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MIF-mediated crosstalk between THRSP* hepatocytes
and CD74" lipid-associated macrophages in hepatic peri-
portal zone drives MASH

VISUAL ABSTRACT

MIF-mediated crosstalk between THRSP+ hepatocytes and CD74+
lipid-associated macrophages in hepatic periportal zone drives MASH
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markedly elevated in the livers of MASH patients and mice. Notably, Cell-
PhoneDB analysis identified strong interactions between CD74 and macro-
phage migration inhibitory factor (MIF) within the Thrsp-high zone. Further-
more, Thrsp, Cd74, Mif, Col3a1, and LAMs markers were prominently
colocalized in the hepatic PP zone of MASH mice, suggesting that Thrsp-
mediated crosstalk in this region played a crucial role in MASH progression.
Thrsp overexpression/knockout experiments confirmed that THRSP drove
MASH progression by recruiting CD74" LAMs mediated by MIF. Mecha-
nistically, THRSP promoted hepatic palmitic acid (PA) synthesis, mainly by
promoting hepatic de novo lipogenesis, and disturbing the binding of FASN—
TRIM21, thereby inhibiting FASN ubiquitination. CD74* LAMs were activated
and recruited by chemokine-like MIF secreted from hepatocytes and mac-
rophages stimulated with PA. Additionally, the compound C6, identified as a
THRSP inhibitor, significantly ameliorated MASH in mice.

Conclusions: Our study demonstrates that THRSP drives MASH progres-
sion by recruiting CD74" LAMs mediated by MIF in the hepatic PP zone,
providing novel insights into the spatial zonation and crosstalk between
lipogenic hepatocytes and LAMs that may result in novel therapies
for MASH.

Keywords: fatty acid synthase, inflammation, liver microenvironment,

INTRODUCTION

Metabolic dysfunction—associated steatotic liver dis-
ease (MASLD) is the hepatic manifestation of metabolic
syndrome and is currently the most prevalent liver
disease worldwide.l'-31 MASLD encompasses a histo-
logical spectrum ranging from non-progressive hepatic
steatosis [metabolic dysfunction—associated fatty liver
(MAFL)] to progressive steatohepatitis [metabolic
dysfunction—associated steatohepatitis (MASH)]. The
progressive form is associated with steatosis, ballooned
hepatocytes, lobular inflammation, and fibrosis. Unlike
MAFL, MASH significantly heightens the risk of liver-
related mortality and cardiovascular events.*5 Despite
the severe adverse outcomes of MASH, there is only
one FDA-approved drug, Resmetirom (Res), an oral
thyroid hormone receptor agonist.®! Addressing the
progression from MAFL to MASH is critical, yet the
underlying pathological mechanisms remain incom-
pletely understood.

Liver is a highly heterogeneous organ composed of
hexagonal lobules, with zonation effects impacting cell
type, distribution, and function along nutrient, oxygen,
and hormone gradients that develop as blood flows
from the periportal (PP) zone, where the portal vein,
hepatic artery, and bile ducts are located, toward the

palmitic acid, spatial zonation

pericentral (PC) zone at the center of the lobule. This
non-uniform distribution, termed “liver zonation,” under-
lies hepatic functions. Liver zonation plays a funda-
mental role in both normal liver physiology and the
pathogenesis of fatty liver diseases.[”) Fatty acids serve
as the most energy-dense form of storage and are
synthesized from excess glucose during high-fat, high-
carbohydrate intake, a process known as de novo
lipogenesis (DNL).[8! DNL process was closely linked to
AKT/mTOR signaling, and AKT activation induced
expressions of lipogenic genes such as fatty acid
synthase (FASN), a key enzyme in DNL.[%'9 While
elevated free fatty acids (FFA) levels are implicated in
the onset and progression of MASLD.I'"! Notably,
palmitic acid (PA, C16:0) and other saturated FFA
(SFFA) exhibit more severe lipotoxicity than
unsaturated FFA (USFFA), as they induce hepatocyte
lipoapoptosis,['2-14 |eading to the release of danger-
associated molecular patterns (DAMPs) which can
induce liver inflammation, fibrosis, and cirrhosis, pri-
mary features of MASH.I'5'1 During liver injury,
monocytes extensively infiltrate the liver and differenti-
ate into proinflammatory monocyte-derived macro-
phages, and replace resident KCs as the primary
macrophage population.['! Intrahepatic crosstalk plays
a vital role in tissue homeostasis and injury response.!"8]
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These findings suggest that PA-induced DAMPSs,
mediated by KCs and monocytes, are a key promoter
of MASH progression. The zonated dynamics of intra-
hepatic FFA and their role in MAFL-to-MASH progres-
sion remain poorly understood.

Hepatic TREMZ2* lipid-associated macrophages
(LAMs), marked by Gpnmb, Cd9, Spp1, and Ms4a7
expression, form crown-like structures that drive MASH
progression.['8-211 Macrophage migration inhibitory fac-
tor (MIF) plays a critical role in inflammatory diseases.
PA dose-dependently stimulated MIF secretion in MING
cells.??l |n the liver, MIF is secreted by both hepato-
cytes and monocytes/macrophages./?3l MIF signals via
CD74 receptor and coreceptors CXCR2, CXCR4, which
are expressed on KCs and circulating monocytes,
allowing MIF to activate KCs and recruit peripheral
monocytes.?*l Hepatocyte MIF, as a multifunctional
cytokine/chemokine, has been proven to coordinately
regulate chemokine expression in alcohol-associated
hepatitis.2)  Thyroid hormone-responsive protein
(THRSP), a modulator of fatty acid synthesis, is highly
expressed in lipogenic tissues, such as the liver.[26:27]
While THRSP (expressed in hepatocyte nuclei/cyto-
plasm; Liver Cell Atlas) is known to regulate
lipogenesis via transcriptional pathways,28-3% jts poten-
tial non-transcriptional mechanisms and precise role in
MASH progression remain undefined.

