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Highlights:

e Spatial transcriptomics identified expression signatures of
histopathological features of MASLD progression.

e Fibroinflammatory regions were spatially associated with a
senescence signature.

e Senescent regions exhibited increased immunoglobulin
gene expression and evidence of metabolic perturbations.

https://doi.org/10.1016/j.jhepr.2025.101657

Impact and implications:

Metabolic dysfunction-associated steatotic liver disease
(MASLD) has a complex pathogenesis driven by cell and matrix
interactions in inflammatory niches. In this study, we identify a
senescence signature in fibroinflammatory regions, charac-
terised by high immunoglobulin expression and associated
with a shift from oxidative to glycolytic metabolism. We identify
spatially co-expressed ligand-receptor pairs, including
senescence-associated factors, correlated with progressive
fibrosis. This discovery dataset highlights the complex cross-
talk between metabolic perturbations and inflammation un-
derpinning fibrosis progression in MASLD and lays the
groundwork for future research into the role of senescence
in MASLD.

© 2025 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). JHEP Reports, 2026, 8, 1-12
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Background & Aims: Granular detail about the location and nature of liver cell interactions and the metabolic, inflammatory and
fibrogenic pathways driving progressive fibrosis in metabolic dysfunction-associated steatotic liver disease (MASLD) is needed
to identify novel therapeutic targets.

Methods: We generated Visium spatial transcriptomic data from 33 human liver biopsies across the spectrum of MASLD. Gene
expression data were overlaid with histological annotations to integrate spatial molecular and histopathological information,
enabling interrogation of disease progression. Differential gene expression, pathway, cellular deconvolution and ligand-receptor
interaction analyses were conducted for each annotated anatomical category, with specific protein expression validated using
immunohistochemistry staining.

Results: Unsupervised clustering based on gene expression data classified the annotated spots into two main clusters enriched
for fibro-inflammatory vs. parenchymal regions. Transcriptomic cellular deconvolution aligned well with manually annotated
histopathological features. Fibrotic regions were enriched for genes involved in extracellular matrix/receptor interactions and
inflammatory pathways (Benjamini-Hochberg adjusted p values <0.05), underscoring known pathological mechanisms. We also
identified immunoglobulin gene induction in late-stage fibrosis, which was spatially associated with a senescence signature, as
has previously been reported in aging tissues. Dynamic changes in metabolic gene expression from early to late fibrosis were
observed, suggesting MASLD progression is accompanied by a decline in normal liver metabolic function and reprogramming of
metabolic fuel utilisation from oxidative to glycolytic metabolism, which may be both a cause and a consequence of senescence.

Conclusions: Taken together, our valuable discovery dataset highlights the complex crosstalk between metabolic perturbations
and inflammation underpinning fibrosis progression in MASLD.

© 2025 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD) is the leading cause of chronic liver disease, and a

inflammatory signals circulate between the liver, adipose tis-
sue and gastrointestinal tract.> These signals paradoxically
increase hepatic fat production and storage, ultimately

risk factor for cardiovascular events and kidney disease.’
MASLD covers a spectrum of phenotypes, ranging from fatty
(steatotic) liver without significant inflammation, to metabolic
dysfunction-associated steatohepatitis (MASH) in which he-
patic steatosis is associated with liver cell injury and inflam-
mation, with or without fibrosis.? Patients with progressive liver
fibrosis are at risk of developing cirrhosis, which in turn can
lead to liver failure and hepatocellular carcinoma (HCC), a form
of cancer whose global incidence is rapidly increasing."
MASLD has a complex pathophysiology: in a background of
rising hepatic fat and increasing insulin resistance,

resulting in the generation of toxic lipids that drive hepatocyte
damage, inflammation and fibrogenesis. As MASLD pro-
gresses, increasing fibrosis disrupts the architecture of the
liver, leading to cirrhosis and the associated risk of liver failure
and HCC. Key cellular mechanisms of MASLD progression
include hepatocyte cell death, activation of liver-resident
macrophages, immune cell infiltration, and activation of he-
patic stellate cells that promote fibrogenesis.*

In March 2024, the FDA approved the first drug (resme-
tirom) for the treatment of MASH with moderate to advanced
fibrosis, and several additional candidates (including FGF21

