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Liver fibrosis drives adverse clinical outcomes

in MASLD

Metabolic dysfunction—associated steatotic liver disease (MASLD)
and metabolic dysfunction—associated steatohepatitis (MASH) have
become the most common chronic liver diseases (CLDs) worldwide
(1, 2). Despite only a minority of patients developing cirrhosis (3),
MASH remains the fastest-growing indication for liver transplan-
tation (4) and the leading driver for development of hepatocellular
carcinoma (HCC) in the Western world (5). Like other causes of
CLD, the iterative liver injury observed in patients with MASLD
results in persistent activation of hepatic wound-healing responses,
ultimately leading to excessive extracellular matrix (ECM) deposi-
tion and resultant hepatic scarring, termed fibrosis. Several studies
have shown that degree of fibrosis is the best predictor of adverse
clinical outcomes in patients with MASLD (6-9). Regression of
fibrosis following therapy led to improved clinical outcomes in a
subgroup of patients with MASH (10). This close association has
led to improvements in fibrosis becoming a cornerstone of the sur-
rogate efficacy endpoints in interventional clinical trials. However,
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Metabolic dysfunction-associated steatotic liver disease (MASLD), now the most common cause of chronic liver
disease, is estimated to affect around 30% of the global population. In MASLD, chronic liver injury can result in scarring
or fibrosis, with the degree of fibrosis being the best-known predictor of adverse clinical outcomes. Hence, there is
huge interest in developing new therapies to inhibit or reverse fibrosis in MASLD. However, this has been challenging

to achieve, as the biology of fibrosis and candidate antifibrotic therapeutic targets have remained poorly described in
patient samples. In recent years, the advent of single-cell and spatial omics approaches that can be applied to human
samples have started to transform our understanding of fibrosis biology in MASLD. In this Review, we describe these
technological advances and discuss the new insights such studies have provided, focusing on the role of epithelial cell
plasticity, mesenchymal cell activation, scar-associated macrophage accumulation, and inflammatory cell stimulation as
regulators of liver fibrosis. We also consider how omics techniques can enhance our understanding of evolving concepts
in the field, such as hot versus cold fibrosis and the mechanisms of liver fibrosis regression. Finally, we touch on future
developments and how they are likely to inform a more mechanistic understanding about how fibrosis might differ
between patients and how this could influence optimal therapeutic approaches.

despite recent encouraging phase III trial data on resmetirom and
semaglutide, only a minority of patients (26% and 37%, respective-
ly) showed improvements in fibrosis (11, 12). Hence, more work is
needed to achieve adequate antifibrotic efficacy.

A major challenge in identifying antifibrotic therapeutic targets
in MASLD is the complexity of human liver fibrosis, which often
develops over years or decades and involves multiple pathophysi-
ological processes and cell types. Modern single-cell or single-nu-
cleus RNA sequencing technologies (scRNA-seq and snRNA-seq,
respectively) have provided a powerful new lens to examine human
liver fibrosis at previously unparalleled resolution. Furthermore,
state-of-the-art spatial omics approaches promise to herald the next
wave of insights in human MASLD pathogenesis. Here, we review
how these approaches have advanced understanding of the mecha-
nisms of fibrosis in MASLD and how they will continue to inform
antifibrotic therapeutic target identification in the years to come.

Single-cell and spatial transcriptomic
investigation of liver fibrosis

Modern high-throughput single-cell sequencing technologies have
been increasingly adopted to investigate complex chronic diseases.
While many early human liver single-cell studies used scRNA-seq
to provide new insights into disease-associated cell types (13-15),
several groups have now adopted snRNA-seq protocols instead,
which offer potential advantages and disadvantages (Table 1). Due
to the current lack of human studies combining both scRNA-seq
and snRNA-seq, existing datasets likely underrepresent key cellu-
lar drivers of disease and the complexity of cellular interactions in
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Table 1. Overview of the pros and cons of scRNA-seq and snRNA-seq approaches for studying liver cell heterogeneity in MASLD

sCRNA-seq
Tissue type Fresh liver tissue

snRNA-seq
Cryopreserved or potentially FFPE tissue

Isolation methods ~ Mechanical and/or enzymatic dissociation, optional enrichment of particular cell types, ~ Nuclear isolation followed by nuclei barcoding, transcript capture, and sequencing

followed by cellular barcoding, transcript capture, and sequencing (13-15)
Advantages . Improved gene detection and data quality for immune cells (180, 181)

. Capture of both nuclear and cytoplasmic mRNAs

+  Ability to combine with cell-surface protein (e.g., CITE-seq) (182)

Ability to enrich for particular cell types of interest (e.g., via FACS)

Disadvantages . Selection biases with underrepresentation of certain cell types
(e.g., neutrophils) (191)

. Requirement for fresh tissue limits scalability and broad applicability

. Difficulty i isolating certain liver cell types (e.g., hepatic stellate cells,
hepatocytes)

. Enzymatic dissociation can induce cell stress artifacts (192)

+  More robust capture of hepatocytes and HSCs (180, 181)

. Similar gene detection levels to scRNA-seq (183-185) despite enrichment
in IncRNA and unspliced transcripts (186)

. Use of archival or hard-to-dissociate tissues (44, 187, 188)

. Fewer dissociation-associated transcriptomic changes (188-190)

. Inability to enrich for specific cell types, limiting utility for rare cell types
*  Sparsity of data forimmune cells (180, 181)

. Limitations in ability to combine with other modalities, e.g., cell-surface
protein

MASLD. Of course, single-cell technologies continue to improve
apace with evolving methodologies, promising to offer more sen-
sitive, lower-cost gene detection (16). Technological advances have
been supplemented by improvements in computational workflows,
which now enable most laboratories around the world to perform
robust analyses (17). As these newer data generation and analytical
methods are applied to human MASLD samples, further biological
insights are likely to be garnered.

One challenge with scRNA-seq and snRNA-seq data is the
loss of spatial location due to tissue dissociation. In spatially pat-
terned diseases such as fibrosis, an understanding of the spatial
context and cell-cell communication within the fibrotic niche is
crucial for dissecting the cellular and molecular drivers of disease
and identifying novel therapeutic targets. Most human liver sin-
gle-cell studies have therefore used markers identified from sin-
gle-cell transcriptomic data in immunohistochemistry or in situ
hybridization approaches to map disease-associated cell types
into different tissue niches. Despite generating important insights,
e.g., in studying human liver zonation patterns (15) or identifying
scar-associated cell populations in the fibrotic niche of human
cirrhosis (14), such methodologies do not enable the exhaustive
comparison of in situ molecular profiles needed to fully dissect
the pathological mechanisms driving fibrotic niche expansion
and disease progression across the spectrum of MASLD. Howev-
er, new, more unbiased high-dimensional spatial transcriptomics
(ST) methodologies (18, 19) can provide new insights into the
pathogenesis of MASLD fibrosis. Sequencing-based approaches
directly capture RNA transcripts from tissue while adding spatial
barcodes via polyT oligo arrays (Visium) (20), DNA-barcoded
beads (Slide-seq and HDST) (21, 22), or barcoded DNA nanob-
alls (Stereo-seq) (23). Early uses of ST methods in human liver
tissue included healthy human liver (24), end-stage cirrhotic liv-
ers (25, 26), primary sclerosing cholangiopathy (PSC) (27), and
acute liver failure (28), in which the ST profiles of liver metabolic
zonation, fibrosis, and regeneration were described. Application
of ST to human MASLD is less well established, limited to a
small number of samples in patients with low levels of fibrosis

(29, 30). Nevertheless, in these studies, the presence of hepatic
steatosis appeared to alter the ST profile and zonation patterns
(29, 30), suggesting that ST may yield new biological insights
when applied to larger patient cohorts.

Notably, current human liver data from capture-based ST
methods are largely limited by low spatial resolution, meaning
that each spot captures multiple cells, making it difficult to deter-
mine which specific cell types are within each spatial domain. In
contrast, imaging-based ST approaches measuring 100s to 1000s
of individual RNA or protein molecules at cellular or subcellu-
lar resolution (31) potentially offer more robust single-cell phe-
notyping and spatial localization. Such high-plex in situ RNA
profiling enabled mapping of proregenerative migratory hepato-
cytes in acute liver failure (28), disease-associated hepatocytes
in fibrotic human liver human liver samples (32), and detailed
characterization of immune cell localization in human and
murine steatotic liver tissue (29). While MASLD fibrosis has not
been studied at scale using in situ RNA profiling, applying these
methodologies to archival formalin-fixed, paraffin embedded
(FFPE) samples could enable comprehensive single-cell spatial
profiling across disease stages. Protein-based spatial approaches
(e.g., using high-dimensional antibody staining) offer the oppor-
tunity to study 10s to 100s of proteins at single-cell resolution
in large patient cohorts, potentially enabling identification of
immune cell subpopulations with well-described distinguishing
markers. Such approaches have been applied to study MASH,
PSC (33), and HCC (34). However, despite continually improv-
ing data dimensionality, imaging-based approaches have not yet
reached whole transcriptome or proteome coverage, necessitating
selection of probe or marker panels based on prior knowledge.
Therefore, to uncover fibrosis biology and additional therapeutic
targets, these technologies are currently best performed along-
side unbiased transcriptomics such as sScRNA-seq or snRNA-seq.
Moreover, high costs of spatial approaches currently limit wide
application, meaning more affordable solutions are needed to
truly harness their power for diagnostic and therapeutic applica-
tions in liver fibrosis.
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Figure 1. Epithelial plasticity in
MASLD. Hepatocytes and ductular
epithelial cells (also called cholangio-
cytes) show extensive transcriptional
and phenotypic changes during MASLD
pathogenesis. Hepatocytes lose

their periportal/pericentral zonation,
show an altered expression of the
tight junction family of proteins,

Hepatocytes activate NOTCH, become senescent,
and undergo cell death. Hepatocytes
and ductular epithelial cells give rise
to biphenotypic cells, which express

Ductular reaction markers of both cell types and are
key players of the ductular reaction
associated with liver disease. Overall,
these changes contribute to the
Loss of DNA damage TNF-a NOTCH fibroinflammatory response through
zonation NF-xB activation the release of DAMPs, SASP factors,
j cytokines, and chemokines. DAMPs,
damage-associated molecular pattern;
Cell Biphenotypic SASP, senescence-associated secretory
death cells phenotype.
Senescent 1 CLDN1 1 EphB2 1 KRT7
hepatocyte 1 CFTR
Apoptosis 1 EPCAM
Necrosis
Necroptosis /
Ferroptosis
Cytokines PDGF
Chemokines SPP1
SASP l DAMPs Chemokines
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Single-cell approaches unpick cellular drivers of
MASLD fibrosis

MASLD and MASH are usually associated with systemic meta-
bolic dysfunction, including obesity, diabetes, hypertension, and
dyslipidemia. Excessive energy substrate is associated with de
novo lipogenesis in the liver, while dysfunctional adipose tissue
results in the release of excessive free fatty acids (35). Eventually,
these adaptations overwhelm the liver’s buffering capacity, causing
hepatic mitochondrial dysfunction and aberrant adipose tissue—liv-
er crosstalk, leading to accumulation of toxic lipids and reactive
oxygen species, and ultimately resulting in mitochondrial ER stress
(35-37). This metabolic injury in hepatocytes then triggers cellular
activation, death, or senescence, causing stimulation of inflamma-
tory and fibrogenic signalling cascades that propagate activation of
nonparenchymal cells (e.g., hepatic stellate cells [HSCs] and macro-
phages) and ultimately lead to the chronic inflammation and fibrosis
characteristic of more advanced disease (38, 39). Hepatocyte lipid
metabolism’s role as a central driver of MASLD pathogenesis is
emphasized by large-scale GWAS, where the majority of genetic
polymorphisms associated with the development and progression of
MASLD and liver fibrosis (e.g., PNPLA3, TM6SF2, MBOAT7, and
HSDI17B13) (40) are genes predominantly expressed by hepatocytes
in the liver that encode proteins responsible for nutrient processing,
lipid handling, and the resultant hepatic mitochondrial redox state
(41). Hence, much therapeutic focus in MASLD has been placed on
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targeting metabolic pathways in hepatocytes, for example inhibiting
de novo lipogenesis (e.g., Aramchol), reducing energy availability
(e.g., GLP-1 and/or glucagon agonists), or enhancing lipid handling
(e.g., thyroid hormone receptor [THR] B analog [resmetirom], FXR
agonist [obeticholic acid], PPAR agonist [lanifibrinor]) (35). Unfor-
tunately, many of these interventions remain unproven in human
MASH. What has been less clear in the field are the specific mecha-
nisms and signalling pathways by which injured/dying hepatocytes
in human liver result in nonparenchymal cell activation at different
disease stages and spatial locations in the liver, how they lead to the
establishment of fibrosis and contribute to disease progression, and
which specific pathogenic mediators or cell subpopulations can be
targeted therapeutically. Single-cell and spatial technologies are now
yielding new insights into these key unanswered questions.
Epithelial cell plasticity. Hepatocyte injury is the key trigger
of fibroinflammatory responses in MASH, driving a focus on
applying single-cell methodologies to better dissect hepatocyte
heterogeneity and transcriptional responses in regulating disease
pathogenesis (Figure 1). As discussed in Table 1, the implemen-
tation of snRNA-seq has circumvented the difficulties of isolating
viable hepatocytes from diseased human tissue (14, 42) and pro-
vided more clarity on human hepatocyte heterogeneity and tran-
scriptional responses to disease. The most comprehensive study
currently available included snRNA-seq data on approximately
70,000 hepatocytes from 47 patients across the full MASLD/
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MASH disease spectrum with a range of fibrosis stages (43).
Hepatocytes showed most transcriptional changes according
to disease severity of any cell type, which was most apparent in
patients with advanced MASLD cirrhosis. Notably, markers of
hepatocyte zonation such as GLUL and ASS1, which distinguish
pericentral and periportal hepatocytes in healthy liver, respective-
ly, are progressively more coexpressed in the same hepatocytes as
MASLD progresses, as demonstrated by snRNA-seq and immu-
nofluorescent staining (43). This observation mirrors spatial mass
spectrometry data, where zonation patterns of lipids in the liver
are lost in more advanced human MASLD (44).

This transcriptional reprogramming of hepatocytes in MASLD
also resulted in accumulation of a subpopulation coexpressing
hepatocyte and biliary epithelial (cholangiocyte) markers (e.g.,
KRT7, CFTR, EPCAM) that progressively expanded with MASLD
severity and potentially derive from hepatocytes (43). However, sig-
nificant plasticity was also observed in the cholangiocyte compart-
ment, with expansion of cholangiocytes coexpressing hepatocyte
markers (e.g., ALB, ASGRI, TTR, ASS1, PCK1, ABCC2, GPC5,
HNF4a) noted across the MASLD spectrum (43). These bipheno-
typic cholangiocytes likely represent expanded biliary epithelial
cells, key to the “ductular reaction” that has been demonstrated to
be functionally important in hepatocellular regeneration following
chronic injury in mice (45-48). In human MASLD, the associa-
tion between ductular reaction and increased fibrosis is well recog-
nized (49-51), while in rodent models of CLD, these biphenotypic
ductular cells have been shown to promote myofibroblast activa-
tion, ECM deposition, and inflammatory cell infiltration (52-56)
via secretion of key mediators such as PDGF (57), osteopontin
(58), and chemokines (56, 59—61). Due to their transcriptional
similarities and coexpression of both hepatocyte and cholangio-
cyte markers, it remains unclear whether hepatocyte-derived and
cholangiocyte-derived biphenotypic epithelial cells exert functional
differences in regulating fibrosis. These populations could feasibly
have a distinct spatial location and local cellular niche regulating
their functions. Application of high-resolution ST in MASLD tis-
sue samples will hopefully shed further light on this.