Our data reveal that THRSP drives MASH progres-
sion by recruiting CD74" LAMs mediated by chemo-
kine-like MIF in the hepatic PP zone, leading to
inflammation and advanced fibrosis. We identify a novel
THRSP-inhibiting compound with therapeutic potential
for MASH. These findings position THRSP as a
therapeutic target for MASH, with PP zone-specific
crosstalk between lipogenic hepatocytes and LAMs
driving disease progression—a paradigm enabling
precision intervention strategies.

METHODS
Animal studies

Eight-week-old male C57BL/6J mice (Beijing Vital River
Laboratory Animal Technology Co., Ltd.) were kept
under a 12-hour light/dark cycle and had ad libitum
access to standard chow diet with normal water or
modified western diet (WD) containing 40% kcal from fat
and 0.2% cholesterol (modified WD, D221202, Dyets)
along with a high fructose—glucose solution (23.1 g/L p-
fructose +18.9 g/L bp-glucose) for 8 weeks (MAFL
model) and 16 weeks (MASH model).B™-33 From the
13th week of feeding, subsets received daily oral Res
(10 mg/kg) and intraperitoneal (i.p.) compound C6 (10
or 30 mg/kg) for 4 weeks. Animal protocols were
approved by the Animal Care and Use Committee at
the University of Shanghai Jiao Tong University and

strictly conducted in accordance with the ARRIVE
(Animals in Research: Reporting In Vivo Experiments)
statement. The study received approval from the
Ethics Committee of Shanghai Sixth People’s Hospital
(Approval No. 2023-0020).

To establish Thrsp overexpression and knockdown
mice, AAV8-NC, AAV8-Thrsp, AAV8-shNC, and AAVS8-
shThrsp were administered via i.v. injection (1x10'?
vector genomes/mouse) into C57BL/6J mice. After 3
weeks of AAV injection, mice were fed with a custom WD,
including a modified WD accompanied by high fructose—
glucose solution (custom WD) for 16 weeks. The AAV8
vectors used in this study were constructed with the
thyroxine-binding globulin (TBG) promoter, which was
liver-specific. Primers for Thrsp overexpression and
knockdown mice construction were listed in Supplemen-
tal Tables S1, S2, http://links.lww.com/HEP/J840.

Thrsp-flox mice were purchased from GemPharma-
tech (T019707). The homozygous Thrsp-flox/flox mice
received tail vein injections of either AAV8-TBG-SfGFP
(control) or AAV8-TBG-NLS-Cre (1x10'? vector
genomes/mouse; OBIO Technology) to generate
Thrsp-HKO mice. All mice were fed a custom WD for
16 weeks, after 12 weeks of feeding, subsets received
C6 (30 mg/kg/d) for 4 weeks.

Human liver samples

Human liver tissue samples were obtained from patients
who had undergone liver resections at the Department of
General Surgery, Shanghai Sixth People’s Hospital,
China. Participants were without alcohol consumption
(>20 g/d in women and >30 g/d in men), active
infectious disease, pregnancy, or any contraindication
for liver resection. All patients provided written informed
consent. The study protocol was approved by the Ethics
Committee of Shanghai Sixth People’s Hospital, Approval
No. 2024-KY-070 (K), before study commencement.

Public dataset collection and analysis

Single-cell/single-nucleus RNA sequencing (sc/snRNA-
seq) data from human and murine liver tissues were
collected and analyzed for cell typing of spatial tran-
scriptomic (ST) data. GSE192742 was downloaded from
the Gene Expression Omnibus (GEO) database.[*4

Spatial transcriptomics

Fresh liver samples (MAFL/MASH) were OCT-
embedded, snap-frozen, and analyzed by 10x Visium
spatial transcriptomics per manufacturer’s protocol,35:3¢l
with cell typing via cell2location®” (see Supplemental
Methods for details http:/links.lww.com/HEP/J840).
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Quantitative set analysis for gene
expression analysis

Quantitative set analysis for gene expression (QuS-
AGE) was used to analyze the enrichment of specified
gene sets related to MASH8! and other metabolism-
related gene sets (KEGG database) in the livers from
the MAFL and MASH groups. Additional details are
found in the Supplemental Information, http://links.lww.
com/HEP/J840.

CellPhone analysis

We used CellPhoneDB (V1.1.0) to perform cell com-
munication analysis in the high Thrsp-expressing
clusters (clusters 0 and 7) in the liver of the MASH
mice. The results of the top 15 communication pairs
based on p values were presented.[3¥! Additional details
are found in the Supplemental Information http://links.
Iww.com/HEP/J840.

Co-immunoprecipitation assay

Co-immunoprecipitation (Co-IP) assays were performed
to validate the protein interactions. Protein lysates were
incubated overnight at 4°C with the indicated antibodies
(Supplemental Table S3, hitp:/links.lww.com/HEP/
J840), followed by 4 hours of rotation with Dynabeads
Protein A/G (10002D/10003D, Invitrogen) at 4°C. The
immunoprecipitated complexes were then eluted in SDS
buffer and analyzed by immunoblotting. Primers for
Thrsp overexpression plasmid construction are listed in
Supplemental Table S4, http://links.lww.com/HEP/J840.