* Corresponding authors. Addresses: QIMR Berghofer Medical Research Institute, Herston Rd, Herston, QLD 4006, Australia; (E. Powell), or Genomics and Machine
Learning Laboratory, QIMRB National Centre for Spatial Tissue and Al Research, QIMR Berghofer Medical Research Institute, Herston Rd, Herston, QLD 4006,
Australia; (Q.H. Nguyen), or Innate Immunity and Inflammation Group, Mater Research, Translational Research Institute, Kent St, Woolloongabba, QLD 4102,

Australia; (K. Irvine).
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analogues and GLP-1 agonists) are in late-stage clinical trials.®
These candidates primarily have metabolic mechanisms of
action, although FGF21 analogues also appear to have a direct
antifibrotic effect.® Clearly, there is an urgent need for effective,
safe, and affordable drugs to treat the progressive form of this
complex liver disease, prevent serious liver-related complica-
tions, and improve cardiometabolic comorbidities. In the past,
many compounds failed to achieve primary endpoints in phase
Il clinical trials, likely reflecting the heterogeneity of cell types
involved in the disease process as well as their variable
phenotype and functional status.” These cell states are shaped
by their location (for example hepatocyte metabolic zonation®)
and the intercellular crosstalk within the metabolic, inflamma-
tory and pro-fibrotic microenvironment that drives progres-
sive MASLD.

To understand the processes driving progressive fibrosis
and identify novel therapeutic targets, more granularity about
the exact location and nature of cell-to-cell interactions within
the liver is needed, alongside a deeper understanding of the
interconnected networks involving metabolism, inflammation
and fibrosis. Advances in sequencing technology, particularly
single-cell RNA-sequencing and spatial transcriptomics, pro-
vide an unprecedented opportunity to link tissue morphology
with molecular profiles. Single-cell RNA-sequencing has been
leveraged to generate novel insights in healthy and diseased
liver, but few studies have taken advantage of spatial tran-
scriptomics.””'" A spatial analysis of fibrosis progression in
human liver is crucial, as fibrosis stage is the most significant
predictor of liver-related morbidity and mortality. Here we
generated Visium spatial transcriptomic data from liver bi-
opsies of patients spanning the spectrum of MASLD to identify
the major cell types and their potential interconnected activ-
ities within each tissue region, and how region-specific cellular
content and phenotype change with disease stage. Further-
more, we spatially characterised ligand-receptor pairs (LRPs)
to discover region-specific cellular crosstalk associated with
inflammation and fibrosis during MASLD progression.

Materials and methods

This study was approved by the QIMR Berghofer Human
Research Ethics Committee (Project No. 3924) and Metro
South Health Governance (Approval Number SSA/2023/QMS/
104139). Spatial transcriptomic data from formalin-fixed
paraffin-embedded liver biopsy samples from 32 patients
with MASLD'? were generated using the 10X Visium (Fig. 1A)
platform and analysed as detailed in the supplemen-
tary methods.

Liver histology was assessed by an experienced liver
pathologist (A.D.C.) who was blinded to the clinical and tran-
scriptomic data. Fibrosis stage was recorded using a modified
Non-Alcoholic Steatohepatitis Clinical Research Network
(NASH CRN) staging score® based on the extent of steatosis,
inflammation, hepatocellular ballooning and fibrosis. Fibrosis
was staged from 0 to 4 as follows: stage 1, zone 3 peri-
sinusoidal only or portal/periportal only; stage 2, zone 3 peri-
sinusoidal and portal fibrosis; stage 3, bridging fibrosis; and
stage 4, cirrhosis. Stage 3 - bridging fibrosis — was subdivided
into stage 3a (few [1 or 2] fibrous septa) and stage 3b (many
[>2] fibrous septa), which has been shown to give a more
uniform spread of fibrosis stage.'® Fibrosis was then
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categorised as early (stages 0 and 1), intermediate (stages 2
and 3a) or late (stages 3b and 4) (Fig. 1B and S1A).