Hepatic expression of claudin 1 (CLDN1), a member of the
tight junction family of proteins, was increased in patients with
MASLD (and other etiologies of CLD) and correlated with more
advanced fibrosis (62). scRNA-seq and snRNA-seq data localized
CLDNI1 expression to hepatocytes, cholangiocytes, and bipheno-
typic epithelial cells as well as HSCs (62). Notably, inhibition of
CLDNI1 in a range of in vivo and in vitro models abrogated fibrosis
and HCC formation, potentially due to reduced cellular plasticity,
inhibition of ductular reaction, as well as more direct effects on
myofibroblast activation and ECM production (62). Inhibition of
CLDNI1 via monoclonal antibody was noted to be safe in nonhu-
man primates (62), with an active phase II clinical trial evaluating
CLDNI1 inhibition in patients with head and neck cancer (Clinical-
trials.gov NCT06054477). Hence, CLDNI1 inhibition is potentially
an appealing target for modulation of fibrosis in MASLD.

Notch signalling was shown to increase in hepatocytes from
patients with MASH and fibrosis, while in a longitudinal analysis,
patients who responded to the treatment in the PIVENS trial (piogl-
itazone versus vitamin E versus placebo) (63) demonstrated reduced
hepatocyte Notch activation (64). In mouse models of MASLD,
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inhibition of hepatocyte Notch reduced fibrosis despite no change in
hepatocyte injury or steatosis, while overexpression of Notch exacer-
bated fibrosis (64). snRNA-seq on human and mouse MASLD liver
tissue identified expansion of a MASH-associated hepatocyte sub-
population expressing high levels of the activation receptor tyrosine
kinase ephrin type B receptor 2 (EphB2) (65). EphB2 was shown to
be a downstream transcriptional target of the Notch pathway and
promoted inflammatory cytokine and chemokine secretion from
hepatocytes; accordingly, inhibition of hepatocyte EphB2 expression
in a mouse MASH model reduced inflammatory cell recruitment and
attenuated fibrosis (65). Hence, pathological Notch signalling may
connect hepatocyte injury, inflammation, and fibrosis in MASH.

Beyond transcriptional changes, lipotoxicity in MASLD can
drive hepatocyte death, which regulates local inflammatory and
fibrogenic responses (66). Specifically, hepatocyte apoptosis was
associated with more advanced MASH and fibrosis (67) and sug-
gested to promote disease progression (68). Caspase inhibitors,
which inhibit apoptosis and attenuate liver fibrosis in rodent MASH
models (69, 70), were tested in clinical trials for MASLD, albeit with
disappointing results so far (71). Alternative forms of programmed
cell death may also be relevant; for example, necroptosis has been
suggested as a predominant driver of cell death in MASLD (66).
Interestingly, necroptotic (but not apoptotic) hepatocytes in MASH
livers upregulate the “don’t eat me” molecule CD47, while hepat-
ic macrophages show increased expression of the CD47 ligand
SIRPa (72). Inhibiting either CD47 or SIRPa improved necroptot-
ic hepatocyte clearance and attenuated fibrosis, highlighting this
axis as a possible therapeutic target (72). Dead or dying hepato-
cytes may also signal directly to HSCs to promote a profibrogenic
phenotype, e.g., via release of mitochondria-derived damage-as-
sociated molecular patterns (DAMPs) (73), secretion of high-mo-
bility group box-1 (HMGB1) (74), or activation of the purinergic
receptor P2Y 14 on HSCs through the production of UDP-glucose
and UDP-galactose (75). Targeting downstream fibroinflammato-
ry responses to hepatocyte death might prove a more specific and
tractable antifibrotic therapeutic option than global inhibition of
cell death pathways, with lower potential for off-target effects or
inducing the persistence of premalignant epithelial cells.

A fraction of hepatocytes develop a senescent phenotype, a
state of permanent cell cycle arrest. Hepatocyte senescence, like-
ly induced by DNA damage and telomere shortening, has been
shown to correlate with fibrosis stage and predict adverse clinical
outcomes in patients with MASLD (76). Senescent hepatocytes
secrete a range of autocrine and paracrine factors (called the senes-
cence-associated secretory phenotype [SASP]) that can regulate
responses of adjacent epithelial and nonparenchymal cells and con-
trol local inflammation and fibrosis (77). However, before such con-
cepts can be effectively translated, further data are needed to define
the transcriptome, spatial niche, and cellular interaction partners of
senescent hepatocytes in human MASH, to dissect the pathologi-
cal versus protective aspects of this process. High-resolution spatial
approaches will likely address these questions.

Mesenchymal cell activation. As with other fibrotic disorders,
myofibroblasts expand in MASLD liver tissue and adopt ECM-pro-
ducing, migratory, immunomodulatory, and contractile properties
that orchestrate disease progression (78). HSCs become activat-
ed following hepatic injury (79) and have been shown to be the
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main source of myofibroblasts in different mouse models of liver
fibrosis, including MASLD (80). Indeed, scRNA-seq analysis from
patients with cirrhosis of different etiologies identified a population
of PDGFRA* ECM-expressing mesenchymal cells populating the
fibrotic niche and predicted to derive from HSCs based on RNA
velocity analysis (14). However, transcriptionally distinct popula-
tions of vascular smooth muscle cells and portal fibroblasts demon-
strated in scRNA-seq studies (14, 81) highlight substantial heteroge-
neity in the hepatic mesenchymal compartment. HSCs themselves
are heterogeneous, with clear patterns of zonation observed across
the liver lobule (81, 82). Human HSCs in fibrotic liver can be parti-
tioned into myofibroblastic HSCs (myHSCs), enriched in ECM-re-
lated molecules, and cytokine- and growth factor—enriched HSCs
(cyHSCs), which express high levels of factors such as HGF (83).
In advanced liver disease, cyHSCs, which normally exert protective
functions, differentiate into myHSCs to promote disease progres-
sion, increased liver stiffness, and the development of HCC (83).
The concept of myofibroblast heterogeneity and early activated
HSCs/myofibroblasts being as a hub of cytokine and growth factor
production before transitioning into a more ECM-producing myo-
fibroblast subpopulation was also identified in rodent MASH- and
CCl,-induced fibrosis (82, 84). However, while the balance of cyH-
SCs and myHSCs may influence MASLD pathogenesis, the spe-
cific signals regulating this transition between cyHSC and myHSC
(and potentially back again) need further study.

Nonetheless, abundant data exist describing the mediators that
promote transdifferentiation of quiescent HSCs into ECM-pro-
ducing myofibroblasts, with TGF-f signalling being the key driver
(79, 85). However, off-target effects complicate therapeutic target-
ing of ubiquitous pathways such as TGF-f. Single-cell approach-
es and modeling of cell-cell communication potentially enable
identification more specific molecules and pathways regulating
ECM-producing myofibroblasts (86, 87), for example, PDGF/
PDGFRA, TNFSF12/TNFRSF12A, IL-18/IL-1R1, and AREG/
EGFR between scar-associated macrophages (SAMacs) and myo-
fibroblasts or Notch signalling between scar-associated endothelial
cells and myofibroblasts in advanced cirrhosis (14). An snRNA-seq
study of 9 MASH patients demonstrated a MASH-associated
HSC phenotype enriched for autocrine signalling (88). These find-
ings were recapitulated in a mouse MASH model that identified
the neurotrophin-3—neuronal receptor tyrosine kinase (NTF3/
NTRK3) ligand-receptor pair as an autocrine pathway that pro-
motes fibrogenic activity in HSCs and can be therapeutically inhib-
ited in vivo using LOXO-195, a highly specific NTRK3 kinase
domain inhibitor (88). Further recent snRNA-seq and single-cell
ATAC-seq data identified transcriptional regulators of HSC activa-
tion in MASH, highlighting HSC SERPINE] as a cell-autonomous
driver of fibrogenic activity (89). Bulk profiling has also informed
the identification of novel molecules that promote HSC activation;
for example, proteomics revealed elevated soluble folate receptor y
(FOLR3) as a driver of HSC activation in MASH, via modulation
of TGF-B signalling (90). The cellular source of FOLR3 in the
MASH liver remains uncertain but should become clear in more
detailed analyses of sScRNA-seq and ST data from human samples.
In addition to activating signals, HSCs also demonstrate loss of
quiescence signals in MASH. scRNA-seq and ATAC-seq analyses
in murine MASH identified NR1H4/FXR activity as a key feature
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of quiescent HSCs that is lost during activation (91). FXR agonists
such as obeticholic acid are being actively tested in patients with
MASLD (92) and may provide a therapeutic approach for main-
taining HSC quiescence.

snRNA-seq analysis has also identified a senescent HSC sub-
population (93). These senescent HSCs expanded in MASH livers
and demonstrated an inflammatory and fibrogenic gene expres-
sion profile in both human disease and mouse models (93). Senes-
cent HSCs appeared to derive from activated HSCs and upregulat-
ed a series of markers, including urokinase plasminogen activator
receptor (uPAR), MRC1/CD206, SLC9A9, PTPRB, and STAB2
(93). Notably, targeting senescent cells using chimeric antigen
receptor (CAR) T cells directed at uPAR was shown to attenuate
fibrosis in a mouse MASH model (94). However, uPAR expression
is not specific to senescent HSCs, so it remains uncertain whether
selective targeting of senescent HSCs will attenuate or potentially
exacerbate fibrosis by promoting the persistence of ECM-produc-
ing myofibroblasts (95).

A subpopulation of portal fibroblasts with mesenchymal stem
cell features (PMSCs) was identified in mice using scRNA-seq (96).
PMSCs and PMSC-derived myofibroblasts expressed a gene signa-
ture (Colla2, Coll5al, Igfbp6, Loxll, Mgp, Thyl, Slit2) that facilitated
distinction from HSCs. S/it2 in particular was specific to PMSCs,
and SLIT2* myofibroblasts were identified in the fibrotic niche of
cirrhotic human liver of varying etiologies including MASLD, sug-
gesting that PMSC-derived myofibroblasts may contribute to scar
deposition in human MASLD (96). Spatially, SLIT2* PMSC-de-
rived myofibroblasts were found adjacent to vessels and in close
proximity to SLIT2™ myofibroblasts (presumed to be HSC derived)
in fibrotic human liver, while SLIT2 itself has been shown to
promote HSC activation (96, 97). This suggests that interactions
between different mesenchymal cell types may regulate fibrogenesis
in CLD. The precise role of this phenomenon in human MASLD
pathogenesis remains to be determined.

Chronic  inflammation and SAMac accumulation. Chronic
inflammation is a key feature of MASLD and its fibrotic micro-
environment (Figure 2). The innate immune system has been a
major focus of scRNA-seq studies, particularly cells of the mono-
cyte-macrophage lineage that strongly regulate fibrosis in preclin-
ical models (98-101). Initial studies identified a distinct popula-
tion of TREM2*CD9*SPP1*GPNMB* macrophages that expand
in cirrhotic liver and accumulate in the fibrotic niche (14). These
SAMacs are derived from the recruitment and differentiation of
monocytes rather than resident liver macrophages (Kupffer cells,
KCs) and have been shown to promote HSC activation and pro-
liferation in vitro (14, 102), suggesting a potential target popu-
lation for antiinflammatory and antifibrotic therapies. Notably,
transcriptionally similar SAMac populations were also described
in fibrosis in other organs, suggesting conserved pathophysio-
logical mechanisms between different fibrotic diseases (103). To
confirm that accumulation of SAMacs in the fibrotic niche is not
simply a feature of end-stage cirrhosis, deconvolution of bulk liv-
er RNA-seq data across the full MASLD disease spectrum using
annotated reference scRNA-seq data demonstrated that SAMac
expansion correlates with fibrosis in earlier-stage disease (14), and
that accumulation of SAMacs was associated with adverse clinical
outcomes in patients with MASLD (8). Additionally, circulating
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levels of TREM2, a characteristic SAMac marker, shows promise
as a serum biomarker of fibrosis in MASLD (104). Overall, these
data highlight the potential role of SAMacs in the evolution of
fibrosis in MASLD and other causes of CLD.

A population of TREM2*CD9*SPP1*GPNMB" macrophages
known as lipid-associated macrophages (LAMs) that are transcrip-
tionally similar to SAMacs was also reported in various mouse
models of MASLD (102, 104-107). Spatial analysis using high-plex
in situ hybridization, antibody staining, and unbiased ST localized
LAMs adjacent to bile ducts in healthy liver and in areas of steatosis
in the MASLD liver (29), suggesting that monocytes recruited into
areas of tissue injury may differentiate into LAMs/SAMacs within
this niche.

To interrogate the mechanisms by which SAMacs regulate fibro-
sis, ligand-receptor interaction analyses from scRNA-seq data have
been used to dissect candidate ligands expressed by SAMacs that are
predicted to signal to HSCs/myofibroblasts to promote activation
and/or proliferation (86, 87). A combination of soluble mediators,
including GM-CSF, IL-17A, and TGF-1 induced SAMac differenti-
ation from circulating monocytes in vitro, while in vivo blockade of
these mediators in the mouse carbon tetrachloride (CCl,) CLD model
attenuated SAMac differentiation (102). The effect was most striking
for TGF-B1 inhibition, where HSC activation and SAMac number
were reduced in models of CLD and lung injury (102), indicating that
both are at least partially dependent on TGF-f signalling.

Spatially resolved high-plex immunostaining of human biopsies
identified a IBA1*CD16°CD163% subpopulation of disease-asso-
ciated macrophages derived from monocytes and spatially located
in portal areas in close proximity to the KRT19* ductular cells in
patients with advanced MASH fibrosis, as well as other causes of
CLD, including PSC (33). This close spatial relationship suggests that
these cells could have functional relevance in the ductular reaction,
given that macrophages are known to regulate the ductular reaction
in mice (108) via secretion of soluble mediators such as Wnts (109)
or TWEAK (110). Furthermore, macrophage-hepatocyte crosstalk
can directly control hepatocyte mitochondrial function, lipid accu-
mulation (111), and clearance of senescent hepatocytes (112), all
important factors in epithelial dysfunction observed in MASLD (see
above). How these direct epithelial-macrophage interactions can be
modulated to abrogate fibrosis should be a focus of future work.

Macrophages are producers of inflammatory mediators,
including activation of the NLRP3 inflammasome (resulting
in release of proinflammatory cytokines IL-13 and IL-18), an
important driver of fibrosis in MASLD models (113, 114). The
transmembrane molecule membrane-spanning 4-domains A7
(MS4A7) was identified in TREM2* SAMacs from MASLD
livers, and MS4A7 deletion in mouse MASH reduced SAMac
expansion, liver inflammation, HSC activation, and fibrosis (115).
Lipid droplets derived from steatotic hepatocytes were shown to
promote SAMac differentiation, MS4A7 expression, and NLRP3
inflammasome activation, with inflammasome activation being at
least partially dependent on MS4A7 expression in a cell-intrinsic
manner (115). These data potentially provide a mechanistic link
between hepatocellular injury, SAMac differentiation, inflam-
mation, and fibrosis; MS4A7 therefore warrants further explora-
tion as a therapeutic target in human MASLD. The transcription
factor EGR2 (116) and Notch signalling (117) were both also
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recently implicated in SAMac differentiation and fibrogenesis in
MASLD mouse models. However, current studies aimed at inves-
tigating molecular drivers of liver fibrosis are mainly based on
mouse models and underestimate the complexity of interactions
regulating fibroinflammatory processes in MASLD. Application
of spatial omics technologies in human MASLD samples should
help clarify these interactions.

Some molecules expressed by SAMacs appear to have anti-
inflammatory antifibrotic functions in MASLD. The effero-
cytosis receptor TREM?2 is a prime example, as several groups
have shown that TREM2 deficiency exacerbates liver inflamma-
tion and fibrosis in MASLD models (118, 119), suggesting that
TREM?2 agonism may be an effective therapeutic strategy. The
complexity of TREM?2 in the liver is further highlighted by the
presence of TREM2* macrophages in healthy human livers, albe-
it at a lower proportion than in MASH (120), while resident KCs
were recently reported to upregulate TREM?2 in certain inflam-
matory contexts (121). Hence, despite numerous candidate anti-
fibrotic targets expressed by SAMacs, it remains unclear which
candidates are adequately specific to pathogenic macrophages
and selectively inhibit profibrotic functions without disrupting
their role in physiological repair and fibrosis regression.