Single-nucleus RNA-seq and analysis

Single liver nuclei were isolated from AAV8-NC and
AAV8-Thrsp—treated MASH mice and then processed
using the 10x Genomics Chromium Next GEM Single
Cell 3’ Kit v3.1 (1000268) according to the manufacturer’s
protocol. Libraries were constructed and sequenced by
OE Biotech. Additional details are found in the Supple-
mental Information, http://links.lww.com/HEP/J840.

Cell isolation and flow cytometry

Liver-derived single cells were obtained by collagenase IV/
DNase | digestion (1 mg/mL, 200 U/mL; 37°C, 30 min),
stained with fluorescent antibodies (CD45-PE, CD11b-PE-
Cy7, Ly6C-FITC, CD74-AF647, BODIPY FL C16; 30 min,
4°C), and analyzed by flow cytometry (BD Symphony A5,
FlowJo v10). Additional details are found in the Supple-
mental Information, http://links.lww.com/HEP/J840.

IP coupled with mass spectrometry (IP/MS)

Proteins were extracted from Thrsp-transfected AML12
cells, and IP was performed using THRSP antibody
(2 pg, Proteintech) against protein A beads (1:10
volume, Invitrogen). The isolated immunoprecipitates
were analyzed using MS performed by PTM BIO.

MIF content assay

The MIF levels in the supernatant of AML12 cells, in
which Thrsp was either overexpressed or knocked
down, were measured after 24 hours of stimulation with
or without PA (0.5 mM). Subsequently, half of the
supernatant from the aforementioned AML12 cells was
mixed with an equal volume of fresh medium to culture
RAW264.7 cells for an additional 24 hours, followed by
assessment of MIF levels in the RAW264.7 cell
supernatant. MIF content was detected by using the
Mouse MIF ELISA Kit (Proteintech, KE10027).

Cellular thermal shift assay

Cellular thermal shift assay (CETSA) was performed to
assess compound-target engagement. Cell extracts
from Thrsp-transfected AML12 cells were incubated
with C6 (10 puM) or DMSO (10 min, 23°C), aliquoted
(60 uL), and heated at graded temperatures (3 min).
After centrifugation (100,000g, 20 min, 4°C), super-
natants were analyzed by Western blot.["]

FFA assay

The fresh liver tissues were harvested from mice, and
the contents of medium-chain and long-chain FFA were
analyzed by gas chromatography—mass spectrometry
(GC-MS) performed by BioNovoGene.

WB, quantitative real-time reverse
transcription PCR, and
immunofluorescence

The procedures of WB and quantitative real-time
reverse transcription PCR (RT-PCR) were performed
as previously described.[*!! Proteins were separated by
4%—12% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. Total RNA isolation kit, the PrimeScript
RT reagent used for cDNA synthesis, and SYBR Green
PCR kits (Vazyme) were used to perform RT-PCR.
Additional details are found in the Supplemental
Information, http://links.lww.com/HEP/J840.

Liver tissues were processed forimmunofluorescence
(IF) staining as previously described.“? The antibodies
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FIGURE 1 The spatial zonation characteristics in the livers of MAFL and MASH mice. (A) The experimental diagram of ST. NC: normal chow,
WD: custom western diet, including modified western diet containing 40% kcal from fat and 0.2% cholesterol, accompanied by high fructose—

glucose solution (23.1 g/L p-fructose +18.9 g/L p-glucose). (B) The cell clustering (clusters 0-10) of livers from MAFL and MASH mice is shown in
the tSNE. (C) The spatial distribution of cell clustering (clusters 0—10) in the liver sections from MAFL and MASH mice. N = 2/group, mice. (D)
Zonation pattern of lobule PC and PP as the marker genes (PC: Oat, blue; PP: Sds, red) indicated. (E) The bubble plot of differential expression
genes in the livers between the MAFL and MASH groups. The depth of color represents the average expression of the gene, and the size of the
spot represents the percentage of the gene expression. (F) The bubble plot of gene sets enrichment analysis in the PC and PP zone of livers from
MAFL and MASH mice. (G) The tSNE and line chart showing expressions and distributions of monocytes, monocyte-derived cells, and KCs in the
livers from MAFL and MASH mice. (H, I) The expressions and distributions of Trem2, Gpnmb, Spp1, and Col3a1 in livers from both groups (n=2/
group, mice). Mid, middle region. p Values were calculated by 2-way ANOVA followed by Tukey multiple comparison test (F, H). ***p <0.001.

Abbreviations: MAFL, metabolic dysfunction—associated fatty liver; MASH, metabolic dysfunction—-associated steatohepatitis. PC, pericentral; PP,

periportal; ST, spatial transcriptomics

for WB, IF, and primers used in this assay were listed in
Supplemental Table 3 (information about antibodies
used in WB and IF), http:/llinks.lww.com/HEP/J840,
Supplemental Table 5 (primers for gPCR), hitp://links.
Iww.com/HEP/J840. The raw/unprocessed images were
provided in Supplemental Digital Content Original
images, http://links.lww.com/HEP/K229.

Oil Red O (ORO) staining in primary
hepatocytes

Primary hepatocytes were transfected with NC/Thrsp
and si-NC/si-Thrsp for 48 hours and then treated with
bovine serum albumin or a palmitic acid (PA, 0.5 mM)
and oleic acid (OA, 1 mM) mixture (PAOA) for 12 hours.
Subsequently, they were stained using the ORO
stain kit by the manufacturer's protocols (Sangon
Biotech).#3441 The primers for Thrsp overexpression
plasmid construction and siRNA target sequences for
Thrsp knockdown were listed in Supplemental Tables
S4, http://links.lww.com/HEP/J840, and S6, http://links.
lww.com/HEP/J840.