Results

Spatial transcriptomic resolution of histopathological
features in MASLD

Spatial transcriptomic profiling was performed on liver biopsies
from 32 patients with MASLD across the spectrum of disease
severity (Figs. 1A and S1). Two synchronous liver biopsy cores
(two passes) from a single patient were included to assess the
reproducibility of the experimental approach. Of the 33 total liver
biopsies, 14 biopsies exhibited no (stage 0) or minimal (stage 1)
fibrosis, 5 had intermediate (stage 2, 3a) fibrosis, and 14 dis-
played severe fibrosis (stage 3b, 4) (Table S1, Fig. S1E). Our
analysis was guided by relevant anatomical tissue regions
defined by histopathological annotation and focused on
changes associated with fibrosis stages (Fig. 1A,B). The mean
number of Visium capture areas (“spots”) per biopsy was 401.
The number of genes per spot ranged from 800 to 1,500 (median
1,378), a common quality range for a spatial assay of archival
formalin-fixed tissues.' When outliers were calculated using
three median absolute deviations, none of the spots were
considered outliers (Fig. S1A-C). Spots located on selected
histopathological features were manually annotated based on
the H&E-stained images of the respective sections (Fig. 1B and
S1F). An average of 60% of spots per biopsy were annotated.
Unsupervised clustering produced eight transcriptomically
distinct clusters that highlighted corresponding annotated his-
topathological features, supported by defined gene markers
(Fig. S1C and D). Non-linear dimensionality reduction, projected
onto the uniform manifold approximation and projection
(UMAP), assembled all spots into two main clusters (Fig. 1C, left
and right), which were enriched for spots from biopsies with late
(F3b, F4) and early/intermediate (FO, F1, F2, F3a) fibrosis,
respectively. Late fibrosis spots exhibited a notable bimodal
distribution in the UMAP, which was driven by genes associated
with inflammation and extracellular matrix and metabolic pro-
cesses on the left and right, respectively (Fig. S2). Focussing on
histopathological annotations, the late fibrosis (left) cluster
contained annotated spots related to fibrous septa, portal and
lobular inflammation and the portal tract interface, whereas the
early/intermediate fibrosis (right) cluster contained normal and
steatotic hepatocytes (Fig. 1D). There was no observable dif-
ference in the distribution of ballooned hepatocytes (a cardinal
feature of MASH) between the late and the early/intermediate
clusters (Fig. 1D,E). There was a reduction in the proportion of
spots annotated as normal hepatocytes, normal portal tracts,
and steatosis with advancing fibrosis stage, while no spots in
early-stage biopsies were annotated as ‘fibrous septa’ (Fig. 1E
and S1F).

Cellular deconvolution based on single-cell RNA-
sequencing from healthy and cirrhotic human liver was used to
classify each spot into 12 cell types, including seven immune
cell types, endothelial, epithelial (hepatocytes and chol-
angiocytes), mesenchymal (including hepatic stellate cells and
myofibroblasts) and mesothelial cells, according to the ma-
jority cell type present (Fig. 1F,G and S3A,B)."®

Transcriptome-based cellular deconvolution results showed
that the distribution of the major cell types was well aligned with
annotated histopathological features (Fig. 1F and S3A). For
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Fig. 1. Spatial resolution of gene expression in MASLD. 33 liver biopsies from 32 patients across the spectrum of MASLD severity were profiled by Visium spatial
transcriptomics. (A) Project overview highlighting the experimental workflow and focus of analysis. (B) Biopsy-overlaid Visium spots coloured by histopathological
annotation and labelled by fibrosis stage; E = early, | = intermediate and L = late. Annotated spots were clustered based on gene expression using unsupervised
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example, steatotic regions were identified as containing a ma-
jority of hepatocyte transcripts and portal areas contained
cholangiocytes, mesenchyme and inflammatory cells (Fig. 1F).
Although the majority of cells belonged to the hepatocyte
annotation category across all patients (Fig. S3C), there was a
significant increase in the proportion of spots attributed to T
cells from early to late-stage fibrosis (Figs 1G and S3B-D).

Differential gene expression associated with specific
histopathological features during MASLD progression

Significantly differentially expressed genes (DEGs) between
early/intermediate- and late-stage fibrosis were identified via
pseudo-bulk analysis for regions annotated as steatosis,
inflammation (portal and lobular combined), portal tract inter-
face, ballooning, normal hepatocytes and normal portal tracts
(Fig. 2A and S4A,B). Sixteen genes enriched in early- and 36
genes in late-stage fibrosis were common to steatosis, inflam-
mation, interface and ballooning comparisons (Fig. S4C and D).
Portal and lobular inflammation had the highest number of DEGs
compared to the other three categories. Comparisons between
normal and steatotic hepatocytes demonstrated upregulation of
lipid metabolism, fibrogenic, and immune-related genes in
steatotic regions, reflecting transcriptional changes associated
with early disease progression (Fig. S4E).