Given their role in lipid metabolism and pathogen clearance,
tissue-resident KCs may also have a role in MASLD pathogene-
sis. In rodent models, embryologically derived KCs (EmKCs) are
the main macrophage population in healthy livers but undergo
transcriptional reprogramming and cell death in the context of
MASLD (122, 123). scRNA-seq has identified two major subsets of
EmKCs: CD206°ESAM- KCl1, characterized by the expression of
immune signatures, and CD206"ESAM* KC2, which are involved
in metabolism (124). Notably, KC2 ablation or depletion of the fat-
ty acid transporter CD36 in this subset prevented diet-induced obe-
sity (124). The presence of similar KC subpopulations in human
MASLD is yet to be confirmed. In MASLD, the EmKC niche is
repopulated with monocyte-derived macrophages that acquire a
KC-like phenotype, termed MoKCs (106, 122). Interestingly, there
are some suggestions that MoKCs remain functionally distinct
from EmKCs, with a more pronounced inflammatory profile and
increased liver injury (122, 125). The transcription factor HIF-2a
was shown to simultaneously promote KC death and inflammato-
ry activation of monocyte-derived macrophages in MASH, while
deletion of HIF-20 protected against inflammation and fibrosis
both in vivo and in vitro (126). Whether it is feasible to rebalance
the aberrant macrophage compartment in human MASH remains
unknown but should be the focus of future studies.

Of course, the chronic inflammatory microenvironment in
MASH livers includes numerous other innate and adaptive immune
cell types, which have also been studied using single-cell approach-
es and have variously been associated with the propagation of fibro-
sis (summarized in Table 2 and Figure 2). More detailed evaluation
of which cell populations are the most pertinent drivers of fibrosis
at different stages of human MASLD will help rationalize which
aspects of this complex inflammatory milieu represent tractable
antifibrotic therapeutic targets.

Vascular reprogramming. CLD pathogenesis is accompanied
by vascular remodeling, which can contribute to fibrosis and por-
tal hypertension (127). scRNA-seq in advanced CLD identified
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Table 2. Summary of the evidence for a role of other immune cells in the propagation of fibrosis in MASLD

Summary
Neutrophils *

Expression of neutrophil chemoattractants associated with human MASH (50, 193, 194)

»  Neutrophil depletion alleviates fibrosis in mouse CLD madels (195)

. Ductular reaction-associated neutrophils (DRANs) in CLD are long-lived (61). DRAN depletion results in an attenuated ductular

reaction and reduced fibrosis (61)

»  Neutrophil extracellular traps (NETs) have direct profibrotic effects on HSCs and monocyte activation, especially in MASH patients

with intercurrent alcohol use (196)
SCRNA-seq identified expansion of CD1c"CD141°XCRT* (cDC1) and CD1C*CD141 (cDC2) subpopulations across multiple models of

Classical dendritic cells (cDCs) .
murine MASH (197)

. ¢DC1 expansion correlates with human MASH histological severity (197)
. ¢DC1 depletion reduces fibrosis in mouse MASH (197)
e (DC2s upregulate maturity markers (LAMP1 and LAMP3) and chemokines (CCL22 and CCL17) in MASH (197)

. Paired-cell sequencing (PIC-seq) to study interacting cell partners (198) shows proinflammatory cDC-T cell interactions in
liver-draining lymph nodes of MASH mice (197)

NK cells and innate lymphoid cells .
(ILCs) (149) .

NK cells have antifibrotic properties via the killing of activated HSCs (178) and/or secretion of IFN-y (199, 200)
Altered hepatic NK cell composition and activation revealed by sScRNA-seq in patients with end-stage CLD (201)

. Role in human liver fibrogenesis unclear. Obesity can abrogate NK cytotoxic activity (202, 203) - potential to facilitate HSC

persistence in the liver

»  Other ILC subpopulations identified in MASLD (204) - functional role in fibrosis uncertain

Tcells .

Accumulation of CXCR6*CD8" T cells in mouse and human MASH livers. Activation in a non-antigen-driven manner by metabolic

stimuli such as ATP and acetate to become autoaggressive and promote liver injury through the killing of hepatocytes (205).

Effects on fibrosis unclear.

. Instruction of CD8" liver-resident T cells by liver myeloid and mesenchymal cells in non-antigen-specific manner to modulate
inflammatory activity (206). Effects on fibrosis still to be explored.

. (D4* IL-17-secreting Th17 cells associated with fibrosis pathogenesis in MASLD (134, 207, 208) and are enriched in more advanced

disease (209)

. Amphiregulin-producing Tregs promote liver fibrosis and insulin resistance in MASH (210)

. Unconventional T cells (including NKT cells, MAIT cells, and y3 T cells) are enriched in the liver and have various reported roles
in fibrosis pathogenesis (39, 211). Exact role in MASH requires further study.

B cells .

B cell depletion reduces liver injury and fibrosis (212)

. B cells adopt a proinflammatory, profibrogenic phenotype in MASH, driven by intestine-derived micrabial antigens through

cell-intrinsic MyD88 signalling (212)

. Activated HSCs releasing retinoic acid can enhance B cell activation and fibrogenic activity, suggesting direct B cell-HSC

interactome (213)

. Intestinal B cells in MASH capable of promoting autoaggressive T cell activation and SAMac modulation (214)

CD34*ACKR1" and CD34"PLVAP* scar-associated endothelial
cell subpopulations that could regulate immune cell recruitment
and drive HSC activation through PDGF and NOTCH pathways
(14). Specifically in MASLD, changes in the liver sinusoidal endo-
thelial cells (LSECs), the main endothelial population lining the
hepatic sinusoids, have been reported to promote steatosis, hepat-
ic inflammation, and fibrosis (128-130). Interestingly, in rodent
models, LSEC dysfunction appears before established fibrosis
(131, 132), while inhibiting LSEC maladaptation via eNOS acti-
vators (133) or targeting epigenetic reprogramming (134) atten-
uates liver fibrogenesis. However, a detailed study defining the
molecular changes in human LSEC during different stages of
MASLD is still lacking.

Systemic drivers of MASLD pathogenesis

MASLD is increasingly recognized as the hepatic component
of a systemic disease, with an increased risk of cardiovascular
disease and extrahepatic malignancies observed in patients with
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MASLD (135). However, the cellular and molecular connections
between the diseased liver, its manifestations in other tissues,
and their reciprocal responses are only starting to be elucidated
(136-138) (Figure 3). For instance, adipose tissue dysfunction is
associated with MASLD development, as demonstrated in lipo-
dystrophic mice in which the redirection of the lipid surplus to
the liver led to steatohepatitis (139-141). Interestingly, scRNA-
seq analysis of visceral adipose tissue in patients with MASLD
showed a change in macrophage phenotype and disruption of
vascular barrier integrity, suggesting enhanced systemic release
of inflammatory mediators that may signal between adipose tis-
sue and the liver (142). Adipose tissue macrophages were shown
to secrete GDF-15 during the early stages of obesity and type 2
diabetes, while hepatocytes upregulated GDF-15 in the liver in
during MASH (143). Indeed, GDF-15 has been suggested as a
circulating biomarker of disease and fibrosis stage (144). GDF-
15 can attenuate the proinflammatory features of macrophages
(144, 145) and may therefore represent a mechanism by which
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Figure 2. The role of immune cells in MASLD fibrosis. The activation of HSCs, which are responsible for ECM remodeling and fibrosis progression, is
tightly controlled by myeloid and lymphoid cells. After injury, monocytes migrate to the liver, where they differentiate into SAMacs, which promote
HSC collagen deposition. HSCs can promote additional monocyte recruitment through the secretion of CCL2, IL-6, and EVs. DRANs and recruited
neutrophils modulate monocyte and HSC activation through NET production. T cells also contribute to tissue injury and HSC activation through a
proinflammatory interaction between CD8* T cells and cDC1 as well as through release of IL-17 and AREG from Th17+ and Treg CD4* T cells, respec-
tively. B cells become activated by intestine-derived microbial antigens and HSC-secreted retinoic acids, acquiring a proinflammatory phenotype. NK
cells can kill activated HSCs and thus promote fibrosis regression, a role which has been shown to be inhibited by obesity. SAMac, scar-associated
macrophage; emKC, embryologically derived Kupffer cells; moKC, monocyte-derived Kupffer cells; DRANs, ductular reaction-associated neutrophils;
NETs, neutrophil extracellular traps; cDC, classical dendritic cell; Treg, regulatory T cell; HSC, hepatic stellate cell; ECM, extracellular matrix.

tissue damage influences local and systemic inflammation. Obe-
sity also induces changes in other adipose tissue immune cell
populations, including NK cells (146, 147), T cells (148), and
B cells (149), with additional potential consequences for liver
inflammation and fibrosis.

The gut and its microbiome have also gained increased atten-
tion in MASLD pathogenesis (150). Fecal microbiota transplan-
tation (FMT) from patients with MASH to germ-free mice fed a
high-fat diet led to exacerbation of steatosis (151). However, how
changes in the gut and microbiome drive changes in the liver is cur-
rently unknown. The main hypothesis is that dysbiosis can alter
intestinal permeability, increasing levels of microbially produced

metabolites in the portal circulation, which trigger hepatic inflam-
mation (150, 152). While many microbiota signatures have been
associated with MASLD and reviewed elsewhere (150), little is
known about the spatiotemporal regulation of cellular and molec-
ular pathways governing the transmission of inflammatory signals
between the microbiome, gut, and ultimately the liver.

Skeletal muscle secretes myokines that influence distant
organs, impacting insulin sensitivity, glucose, and lipid metabolism
(153, 154). Accumulation of muscle fat was associated with the
presence of MASH (155), while individual myokines such as IL-6
(156), myostatin (157), or follistatin-like protein 1 (FSTL1) (158)
are known to regulate liver fibrosis. Application of scRNA-seq and
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Figure 3. Systemic regulators of MASLD pathogenesis. MASLD is part of a multisystem disorder that occurs concomitantly with liver disease. Changes
in the gut, visceral adipose tissue, skeletal muscle, and systemic inflammation drive changes and disease progression in the liver through the release of
lipids, cytokines, chemokines, myokines, and microbial metabolites. Ultimately, chronic systemic metabolic dysfunction can lead to intra- and extra-
hepatic manifestations, including cirrhosis, HCC, cardiovascular disease, and cancer. MASLD, metabolic dysfunction-associated steatotic liver disease;

HCC, hepatocellular carcinoma.

spatial omics to skeletal muscle of patients with MASLD may yield
further insights into muscle-specific features or myokines that can
be targeted to attenuate liver fibrosis progression.

Hot versus cold fibrosis: importance of cell circuits
A key output of scRNA-seq and spatial omics studies is modeling
of cellular crosstalk within tissue domains. These analyses have
highlighted the importance of macrophage-fibroblast signalling
in fibrosis in the liver and other tissues (103). This insight led to
the development of a cell circuit model that is predictive of fibro-
sis progression or healing according to the degree and duration
of injury and inflammation (159). Following a short duration of
injury, monocyte-derived macrophages accumulate and transiently
promote fibroblast activation; if the injury is not sustained, stable
macrophage-fibroblast cell circuits are not established and healing
occurs. However, if injury is iterative or prolonged, more persistent
accumulation of macrophages and fibroblasts then form bistable
cell circuits resulting in ECM deposition and establishment of a
fibrotic steady state (159). Two distinct fibrotic steady states have
been suggested: “hot” fibrosis, characterized by the presence of
both macrophages and fibroblasts, and “cold” fibrosis, where only
fibroblasts are present. If a patient has hot fibrosis, modulation of
inflammation (e.g., by macrophage depletion or by blockade of
macrophage-fibroblast signalling) would potentially result in loss
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of fibroblasts and ECM degradation. In contrast, in the context
of cold fibrosis, targeting autocrine fibroblast signalling (e.g., via
PDGFs or NTRK3) (160) would be a more effective approach to
disrupt disease progression (Figure 4).

Such modeling approaches offer potential conceptual advances
in our understanding of fibrosis pathogenesis but are currently large-
ly based on simplified in vitro studies that underrepresent both the
number of cell types and complexity of molecular drivers involved.
Spatial profiling data have suggested the existence of hot and cold
fibrosis in kidney (161) and cardiac disease (162), but whether this
paradigm is also relevant for MASLD remains unclear. Going for-
ward, more comprehensive spatial omics analyses of human liver
biopsies at different fibrosis stages will be important to determine
how hot and cold fibrosis evolve in MASLD. Importantly, better
characterization of these spatial and temporal niches, for example
by measuring serological ECM components, as was recently pro-
posed (163), could facilitate the identification of circulating bio-
markers to decipher the contributions of hot and cold fibrosis and
immune-mesenchymal interactions to MASLD pathogenesis in
individual patients,

Fibrosis regression in MASLD - myth or reality?
The potential for fibrosis and even cirrhosis regression has been
well described in human liver disease due to chronic viral hepa-
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titis following antiviral therapy (164, 165). In MASLD, detailed
phenotyping of patients following bariatric surgery demonstrated
that 45.5% of patients with advanced fibrosis (F3-F4) at baseline
showed complete resolution after 5 years (166). Importantly, recent
data also showed that patients with MASLD exhibiting fibrosis
regression following treatment have improved clinical outcomes
(10). Hence, fibrosis regression in MASLD should be a realistic
goal of therapeutic interventions.

However, the mechanisms orchestrating liver fibrosis regres-
sion in human MASLD remain poorly described, with most
mechanistic knowledge being derived from rodent models (167,
168). During rodent fibrosis regression, activated HSCs can
undergo apoptosis, become senescent, or revert to a quiescent
state with downregulation of ECM production (167, 168). Specif-
ic subpopulations of monocyte-derived macrophages upregulate
matrix-degrading enzymes such as MMP9, MMP12, and MMP13
and antiinflammatory mediators such as TREM?2 to abrogate
inflammatory activity and enhance fibrosis regression (118, 169—
172). These proresolution features of macrophages are promoted
by signals, including phagocytosis (169), autophagy (173), nuclear
receptor subfamily 4 group A member 1 (NR4A1) activity (174),
and TREM2 signalling (118, 121). Interplay with other immune
cells can also reprogram macrophages to favor scar resolution.
For example, in mouse MASH, neutrophils can promote macro-
phage reprogramming via the microRNA miR-223, resulting in
increased macrophage IL-10 secretion, reduced hepatic inflam-
mation, and accelerated fibrosis regression (175). The inhibition
of MAIT cell-macrophage interactions via the administration of

SAMac

Activated HSC

\\ Cold fibrosis
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Figure 4. Hot versus cold fibrosis in
MASLD. After acute liver injury, recruited
monocytes differentiate into SAMacs,
which interact with HSCs to orchestrate
ECM remodeling and healing. If the
injury is prolonged, stable macrophage-
fibroblast cell circuit interactions are
established, which lead to a fibrotic
steady state. Two fibrotic states have
been proposed: (i) hot fibrosis, charac-
terized by the presence of both cell types
and governed by paracrine macrophage-
fibroblast interactions, and (ii) cold fibro-
sis, where only fibroblasts are present
and able to self-sustain fibrosis through
their autocrine signaling. Future thera-
peutic approaches could aim to target
specific signaling pathways according to
the type of fibrosis present. HSC, hepatic
stellate cell; SAMac, scar-associated
macrophage.

Target autocrine signalling

Examples:
PDGFs
NTRK3

acetyl-6-formylpterin enhanced proresolution macrophage accu-
mulation and enhanced fibrosis regression (176), suggesting that
MAIT cells may favor a profibrotic macrophage phenotype.

Immune cells may also directly interact with HSCs during
fibrosis regression. HSCs express a ligand for NKp46, a major NK
cell activating receptor, which enhances HSC apoptosis (177). In
addition, NK-driven killing of HSCs via NKG2D and TNF-re-
lated apoptosis-inducing ligand (TRAIL) can ameliorate mouse
liver fibrosis (178). scRNA-seq identified accumulation of liver
CD69*CD103CD8" tissue-resident memory (Trm) CD8* T cells
during the resolution of murine MASH and associated induction of
FasL/Fas-mediated HSC apoptosis with fibrosis regression (179).