Histological analysis

Paraffin-embedded liver tissues were subjected to H&E,
Sirius Red staining, and immunohistochemistry (IHC)
and tyramide signal amplification multiplex IHC (mIHC)
analyses. Frozen liver sections were used for ORO
staining to visualize lipid droplets. Additional details are
found in the Supplemental Information, http://links.lww.
com/HEP/J840.

Glucose tolerance test (GTT) and insulin
tolerance test (ITT)

Approximately 16 hours of overnight fasting before mice
were injected i.p. with glucose (2 g/kg) for GTT
measurement, and mice were fasted for 6 hours before
being injected i.p. with regular human insulin (0.75 U/kg)
for insulin resistance measurement. Additional details

are found in the Supplemental Information, http://links.
Iww.com/HEP/J840.

Biochemical measurement

The total triglycerides (TG) and total cholesterol (TC) in
liver tissues, AST, ALT, and creatinine levels in serum
were determined using commercial kits by the manu-
facturer's protocols (Nanjing Jiancheng Bioengineering
Institute).

Statistical analysis

Data were presented as mean + SE. Unpaired 2-tailed ¢
tests were used for comparison of the 2 groups.
Statistical comparisons were made by one-way
ANOVA, followed by Tukey post hoc tests or 2-way
ANOVA, followed by Sidak/Tukey multiple comparison
test with between-group differences for at least 3
groups’ comparisons. Significance was defined as
p<0.05.

RESULTS

Zonation characteristics in the livers of
MAFL and MASH mice

To investigate the potential mechanisms of driving the
progression from MAFL to MASH, we employed custom
WD-fed mouse models replicating the human MAFL/
MASH disease conditions. Our data demonstrated a
significant increase in hepatic FFA as the progression
from MAFL to MASH (Supplemental Figure S1, http://
links.lww.com/HEP/J840). Fresh liver tissues from both
disease stages were analyzed using 10x Visium spatial
transcriptomics (Figure 1A), and publicly available
single-nucleus RNA sequencing data from WD-fed
mice (GSE192742) were integrated using the cell2lo-
cation method. ~SNE analysis identified 11 hepatic
clusters (5 MAFL, 6 MASH) with disease-state-specific
groupings (Figures 1B, C). Enrichment analysis
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FIGURE 2 THRSP increased in MASH mice/patients and recruited CD74* LAMs in the hepatic periportal zone. (A) The bubble plot of differential
genes in the livers of MAFL and MASH groups (n =2/group, mice). The depth of color represents the average expression of the gene, and the size of
the spot represents the percentage of the gene expression. (B) HE staining and Thrsp expression mapped onto responding tissue slices (n = 2/group,
mice). (C) The protein expression levels of THRSP in livers from CD, MAFL, and MASH groups (n = 3/group, mice). (D) The quantification of C. (E) The
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mRNA levels of Thrsp in livers from CD, MAFL, and MASH groups (n = 3/group, mice). (F) The HE staining and immunohistochemical images of
THRSP expression in MAFL and MASH patients. The dotted lines indicate balloon hepatocytes in the liver section of MASH patients. Scale bars for
HE and IHC were 20 pm and 50 um, respectively. (G—H) NAS and the quantification of THRSP expression of liver sections from MAFL and MASH
groups (n=2-4/group, patients). (1) Cellphone analysis with cluster 0 and cluster 7 as ligands and receptors, respectively, with a p value <0.05. The
top 15 communication pairs based on p values are presented. The size of the spot represents the p value, while the color intensity indicates the
regulatory strength of the relationship. (J) The co-location of Thrsp, Cd74, Trem2, and Col3a1 in the different clusters. The dotted line outlines the
colocalization results of the above genes in cluster 0 and cluster 7. (K, L) The expression and location of Thrsp, Cd74, Mif, Trem2, and Col3a1 in livers
as the tSNE (K) and line chart (L). N = 2/group, mice. (M, N) Representative image and quantification of mIHC in the livers from MAFL and MASH mice
(more than 6 fields of 3 replicates for each group). Scale bar, 20x (50 ym) and 63x (20 pm). Data were presented as the mean + SEM. p values were
calculated by unpaired t test (G, H, N), 1-way ANOVA followed by Tukey multiple comparison test (D—E), and 2-way ANOVA followed by Tukey
multiple comparison test (L). *p < 0.05, **p<0.01, and ***p <0.001. Abbreviations: CD, chow diet; HE, hematoxylin and eosin; IHC, immuno-
histochemistry; LAMs, lipid-associated macrophages; MAFL, metabolic dysfunction—associated fatty liver; MASH, metabolic dysfunction—associated

steatohepatitis; mIHC, multiplex immunohistochemistry; NAS, NAFLD Activity Score.

indicated MAFL clusters were linked to mitochondrial
morphogenesis and inhibition of gluconeogenesis, while
MASH clusters were enriched in pathways related to
lipoprotein particle assembly and steroid biosynthesis
(Supplementary Figure S2A, http://links.lww.com/HEP/
J840). These findings reinforced the biological distinc-
tion between MAFL and MASH.

Regarding zonation, we identified periportal (PP) and
pericentral (PC) regions in the --SNE plot using known
marker genes (PC: Oat, PP: Sds)i (Figure 1D). MASH
marker genesl®®! associated with antigen processing/
presentation (Cd74, H2-Aa, H2-Ab1), lipid-associated
macrophages (LAMs) (Trem2, Cd9, Gpnmb), lipid
metabolism (Lp/, Pltp, Fabp7), and fibrosis (Mmp12)
were significantly upregulated in MASH livers compared
to MAFL controls (Figure 1E). QuSAGE analysis
revealed that DNL, fibrosis, inflammation, and PI3K/
AKT signaling were significantly enriched in the hepatic
PP zone of MASH (Figure 1F).