DEGs upregulated in late-stage fibrosis (in two or more
anatomical groups, filtered to include only genes significant in
at least two independent analyses, n = 277, Table S3)
demonstrated a higher expression score in regions of portal
and lobular inflammation, ballooned hepatocytes and portal
interface than in normal and steatotic hepatocytes (Fig. 2B and
S5A). This gene set was enriched for multiple reactome path-
ways related to extracellular matrix organisation (Fig. 2C and
S6B). Gene set co-expression analysis (GeseCA) revealed
strong co-expression between UMAP-clustered late fibrosis
spots and several hallmark gene sets,'® including epithelial-
mesenchymal transition (EMT), TNF signalling via NF-kB, and
other stress and inflammation pathways, which was clearly
evident when the co-expression z-scores for each spot were
projected onto the original UMAP (Fig. 2D and S4F). The
reduced expression of the epithelial marker E-cadherin (CDH1)
and gain of the mesenchymal marker vimentin (VIM) in the
transition from early to late stage was spatially confirmed
(Fig. 2E). CODEX proteomics analysis also demonstrated
higher protein expression levels of VIM and lower levels of
CDH1 (Fig. 2F). Collagen 4, CD163 and CD44, which were
identified as upregulated in two or more annotation groups in
late fibrosis (Table S3), were also upregulated at the protein
level in late-stage fibrosis (Fig. 2F).

Upregulated DEGs for early/intermediate-stage fibrosis (in
two or more anatomical groups, n = 304, Table S2) exhibited

Spatial transcriptomic signatures in MASLD

an inverse expression pattern compared to late-stage fibrosis
DEGs in annotated regions across the liver biopsies (Fig. 2B,
3A, and S5B) and were significantly enriched for metabolic
pathways, including amino acids, lipids, fatty acids, bile salts
and xenobiotics (Fig. 3B and S6A). GeseCA also revealed
strong co-expression of UMAP-clustered early-stage fibrosis
spots and these physiological metabolic pathways (Fig. S4F).
Glycolysis genes were strongly co-expressed with late-stage
fibrosis, whereas genes involved in oxidative phosphorylation
and fatty acid metabolism were enriched in early-stage
fibrosis spots (Fig. 3C). The latter, along with the significant
enrichment in the biological oxidations pathway among early-
stage upregulated genes (Fig. 3B) and co-expression of
genes related to reactive oxygen species in late fibrosis
(Fig. 3C), may reflect impaired mitochondrial function and
fatty acid oxidation associated with MASLD progression.'’
Analysis of a multi-platform serum metabolomics dataset for
an extended cohort of 218 patients also revealed a reduction
in fumaric acid, an intermediate metabolite in the tricarboxylic
acid cycle, from early-to late-stage fibrosis (Fig. S7). The
apparent changes in metabolic function may also reflect
altered metabolic zonation, as has previously been sug-
gested."®"? Broadly, oxygen-demanding processes such as
gluconeogenesis, beta-oxidation and ammonia conversion to
urea are higher in zone 1 (periportal), whereas glycolysis, lipid
synthesis and ammonia conversion to glutamate are higher in
zone 3 (pericentral) hepatocytes.'® Consistent with a shift
from portal-to central-dominant metabolic functions with
disease progression, expression of the liver isoform of
glutaminase (GLS2) and a rate-limiting enzyme of the urea
cycle (CPST) were increased in early-stage biopsies, whereas
glutamine synthetase (GLUL) was upregulated in late-stage
fibrosis (Tables S2-3). Gluconeogenic genes - including
FBP1, which encodes the rate-limiting enzyme fructose-1,6-
bisphosphatase 1, as well as PCK7, ALDOB, G6PC, and
ASS1, which is involved in the metabolism of the urea cycle
and the glucogenic amino acid arginine — were similarly
enriched in early-stage fibrosis (Table S2). The switch from
reliance on oxidative phosphorylation to glycolysis, known as
the Warburg effect, is also frequently reported in other in-
flammatory states and cancer. Consistent with this, metabolic
genes found to be upregulated in HCC?® were enriched in
late-stage fibrosis (Fig. 3D,E), whereas metabolic genes
downregulated in HCC?® were enriched in the early-stage
fibrosis cluster, demonstrating lower expression in portal
and lobular inflammatory regions (Fig. 3F,G). Taken together,
these molecular signatures are consistent with the increase in
matrix deposition and inflammatory signalling with MASLD
progression, a concomitant decline in normal liver metabolic
function, and significant reprogramming of metabolic
fuel utilisation.