However, rodent liver fibrosis models often resolve rapidly,
calling into question the translational applicability to human dis-
ease. It is therefore imperative to use modern single-cell and spa-
tial approaches to study mechanisms of fibrosis regression in large
cohorts of human MASLD liver biopsies.

Conclusions and future perspectives

As described above, high-resolution omics techniques are trans-
forming our understanding of the mechanisms of fibrosis in
MASLD, defining key pathogenic cell types, and identifying can-
didate therapeutic targets. Crucially, these approaches are being
widely applied in human samples, shifting discovery science in
MASLD away from imperfect rodent and in vitro models and pri-
oritizing target and biomarker identification in patients. However,
omics methods cannot recapitulate “dynamic” aspects of cell-cell
interactions in fibrosis, and datasets should continue to be supple-
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mented with functional biology, for example intravital microscopy
in rodents or perfusable biochips using human cells. Nevertheless,
the advance that single-cell and spatial omics provides is starting to
bear dividends, with a range of new therapies being developed and
tested in clinical trials.

There remain key unanswered questions to be addressed
in the forthcoming years. First, more data during earlier-stage
disease is needed to better define pathological cell types and
candidate therapeutic targets at fibrosis stages where antifibrot-
ic interventions are more likely to be tractable. Second, factors
such as genetics, sex, and ethnicity impact fibrosis heterogene-
ity and progression. Future omics studies should be conducted
in sufficient patient numbers with detailed clinical metadata
from different ethnicities and geographical regions, to allow
the effects of these host factors on pathophysiological mech-
anisms to be elucidated. Ideally, such studies will also sample
tissue from different body compartments (e.g., adipose tissue,
gut, bone marrow), to comprehensively examine the systemic
impact of MASLD and its effects on fibrogenesis. Eventual-
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ly, such studies will potentially enable a more precision med-
icine-based approach to MASLD, where host factors and the
nature of fibrosis (e.g., hot vs. cold) will inform which thera-
pies might be most efficacious in particular individuals. Finally,
more detailed cellular and molecular interrogation of fibrosis
regression in patient samples will be essential going forward,
as ultimately the goal of antifibrotic interventions should be to
reverse established disease.

Acknowledgments

PR is funded by an MRC Senior Clinical Fellowship (MR/
WO015919/1). NCH is supported by a Wellcome Trust Senior
Research Fellowship in Clinical Science (ref. 219542/7/19/Z).

Address correspondence to: Prakash Ramachandran, Centre for
Inflammation Research, Institute for Regeneration and Repair,
University of Edinburgh, Edinburgh BioQuarter, 4-5 Little
France Drive, Edinburgh, EH16 4UU, United Kingdom. Phone:
44.0.131.242.9164; Email: Prakash.Ramachandran@ed.ac.uk.

—_

.Le MH, et al. 2019 Global NAFLD Prevalence: a
systematic review and meta-analysis. Clin Gastro-

metabolic dysfunction—associated steatohepatitis.
N Engl J Med. 2025;392(21):2089-2099.

25.

Chung BK, et al. Spatial transcriptomics
identifies enriched gene expression and cell

enterol Hepatol. 2022;20(12):2809-2817. 13. MacParland SA, et al. Single cell RNA sequenc- types in human liver fibrosis. Hepatol Commun.

2. HuhY, et al. Recent epidemiology and risk factors ing of human liver reveals distinct intrahe- 2022;6(9):2538-2550.
of nonalcoholic fatty liver disease. J Obes Metab patic macrophage populations. Nat Commun. 26. Hammond NL, et al. A spatial map of human
Syndr. 2022;31(1):17-27. 2018;9(1):4383. liver cirrhosis reveals the patho-architecture and

3. Singh S, et al. Fibrosis progression in nonalco- 14. Ramachandran P, et al. Resolving the fibrotic gene signatures associated with cell state tran-
holic fatty liver vs nonalcoholic steatohepati- niche of human liver cirrhosis at single-cell level. sitions during liver disease [preprint]. https://
tis: a systematic review and meta-analysis of Nature. 2019;575(7783):512-518. doi.org/10.1101/2023.06.28.546905. Posted on
paired-biopsy studies. Clin Gastroenterol Hepatol. 15. Aizarani N, et al. A human liver cell atlas reveals bioRxiv June 30, 2023.
2015;13(4):643-654. heterogeneity and epithelial progenitors. Nature. 27. Andrews TS, et al. Single-cell, single-nucleus, and

4. Younossi ZM, et al. Nonalcoholic steatohepatitis 2019;572(7768):199-204. spatial transcriptomics characterization of the
is the most rapidly increasing indication for liver 16. Conte MI, et al. Opportunities and tradeoffs in immunological landscape in the healthy and PSC
transplantation in the united states. Clin Gastroen- single-cell transcriptomic technologies. Trends human liver. J Hepatol. 2024;80(5):730-743.
terol Hepatol. 2021;19(3):580-589. Genet. 2024;40(1):83-93. 28. Matchett KP, et al. Multimodal decod-

5. Estes C, et al. Modeling the epidemic of nonal- 17. Heumos L, et al. Best practices for single-cell ing of human liver regeneration. Nature.
coholic fatty liver disease demonstrates an expo- analysis across modalities. Nat Rev Genet. 2024;630(8015):158-165.
nential increase in burden of disease. Hepatology. 2023;24(8):550-572. 29. Guilliams M, et al. Spatial proteogenomics reveals
2018;67(1):123-133. 18. Matchett KP, et al. Spatial genomics: mapping distinct and evolutionarily conserved hepatic

6. Taylor RS, et al. Association between fibrosis human steatotic liver disease. Nat Rev Gastroenterol macrophage niches. Cell. 2022;185(2):379-396.
stage and outcomes of patients with non- Heparol. 2024;21(9):646—660. 30. LiJ, et al. Spatial and single-cell transcrip-
alcoholic fatty liver disease: a systematic 19. Meroueh C, et al. Digital pathology and spatial tomics reveals the regional division of the
review and meta-analysis. Gastroenterology. omics in steatohepatitis: clinical applications and spatial structure of MASH fibrosis. Liver Int.
2020;158(6):1611-1625. discovery potentials [published online March 2025;45(4):e16125.

7. Dulai PS, et al. Increased risk of mortality by 22, 2024]. Hepatology. https://doi.10.1097/ 31. Vandereyken K, et al. Methods and applications
fibrosis stage in nonalcoholic fatty liver disease: HEP.0000000000000866. for single-cell and spatial multi-omics. Nat Rev
systematic review and meta-analysis. Hepatology. 20. Du MRM, et al. Spotlight on 10x Visium: a Genet. 2023;24(8):494-515.
2017;65(5):1557-1565. multi-sample protocol comparison of spa- 32. Watson B, et al. Spatial transcriptomics of healthy

8. Kendall TJ, et al. An integrated gene-to-outcome tial technologies [preprint]. https://doi. and fibrotic human liver at single-cell resolution.
multimodal database for metabolic dysfunc- org/10.1101/2024.03.13.584910. Posted on Nat Commun. 2025;16(1):319.
tion-associated steatotic liver disease. Nat Med. bioRxiv March 14, 2024. 33. Guillot A, et al. Mapping the hepatic immune
2023;29(11):2939-2953. 21. Rodriques SG, et al. Slide-seq: a scalable landscape identifies monocytic macrophages as

9. Sanyal AJ, et al. Prospective study of outcomes in technology for measuring genome-wide key drivers of steatohepatitis and cholangiopathy
adults with nonalcoholic fatty liver disease. N Engl expression at high spatial resolution. Science. progression. Hepatology. 2023;78(1):150-166.

J Med. 2021;385(17):1559-1569. 2019;363(6434):1463-1467. 34. Salié H, et al. Spatial single-cell profiling and

10. Sanyal AJ, et al. Cirrhosis regression is associat- 22. Vickovic S, et al. High-definition spatial transcrip- neighbourhood analysis reveal the determinants
ed with improved clinical outcomes in patients tomics for in situ tissue profiling. Nat Methods. of immune architecture connected to checkpoint
with nonalcoholic steatohepatitis. Hepatology. 2019;16(10):987-990. inhibitor therapy outcome in hepatocellular carci-
2022;75(5):1235-1246. 23. Chen A, et al. Spatiotemporal transcriptomic atlas noma. Gut. 2025;74(3):451-466.

11. Harrison SA, et al. A phase 3, randomized, con- of mouse organogenesis using DNA nanoball-pat- 35. Tacke F, et al. An integrated view of anti-inflam-
trolled trial of resmetirom in NASH with liver terned arrays. Cell. 2022;185(10):1777-1792. matory and antifibrotic targets for the treatment
fibrosis. New Engl J Med. 2024;390(6):497-509. 24.Yu S, et al. Spatial transcriptome profiling of nor- of NASH. J Hepatol. 2023;79(2):552-566.

12. Sanyal AJ, et al. Phase 3 trial of semaglutide in mal human liver. Sci Data. 2022;9(1):633. 36. Brunt EM, et al. Nonalcoholic fatty liver disease.

J Clin Invest. 2025;135(18):e186421 https://doi.org/10.1172/)CI186421

+


https://doi.org/10.1172/JCI186421
mailto://Prakash.Ramachandran@ed.ac.uk
https://doi.org/10.1016/j.cgh.2021.12.002
https://doi.org/10.1016/j.cgh.2021.12.002
https://doi.org/10.1016/j.cgh.2021.12.002
https://doi.org/10.7570/jomes22021
https://doi.org/10.7570/jomes22021
https://doi.org/10.7570/jomes22021
https://doi.org/10.1016/j.cgh.2014.04.014
https://doi.org/10.1016/j.cgh.2014.04.014
https://doi.org/10.1016/j.cgh.2014.04.014
https://doi.org/10.1016/j.cgh.2014.04.014
https://doi.org/10.1016/j.cgh.2014.04.014
https://doi.org/10.1016/j.cgh.2020.05.064
https://doi.org/10.1016/j.cgh.2020.05.064
https://doi.org/10.1016/j.cgh.2020.05.064
https://doi.org/10.1016/j.cgh.2020.05.064
https://doi.org/10.1002/hep.29466
https://doi.org/10.1002/hep.29466
https://doi.org/10.1002/hep.29466
https://doi.org/10.1002/hep.29466
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1002/hep.29085
https://doi.org/10.1002/hep.29085
https://doi.org/10.1002/hep.29085
https://doi.org/10.1002/hep.29085
https://doi.org/10.1038/s41591-023-02602-2
https://doi.org/10.1038/s41591-023-02602-2
https://doi.org/10.1038/s41591-023-02602-2
https://doi.org/10.1038/s41591-023-02602-2
https://doi.org/10.1056/NEJMoa2029349
https://doi.org/10.1056/NEJMoa2029349
https://doi.org/10.1056/NEJMoa2029349
https://doi.org/10.1002/hep.32204
https://doi.org/10.1002/hep.32204
https://doi.org/10.1002/hep.32204
https://doi.org/10.1002/hep.32204
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.1056/NEJMoa2413258
https://doi.org/10.1056/NEJMoa2413258
https://doi.org/10.1056/NEJMoa2413258
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1038/s41586-019-1373-2
https://doi.org/10.1038/s41586-019-1373-2
https://doi.org/10.1038/s41586-019-1373-2
https://doi.org/10.1016/j.tig.2023.10.003
https://doi.org/10.1016/j.tig.2023.10.003
https://doi.org/10.1016/j.tig.2023.10.003
https://doi.org/10.1038/s41576-023-00586-w
https://doi.org/10.1038/s41576-023-00586-w
https://doi.org/10.1038/s41576-023-00586-w
https://doi.org/10.1038/s41575-024-00915-2
https://doi.org/10.1038/s41575-024-00915-2
https://doi.org/10.1038/s41575-024-00915-2
https://doi.10.1097/HEP.0000000000000866
https://doi.10.1097/HEP.0000000000000866
https://doi.org/10.1101/2024.03.13.584910
https://doi.org/10.1101/2024.03.13.584910
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1038/s41592-019-0548-y
https://doi.org/10.1038/s41592-019-0548-y
https://doi.org/10.1038/s41592-019-0548-y
https://doi.org/10.1016/j.cell.2022.04.003
https://doi.org/10.1016/j.cell.2022.04.003
https://doi.org/10.1016/j.cell.2022.04.003
https://doi.org/10.1038/s41597-022-01676-w
https://doi.org/10.1038/s41597-022-01676-w
https://doi.org/10.1002/hep4.2001
https://doi.org/10.1002/hep4.2001
https://doi.org/10.1002/hep4.2001
https://doi.org/10.1002/hep4.2001
https://doi.org/10.1101/2023.06.28.546905
https://doi.org/10.1101/2023.06.28.546905
https://doi.org/10.1016/j.jhep.2023.12.023
https://doi.org/10.1016/j.jhep.2023.12.023
https://doi.org/10.1016/j.jhep.2023.12.023
https://doi.org/10.1016/j.jhep.2023.12.023
https://doi.org/10.1038/s41586-024-07376-2
https://doi.org/10.1038/s41586-024-07376-2
https://doi.org/10.1038/s41586-024-07376-2
https://doi.org/10.1016/j.cell.2021.12.018
https://doi.org/10.1016/j.cell.2021.12.018
https://doi.org/10.1016/j.cell.2021.12.018
https://doi.org/10.1111/liv.16125
https://doi.org/10.1111/liv.16125
https://doi.org/10.1111/liv.16125
https://doi.org/10.1111/liv.16125
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/s41467-024-55325-4
https://doi.org/10.1038/s41467-024-55325-4
https://doi.org/10.1038/s41467-024-55325-4
https://doi.org/10.1097/HEP.0000000000000270
https://doi.org/10.1097/HEP.0000000000000270
https://doi.org/10.1097/HEP.0000000000000270
https://doi.org/10.1097/HEP.0000000000000270
https://doi.org/10.1136/gutjnl-2024-332837
https://doi.org/10.1136/gutjnl-2024-332837
https://doi.org/10.1136/gutjnl-2024-332837
https://doi.org/10.1136/gutjnl-2024-332837
https://doi.org/10.1136/gutjnl-2024-332837
https://doi.org/10.1016/j.jhep.2023.03.038
https://doi.org/10.1016/j.jhep.2023.03.038
https://doi.org/10.1016/j.jhep.2023.03.038
https://doi.org/10.1038/nrdp.2015.80

REVIEW SERIES: EVOLVING INSIGHTS INTO MASLD AND MASH

PATHOGENESIS AND TREATMENT

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

—

52.

53.
54.

55.

] -

Nat Rev Dis Primers. 2015;1(1):15080.

Musso G, et al. Bioactive lipid species and met-
abolic pathways in progression and resolution

of nonalcoholic steatohepatitis. Gastroenterology.
2018;155(2):282-302.

Carvalho-Gontijo R, et al. Metabolic injury of
hepatocytes promotes progression of NAFLD
and AALD. Semin Liver Dis. 2022;42(03):233-249.
Peiseler M, et al. Immune mechanisms linking
metabolic injury to inflammation and fibro-

sis in fatty liver disease — novel insights into
cellular communication circuits. J Hepatol.
2022;77(4):1136-1160.

Trépo E, Valenti L. Update on NAFLD genet-
ics: from new variants to the clinic. J Hepatol.
2020;72(6):1196-1209.

Luukkonen PK, et al. Distinct contributions of
metabolic dysfunction and genetic risk factors in
the pathogenesis of non-alcoholic fatty liver dis-
ease. J Hepatol. 2022;76(3):526-535.

Buonomo EL, et al. Liver stromal cells restrict
macrophage maturation and stromal IL-6 limits
the differentiation of cirrhosis-linked macro-
phages. J Hepatol. 2022;76(5):1127-1137.
Gribben C, et al. Acquisition of epithelial plas-
ticity in human chronic liver disease. Nature.
2024;630(8015):166-173.

Hall Z, et al. Lipid zonation and phospholipid
remodeling in nonalcoholic fatty liver disease.
Hepatology. 2017;65(4):1165-1180.