Moreover, ST data indicated an increase in myeloid
cells, including monocytes and monocyte-derived cells,
KCs (Figure 1G), cDC1s, and cDC2s (Supplemental
Figures S2B, D, http://links.lww.com/HEP/J840) in the
MASH PP zone. LAM markers (Trem2, Gpnmb, Spp1)
and HSC marker Col3a1 were notably upregulated in
the MASH PP zone (Figures 1H, 1). Genes related to
LAMs (Cd9), fibrosis (Mmp12), FFA uptake (Cd36), and
proliferation (Gas6) were expressed predominantly in
the PP region in MASH mice (Supplemental Figures
S3A-C, http://links.lww.com/HEP/J840). These findings
highlighted the PP zone’s pivotal role in inflammatory
and fibrotic responses during MASH progression.

THRSP upregulation increased recruitment
of CD74" LAMs to the PP zone during
MASH progression

Among differentially expressed genes between MAFL
and MASH, Thrsp emerged as a key target for its role in
hepatic lipogenesisl*® (Figure 2A). Analysis of sc/
snRNA-seq (GSE192742) from both humans (Supple-
mental Figures S4A, B, http://links.lww.com/HEP/J840)

and mice (Supplemental Figures S4C, D, http://links.
Iww.com/HEP/J840) revealed that Thrsp was predom-
inantly expressed in hepatocytes. ST data revealed
significantly elevated Thrsp expression in MASH liver
compared to MAFL (Figure 2B), confirmed by RT-PCR
and immunoblotting (Figures 2C-E). Additionally, histo-
logical examination of human MAFL and MASH
samples, scored by NAFLD Activity Score (NAS)
(Figure 2G), confirmed significantly increased THRSP
expression in MASH patients (Figures 2F, H). Addition-
ally, mIHC results demonstrated co-upregulation of
THRSP and a-SMA in the MASH PP zone, suggesting
an advanced fibrosis from PC to PP zones (Supple-
mental Figure S5, http://links.lww.com/HEP/J840). Col-
lectively, these findings suggest that THRSP plays a
pivotal role in MASH progression.

To explore the cell-cell communication involved in
the potential mechanism of THRSP-driving MASH
progression, we performed cellphone analysis in
Thrsp-high zones (clusters 0 and 7). The bubble plot
highlighted the top 15 ligand—receptor pairs between
cluster 0 (ligand source) and cluster 7 (receptor target)
(Figure 2I). CellPhoneDB analysis in Thrsp-high regions
identified significant MIF-CD74 ligand-receptor interac-
tions, with elevated Mif and Cd74 expression localized
in MASH PP zones. Colocalization of Cd74, Thrsp,
LAMs markers (Trem2, Gpnmb), and HSC marker
Col3a1 in clusters 0 and 7 confirmed their pathological
relevance (Figures 2J-L). This finding suggested that
the Thrsp-high zone may represent a critical region of
pathological dynamics during MASH progression. Addi-
tional mining of sc/snRNA-seq (GSE192742) from both
humans (Supplemental Figures S4A, B, http://links.lww.
com/HEP/J840) and mice (Supplemental Figures S4C—
F, http://links.lww.com/HEP/J840) demonstrated that
Cd74 was predominantly expressed in hepatic macro-
phages and co-expressed with canonical LAMs mark-
ers (Trem2, Cd9, Spp1, Gpnmb, Ms4a7) (Supplemental
Figure S4F, http://links.lww.com/HEP/J840), confirming
Cd74 was a LAMs marker. ST revealed PP zone-
specific co-expression of Thrsp and LAMs (Trem2,
Gpnmb, Cd9) in MASH lobules (Supplemental Figures
S3D-F, http://links.lww.com/HEP/J840). These findings
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FIGURE 3 AAV8-Thrsp-OE aggravated MASH via PA accumulation and MIF-mediated CD74* LAMs recruitment in the PP zone. (A, B) Thrsp OE
was confirmed by WB (A) and gPCR (B) (n = 3/group, mice). (C) Representative livers, (D) liver weight to body weight ratios (n =7/group, mice), (E)
insulin levels and HOMA-IR (n=5-6/group, mice), (F) representative H&E, ORO and sirius red staining of the liver sections, (G) liver TG and TC
contents (n=7-8/group, mice), (H) serum ALT and AST levels (n=7-8/group, mice), (I-K) relative mRNA levels of lipogenetic and uptake genes (I),
proinflammatory genes (J), and profibrotic gene (K) in livers of NC and Thrsp-OE mice (n = 3/group, mice). (L) The volcano map of hepatic FFA content
in the NC and Thrsp-OE mice (n = 3/group, mice). (M) The content of palmitic acid in the NC and Thrsp-OE mice (n = 3—4/group, mice). (N) The serum
MIF levels in the normal CD and custom WD fed NC and Thrsp-OE mice. (O) Our results of snRNA-seq showed expression levels of LAMs and Cd74*
LAMs in the livers of NC and Thrsp-OE mice (n = 3/group, mice). (P) Representative mIHC images and responding quantification in the NC and Thrsp-
OE mice (more than 6 fields of 3 replicates for each group). Scale bar, 50 um. (Q, R) WB was used to confirm Thrsp overexpression (Q) or knockdown
(R) in the AML12 cells treated with/without PA. (S, T) The MIF concentration in the culture supernatant of AML12 cells and RAW264.7 cells, which
were treated with culture supernatant from anterior AML12 cells with/without PA treatment. N = 3/group. Data were presented as the mean+ SEM. p
Values were calculated by unpaired ¢ test (2 groups), 1-way ANOVA followed by Tukey multiple comparison test (> 3 groups). *p <0.05, **p < 0.01,
and ***p <0.001. SDS, PP marker gene. PA, palmitic acid (PA, C16:0), 0.5 mM. Abbreviations: CD, chowdiet; FFA, free fatty acids; LAMs, lipid-
associated macrophages; MASH, metabolic dysfunction—associated steatohepatitis; MIF, macrophage migration inhibitory factor; mIHC, multiplex
immunohistochemistry; NC, negative control; ORO, oil red O; PP, periportal; gPCR, quantitative PCR; TC, total cholesterol; TG, triglycerides; Thrsp-
OE, Thrsp-mediated overexpression; WB, western blot; WD, western diet.

collectively suggested that crosstalk between THRSP*
hepatocytes and CD74* LAMs in the PP zone played a
vital role in MASH progression.