distribution of classified spots along the X axis. (E) Mean proportion of annotated spot types among early-, intermediate- and late-stage fibrosis biopsies. (F) Inferred
deconvoluted cell type composition, displayed individually, demonstrated on a representative late-stage biopsy with scale bars representing the probability of each
cell type being present in a specific location. The inferred cell types/composition align with the pathologist’s annotation (far left in Fig. 1F). (G) Mean proportion of
deconvoluted cell types predicted by CARD analysis. Proportion refers to the average representation of each cell type across multiple locations after the decon-
volution process. All cell types showed a statistically significant (Benjamini/Hochberg adjusted p values for testing the linear regression slopes between cell pro-
portions and fibrosis stages 9.06E-3 to 3.31E-220, lowest significance observed in mast cells) change in proportion from early-to late-stage fibrosis. Hepatocytes
were excluded for visual clarity (see Fig. S3B). DC, dendritic cells; ILC, innate lymphoid cells; MASLD, metabolic dysfunction-associated steatotic liver disease; MP,

mononuclear phagocytes; UMAP, uniform manifold approximation and projection.
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fibrosis (hypergeometric test, p <0.01). (D) Three hallmark gene sets selected from the 10 most enriched gene sets. Gene set co-expression scores were projected
onto the UMAP and coloured by the scores. (E) Example spatial expression of the epithelial-mesenchymal transition gene set and the top two related markers:
vimentin (VIM) and E-cadherin (CDHT) in early- and late-stage biopsies. (F) Examples of CODEX (co-detection by indexing) stains with VIM, collagen 4 (COL4), CD163,
CDH1 and CD44 protein expression detected by CODEX analysis. Scale bar = 20 um. DEGs, differentially expressed genes; MASLD, metabolic dysfunction-
associated steatotic liver disease; UMAP, uniform manifold approximation and projection.
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MASLD progression is associated with increased
immunoglobulin expression and senescence

Several genes encoding immunoglobulins (/IGKC, IGHG, IGHA,
IGLC) were upregulated in late-stage fibrosis at the portal tract
interface and in regions containing ballooned hepatocytes
(Fig. 2A). Ma et al. (2024) recently reported immunoglobulin
and complement expression co-localised with accumulating
senescence ‘hotspots’ in aged tissues, including mouse and
human liver.?" Cellular senescence is also a feature of chronic
liver disease, including MASLD.?* We therefore hypothesised
that immunoglobulin gene expression would be spatially
associated with a senescence signature in MASLD biopsies.
DEGs between spots with a high immunoglobulin module
score (comprising IGKC, IGHG, IGHA, IGLC) and those with a
low score included several genes previously implicated in the
senescence-associated secretory phenotype (SASP) across
various tissues, such as TGFB1, TIMP2, MMP2, IGFBP7 and
CXCL12%%?%(Fig. 4A). CDKN1A, encoding the canonical
senescence-associated cell cycle inhibitor p21, was upregu-
lated in late fibrosis (Table S3), and significantly increased at
the protein level in hepatocyte nuclei in late-stage biopsies
(Fig. 4B,C). As expected, p21 expression was also associated
with increased age, regardless of fibrosis stage (Fig. 4B,C). We
created an integrated senescence signature based on the
SenMayo®® and Gene Ontology Bioprocess gene sets
(Table S5). The senescence signature was enriched in inflam-
matory and fibrotic regions when projected onto the original
UMAP and represented spatially (Fig. 4D,E). Despite the age-
dependent increase in p21 staining regardless of fibrosis
stage (Fig 4C), the mean senescence module score was
similarly low in early-stage biopsies, with a stepwise increase
in patients <50 and >50 with late-stage fibrosis (Fig 4F), indi-
cating an association with fibrosis across age groups.
Consistent with an association between senescence and
immunoglobulin expression, there was a positive correlation
between the senescence gene module score and the immu-
noglobulin module score within each spot, with the highest
correlation in the fibrous septa (Fig. 4H). Consistently, the
mean senescence module score was highest in fibrous septa,
along with portal inflammation (Fig. 4G). Despite the increase in
immunoglobulin expression, our cell deconvolution analysis
did not detect any enrichment of plasma cells, likely due to the
relatively small proportion of these cells (Fig. 1G) and consis-
tent with a previous report.>’ However, there was a positive
correlation between the presence of plasma cell markers
(Table S5, not including immunoglobulins themselves) and the
immunoglobulin module score (Fig. S9A and B), suggesting an
association between these features. Unsupervised clustering
of Visium spots also revealed a close association between
immunoglobulins and JCHAIN, which is largely expressed by
plasma cells (Fig. S1C and D). Spatial mapping of plasma cells
at the protein level (CODEX) also showed strong alignment