Deng X, et al. Chronic liver injury induces con-
version of biliary epithelial cells into hepatocytes.
Cell Stem Cell. 2018;23(1):114-122.e3.

Russell JO, et al. Hepatocyte-specific f-catenin
deletion during severe liver injury provokes
cholangiocytes to differentiate into hepatocytes.
Hepatology. 2019;69(2):742-759.

Raven A, et al. Cholangiocytes act as facultative
liver stem cells during impaired hepatocyte regen-
eration. Nature. 2017;547(7663):350-354.
Manco R, et al. Reactive cholangiocytes differen-
tiate into proliferative hepatocytes with efficient
DNA repair in mice with chronic liver injury.

J Hepatol. 2019;70(6):1180-1191.

Richardson MM, et al. Progressive fibrosis in non-
alcoholic steatohepatitis: association with altered
regeneration and a ductular reaction. Gastroenter-
ology. 2007;133(1):80-90.

Gadd VL, et al. The portal inflammatory infiltrate
and ductular reaction in human nonalcoholic fatty
liver disease. Hepatology. 2014;59(4):1393-1405.

. Roskams T, et al. Oxidative stress and oval cell

accumulation in mice and humans with alcoholic
and nonalcoholic fatty liver disease. Am J Pathol.
2003;163(4):1301-1311.

Zhang Z, et al. Biliary NIK promotes ductular
reaction and liver injury and fibrosis in mice. Nat
Commun. 2022;13(1):5111.

Short C, et al. TWEAK/FN14 promotes profi-
brogenic pathway activation in Prominin-1-ex-
pressing hepatic progenitor cells in biliary atresia.
Hepatology. 2023;77(5):1639-1653.

Peng Z, et al. Integrin avp6 critically regulates
hepatic progenitor cell function and promotes
ductular reaction, fibrosis, and tumorigenesis.
Hepatology. 2016;63(1):217-232.

HuY, et al. Hepatic progenitor cell-originated
ductular reaction facilitates liver fibrosis through

56.

57.

58.

59.

60.

6

—

62.

6

@

64.

6

%)

66.

6

Q

68.

69.

70.

7

—

72.

73

activation of hedgehog signaling. Theranostics.
2024;14(6):2379-2395.

Azad Al, et al. Targeted apoptosis of duct-

ular reactive cells reduces hepatic fibrosis in

a mouse model of cholestasis. Hepatology.
2020;72(3):1013-1028.

Grappone C, et al. Expression of platelet-derived
growth factor in newly formed cholangiocytes
during experimental biliary fibrosis in rats. J Hepa-
tol. 1999;31(1):100-109.

Syn W-K, et al. Osteopontin is induced by hedge-
hog pathway activation and promotes fibrosis
progression in nonalcoholic steatohepatitis. Hepa-
tology. 2011;53(1):106-115.

Aguilar-Bravo B, et al. Ductular reaction cells
display an inflammatory profile and recruit
neutrophils in alcoholic hepatitis. Hepatology.
2019;69(5):2180-2195.

Govaere O, et al. High-throughput sequencing
identifies aetiology-dependent differences in
ductular reaction in human chronic liver disease. J
Pathol. 2019;248(1):66-76.

. Arifio S, et al. Ductular reaction-associated

neutrophils promote biliary epithelium pro-
liferation in chronic liver disease. J Hepatol.
2023;79(4):1025-1036.

Roehlen N, et al. A monoclonal antibody target-
ing nonjunctional claudin-1 inhibits fibrosis in
patient-derived models by modulating cell plas-
ticity. Sci Transl Med. 2024;14(676):eabj4221.

.J SA, et al. Pioglitazone, vitamin E, or placebo

for nonalcoholic steatohepatitis. N Engl J Med.
2024;362(18):1675-1685.

Zhu C, et al. Hepatocyte Notch activation induces
liver fibrosis in nonalcoholic steatohepatitis. Sci
Transl Med. 2018;10(468):eaat0344.

. Xiao 'Y, et al. Hepatocytes demarcated by

EphB2 contribute to the progression of non-
alcoholic steatohepatitis. Sci Trans! Med.
2025;15(682):eadc9653.

Schwabe RF, Luedde T. Apoptosis and necropto-
sis in the liver: a matter of life and death. Nar Rev
Gastroenterol Hepatol. 2018;15(12):738-752.

. Feldstein AE, et al. Hepatocyte apoptosis and

fas expression are prominent features of human
nonalcoholic steatohepatitis. Gastroenterology.
2003;125(2):437-443.

Schuppan D, et al. Determinants of fibrosis
progression and regression in NASH. J Hepatol.
2018;68(2):238-250.

Witek RP, et al. Pan-caspase inhibitor VX-166
reduces fibrosis in an animal model of nonalcoholic
steatohepatitis. Hepatology. 2009;50(5):1421-1430.
Barreyro FJ, et al. The pan-caspase inhibitor
Emricasan (IDN-6556) decreases liver injury and
fibrosis in a murine model of non-alcoholic ste-
atohepatitis. Liver Int. 2015;35(3):953-966.

. Harrison SA, et al. A randomized, placebo-con-

trolled trial of emricasan in patients with NASH
and F1-F3 fibrosis. J Hepatol. 2020;72(5):816-827.
Shi H, et al. CD47-SIRPa axis blockade in NASH
promotes necroptotic hepatocyte clearance by
liver macrophages and decreases hepatic fibrosis.
Sci Transl Med. 2024;14(672):eabp8309.

. An P, et al. Hepatocyte mitochondria-derived

danger signals directly activate hepatic stellate
cells and drive progression of liver fibrosis. Nar
Commun. 2020;11(1):2362.

74

75.

76.

7

Q

7

=]

7

hel

80.

8

—

8

N

83.

84.

8

[

8

[}

87.

88.

89.

90.

9

—_

92.

The Journal of Clinical Investigation

. Ge X, et al. High mobility group box-1 drives
fibrosis progression signaling via the receptor for
advanced glycation end products in mice. Hepatol-
ogy. 2018;68(6):2380-2404.

Mederacke I, et al. The purinergic P2Y 14 receptor

links hepatocyte death to hepatic stellate cell acti-

vation and fibrogenesis in the liver. Sci Transl Med.
2024;14(639):eabe5795.

Aravinthan A, et al. Hepatocyte senescence pre-

dicts progression in non-alcohol-related fatty liver

disease. J Hepatol. 2013;58(3):549-556.

. Ferreira-Gonzalez S, et al. Cellular senescence in
liver disease and regeneration. Semin Liver Dis.
2021;41(1):50-66.

. Schuster R, et al. The role of myofibroblasts in
physiological and pathological tissue repair. Cold
Spring Harb Perspect Biol. 2023;15(1):a041231.

. Tsuchida T, Friedman SL. Mechanisms of hepatic

stellate cell activation. Nat Rev Gastroenterol Hepa-

tol. 2017;14(7):397-411.

Mederacke I, et al. Fate tracing reveals hepatic

stellate cells as dominant contributors to liver

fibrosis independent of its aetiology. Nat Commun.
2013;4(1):2823.

. Dobie R, et al. Single-cell transcriptomics uncovers
zonation of function in the mesenchyme during
liver fibrosis. Cell Rep. 2019;29(7):1832-1847.

. Rosenthal SB, et al. Heterogeneity of HSCs

in a mouse model of NASH. Hepatology.

2021;74(2):667-685.

Filliol A, et al. Opposing roles of hepatic stellate

cell subpopulations in hepatocarcinogenesis.

Nature. 2022;610(7931):356-365.

Krenkel O, et al. Single cell RNA sequencing

identifies subsets of hepatic stellate cells and myo-

fibroblasts in liver fibrosis. Cells. 2019;8(5):503.

. Schwabe RF, et al. Mechanisms of fibrosis devel-
opment in nonalcoholic steatohepatitis. Gastroen-
terology. 2020;158(7):1913-1928.

. Wallace SJ, et al. Understanding the cellular inter-

actome of non-alcoholic fatty liver disease. JHEP

Rep. 2022;4(8):100524.

Ramachandran P, et al. Single-cell technologies

in hepatology: new insights into liver biology and

disease pathogenesis. Nat Rev Gastroenterol Hepa-
tol. 2020;17(8):457-472.

Wang S, et al. An autocrine signaling circuit in

hepatic stellate cells underlies advanced fibrosis

in nonalcoholic steatohepatitis. Sci Trans! Med.
2023;15(677):eadd3949.

Kim HY, et al. Multi-modal analysis of human

hepatic stellate cells identifies novel therapeutic

targets for metabolic dysfunction-associated ste-
atotic liver disease. J Hepatol. 2025;82(5):882-897.

Quinn C, et al. Secreted folate receptor y drives

fibrogenesis in metabolic dysfunction—asso-

ciated steatohepatitis by amplifying TGFB
signaling in hepatic stellate cells. Sci Trans! Med.
2024;15(715):eade2966.

. Bendixen SM, et al. Single cell-resolved study

of advanced murine MASH reveals a homeo-

static pericyte signaling module. J Hepatol.

2024;80(3):467-481.

Adorini L, et al. Increased hepatoprotective

effects of the novel farnesoid X receptor agonist

INT-787 versus obeticholic acid in a mouse

model of nonalcoholic steatohepatitis. PLoS One.

2024;19(4):e0300809.

J Clin Invest. 2025;135(18):e186421 https://doi.org/10.1172/)C1186421


https://doi.org/10.1172/JCI186421
https://doi.org/10.1038/nrdp.2015.80
https://doi.org/10.1053/j.gastro.2018.06.031
https://doi.org/10.1053/j.gastro.2018.06.031
https://doi.org/10.1053/j.gastro.2018.06.031
https://doi.org/10.1053/j.gastro.2018.06.031
https://doi.org/10.1055/s-0042-1755316
https://doi.org/10.1055/s-0042-1755316
https://doi.org/10.1055/s-0042-1755316
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1016/j.jhep.2020.02.020
https://doi.org/10.1016/j.jhep.2020.02.020
https://doi.org/10.1016/j.jhep.2020.02.020
https://doi.org/10.1016/j.jhep.2021.10.013
https://doi.org/10.1016/j.jhep.2021.10.013
https://doi.org/10.1016/j.jhep.2021.10.013
https://doi.org/10.1016/j.jhep.2021.10.013
https://doi.org/10.1016/j.jhep.2021.12.036
https://doi.org/10.1016/j.jhep.2021.12.036
https://doi.org/10.1016/j.jhep.2021.12.036
https://doi.org/10.1016/j.jhep.2021.12.036
https://doi.org/10.1038/s41586-024-07465-2
https://doi.org/10.1038/s41586-024-07465-2
https://doi.org/10.1038/s41586-024-07465-2
https://doi.org/10.1002/hep.28953
https://doi.org/10.1002/hep.28953
https://doi.org/10.1002/hep.28953
https://doi.org/10.1016/j.stem.2018.05.022
https://doi.org/10.1016/j.stem.2018.05.022
https://doi.org/10.1016/j.stem.2018.05.022
https://doi.org/10.1002/hep.30270
https://doi.org/10.1002/hep.30270
https://doi.org/10.1002/hep.30270
https://doi.org/10.1002/hep.30270
https://doi.org/10.1038/nature23015
https://doi.org/10.1038/nature23015
https://doi.org/10.1038/nature23015
https://doi.org/10.1016/j.jhep.2019.02.003
https://doi.org/10.1016/j.jhep.2019.02.003
https://doi.org/10.1016/j.jhep.2019.02.003
https://doi.org/10.1016/j.jhep.2019.02.003
https://doi.org/10.1053/j.gastro.2007.05.012
https://doi.org/10.1053/j.gastro.2007.05.012
https://doi.org/10.1053/j.gastro.2007.05.012
https://doi.org/10.1053/j.gastro.2007.05.012
https://doi.org/10.1002/hep.26937
https://doi.org/10.1002/hep.26937
https://doi.org/10.1002/hep.26937
https://doi.org/10.1016/S0002-9440(10)63489-X
https://doi.org/10.1016/S0002-9440(10)63489-X
https://doi.org/10.1016/S0002-9440(10)63489-X
https://doi.org/10.1016/S0002-9440(10)63489-X
https://doi.org/10.1038/s41467-022-32575-8
https://doi.org/10.1038/s41467-022-32575-8
https://doi.org/10.1038/s41467-022-32575-8
https://doi.org/10.1097/HEP.0000000000000026
https://doi.org/10.1097/HEP.0000000000000026
https://doi.org/10.1097/HEP.0000000000000026
https://doi.org/10.1097/HEP.0000000000000026
https://doi.org/10.1002/hep.28274
https://doi.org/10.1002/hep.28274
https://doi.org/10.1002/hep.28274
https://doi.org/10.1002/hep.28274
https://doi.org/10.7150/thno.91572
https://doi.org/10.7150/thno.91572
https://doi.org/10.7150/thno.91572
https://doi.org/10.7150/thno.91572
https://doi.org/10.1002/hep.31211
https://doi.org/10.1002/hep.31211
https://doi.org/10.1002/hep.31211
https://doi.org/10.1002/hep.31211
https://doi.org/10.1016/S0168-8278(99)80169-X
https://doi.org/10.1016/S0168-8278(99)80169-X
https://doi.org/10.1016/S0168-8278(99)80169-X
https://doi.org/10.1016/S0168-8278(99)80169-X
https://doi.org/10.1002/hep.23998
https://doi.org/10.1002/hep.23998
https://doi.org/10.1002/hep.23998
https://doi.org/10.1002/hep.23998
https://doi.org/10.1002/hep.30472
https://doi.org/10.1002/hep.30472
https://doi.org/10.1002/hep.30472
https://doi.org/10.1002/hep.30472
https://doi.org/10.1002/path.5228
https://doi.org/10.1002/path.5228
https://doi.org/10.1002/path.5228
https://doi.org/10.1002/path.5228
https://doi.org/10.1016/j.jhep.2023.05.045
https://doi.org/10.1016/j.jhep.2023.05.045
https://doi.org/10.1016/j.jhep.2023.05.045
https://doi.org/10.1016/j.jhep.2023.05.045
https://doi.org/10.1126/scitranslmed.abj4221
https://doi.org/10.1126/scitranslmed.abj4221
https://doi.org/10.1126/scitranslmed.abj4221
https://doi.org/10.1126/scitranslmed.abj4221
https://doi.org/10.1126/scitranslmed.aat0344
https://doi.org/10.1126/scitranslmed.aat0344
https://doi.org/10.1126/scitranslmed.aat0344
https://doi.org/10.1126/scitranslmed.adc9653
https://doi.org/10.1126/scitranslmed.adc9653
https://doi.org/10.1126/scitranslmed.adc9653
https://doi.org/10.1126/scitranslmed.adc9653
https://doi.org/10.1038/s41575-018-0065-y
https://doi.org/10.1038/s41575-018-0065-y
https://doi.org/10.1038/s41575-018-0065-y
https://doi.org/10.1016/S0016-5085(03)00907-7
https://doi.org/10.1016/S0016-5085(03)00907-7
https://doi.org/10.1016/S0016-5085(03)00907-7
https://doi.org/10.1016/S0016-5085(03)00907-7
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1002/hep.23167
https://doi.org/10.1002/hep.23167
https://doi.org/10.1002/hep.23167
https://doi.org/10.1111/liv.12570
https://doi.org/10.1111/liv.12570
https://doi.org/10.1111/liv.12570
https://doi.org/10.1111/liv.12570
https://doi.org/10.1016/j.jhep.2019.11.024
https://doi.org/10.1016/j.jhep.2019.11.024
https://doi.org/10.1016/j.jhep.2019.11.024
https://doi.org/10.1126/scitranslmed.abp8309
https://doi.org/10.1126/scitranslmed.abp8309
https://doi.org/10.1126/scitranslmed.abp8309
https://doi.org/10.1126/scitranslmed.abp8309
https://doi.org/10.1038/s41467-020-16092-0
https://doi.org/10.1038/s41467-020-16092-0
https://doi.org/10.1038/s41467-020-16092-0
https://doi.org/10.1038/s41467-020-16092-0
https://doi.org/10.1002/hep.30093
https://doi.org/10.1002/hep.30093
https://doi.org/10.1002/hep.30093
https://doi.org/10.1002/hep.30093
https://doi.org/10.1126/scitranslmed.abe5795
https://doi.org/10.1126/scitranslmed.abe5795
https://doi.org/10.1126/scitranslmed.abe5795
https://doi.org/10.1126/scitranslmed.abe5795
https://doi.org/10.1016/j.jhep.2012.10.031
https://doi.org/10.1016/j.jhep.2012.10.031
https://doi.org/10.1016/j.jhep.2012.10.031
https://doi.org/10.1055/s-0040-1722262
https://doi.org/10.1055/s-0040-1722262
https://doi.org/10.1055/s-0040-1722262
https://doi.org/10.1101/cshperspect.a041231
https://doi.org/10.1101/cshperspect.a041231
https://doi.org/10.1101/cshperspect.a041231
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1016/j.celrep.2019.10.024
https://doi.org/10.1016/j.celrep.2019.10.024
https://doi.org/10.1016/j.celrep.2019.10.024
https://doi.org/10.1002/hep.31743
https://doi.org/10.1002/hep.31743
https://doi.org/10.1002/hep.31743
https://doi.org/10.1038/s41586-022-05289-6
https://doi.org/10.1038/s41586-022-05289-6
https://doi.org/10.1038/s41586-022-05289-6
https://doi.org/10.3390/cells8050503
https://doi.org/10.3390/cells8050503
https://doi.org/10.3390/cells8050503
https://doi.org/10.1053/j.gastro.2019.11.311
https://doi.org/10.1053/j.gastro.2019.11.311
https://doi.org/10.1053/j.gastro.2019.11.311
https://doi.org/10.1016/j.jhepr.2022.100524
https://doi.org/10.1016/j.jhepr.2022.100524
https://doi.org/10.1016/j.jhepr.2022.100524
https://doi.org/10.1038/s41575-020-0304-x
https://doi.org/10.1038/s41575-020-0304-x
https://doi.org/10.1038/s41575-020-0304-x
https://doi.org/10.1038/s41575-020-0304-x
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1016/j.jhep.2024.10.044
https://doi.org/10.1016/j.jhep.2024.10.044
https://doi.org/10.1016/j.jhep.2024.10.044
https://doi.org/10.1016/j.jhep.2024.10.044
https://doi.org/10.1126/scitranslmed.ade2966
https://doi.org/10.1126/scitranslmed.ade2966
https://doi.org/10.1126/scitranslmed.ade2966
https://doi.org/10.1126/scitranslmed.ade2966
https://doi.org/10.1126/scitranslmed.ade2966
https://doi.org/10.1016/j.jhep.2023.11.001
https://doi.org/10.1016/j.jhep.2023.11.001
https://doi.org/10.1016/j.jhep.2023.11.001
https://doi.org/10.1016/j.jhep.2023.11.001
https://doi.org/10.1371/journal.pone.0300809
https://doi.org/10.1371/journal.pone.0300809
https://doi.org/10.1371/journal.pone.0300809
https://doi.org/10.1371/journal.pone.0300809
https://doi.org/10.1371/journal.pone.0300809