Our findings suggested THRSP (hepatocyte-derived)
and CD74 (LAMs-specific) mediated hepatocyte—
macrophage crosstalk during MASH progression,
potentially through lipid-driven activation pathways.['%]
mIHC and the quantification analyses revealed
increased CD74 and THRSP expression in MASH
livers, with CD74 forming crown-like structures around
lipid droplets (Figures 2M, N). Based on the above
results, lipids may serve as crucial mediators in
recruiting CD74* LAMs during the THRSP-facilitated
MASH process.

Hepatocyte THRSP exacerbated MASH via
PA accumulation and MIF-dependent
CD74* LAMs recruitment in the PP zone

Lipotoxicity is a chief trigger of hepatocyte injury in
MASH.#546l Given the established role of THRSP in
promoting hepatic lipogenesis and its marked upregulation
during MAFL-to-MASH transition, we generated hepato-
cyte-specific Thrsp-overexpressing mice (Thrsp OE) to
investigate its direct contribution to MASH progression.
WB and RT-PCR analyses validated successful Thrsp OE
in the livers of AAV8-Thrsp-injected mice (Figures 3A, B).
Thrsp-OE mice exhibited significantly increased liver
weight, liver-to-body weight ratios (Figures 3C, D), and
insulin resistance (Figure 3E) compared to controls, with
minimal changes in overall body weight (Supplemental
Figure 6A, http://links.lww.com/HEP/J840). Furthermore,
these mice demonstrated increased lipid accumulation,
inflammation, fibrosis, and liver injury relative to controls
(Figures 3F—K), indicating that THRSP served as a crucial
driver of MASH progression.

Next, to identify the specific mediators involved in
THRSP-driven MASH progression, we focused on
hepatic lipotoxicity, primarily caused by SFFA. Thrsp

OE mice showed elevated long-chain fatty acids
(LCFAs) in WD-induced MASH. Notably, quantitative
profiling revealed that PA accumulation was the most
pronounced among all saturated fatty acids in Thrsp-OE
livers (Figures 3L, M, and Supplemental Figure S7,
http://links.lww.com/HEP/J840). SFFA and USFFA
were categorized according to their double bond counts
(Supplemental Figures S7B, C, http://links.lww.com/
HEP/J840). Previous studies had reported that SFFA,
particularly PA, exhibited more severe lipotoxicity than
USFFA, often leading to increased cell death.['2-14]
Therefore, we speculated that THRSP-synthesized PA
played a central role in the cellular communication
between THRSP and CD74* LAMs. Based on prior cell
communication findings indicating enhanced MIF/CD74
interactions in regions with high expression of Thrsp, we
investigated THRSP’s role in MIF secretion in vivo. The
serum MIF content was significantly elevated in the
MASH mice, and Thrsp OE further increased MIF
release (Figure 3N). Moreover, our snRNA-seq results
discovered that the proportions of LAMs (markers:
Trem2, Gpnmb) and Cd74" LAMs were significantly
increased in the livers from Thrsp OE mice compared to
Thrsp-NC mice (Figure 30 and Supplemental Figures
8A, B, http://links.lww.com/HEP/J840). Pathway enrich-
ment analysis indicated MAPK activity, immune effector
process, fatty acid transport, and chemotaxis were
significantly upregulated in the hepatocytes of Thrsp-
OE mice (Supplemental Figure S8C, http:/links.lww.
com/HEP/J840). In the hepatic macrophages of Thrsp-
OE mice, taxis, inflammation-related stress-activated
MAPK cascade, NF-xB signaling, and fatty acid
metabolism were significantly upregulated (Supplemen-
tal Figure S8D, http://links.lww.com/HEP/J840). Based
on these results, which suggested that fatty acids
played a significant role in the cellular communication
between hepatocytes and macrophages. Moreover,
mIHC results demonstrated that Thrsp OE led to an
increase of CD74" LAMs and fibrosis in the hepatic PP
zone of MASH mice (Figure 3P).
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FIGURE 4 THRSP responded to insulin, and the PI3K/AKT/mTOR signaling pathway was activated in MASH. (A-D) Gene set analyses in the
livers from MAFL and MASH mice. (E) WB was used to confirm the activation of the AKT/mTOR signaling pathway in MASH mice. (F) The
quantification of E (n=3/group, mice). (G) WB was used to confirm the upregulation of THRSP and fibrosis-related proteins in MASH. (H) The
quantification of G (n=3/group, mice). (I, K) The protein expressions of THRSP, FASN, and p-AKT in the AML12 cells treated with insulin at
different time points (I) and doses (K). (J, L) The quantifications of | and K (n=3). Data were presented as the mean + SEM. All statistical analyses
were carried out by one-way ANOVA followed by the Tukey multiple comparison test. *p <0.05, **p <0.01, and ***p <0.001. Abbreviations: CD,
control diet; FASN, fatty acid synthase; MAFL, metabolic dysfunction—associated fatty liver; MASH, metabolic dysfunction—-associated steato-

hepatitis; WB, western blot.