Spatial transcriptomic signatures in MASLD

with the Visium immunoglobulin module score (Fig. S9C-F).
Senescence in MASLD has previously been linked with similar
hepatic metabolic perturbations to those identified by our dif-
ferential gene expression and GeseCA analyses (Fig. 3), as well
as to the development of HCC, with the gluconeogenic gene
FBP1 increasingly implicated as an important tumor suppres-
sor. Together, the data demonstrate coincident increases in
transcriptomic signatures of inflammation, fibrosis and
senescence, immunoglobulin gene expression and nuclear
p21 expression in hepatocytes with MASLD progression.

Co-regulated ligand-receptor pairs associated with
MASLD fibrosis progression

To gain further insight into the cellular and molecular in-
teractions driving fibrosis progression in MASLD, we applied
an unbiased, high-throughput screening approach to identify
LRPs that were statistically enriched for spatial co-expression
within Visium spots, using a spatially-constrained two-level
permutation test implemented in stLearn.?® To ensure
comprehensiveness, we utilised connectome DB2020, which
consists of 2,293 manually curated LRPs with literature sup-
port.?® Ligand-receptor scores between neighbouring cells,
reflecting the probability and strength of interactions, were
tested for significant correlation with fibrosis stages, sug-
gesting increasing or decreasing interactions with progression
from early to late fibrosis (Fig. 5A,B). Fibrosis-associated LRPs
included extracellular matrix components (collagens interact-
ing with CD44, CD36 and DDR2, and the proteoglycans
decorin [DCN] and biglycan [BGN] interacting with TLR2) and
modulators (e.g. TIMP1-CD63) and inflammatory chemokines,
cytokines and receptors (e.g. SPP1-ITGAV, CXCL12-CD4,
CLEC11A-ITGB1) (Fig. 5C,D). Of those, the predicted interac-
tion between TIMP1-CD63 was most strongly correlated with
fibrosis progression (Fig. 5C,D and S8A), consistent with the
previous report that this interaction drives fibrosis by activating
the PI3K/Akt survival pathways and preventing apoptosis of
activated fibroblasts and hepatic stellate cells.?”*® Examples
of LRPs with higher activity in early disease included RTN4 and
its receptor, ANGPTL3-ITGAV, and ephrin A1 (EFNAT) and its
receptors EPHA1 and EPHA2 (Fig. 5C,E and S8B). The LRP
analysis was then confined to portal inflammation annotated
spots, to identify candidate LRPs driving inflammation in this
key region. The LRPs most highly correlated with fibrosis stage
included inflammatory mediators such as CXCL12-ACKRS3,
SEMA4AD-PLXNB2 and LTB-LTBR (Fig. 5F). Several LRPs in
portal inflammation spots were inversely correlated with
fibrosis, including signalling pathways such as C3-CR1, MIF-
CD74, and LGALS9-CD44 (Fig. 5G). The chemokine CXCL12
was a component of nine of the 145 LR pairs associated with
increasing fibrosis stage, including seven of the top 50.
Although CD4 was the most highly correlated candidate re-
ceptor, CXCL12’s canonical signalling receptors CXCR4 and

Statistical comparisons were performed using one-way ANOVA followed by Tukey’s HSD post hoc test. Statistical significance was denoted as follows: p <0.05 (*), p
<0.01 (**), p £0.001 (***). Senescence gene expression score (D) projected onto the UMAP plot and (E) plotted spatially on representative early- and late-stage bi-
opsies. (F) Bar plot showing senescence gene expression score, grouped by age and fibrosis stage. Error bars represent standard deviation. Statistical comparisons
were performed using one-way ANOVA followed by Tukey’s HSD post hoc test. Statistical significance was denoted as follows: p <0.0001 (***). (G) Ridge plot
showing mean module score for expression of senescence genes, grouped by annotation. Colours for each annotation correspond to those shown in panel. (H)
Spearman correlation between the average expression of the genes in the senescence module and immunoglobulin module score for each spot. FC, fold-change;
MASLD, metabolic dysfunction-associated steatotic liver disease; UMAP, uniform manifold approximation and projection.
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CXCR7 (ACKR3) were also identified, along with several
integrins (Fig. 5C). CXCL12 is one of a number of chemokines
that have been reported as part of the SASP, though not
specifically in the liver. We identified DEGs between spots with
the highest and lowest scores for CXCL 12 interaction with any
putative receptor (top and bottom 10%, respectively). Genes
associated with high CXCL12-receptor activity included other
SASP genes, such as IGFBP7°° and CCL5, along with immu-
noglobulins and the known pro-fibrotic cytokine osteopontin
(SPP1) (Fig. 5H).