The Journal of Clinical Investigation

9

w

. Yashaswini CN, et al. Phenotypes and ontogeny
of senescent hepatic stellate cells in metabolic
dysfunction-associated steatohepatitis. J Hepatol.
2024;81(2):207-217.

94. Amor C, et al. Senolytic CAR T cells reverse
senescence-associated pathologies. Nature.
2020;583(7814):127-132.

. Krizhanovsky V, et al. Senescence of acti-
vated stellate cells limits liver fibrosis. Cell.
2008;134(4):657-667.

96. Lei L, et al. Portal fibroblasts with mesenchymal

9

(3

stem cell features form a reservoir of prolifera-
tive myofibroblasts in liver fibrosis. Hepatology.
2022;76(5):1360-1375.

97. Chang J, et al. Activation of Slit2-Robol
signaling promotes liver fibrosis. J Hepatol.
2015;63(6):1413-1420.

98. Wen Y, et al. Hepatic macrophages in liver
homeostasis and diseases-diversity, plasticity
and therapeutic opportunities. Cell Mol Immunol.
2021;18(1):45-56.

99. De Ponti FF, et al. Understanding the complex
macrophage landscape in MASLD. JHEP Rep.
2024;6(11):101196.

100. Guillot A, Tacke F. Liver macrophages revisited:
The expanding universe of versatile responses
in a spatiotemporal context. Hepatol Commun.
2024;8(7):e0491.

101. Papachristoforou E, Ramachandran P. Chapter

—_

Five - Macrophages as key regulators of liver
health and disease. In: Mariani SA, et al., eds.
International Review of Cell and Molecular Biology.
Academic Press; 2022:143-212.

102. Fabre T, et al. Identification of a broadly fibrogen-
ic macrophage subset induced by type 3 inflam-
mation. Sci Immunol. 2024;8(82):eadd8945.

103. Bhattacharya M, Ramachandran P. Immunology of
human fibrosis. Nat Immunol. 2023;24(9):1423-1433.

104. Hendrikx T, et al. Soluble TREM2 levels reflect
the recruitment and expansion of TREM2* mac-
rophages that localize to fibrotic areas and limit
NASH. J Hepatol. 2022;77(5):1373-1385.

105. Xiong X, et al. Landscape of intercellular
crosstalk in healthy and NASH liver revealed
by single-cell secretome gene analysis. Mol Cell.
2019;75(3):644-660.

106. Remmerie A, et al. Osteopontin expression iden-
tifies a subset of recruited macrophages distinct
from Kupffer cells in the fatty liver. Immunity.
2020;53(3):641-657.e14.

107.Daemen S, et al. Dynamic shifts in the compo-
sition of resident and recruited macrophages
influence tissue remodeling in NASH. Cell Rep.
2021;34(2):108626.

108. Guillot A, et al. Bile acid—activated macrophages
promote biliary epithelial cell proliferation
through integrin avf6 upregulation following liver
injury. J Clin Invest. 2021;131(9):e132305.

109. Boulter L, et al. Macrophage-derived Wnt
opposes Notch signaling to specify hepatic pro-
genitor cell fate in chronic liver disease. Nat Med.
2012;18(4):572-579.

110.Bird TG, et al. Bone marrow injection stimulates
hepatic ductular reactions in the absence of injury
via macrophage-mediated TWEAK signaling.
Proc Natl Acad Sci U S A. 2013;110(16):6542—6547.

111.Hou J, et al. TREM2 sustains macrophage-he-
patocyte metabolic coordination in nonalco-

J Clin Invest. 2025;135(18):e186421 https://doi.org/10.1172/)CI186421 13

REVIEW SERIES: EVOLVING INSIGHTS INTO MASLD AND MASH

holic fatty liver disease and sepsis. J Clin Invest.
2021;131(4):e135197.

112.Kang T-W, et al. Senescence surveillance of
pre-malignant hepatocytes limits liver cancer
development. Nature. 2011;479(7374):547-551.

113.Mridha AR, et al. NLRP3 inflammasome
blockade reduces liver inflammation and fibro-
sis in experimental NASH in mice. J Hepatol.
2017;66(5):1037-1046.

114. Monterrubio C, et al. Combined microdialy-
sis-tumor homogenate method for the study of
the steady state compartmental distribution of a
hydrophobic anticancer drug in patient-derived
xenografts. Pharm Res. 2015;32(9):2889-2900.

115.Zhou L, et al. Hepatic danger signaling trig-
gers TREM2* macrophage induction and
drives steatohepatitis via MS4A7-dependent
inflammasome activation. Sci Transl Med.
2024;16(738):eadk1866.

116.Iwata A, et al. Egr2 drives the differentiation of
Ly6Ch monocytes into fibrosis-promoting mac-
rophages in metabolic dysfunction-associated ste-
atohepatitis in mice. Commun Biol. 2024;7(1):681.

117.Guo W, et al. Notch signaling regulates mac-
rophage-mediated inflammation in metabolic
dysfunction-associated steatotic liver disease.
Immunity. 2024;57(10):2310-2327.

118.Ganguly S, et al. Lipid-associated macrophages’
promotion of fibrosis resolution during MASH
regression requires TREM2. Proc Natl Acad Sci U S A.
2024;121(35):€2405746121.

119. Yu W, et al. Myeloid Trem2 ameliorates the
progression of metabolic dysfunction-associated
steatotic liver disease by regulating macrophage
pyroptosis and inflammation resolution. Metabo-
lism. 2024;155:155911.

120. Fred RG, et al. Single-cell transcriptome
and cell type-specific molecular pathways of
human non-alcoholic steatohepatitis. Sci Rep.
2022;12(1):13484.

121.De Ponti FF, et al. Spatially restricted and
ontogenically distinct hepatic macrophages
are required for tissue repair. Immunity.
2025;58(2):362-380.

122.Tran S, et al. Impaired Kupffer cell self-renew-
al alters the liver response to lipid overload
during non-alcoholic steatohepatitis. Immunity.
2020;53(3):627-640.

123. Seidman JS, et al. Niche-specific reprogramming
of epigenetic landscapes drives myeloid cell diver-
sity in nonalcoholic steatohepatitis. Immunity.
2020;52(6):1057-1074.

124. Blériot C, et al. A subset of Kupffer cells regulates
metabolism through the expression of CD36.
Immunity. 2021;54(9):2101-2116.

125. Huby T, Gautier EL. Immune cell-mediated
features of non-alcoholic steatohepatitis. Nat Rev
Immunol. 2022;22(7):429-443.

126. Jeelani I, et al. HIF-2a drives hepatic Kupffer
cell death and proinflammatory recruited macro-
phage activation in nonalcoholic steatohepatitis.
Sci Transl Med. 2025;16(764):eadi0284.

127.Gao J, et al. Angiocrine signaling in sinusoi-
dal homeostasis and liver diseases. J Hepatol.
2024;81(3):543-561.

128.He Q, et al. Role of liver sinusoidal endothelial
cell in metabolic dysfunction-associated fatty liver
disease. Cell Commun Signal. 2024;22(1):346.

PATHOGENESIS AND TREATMENT

129.Dai Q, et al. Liver sinusoidal endothelial cells:
Friend or foe in metabolic dysfunction- associ-
ated steatotic liver disease/metabolic dysfunc-
tion-associated steatohepatitis. Dig Liver Dis.
2025;57(5):493-503.

130. Eberhard D, et al. Semaphorin-3A regulates
liver sinusoidal endothelial cell porosity and
promotes hepatic steatosis. Nat Cardiovasc Res.
2024;3(6):734-753.

131. Miyao M, et al. Pivotal role of liver sinusoidal
endothelial cells in NAFLD/NASH progression.
Lab Invest. 2015;95(10):1130-1144.

132.DeLeve LD, et al. Prevention of hepatic fibro-
sis in a murine model of metabolic syndrome
with nonalcoholic steatohepatitis. Am J Pathol.
2008;173(4):993-1001.

133.Fang Z, et al. Notch-triggered maladaptation of
liver sinusoidal endothelium aggravates nonal-
coholic steatohepatitis through endothelial nitric
oxide synthase. Hepatology. 2022;76(3):742-758.

134.Zhang H, et al. Targeting epigenetically mal-
adapted vascular niche alleviates liver fibrosis
in nonalcoholic steatohepatitis. Sci Trans! Med.
2021;13(614):eabd1206.

135. Targher G, et al. MASLD: a systemic metabolic
disorder with cardiovascular and malignant com-
plications. Gur. 2024;73(4):691-702.

136. Sandireddy R, et al. Systemic impacts of meta-
bolic dysfunction-associated steatotic liver disease
(MASLD) and metabolic dysfunction-associ-
ated steatohepatitis (MASH) on heart, muscle,
and kidney related diseases. Front Cell Dev Biol.
2024;12:1433857.

137. Grabherr F, et al. Gut dysfunction and non-al-
coholic fatty liver disease. Front Endocrinol (Laus-
anne). 2019;10:611.

138. Colella F, Ramachandran P. Adipose tissue mac-
rophage dysfunction in human MASLD - cause
or consequence? J Hepatol. 2024;80(3):390-393.

139.Lee PL, et al. Raptor/mTORCI loss in adipo-
cytes causes progressive lipodystrophy and fatty
liver disease. Mol Metab. 2016;5(6):422-432.

140.Lee E, et al. An adipocentric perspective on the
development and progression of non-alcoholic fatty
liver disease. J Hepatol. 2023;78(5):1048-1062.

141.Softic S, et al. Lipodystrophy due to adipose tis-
sue-specific insulin receptor knockout results in pro-
gressive NAFLD. Diabetes. 2016;65(8):2187-2200.

142.Boesch M, et al. Adipose tissue macrophage dys-
function is associated with a breach of vascular
integrity in NASH. J Hepatol. 2024;80(3):397-408.

143.L’homme L, et al. Adipose tissue macrophage
infiltration and hepatocyte stress increase GDF-
15 throughout development of obesity to MASH.
Nat Commun. 2024;15(1):7173.

144. Govaere O, et al. Transcriptomic profiling across
the nonalcoholic fatty liver disease spectrum
reveals gene signatures for steatohepatitis and
fibrosis. Sci Transl Med. 2020;12(572):eaba4448.

145.Li X, et al. GDF15 ameliorates liver fibrosis by
metabolic reprogramming of macrophages to
acquire anti-inflammatory properties. Cell Mol
Gastroenterol Hepatol. 2023;16(5):711-734.

146.Boulenouar S, et al. Adipose type one innate
lymphoid cells regulate macrophage homeo-
stasis through targeted cytotoxicity. Immunity.
2017;46(2):273-286.

