver
macrophage pool in rodents.[74] Meticulous studies using
intravital imaging in mice identified the ability of recruited
MoMFs to fuse and form syncytia or “giant” macrophage
cells to restore the blood filtering functions lost during KC
depletion.[2] Subsequent to fibrosis induction by carbon
tetrachloride injections in mice, the authors evidenced
CD44-dependent recruitment of MoMFs, which were
shown to form KC-like syncytia to restore the liver
macrophage-dependent blood filtering capacities.[2] The
formation of such syncytia was demonstrated to be
dependent on myeloid-specific CD36 expression by
using conditional knockout animals. These data may, in
part, explain the remarkable impairment of phagocytic
function of macrophages in human liver cirrhosis andmay
be seen as a detrimental switch in the liver immunological
milieu abilities to combat infections.[75] Time-lapse intra-
vital imaging further evidenced morphological changes in
liver macrophages, such as a lower number of membrane
protrusions after high-fat diet feeding in mice.[76] Impor-
tantly, these changes in macrophages were associated
with increased mortality after a second hit injury in
steatotic mice, explained by a reduced ability of liver
macrophages to capture blood-borne E. coli. The authors
concluded on the importance of further characterizing the
immunological milieu in steatotic livers at different stages
of MASLD. Indeed, while TLR4-mediated macrophage
monitoring of circulating pathogen-associated molecular
patterns is crucial for tolerogenesis, macrophage over-
activation leads to chronic inflammation and disease
progression.[76]
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Novel sophisticated ex vivo models to
investigate liver macrophages

Ground-breaking technological advances have been
emerging at a very fast pace in the recent decade. As
noted in the sections above, these resulted in paradigm
shifts and drastically expanded our understanding of
macrophage biology. Consequently, they further high-
lighted our need for finely tuneable, high-end, physio-
logically relevant, and ethically robust models for
tailored investigations.

Immune-competent in vitro assays for the
study of liver macrophages

In vitro approaches present several advantages for
molecular investigations and drug candidate testing.
Yet, until recently, in vitro models of liver diseases were
mostly hepatocyte-like cell-based and devoid of a
competent immune cell compartment. This may be
explained by the fact that primary liver immune cell
cultivation presents a few challenges. Indeed, high
donor-dependent heterogeneity of primary liver macro-
phages is further complicated by a biased enrichment in
particular liver macrophage subpopulations by varying
isolation or culture methods. As such, it was shown that
primary liver macrophage plating (eg, for functional
assays) leads to a depletion of low-adherent proin-
flammatory subpopulations.[77] Hence, using the whole
fraction of primary liver macrophages for phenotyping
may be more representative of the in vivo situation.

As an alternative to primary cell isolation and culture,
Groeger et al[78] generated induced pluripotent stem
cell–derived human hepatocytes and isogenic macro-
phages. This system allowed them to explore the
functional cross talk between the two cell types involved
in type 2 diabetes and MASLD. This approach notably
identified macrophage-derived TNF-α and IL1β as the
main drivers of insulin resistance in hepatocytes. In a
more elaborate approach, the group of Takebe devel-
oped an induced pluripotent stem cell–based steatohe-
patitis model that includes hepatocytes, biliary cells,
fibroblasts, and macrophages and is referred to as
human liver organoid.[79] Oleic acid exposure resulted in
elevated inflammation and further induced KC-like
macrophages to become more proinflammatory while
increasing THP-1 monocytic cell migration to the human
liver organoid. Yet, according to the authors’ comments,
technical issues such as batch-to-batch variability
remain to be tackled particularly during response to
stimuli. An alternative approach that does not rely on
the supply of extracellular matrix components and
growth factors also generated a population of macro-
phages in an exclusively three-dimensional culture
protocol.[80] Key hepatocyte metabolic functions were
evidenced, although the authors concede their model

mostly resembles a developing instead of a mature
organ. As another option, advanced perfusable “liver-
on-a-chip” approaches may be advantageous for
modeling immune-related mechanisms, as static
hepatic cell populations can be exposed to interactions
with circulating blood leukocytes as well as circulating
blood-borne compounds and shear stress.[81–83] The
extent to which these models can predict in vivo
responses, for instance, for early testing of therapeutic
drugs for liver diseases, remains to be evaluated.