Discussion

The development of progressive fibrosis in MASLD involves
dynamic cellular interactions within the highly structured
microenvironment of hepatic lobules. The liver's complex
organisation and pleiotropic metabolic functions have led to
difficulty in achieving effective drug therapies for MASLD
fibrosis. In this study we demonstrated that MASLD progres-
sion is associated with upregulation of a senescence gene
expression signature and p21 expression in hepatocytes,
increased immunoglobulin gene expression, and concomitant
perturbation of hepatic metabolic pathways.

Not surprisingly, as fibrosis progressed there was an overall
increase in mesenchyme, mononuclear phagocytes, T cells
and cholangiocytes, with an upregulation in genes enriched for
extracellular matrix/receptor interactions (MGP, COL3AT,
COL1A1, COL1A2), and immune cell recruitment and traf-
ficking (CCL19, CCL21, CXCL12). In particular, these tran-
scripts were among the most highly differentially expressed
genes in the portal tract interface and regions containing bal-
looned hepatocytes that release inflammatory and fibrogenic
signals. Gene sets highly correlated with genes regulated
during MASLD progression include TNF signalling, reflecting
the strong inflammatory basis of the process, and EMT, pre-
viously proposed as a possible driver of liver fibrosis. We*° and
others®' identified that the ductular reaction, a complex of
strings of cholangiocytes and bile ductules, in a niche of
stromal and inflammatory cells at the portal tract interface,
correlates with the extent of fibrosis in MASLD. As well as
producing factors that lead to increased extracellular matrix,
ductular cells share some properties of mesenchymal cells,*?
although whether they are generated via EMT re-
mains unclear.®®

As fibrosis progressed, the differential expression of ligand-
receptor signalling pairs revealed cell-cell communication
networks dominated by extracellular matrix components/
modulators and inflammatory chemokines, cytokines and re-
ceptors. Interacting cells likely include a combination of the
increasing contribution of infiltrating cells to hepatocyte-
dominated spot composition as inflammation and fibrosis
progress and induction of new expression in hepatocytes in
response to the microenvironment. LRPs that correlated with
fibrosis progression included recognised drivers of fibrosis

Spatial transcriptomic signatures in MASLD

such as osteopontin,®* vimentin®> and CXCL12,% illustrating
the redundancy in inflammatory and fibrogenic signalling.®”
The chemokine CXCL12 featured in nine interactions within
LRPs that correlated with fibrosis severity (CD4, ITGA4, ITGAV,
ITGB1, CXCRA4, ITGA5, ACKR3, ITGAS, ITGB3), with different
interactions dominating in specific histopathological regions.
The CXCL12 signalling axis regulates the migration and acti-
vation of leucocytes, endothelial cells, and stem cells through
binding to CXCR4, which activates G-protein signalling, and to
the scavenging receptor ACKR3, which signals via the B-
arrestin-2 pathway. Mouse models of chronic liver injury sug-
gest that the ACKR3 and CXCR4 pathways have differential
effects on liver repair and fibrosis, respectively. Inhibiting the
CXCL12-CXCR4 pathway did not reduce fibrosis,*® whereas
blockade of CXCR4-mediated inflammation counteracted age-
related senescence and steatosis and mitigated diet-induced
MASLD.*® More recently, CXCL12 has been reported to acti-
vate integrins in a rapid, receptor-independent manner,®®
suggesting a role in modulating leucocyte extravasation. Our
data also support the relevance of this chemokine in human
MASLD, and the need for more detailed investigations into the
roles of CXCL12-CXCR4 signalling in liver fibrosis.