147.Lee B-C, et al. Adipose natural killer cells



https://doi.org/10.1172/JCI186421
https://doi.org/10.1016/j.jhep.2024.03.014
https://doi.org/10.1016/j.jhep.2024.03.014
https://doi.org/10.1016/j.jhep.2024.03.014
https://doi.org/10.1016/j.jhep.2024.03.014
https://doi.org/10.1038/s41586-020-2403-9
https://doi.org/10.1038/s41586-020-2403-9
https://doi.org/10.1038/s41586-020-2403-9
https://doi.org/10.1016/j.cell.2008.06.049
https://doi.org/10.1016/j.cell.2008.06.049
https://doi.org/10.1016/j.cell.2008.06.049
https://doi.org/10.1002/hep.32456
https://doi.org/10.1002/hep.32456
https://doi.org/10.1002/hep.32456
https://doi.org/10.1002/hep.32456
https://doi.org/10.1016/j.jhep.2015.07.033
https://doi.org/10.1016/j.jhep.2015.07.033
https://doi.org/10.1016/j.jhep.2015.07.033
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.1038/s41423-020-00558-8
https://doi.org/10.1016/j.jhepr.2024.101196
https://doi.org/10.1016/j.jhepr.2024.101196
https://doi.org/10.1016/j.jhepr.2024.101196
https://doi.org/10.1097/HC9.0000000000000491
https://doi.org/10.1097/HC9.0000000000000491
https://doi.org/10.1097/HC9.0000000000000491
https://doi.org/10.1097/HC9.0000000000000491
https://doi.org/10.1126/sciimmunol.add8945
https://doi.org/10.1126/sciimmunol.add8945
https://doi.org/10.1126/sciimmunol.add8945
https://doi.org/10.1038/s41590-023-01551-9
https://doi.org/10.1038/s41590-023-01551-9
https://doi.org/10.1016/j.jhep.2022.06.004
https://doi.org/10.1016/j.jhep.2022.06.004
https://doi.org/10.1016/j.jhep.2022.06.004
https://doi.org/10.1016/j.jhep.2022.06.004
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.molcel.2019.07.028
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.immuni.2020.08.004
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1172/JCI132305
https://doi.org/10.1172/JCI132305
https://doi.org/10.1172/JCI132305
https://doi.org/10.1172/JCI132305
https://doi.org/10.1038/nm.2667
https://doi.org/10.1038/nm.2667
https://doi.org/10.1038/nm.2667
https://doi.org/10.1038/nm.2667
https://doi.org/10.1073/pnas.1302168110
https://doi.org/10.1073/pnas.1302168110
https://doi.org/10.1073/pnas.1302168110
https://doi.org/10.1073/pnas.1302168110
https://doi.org/10.1172/JCI135197
https://doi.org/10.1172/JCI135197
https://doi.org/10.1172/JCI135197
https://doi.org/10.1172/JCI135197
https://doi.org/10.1038/nature10599
https://doi.org/10.1038/nature10599
https://doi.org/10.1038/nature10599
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1007/s11095-015-1671-9
https://doi.org/10.1007/s11095-015-1671-9
https://doi.org/10.1007/s11095-015-1671-9
https://doi.org/10.1007/s11095-015-1671-9
https://doi.org/10.1007/s11095-015-1671-9
https://doi.org/10.1126/scitranslmed.adk1866
https://doi.org/10.1126/scitranslmed.adk1866
https://doi.org/10.1126/scitranslmed.adk1866
https://doi.org/10.1126/scitranslmed.adk1866
https://doi.org/10.1126/scitranslmed.adk1866
https://doi.org/10.1038/s42003-024-06357-5
https://doi.org/10.1038/s42003-024-06357-5
https://doi.org/10.1038/s42003-024-06357-5
https://doi.org/10.1038/s42003-024-06357-5
https://doi.org/10.1016/j.immuni.2024.08.016
https://doi.org/10.1016/j.immuni.2024.08.016
https://doi.org/10.1016/j.immuni.2024.08.016
https://doi.org/10.1016/j.immuni.2024.08.016
https://doi.org/10.1073/pnas.2405746121
https://doi.org/10.1073/pnas.2405746121
https://doi.org/10.1073/pnas.2405746121
https://doi.org/10.1073/pnas.2405746121
https://doi.org/10.1016/j.metabol.2024.155911
https://doi.org/10.1016/j.metabol.2024.155911
https://doi.org/10.1016/j.metabol.2024.155911
https://doi.org/10.1016/j.metabol.2024.155911
https://doi.org/10.1016/j.metabol.2024.155911
https://doi.org/10.1038/s41598-022-16754-7
https://doi.org/10.1038/s41598-022-16754-7
https://doi.org/10.1038/s41598-022-16754-7
https://doi.org/10.1038/s41598-022-16754-7
https://doi.org/10.1016/j.immuni.2025.01.002
https://doi.org/10.1016/j.immuni.2025.01.002
https://doi.org/10.1016/j.immuni.2025.01.002
https://doi.org/10.1016/j.immuni.2025.01.002
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.04.001
https://doi.org/10.1016/j.immuni.2020.04.001
https://doi.org/10.1016/j.immuni.2020.04.001
https://doi.org/10.1016/j.immuni.2020.04.001
https://doi.org/10.1016/j.immuni.2021.08.006
https://doi.org/10.1016/j.immuni.2021.08.006
https://doi.org/10.1016/j.immuni.2021.08.006
https://doi.org/10.1038/s41577-021-00639-3
https://doi.org/10.1038/s41577-021-00639-3
https://doi.org/10.1038/s41577-021-00639-3
https://doi.org/10.1126/scitranslmed.adi0284
https://doi.org/10.1126/scitranslmed.adi0284
https://doi.org/10.1126/scitranslmed.adi0284
https://doi.org/10.1126/scitranslmed.adi0284
https://doi.org/10.1016/j.jhep.2024.05.014
https://doi.org/10.1016/j.jhep.2024.05.014
https://doi.org/10.1016/j.jhep.2024.05.014
https://doi.org/10.1186/s12964-024-01720-9
https://doi.org/10.1186/s12964-024-01720-9
https://doi.org/10.1186/s12964-024-01720-9
https://doi.org/10.1016/j.dld.2025.01.189
https://doi.org/10.1016/j.dld.2025.01.189
https://doi.org/10.1016/j.dld.2025.01.189
https://doi.org/10.1016/j.dld.2025.01.189
https://doi.org/10.1016/j.dld.2025.01.189
https://doi.org/10.1038/s44161-024-00487-z
https://doi.org/10.1038/s44161-024-00487-z
https://doi.org/10.1038/s44161-024-00487-z
https://doi.org/10.1038/s44161-024-00487-z
https://doi.org/10.1038/labinvest.2015.95
https://doi.org/10.1038/labinvest.2015.95
https://doi.org/10.1038/labinvest.2015.95
https://doi.org/10.2353/ajpath.2008.070720
https://doi.org/10.2353/ajpath.2008.070720
https://doi.org/10.2353/ajpath.2008.070720
https://doi.org/10.2353/ajpath.2008.070720
https://doi.org/10.1002/hep.32332
https://doi.org/10.1002/hep.32332
https://doi.org/10.1002/hep.32332
https://doi.org/10.1002/hep.32332
https://doi.org/10.1126/scitranslmed.abd1206
https://doi.org/10.1126/scitranslmed.abd1206
https://doi.org/10.1126/scitranslmed.abd1206
https://doi.org/10.1126/scitranslmed.abd1206
https://doi.org/10.3389/fcell.2024.1433857
https://doi.org/10.3389/fcell.2024.1433857
https://doi.org/10.3389/fcell.2024.1433857
https://doi.org/10.3389/fcell.2024.1433857
https://doi.org/10.3389/fcell.2024.1433857
https://doi.org/10.3389/fcell.2024.1433857
https://doi.org/10.3389/fendo.2019.00611
https://doi.org/10.3389/fendo.2019.00611
https://doi.org/10.3389/fendo.2019.00611
https://doi.org/10.1016/j.jhep.2023.12.007
https://doi.org/10.1016/j.jhep.2023.12.007
https://doi.org/10.1016/j.jhep.2023.12.007
https://doi.org/10.1016/j.molmet.2016.04.001
https://doi.org/10.1016/j.molmet.2016.04.001
https://doi.org/10.1016/j.molmet.2016.04.001
https://doi.org/10.1016/j.jhep.2023.01.024
https://doi.org/10.1016/j.jhep.2023.01.024
https://doi.org/10.1016/j.jhep.2023.01.024
https://doi.org/10.2337/db16-0213
https://doi.org/10.2337/db16-0213
https://doi.org/10.2337/db16-0213
https://doi.org/10.1016/j.jhep.2023.10.039
https://doi.org/10.1016/j.jhep.2023.10.039
https://doi.org/10.1016/j.jhep.2023.10.039
https://doi.org/10.1038/s41467-024-51078-2
https://doi.org/10.1038/s41467-024-51078-2
https://doi.org/10.1038/s41467-024-51078-2
https://doi.org/10.1038/s41467-024-51078-2
https://doi.org/10.1126/scitranslmed.aba4448
https://doi.org/10.1126/scitranslmed.aba4448
https://doi.org/10.1126/scitranslmed.aba4448
https://doi.org/10.1126/scitranslmed.aba4448
https://doi.org/10.1016/j.jcmgh.2023.07.009
https://doi.org/10.1016/j.jcmgh.2023.07.009
https://doi.org/10.1016/j.jcmgh.2023.07.009
https://doi.org/10.1016/j.jcmgh.2023.07.009
https://doi.org/10.1016/j.immuni.2017.01.008
https://doi.org/10.1016/j.immuni.2017.01.008
https://doi.org/10.1016/j.immuni.2017.01.008
https://doi.org/10.1016/j.immuni.2017.01.008
https://doi.org/10.1016/j.cmet.2016.03.002

__JCI ¥

REVIEW SERIES: EVOLVING INSIGHTS INTO MASLD AND MASH

PATHOGENESIS AND TREATMENT

regulate adipose tissue macrophages to pro-
mote insulin resistance in obesity. Cell Metab.
2016;23(4):685-698.

148.Van Herck MA, et al. Diet reversal and immune
modulation show key role for liver and adi-
pose tissue T cells in murine nonalcoholic
steatohepatitis. Cell Mol Gastroenterol Hepatol.
2020;10(3):467-490.

149.Ying W, et al. Adipose tissue B2 cells pro-
mote insulin resistance through leukotriene
LTB4/LTB4R1 signaling. J Clin Invest.
2017;127(3):1019-1030.

150. Aron-Wisnewsky J, et al. Gut microbiota and
human NAFLD: disentangling microbial signa-
tures from metabolic disorders. Nat Rev Gastroen-
terol Hepatol. 2020;17(5):279-297.

151. Chiu C-C, et al. Nonalcoholic fatty liver disease is

—_

exacerbated in high-fat diet-fed gnotobiotic mice
by colonization with the gut microbiota from
patients with nonalcoholic steatohepatitis. Nutri-
ents. 2017;9(11):1220.

152.Benedé-Ubieto R, et al. Breaking the barriers: the
role of gut homeostasis in Metabolic-Associated
Steatotic Liver Disease (MASLD). Gut Microbes.
2024;16(1):2331460.

153. Dumond Bourie A, et al. Myokines: crosstalk and
consequences on liver physiopathology. Nutrients.
2023;15(7):1729.

154. Pedersen BK, Febbraio MA. Muscles, exercise
and obesity: skeletal muscle as a secretory organ.
Nat Rev Endocrinol. 2012;8(8):457-465.

155.Nachit M, et al. Muscle fat content is strongly asso-
ciated with NASH: A longitudinal study in patients
with morbid obesity. J Hepatol. 2021;75(2):292-301.

156.Fang C, et al. Caffeine-stimulated muscle IL-6
mediates alleviation of non-alcoholic fatty liver
disease. Biochim Biophys Acta Mol Cell Biol Lipids.
2019;1864(3):271-280.

157. Yoshio S, et al. Myostatin as a fibroblast-activat-
ing factor impacts on postoperative outcome in
patients with hepatocellular carcinoma. Hepatol
Res. 2021;51(7):803-812.

158.Guo S, et al. Metabolic crosstalk between skele-
tal muscle cells and liver through IRF4-FSTL1
in nonalcoholic steatohepatitis. Nat Commun.
2023;14(1):6047.

159. Adler M, et al. Principles of cell circuits for tissue
repair and fibrosis. iScience. 2020;23(2):100841.

160. Wang S, et al. An autocrine signaling circuit in
hepatic stellate cells underlies advanced fibrosis
in nonalcoholic steatohepatitis. Sci Trans! Med.
2025;15(677):eadd3949.

161.Setten E, et al. Understanding fibrosis pathogene-
sis via modeling macrophage-fibroblast interplay
in immune-metabolic context. Nat Commun.
2022;13(1):6499.

162. Miyara S, et al. Cold and hot fibrosis define
clinically distinct cardiac pathologies. Cell Syst.
2025;16(3):101198.

163.de Zawadzki A, et al. Hot and cold fibrosis: the
role of serum biomarkers to assess the immune
mechanisms and ECM-cell interactions in human
fibrosis. J Hepatol. 2025;83(1):239-257.

164. Marcellin P, et al. Regression of cirrhosis during
treatment with tenofovir disoproxil fumarate for
chronic hepatitis B: a 5-year open-label follow-up
study. Lancet. 2013;381(9865):468-475.

165.D’Ambrosio R, et al. A morphometric and

immunohistochemical study to assess the benefit
of a sustained virological response in hepati-

tis C virus patients with cirrhosis. Hepatology.
2012;56(2):532-543.

166. Lassailly G, et al. Bariatric surgery provides
long-term resolution of nonalcoholic steatohep-
atitis and regression of fibrosis. Gastroenterology.
2020;159(4):1290-1301.

167.Kisseleva T, Brenner D. Molecular and cellular
mechanisms of liver fibrosis and its regression.
Nat Rev Gastroenterol Hepatol. 2021;18(3):151-166.

168. Caligiuri A, et al. Cellular and molecular mech-
anisms underlying liver fibrosis regression. Cells.
2021;10(10):2759.

169. Ramachandran P, et al. Differential Ly-6C
expression identifies the recruited macrophage
phenotype, which orchestrates the regression of
murine liver fibrosis. Proc Natl Acad Sci U S A.
2012;109(46):E3186-E3195.

170. Fallowfield JA, et al. Scar-associated macro-
phages are a major source of hepatic matrix
metalloproteinase-13 and facilitate the reso-
lution of murine hepatic fibrosis. J Immunol.
2007;178(8):5288-5295.

. Pellicoro A, et al. Elastin accumulation is regu-
lated at the level of degradation by macrophage

17

—

metalloelastase (MMP-12) during experimental

liver fibrosis. Hepatology. 2012;55(6):1965-1975.
172.Rantakari P, et al. Stabilin-1 expression

defines a subset of macrophages that medi-

ate tissue homeostasis and prevent fibrosis in

chronic liver injury. Proc Natl Acad Sci U S A.

2016;113(33):9298-9303.

173. Lodder J, et al. Macrophage autophagy pro-
tects against liver fibrosis in mice. Autophagy.
2015;11(8):1280-1292.

174.Hu M, et al. Hepatic macrophages act as a central
hub for relaxin-mediated alleviation of liver fibro-
sis. Nat Nanotechnol. 2021;16(4):466-477.

175. Calvente CJ, et al. Neutrophils contribute to
spontaneous resolution of liver inflammation
and fibrosis via microRNA-223. J Clin Invest.
2019;129(10):4091-4109.

176. Mabire M, et al. MAIT cell inhibition pro-
motes liver fibrosis regression via macrophage
phenotype reprogramming. Nat Commun.
2023;14(1):1830.

177. Gur C, et al. NKp46-mediated killing of human
and mouse hepatic stellate cells attenuates liver
fibrosis. Gut. 2012;61(6):885-893.

178.Radaeva S, et al. Natural killer cells ameliorate
liver fibrosis by killing activated stellate cells in
NKG2D-dependent and tumor necrosis factor-re-
lated apoptosis-inducing ligand-dependent man-
ners. Gastroenterology. 2006;130(2):435-452.

179.Koda Y, et al. CD8" tissue-resident memory T
cells promote liver fibrosis resolution by inducing
apoptosis of hepatic stellate cells. Nat Commun.
2021;12(1):4474.

180. Andrews TS, et al. Single-cell, single-nucleus,
and spatial RNA sequencing of the human liver

identifies cholangiocyte and mesenchymal hetero-

geneity. Hepatol Commun. 2021;6(4):821-840.
. Van Melkebeke L, et al. Comparison of the sin-
gle-cell and single-nucleus hepatic myeloid land-

18

—_

scape within decompensated cirrhosis patients.
Front Immunol. 2024;15:1346520.
182.Song HW, et al. Key considerations on CITE-

The Journal of Clinical Investigation

Seq for single-cell multiomics. Proteomics.
2025;9:€202400011.

183. Wu H, et al. Advantages of single-nucleus over
single-cell rna sequencing of adult kidney: rare
cell types and novel cell states revealed in fibrosis.
J Am Soc Nephrol. 2019;30(1):23-32.

184.Lake BB, et al. A comparative strategy for sin-
gle-nucleus and single-cell transcriptomes con-
firms accuracy in predicted cell-type expression
from nuclear RNA. Sci Rep. 2017;7(1):6031.

185. Bakken TE, et al. Single-nucleus and single-cell
transcriptomes compared in matched cortical cell
types. PLoS One. 2018;13(12):e0209648.

186. Gupta A, et al. Characterization of transcript
enrichment and detection bias in single-nucleus
RNA-seq for mapping of distinct human adipo-
cyte lineages. Genome Res. 2022;32(2):242-257.

187.Krishnaswami SR, et al. Using single nuclei for
RNA-seq to capture the transcriptome of post-
mortem neurons. Nat Protoc. 2016;11(3):499-524.

188. Slyper M, et al. A single-cell and single-nucleus
RNA-Seq toolbox for fresh and frozen human
tumors. Nat Med. 2020;26(5):792-802.

189. Lacar B, et al. Nuclear RNA-seq of single neu-
rons reveals molecular signatures of activation.
Nat Commun. 2016;7(1):11022.

190. van den Brink SC, et al. Single-cell sequencing
reveals dissociation-induced gene expres-
sion in tissue subpopulations. Nat Methods.
2017;14(10):935-936.

191. Denisenko E, et al. Systematic assessment of
tissue dissociation and storage biases in single-cell
and single-nucleus RNA-seq workflows. Genome
Biol. 2020;21(1):130.