In silico models and advanced bioinformatics
toolboxes for the study of liver macrophage
biology

An exemplary study that aimed at generating and
exploiting large data sets identified transcriptomic pat-
terns across a multitude of tissue-specific myeloid cells,
including dendritic cells and KCs.[84] This mononuclear
phagocyte network analysis particularly evidenced vary-
ing and conserved roles of myeloid cells in metabolism
regulation across the organism. As such, macrophages
located in nervous tissues were shown to be relatively
metabolically quiescent, whereas microglia exert similar-
ities with adipose tissue macrophages when it comes to
lipid-associated gene expressions. Yet, a similar com-
parative analysis on MASLD livers remains to be
performed and could enlighten some peculiarities and
metabolic repolarization between KCs and MoMFs in a
steatotic environment. An ever-increasing dimensionality
of newly acquired data requires novel means of analysis
to guide interpretation. Beyond becoming the new norm
for large dataset analysis, in silico approaches have
proved to be able to generate novel knowledge, as
exemplified by the prediction of bile duct morphogenesis
mechanisms.[85,86] As another example, multiplex immu-
nohistochemistry has been deployed to define liver
macrophage zonation, and an in silico model was
established to evaluate the importance of KC positioning
for portal vein–derived bacteria clearance.[38] Importantly,
these findings have been substantiated by intravital
microscopy data. This process is driven by chronic
exposure to pathogen-associated molecular patterns
and mediated by Myd88 signaling. This combined
approach of in vivo and in silico models notably enabled
the investigators to elaborate on the strategic positioning
of KCs to effectively catch pathogens before their
spreading.

More elaborate models allow for the prediction of
liver macrophage changes over time in defined settings.
As such, Mdm2 inducible deficiency was used as a
model of acute senescence-driven liver injury in mice,
and to collect data on the associated microenvironment
changes.[87] These data were then integrated to build an
in silico mechanistic model. This approach led the
authors to the conclusion that there is a threshold for the
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initial senescence that, once passed, leads to
irreversible injury due to unresolved macrophage-driven
inflammation. Noteworthy, the model was also able to
predict senescence-induced proinflammatory signals
originating from endothelial cells, myofibroblast activa-
tion, and extracellular matrix deposition in a dose-
dependent manner.[87]

Machine-learning has been used to generate a
predictive algorithm for macrophage reactivity and toler-
ance that relies on a 338-gene signature correlating with
disease stage and outcome in a variety of organs,
including the liver.[40] Mouse interstrain immune cell
transcriptional variations are long known. Recently, a
study took advantage of this “confounder” to identify
specific epigenetic alterations that could predispose to
enhanced liver macrophage response to injury. By
deploying advanced algorithms, the authors first estab-
lished that the mouse interstrain variability was similar to
the interindividual genetic variations in humans.[88] One of
these relevant differences was the potent leptin signaling
in KCs from BALB/cJ mice, known to exert a relatively
more immunotolerant phenotype. Importantly, the leptin
receptor is one of the genes that is not expressed by newly
homed monocytes in the liver, which could be indicative of
cellular origin and partially drive their inflammation-prone
response to secondary hits. Additionally, the authors
evidenced that KCs in C57BL/6J mice had increased
trans-acting chromatin activity at elements predicted to
bind NF-κB, which could explain their tendency to react
strongly in inflammatory models.[88]

Recent liver macrophage-centered
implications for translational research

As our knowledge of liver macrophages expands, it has
become clear that an immunomodulatory rather than a
depleting approach holds promise to tackle the remain-
ing challenges in inflammatory liver disease manage-
ment. Hence, two angles are being explored, which
consist of either orienting macrophage phenotypes prior
to their (re-)injection into patients or directly in situ.