Our study provides further insight into the possible factors
that may be driving this marked inflammatory and fibrogenic
response. Unexpectedly, genes encoding immunoglobulins
(IGKC, IGHG1, IGHA1, IGLC1) were among the top eight genes
differentially expressed between early- and late-stage fibrosis
at the portal tract interface and in regions containing ballooned
hepatocytes. Although not previously reported in MASLD,
immunoglobulin-related genes were the most highly upregu-
lated DEGs in senescent regions of aged tissues in mice, and
were reported to reinforce senescence.?’ The functional im-
plications of immunoglobulin expression in the liver are un-
known, but accumulation of IgG proteins in adipose tissue in
aging mice caused inflammation and insulin resistance by
competing for insulin receptor binding.*>*" We also identified a
positive correlation between immunoglobulin gene expression
and senescence in our human MASLD liver biopsies; multiple
components of the SASP including TGFB1, TIMP2, MMP2,
IGFBP7 and CXCL12 were enriched in late-stage fibrosis along
with nuclear p21. Although there is significant overlap among
senescence, inflammation and fibrosis gene expression sig-
natures, the data are consistent with an accumulation of se-
nescent cells, which has previously been reported in MASLD,??
and may be a common feature among fibrotic diseases.*?
Whether senescence is a cause or a consequence of disease
progression is not clear. In mice, inducing hepatocyte senes-
cence was sufficient to promote liver fat accumulation, and
elimination of senescent cells reduced age-associated hepatic
steatosis.*® However, the most widely studied senolytic drugs
dasatinib and quercetin had limited impact on hepatic senes-
cence and did not reduce MASLD progression.***> Moreover,
it is possible that targeting senotherapeutic strategies towards
distinct senescent cell types will be important to remove or

Benjamini/Hochberg false discovery rate method. (D,E) Spatial visualisation of the top LR pairs positively (TIMP1-CD63) and negatively (RTN4-RTN4R1) correlated
with fibrosis stage. LR pair interactions were predicted based on co-expression within spots annotated as portal inflammation and assigned an LR score based on the
strength of the prediction. LR pairs (F) positively or (G) negatively correlated with fibrosis stage were identified. (H) Differentially expressed genes between spots with
the highest and lowest predicted CXCL12-receptor activity for all identified interacting receptors. LR, ligand-receptor; MASLD, metabolic dysfunction-associated

steatotic liver disease.
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counteract their effect in specific contexts, in order to reduce
liver injury and improve immunosurveillance.*®

Our data show marked dysregulation in metabolic pathways
with increasing fibrosis, particularly in regions defined by
inflammation, ballooning and at the portal tract interface. Late-
stage fibrosis was associated with increased expression of
glycolysis, which is a key feature of senescent cells,*’ but also
activated hepatic stellate cells and inflammatory macro-
phages.*®*® Several of the genes expressed at low levels in
late-stage fibrosis (ALDOB, FBP1, PCK1, BHMT, GSTAT,
ASS1, AGXT, GLYCTK, G6PC) likely reflect metabolic adap-
tations in cellular substrate metabolism during disease pro-
gression, which in turn influence the activation of inflammatory
and fibrogenic cells.''?°¢~*° For example, the zone 1 (portal)
gluconeogenic enzyme FBP1 antagonises glycolysis, but
hepatocyte-specific deletion of Fbp1 also promoted stellate
cell activation, senescence, fibrosis and carcinogenesis in ro-
dent models, potentially mediated via the alarmin HMGB1.4¢
Another recent report identified FBP1 as a p53 target, which
was suppresed in pre-malignant senescent hepatocytes, but
re-activated in malignant hepatocytes to enhance activity of

Research article

previously senescent cells, thereby facilitating carcinogen-
esis.® Age is a major risk factor for MASLD, so disease-linked
metabolic remodeling may in part be related to parallel age-
related tissue changes including senescence and shifts in
liver zonation that have been reported in both mice and
humans.?"*® Here we identified reduced expression of peri-
portal genes, such as CDH1, GLS2, CPS1, and gluconeogenic
genes including FBP1, with concomitant upregulation of the
pericentral GLUL, during progression from early-to late-stage
fibrosis. Targeting these metabolic adaptations that drive in-
flammatory and fibrogenic cellular responses may have ther-
apeutic benefit in MASLD;*® however, cell type- and context-
specific targeting of metabolic pathways will likely be crucial
to minimise off-target events.

Our unbiased spatial analysis provides an integrated view of
molecular pathway alterations and cellular interactions span-
ning the spectrum of MASLD. We identify metabolic pertur-
bations and increasing senescence and inflammatory
pathways that are significantly linked to fibrosis progression.
These candidate molecules warrant validation through inde-
pendent cohorts and functional perturbation models.
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