192. Machado L, et al. Stress relief: emerging methods
to mitigate dissociation-induced artefacts. Trends
Cell Biol. 2021;31(11):888-897.

193.Rensen SS, et al. Increased hepatic myelop-
eroxidase activity in obese subjects with
nonalcoholic steatohepatitis. Am J Pathol.
2009;175(4):1473-1482.

194. Bertola A, et al. Hepatic expression patterns of
inflammatory and immune response genes asso-
ciated with obesity and NASH in morbidly obese
patients. PLoS One. 2010;5(10):e13577.

195.Zang S, et al. Neutrophils play a crucial role in
the early stage of nonalcoholic steatohepatitis via
neutrophil elastase in mice. Cel/ Biochem Biophys.
2015;73(2):479-487.

196.Babuta M, et al. Neutrophil extracellular traps
activate hepatic stellate cells and monocytes via
NLRP3 sensing in alcohol-induced acceleration
of MASH fibrosis. Gut. 2024;73(11):1854-1869.

197.Deczkowska A, et al. XCR1" type 1 conventional
dendritic cells drive liver pathology in non-alcohol-
ic steatohepatitis. Nat Med. 2021;27(6):1043-1054.

198. Giladi A, et al. Dissecting cellular crosstalk by
sequencing physically interacting cells. Nat Bio-
technol. 2020;38(5):629-637.

199. Tosello-Trampont AC, et al. NKp46* natural
killer cells attenuate metabolism-induced hepatic
fibrosis by regulating macrophage activation in
mice. Hepatology. 2016;63(3):799-812.

200.Jeong WI, et al. STAT1 inhibits liver fibrosis in
mice by inhibiting stellate cell proliferation and
stimulating NK cell cytotoxicity. Hepatology.
2006;44(6):1441-1451.

201. Maretti-Mira AC, et al. Etiology of end-stage liver

J Clin Invest. 2025;135(18):e186421 https://doi.org/10.1172/)C1186421


https://doi.org/10.1172/JCI186421
https://doi.org/10.1016/j.cmet.2016.03.002
https://doi.org/10.1016/j.cmet.2016.03.002
https://doi.org/10.1016/j.cmet.2016.03.002
https://doi.org/10.1016/j.jcmgh.2020.04.010
https://doi.org/10.1016/j.jcmgh.2020.04.010
https://doi.org/10.1016/j.jcmgh.2020.04.010
https://doi.org/10.1016/j.jcmgh.2020.04.010
https://doi.org/10.1016/j.jcmgh.2020.04.010
https://doi.org/10.1172/JCI90350
https://doi.org/10.1172/JCI90350
https://doi.org/10.1172/JCI90350
https://doi.org/10.1172/JCI90350
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.3390/nu9111220
https://doi.org/10.3390/nu9111220
https://doi.org/10.3390/nu9111220
https://doi.org/10.3390/nu9111220
https://doi.org/10.3390/nu9111220
https://doi.org/10.1080/19490976.2024.2331460
https://doi.org/10.1080/19490976.2024.2331460
https://doi.org/10.1080/19490976.2024.2331460
https://doi.org/10.1080/19490976.2024.2331460
https://doi.org/10.3390/nu15071729
https://doi.org/10.3390/nu15071729
https://doi.org/10.3390/nu15071729
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1016/j.jhep.2021.02.037
https://doi.org/10.1016/j.jhep.2021.02.037
https://doi.org/10.1016/j.jhep.2021.02.037
https://doi.org/10.1016/j.bbalip.2018.12.003
https://doi.org/10.1016/j.bbalip.2018.12.003
https://doi.org/10.1016/j.bbalip.2018.12.003
https://doi.org/10.1016/j.bbalip.2018.12.003
https://doi.org/10.1111/hepr.13667
https://doi.org/10.1111/hepr.13667
https://doi.org/10.1111/hepr.13667
https://doi.org/10.1111/hepr.13667
https://doi.org/10.1038/s41467-023-41832-3
https://doi.org/10.1038/s41467-023-41832-3
https://doi.org/10.1038/s41467-023-41832-3
https://doi.org/10.1038/s41467-023-41832-3
https://doi.org/10.1016/j.isci.2020.100841
https://doi.org/10.1016/j.isci.2020.100841
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1126/scitranslmed.add3949
https://doi.org/10.1038/s41467-022-34241-5
https://doi.org/10.1038/s41467-022-34241-5
https://doi.org/10.1038/s41467-022-34241-5
https://doi.org/10.1038/s41467-022-34241-5
https://doi.org/10.1016/j.cels.2025.101198
https://doi.org/10.1016/j.cels.2025.101198
https://doi.org/10.1016/j.cels.2025.101198
https://doi.org/10.1016/j.jhep.2025.02.039
https://doi.org/10.1016/j.jhep.2025.02.039
https://doi.org/10.1016/j.jhep.2025.02.039
https://doi.org/10.1016/j.jhep.2025.02.039
https://doi.org/10.1016/S0140-6736(12)61425-1
https://doi.org/10.1016/S0140-6736(12)61425-1
https://doi.org/10.1016/S0140-6736(12)61425-1
https://doi.org/10.1016/S0140-6736(12)61425-1
https://doi.org/10.1002/hep.25606
https://doi.org/10.1002/hep.25606
https://doi.org/10.1002/hep.25606
https://doi.org/10.1002/hep.25606
https://doi.org/10.1002/hep.25606
https://doi.org/10.1053/j.gastro.2020.06.006
https://doi.org/10.1053/j.gastro.2020.06.006
https://doi.org/10.1053/j.gastro.2020.06.006
https://doi.org/10.1053/j.gastro.2020.06.006
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.3390/cells10102759
https://doi.org/10.3390/cells10102759
https://doi.org/10.3390/cells10102759
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.4049/jimmunol.178.8.5288
https://doi.org/10.4049/jimmunol.178.8.5288
https://doi.org/10.4049/jimmunol.178.8.5288
https://doi.org/10.4049/jimmunol.178.8.5288
https://doi.org/10.4049/jimmunol.178.8.5288
https://doi.org/10.1002/hep.25567
https://doi.org/10.1002/hep.25567
https://doi.org/10.1002/hep.25567
https://doi.org/10.1002/hep.25567
https://doi.org/10.1073/pnas.1604780113
https://doi.org/10.1073/pnas.1604780113
https://doi.org/10.1073/pnas.1604780113
https://doi.org/10.1073/pnas.1604780113
https://doi.org/10.1073/pnas.1604780113
https://doi.org/10.1080/15548627.2015.1058473
https://doi.org/10.1080/15548627.2015.1058473
https://doi.org/10.1080/15548627.2015.1058473
https://doi.org/10.1038/s41565-020-00836-6
https://doi.org/10.1038/s41565-020-00836-6
https://doi.org/10.1038/s41565-020-00836-6
https://doi.org/10.1172/JCI122258
https://doi.org/10.1172/JCI122258
https://doi.org/10.1172/JCI122258
https://doi.org/10.1172/JCI122258
https://doi.org/10.1038/s41467-023-37453-5
https://doi.org/10.1038/s41467-023-37453-5
https://doi.org/10.1038/s41467-023-37453-5
https://doi.org/10.1038/s41467-023-37453-5
https://doi.org/10.1136/gutjnl-2011-301400
https://doi.org/10.1136/gutjnl-2011-301400
https://doi.org/10.1136/gutjnl-2011-301400
https://doi.org/10.1053/j.gastro.2005.10.055
https://doi.org/10.1053/j.gastro.2005.10.055
https://doi.org/10.1053/j.gastro.2005.10.055
https://doi.org/10.1053/j.gastro.2005.10.055
https://doi.org/10.1053/j.gastro.2005.10.055
https://doi.org/10.1038/s41467-021-24734-0
https://doi.org/10.1038/s41467-021-24734-0
https://doi.org/10.1038/s41467-021-24734-0
https://doi.org/10.1038/s41467-021-24734-0
https://doi.org/10.1002/hep4.1854
https://doi.org/10.1002/hep4.1854
https://doi.org/10.1002/hep4.1854
https://doi.org/10.1002/hep4.1854
https://doi.org/10.3389/fimmu.2024.1346520
https://doi.org/10.3389/fimmu.2024.1346520
https://doi.org/10.3389/fimmu.2024.1346520
https://doi.org/10.3389/fimmu.2024.1346520
https://doi.org/10.1002/pmic.202400011
https://doi.org/10.1002/pmic.202400011
https://doi.org/10.1002/pmic.202400011
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1038/s41598-017-04426-w
https://doi.org/10.1038/s41598-017-04426-w
https://doi.org/10.1038/s41598-017-04426-w
https://doi.org/10.1038/s41598-017-04426-w
https://doi.org/10.1371/journal.pone.0209648
https://doi.org/10.1371/journal.pone.0209648
https://doi.org/10.1371/journal.pone.0209648
https://doi.org/10.1101/gr.275509.121
https://doi.org/10.1101/gr.275509.121
https://doi.org/10.1101/gr.275509.121
https://doi.org/10.1101/gr.275509.121
https://doi.org/10.1038/nprot.2016.015
https://doi.org/10.1038/nprot.2016.015
https://doi.org/10.1038/nprot.2016.015
https://doi.org/10.1038/s41591-020-0844-1
https://doi.org/10.1038/s41591-020-0844-1
https://doi.org/10.1038/s41591-020-0844-1
https://doi.org/10.1038/ncomms11022
https://doi.org/10.1038/ncomms11022
https://doi.org/10.1038/ncomms11022
https://doi.org/10.1038/nmeth.4437
https://doi.org/10.1038/nmeth.4437
https://doi.org/10.1038/nmeth.4437
https://doi.org/10.1038/nmeth.4437
https://doi.org/10.1186/s13059-020-02048-6
https://doi.org/10.1186/s13059-020-02048-6
https://doi.org/10.1186/s13059-020-02048-6
https://doi.org/10.1186/s13059-020-02048-6
https://doi.org/10.1016/j.tcb.2021.05.004
https://doi.org/10.1016/j.tcb.2021.05.004
https://doi.org/10.1016/j.tcb.2021.05.004
https://doi.org/10.2353/ajpath.2009.080999
https://doi.org/10.2353/ajpath.2009.080999
https://doi.org/10.2353/ajpath.2009.080999
https://doi.org/10.2353/ajpath.2009.080999
https://doi.org/10.1371/journal.pone.0013577
https://doi.org/10.1371/journal.pone.0013577
https://doi.org/10.1371/journal.pone.0013577
https://doi.org/10.1371/journal.pone.0013577
https://doi.org/10.1007/s12013-015-0682-9
https://doi.org/10.1007/s12013-015-0682-9
https://doi.org/10.1007/s12013-015-0682-9
https://doi.org/10.1007/s12013-015-0682-9
https://doi.org/10.1136/gutjnl-2023-331447
https://doi.org/10.1136/gutjnl-2023-331447
https://doi.org/10.1136/gutjnl-2023-331447
https://doi.org/10.1136/gutjnl-2023-331447
https://doi.org/10.1038/s41591-021-01344-3
https://doi.org/10.1038/s41591-021-01344-3
https://doi.org/10.1038/s41591-021-01344-3
https://doi.org/10.1038/s41587-020-0442-2
https://doi.org/10.1038/s41587-020-0442-2
https://doi.org/10.1038/s41587-020-0442-2
https://doi.org/10.1002/hep.28389
https://doi.org/10.1002/hep.28389
https://doi.org/10.1002/hep.28389
https://doi.org/10.1002/hep.28389
https://doi.org/10.1002/hep.21419
https://doi.org/10.1002/hep.21419
https://doi.org/10.1002/hep.21419
https://doi.org/10.1002/hep.21419
https://doi.org/10.3389/fimmu.2023.1137034

The Journal of Clinical Investigation

cirrhosis impacts hepatic natural killer cell hetero-
genicity. Front Immunol. 2023;14:1137034.

202. Michelet X, et al. Metabolic reprogramming of
natural killer cells in obesity limits antitumor
responses. Nat Immunol. 2018;19(12):1330-1340.

203. Tobin LM, et al. NK cells in childhood obesity
are activated, metabolically stressed, and func-
tionally deficient. JCI Insight. 2017;2(24):€94939.

204. Bourinet M, et al. Roles of innate lymphoid cells
in metabolic and alcohol-associated liver diseases.
JHEP Rep. 2024;6(2):100962.

205.Dudek M, et al. Auto-aggressive CXCR6* CD8
T cells cause liver immune pathology in NASH.
Nature. 2021;592(7854):444-449.

206. Pallett L], et al. Tissue CD14*CD8* T cells repro-

J Clin Invest. 2025;135(18):e186421 https://doi.org/10.1172/)CI186421

REVIEW SERIES: EVOLVING INSIGHTS INTO MASLD AND MASH

grammed by myeloid cells and modulated by
LPS. Nature. 2023;614(7947):334-342.

207.Her Z, et al. CD4" T cells mediate the develop-
ment of liver fibrosis in high fat diet-induced
NAFLD in humanized mice. Front Immunol.
2020;11:580968.

208. Moreno-Fernandez ME, et al. PKM2-dependent
metabolic skewing of hepatic Th17 cells regulates
pathogenesis of non-alcoholic fatty liver disease.
Cell Metab. 2021;33(6):1187-1204.

209. Woestemeier A, et al. Multicytokine-producing
CD4" T cells characterize the livers of patients
with NASH. JCI Insight. 2023;8(1):e153831.

210. Savage TM, et al. Amphiregulin from regulatory
T cells promotes liver fibrosis and insulin resis-

PATHOGENESIS AND TREATMENT

tance in non-alcoholic steatohepatitis. Immunity.
2024;57(2):303-318.

211.Hammerich L, Tacke F. Hepatic inflammatory
responses in liver fibrosis. Nat Rev Gastroenterol
Hepatol. 2023;20(10):633-646.

212.Barrow F, et al. Microbiota-driven activation of intra-
hepatic B cells aggravates NASH through innate and
adaptive signaling. Hepatology. 2021;74(2):704-722.

213.Thapa M, et al. Liver fibrosis occurs through
dysregulation of MyD88-dependent innate B-cell
activity. Hepatology. 2015;61(6):2067-2079.

214.Kotsiliti E, et al. Intestinal B cells license metabolic
T-cell activation in NASH microbiota/antigen-in-
dependently and contribute to fibrosis by IgA-FcR
signalling. J Hepatol. 2023;79(2):296-313.

= [


https://doi.org/10.1172/JCI186421
https://doi.org/10.3389/fimmu.2023.1137034
https://doi.org/10.3389/fimmu.2023.1137034
https://doi.org/10.1038/s41590-018-0251-7
https://doi.org/10.1038/s41590-018-0251-7
https://doi.org/10.1038/s41590-018-0251-7
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1016/j.jhepr.2023.100962
https://doi.org/10.1016/j.jhepr.2023.100962
https://doi.org/10.1016/j.jhepr.2023.100962
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1038/s41586-022-05645-6
https://doi.org/10.1038/s41586-022-05645-6
https://doi.org/10.1038/s41586-022-05645-6
https://doi.org/10.3389/fimmu.2020.580968
https://doi.org/10.3389/fimmu.2020.580968
https://doi.org/10.3389/fimmu.2020.580968
https://doi.org/10.3389/fimmu.2020.580968
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1172/jci.insight.153831
https://doi.org/10.1172/jci.insight.153831
https://doi.org/10.1172/jci.insight.153831
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1038/s41575-023-00807-x
https://doi.org/10.1038/s41575-023-00807-x
https://doi.org/10.1038/s41575-023-00807-x
https://doi.org/10.1002/hep.31755
https://doi.org/10.1002/hep.31755
https://doi.org/10.1002/hep.31755
https://doi.org/10.1002/hep.27761
https://doi.org/10.1002/hep.27761
https://doi.org/10.1002/hep.27761
https://doi.org/10.1016/j.jhep.2023.04.037
https://doi.org/10.1016/j.jhep.2023.04.037
https://doi.org/10.1016/j.jhep.2023.04.037
https://doi.org/10.1016/j.jhep.2023.04.037