To confirm whether PA was the key molecular
mediator facilitating communication between THRSP
and CD74" LAMs, we conducted co-culture experiments
involving hepatocytes (AML12 cells) and macrophages
(RAW264.7 cells). Conditioned media from Thrsp-OE
AML12 cells (Figure 3Q) increased MIF secretion both in
hepatocytes and macrophages, regardless of PA stim-
ulation, suggesting that THRSP promoted CD74* LAMs
activation. Additionally, compared to the groups without
PA, the addition of PA further increased MIF release,
suggesting PA enhanced CD74* LAMs activation
(Figure 3S). Rescue experiments showed that PA
restored the reduced secretion levels of MIF caused by
Thrsp knockdown both in hepatocytes and macrophages
(Figure 3R, T). Taken together, our results are convincing
that PA-induced MIF release from hepatocytes and
macrophages was the specific mediator of crosstalk
between THRSP and CD74" LAMs.

THRSP responded to insulin, and the PI3K/
AKT/mTOR signaling pathway was
activated in MASH mice

To elucidate the underlying molecular mechanisms of
THRSP promoting FFA synthesis, we performed
QuSAGE analysis utilizing the KEGG database to
assess alterations of the transcriptional profile in livers
from MAFL and MASH mice. Gene set enrichment
analysis showed significant enrichment of gene sets
related to the PISBK/AKT/mTOR pathway, DNL, inflam-
mation, and fibrosis in the livers of MASH mice
(Figure 4A). Next, we focused on the enriched gene
sets associated with hormones, inflammation, and
fibrosis, and found significant enrichment of thyroid
hormone, insulin signaling pathways, PISK/AKT/mTOR
pathway, and antigen presentation-related gene sets
(Figures 4B-D). We further validated PI3K/AKT/mTOR
pathways (Figures 4E, F) and the enriched fibrosis-
related proteins by WB assays (Figures 4G, H).

Given insulin’s critical role in promoting DNL in the
liver,”l we investigated whether THRSP acted as an
insulin-responsive protein. We detected THRSP
expression in AML12 cells treated with insulin by WB.
Remarkably, insulin stimulation increased THRSP,
FASN, and p-AKT levels in a dose-dependent and
time-dependent manner (Figures 41-L). All these results
demonstrated that the THRSP protein level was

increased following insulin treatment, and key genes
in DNL and PISK/AKT/mTOR pathways showed coor-
dinated upregulation in MASH.

THRSP promoted lipogenesis by activating
the AKT/mTOR pathway and enhancing
FASN protein stability

To clarify THRSP’s role in lipogenesis, we performed
gain-of-function and loss-of-function experiments in
murine primary hepatocytes using ORO staining. Thrsp
OE promoted lipid accumulation, while Thrsp inhibition via
siRNA reduced lipogenesis (Figures 5A, B). Given that
THRSP was an insulin-responsive protein, we assessed
its dependence on insulin for lipogenic effects. Stable
THRSP overexpression in AML12 cells activated AKT/
mTOR signaling and increased FASN expression inde-
pendently of insulin. To validate whether the activation of
AKT/mTOR signaling pathway by THRSP was insulin
dependent, we employed 2 AKT inhibitors (AKTi mix)
(Supplemental Figure 89, http://links.lww.com/HEP/
J840). AKT inhibition suppressed mTOR signaling, FASN,
and THRSP expressions (Figures 5C—F), demonstrating
THRSP’s dual regulation of lipogenesis through both
insulin-dependent and insulin-independent manners.

Subsequently, we explored the mechanism of
THRSP in promoting FFA synthesis by insulin-indepen-
dent FASN induction. To assess the interaction
between THRSP and FASN in vivo, we conducted IF
assays. Interestingly, colocalization efficiency between
THRSP and FASN was elevated in Thrsp-OE MASH
mice (Figures 5G, H). Co-IP assays confirmed THRSP-
FASN binding, which increased with Thrsp OE and
decreased upon AKT inhibition (Figure 5I). Following
transient transfection (Thrsp-Flag or empty vector),
CHX-treated AML12 cells showed THRSP-dependent
FASN stabilization by WB (Figure 5J). Notably, the half-
life of FASN protein was significantly extended in the
Thrsp-transfected cells (Figure 5K).

THRSP competitively bound to FASN and
TRIM21, disrupted the TRIM21-FASN
interaction, and enhanced FASN protein
stability