Ex vivo macrophage engineering

The safety of ex vivo matured autologous MoMFs
reinjection in patients with compensated cirrhosis has
been demonstrated.[89] Inline with this, an ongoing clinical
trial studying macrophage therapy for liver cirrhosis
(MATCH) aims at evaluating the benefits of such an
approach for patients with cirrhosis of diverse etiologies,
with as a primary endpoint of reducing theMELD score.[90]

The results are still awaited and will provide crucial
insights into the potential benefits. Similar to chimeric
antigen receptor (CAR) T cells, induced pluripotent stem
cell–derived CAR macrophages with a strong

proinflammatory phenotype are being developed as a
potential antitumor approach. As such, CAR macro-
phages with toll-like receptor 4 intracellular toll/IL-1R
(TIR) domain-containing CARs displayed a potent anti-
tumor effect by being able to phagocytose cancer cells.[91]

Those cells remain to be tested in the liver tumor
microenvironment, yet CAR macrophages represent
appealing candidates in immunosuppressive primary liver
tumors. Along this thought, ex vivo expansion protocols
have been developed to retain the specific epigenetic
profile of alveolar macrophages in order to use them as
cellular therapeutics in pulmonary disease without
adverse reprogramming after transfer.[92] Potentially, all
those approaches might benefit from a combination with
ex vivo macrophage labeling. It now appears possible to
track nanodroplet-loaded macrophages following
injection through acoustic ultrasound imaging.[93] This
labeling does not alter in vivo macrophage phagocytic
capacities and holds the potential of evaluating the
successful migration of macrophages to the sites of
tumor or injury in clinical settings.

In situ macrophage reprogramming

The gold standard of macrophage phenotype modulation
would be an in situ targeted repolarization without the need
for extensive ex vivo protocols. Lentiviral vector-mediated
engineering of liver macrophages was used to induce the
local expression of interferon-alpha. Combined with cyto-
toxic T-lymphocyte associated protein 4 immune check-
point blockade, this approach proved to impair colorectal
and pancreatic ductal adenocarcinoma liver metastases in
mice, notably by increasing antigen-presenting cell func-
tionalities and by promoting MHC-II–restricted cytotoxic T
cell response.[94]

Ring finger protein 41 (RNF41) is known to inhibit
proinflammatory factor expressions, and its expression is
reduced in liver macrophages from patients with
cirrhosis.[95] Using dendrimer-graphite nanoparticles–
conjugated plasmids, investigators upregulated Rnf41
expression in liver macrophages in the carbon
tetrachloride–induced and thioacetamide-induced mouse
models of liver fibrosis.[95] Such an Rnf41 overexpression
was shown to ameliorate liver fibrosis and increase
hepatocyte proliferation, along with increased expression
of anti-inflammatory markers. Accordingly, macrophage
Rnf41 depletion aggravated the mouse phenotypes and
reduced their survival.

Expected future developments—the rise of
learning machines

Recent and future breakthroughs invariably generate a
plethora of novel research and clinical avenues. With
the current and unprecedented pace of technological
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advances in all analytical methods and broader access
to large data sets and bioinformatics resources, we can
look forward to a series of mind-shifting discoveries on
liver macrophages and their associated biological
processes in the coming years. While the deployment
of artificial intelligence-based algorithms and large
language models is subject to debate, one must
acknowledge that our communities will need to adapt
and, hopefully for the best, take advantage of such
technologies. To that end, there is both growing interest
and raising concerns on relying on deep-learning-based
and deep generative models to explore new research
directions.[96]

CONCLUSIONS

Already about 5 years ago, the emergence of single-cell
RNA-sequencing technology and the functional insights
from sophisticated experimental models changed the
concept of hepatic macrophages, replacing old dogmas
on polarized subtypes (eg, M1/M2) with new insights on
their heterogeneity and adaptability.[4] Although these
findings mostly derive from animal models, the rise of
novel technologies applied to patient-derived tissues or
cells will surely consolidate or refine our current
insights. Within as little as five years, tremendous
further progress has been made in our understanding of
liver macrophage biology. This unprecedented pace of
discoveries led to a significant broadening of our
perspectives on clinical opportunities for virtually all
liver conditions. Noteworthy, these advances are mir-
rored by similar breakthroughs in other hepatic immune
and nonimmune cell populations’ biology or the
discovery of novel biomarkers for instance through
hypothesis-free omics approaches.[97] Our research
community task is now to standardize and integrate
this ever-growing mass of knowledge and generate
concrete translations to tackle remaining clinical
challenges.
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