To identify THRSP-interacting proteins
FASN stabilization, we performed

mediating
anti-THRSP
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FIGURE 5 THRSP increased hepatic lipogenesis by activating AKT/mTOR signaling pathway and enhancing FASN protein stability. (A, B)
WB was used to confirm the Thrsp overexpression and knockdown by siRNA. Representative Oil Red O staining in the primary hepatocytes of the
indicated groups (more than 6 fields of 3 replicates for each group). Scale bars, 100 um. (C, D) The expressions of the indicated proteins in the
Thrsp-transfected AML12 cells treated with (A) or without (B) HGHI. (E, F) The quantification of A and B (3 independent experiments conducted).
(G) The expressions of THRSP and FASN co-expressed in the livers of the indicated groups. Scale bar, 20 ym. (H) The quantification of G and the
colocalization efficiency (Pearson R, overlap ratio) between THRSP and FASN (more than 6 fields of 3 biological replicates for each group). (I) Co-
IP assay revealing the interaction of THRSP and FASN. (J, K) FASN expression and quantification in the indicated groups. Data were presented
as the mean + SEM. All statistical analyses were carried out by 1-way ANOVA followed by Tukey multiple comparison test (E, F), 2-way ANOVA
followed by Sidak multiple comparison test (K), and unpaired ¢ test (H). **p<0.01, and ***p <0.001. Abbreviations: AKTi mix, AKT inhibitor
mixtures; HGHI, high glucose (30 mM) and high insulin (100 nM). CHX, cycloheximide (10 uM). Co-IP, co-immunoprecipitation; FASN, fatty acid
synthase.
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FIGURE 6 THRSP competitively bound to FASN and TRIM21 and inhibited the ubiquitination of FASN by TRIM21. (A) IP/MS assay showing
the interacted proteins with THRSP from anti-IgG or anti-THRSP immunoprecipitate in the Thrsp overexpressed AML12 cells, IgG was used as an
isotype control. (B—D) Co-immunoprecipitation assay showing the interaction of THRSP, FASN, and TRIM21 as indicated in the immunoblot of
anti-THRSP (B), anti-FASN (C), or anti-TRIM21 (D) immunoprecipitate and whole cell lysate (input) from AML12 cells transfected with the
indicated plasmids and treated with or without AKTi mix. (E) The quantification of B. (F) The quantification of C. (G) The quantification of D. (H)
Immunoblot and quantification of FASN in AML12 cells with MG132 (10 pyM) treatment. (I) Immunoblot and quantification of FASN in AML12 cells
with Chloroquine (CQ, 10 uM) treatment. All statistical analyses were carried out by one-way ANOVA followed by the Tukey multiple comparison
test. *p < 0.05, **p <0.01, and ***p < 0.001. Abbreviations: BSA, bovine serum albumin; FASN, fatty acid synthase; NC, negative control; OA, oleic
acid; PA, palmitic acid; IP/MS, immunoprecipitation coupled with mass spectrometry.

immunoprecipitation coupled with mass spectrometry (IP—
MS) in Thrsp-OE AML12 cells. Among the identified
candidates, TRIM21, a well-known E3 ubiquitin ligase,
was prominently noted (Figure 6A). Therefore, we inves-
tigated the interactions among THRSP, FASN, and
TRIM21. Co-IP results demonstrated that Thrsp OE
reduced FASN ubiquitination and enhanced THRSP-
FASN and THRSP-TRIM21 binding (Figures 6B-G).
These findings suggested that, under conditions of
THRSP-OE, THRSP enhanced the stability of the FASN
protein by disrupting TRIM21—-FASN binding. FASN
accumulation following the proteasome inhibitor MG132
(Figure 6H) but not autophagy inhibitor chloroquine (CQ)
treatment (Figure 61) implicated the ubiquitin—proteasome

system as the dominant degradation pathway. Our results
suggested that THRSP competitively bound to FASN and
TRIM21, inhibiting TRIM21-mediated ubiquitination of
FASN, thereby enhancing its protein stability.

Hepatocyte-specific Thrsp knockout
(Thrsp-HKO)/knockdown ameliorated
MASH by reducing hepatic PA content and
MIF-mediated CD74* LAMs recruitment in
the PP zone

Then, we assessed the therapeutic efficacy of hepato-
cyte-specific Thrsp- HKO/knockdown in MASH. The
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FIGURE 7 Hepatocyte-specific Thrsp-HKO mice ameliorated MASH by reducing hepatic PA content and CD74* LAMSs recruitment mediated
by MIF in the PP zone. (A) Representative livers, (B) liver-to-body weight ratio, (C) THRSP protein expression level, (D) the quantification of C, (E)
representative H&E, Oil Red O (ORO), and sirius red staining of the liver sections, (F) serum ALT (left) and AST (right), (G) liver TG (left) and TC
(right), relative mRNA levels of lipogenetic and uptake genes (H), proinflammatory genes (1), and profibrotic gene (J) in livers, (K) GTT, (L) ITT, (M)
the AUC quantification of GTT and ITT from Thrsp-Flox and Thrsp-HKO mice fed with custom WD (modified western diet containing 40% kcal from
fat and 0.2% cholesterol along with a high fructose—glucose solution) for 16 weeeks. (N) The serum MIF contents of Thrsp-Flox and Thrsp-HKO
mice. (O, P) Flow cytometry analysis of liver monocytes stained with BODIPY-C16 (O) and CD74 (P), respectively, in Thrsp-Flox and Thrsp-HKO
mice. (Q) Representative IHC staining (scale bar, 20 pm) and (Q) mIHC images (scale bar, 50 ym) in Thrsp-Flox and Thrsp-HKO mice. (R) The
quantification of Q. Data were presented as the mean + SEM. All statistical analyses were carried out by an unpaired ¢ test. *p <0.05, **p <0.01,
and ***p < 0.001. Abbreviations: GTT, glucose tolerance test; H&E, hematoxylin and eosin; IHC, immunohistochemistry; ITT, insulin tolerance test;
LAMs, lipid-associated macrophages; MASH, metabolic dysfunction—associated steatohepatitis; MIF, macrophage migration inhibitory factor;
mIHC, multiplex immunohistochemistry; ORO, oil red O; PA, palmitic acid; SDS, periportal (PP) marker gene; TC, total cholesterol; TG, trigly-

cerides; Thrsp-HKO, thrsp knockout; WD, western diet.

knockout/knockdown of Thrsp was confirmed in the livers
(Figures 7A, B, and Supplemental Figures S10A, B,
http://links.lww.com/HEP/J840). Thrsp-HKO/knockdown
exhibited a significant reduction in liver weights and liver-
to-body weight ratios, lipid accumulation, inflammation,
fibrosis, liver injury, and improved glucose tolerance, with
minimal impact on body weight (Figures 7C—M and
Supplemental Figure S6B, htitp://links.lww.com/HEP/
J840 and Supplemental Figures S10C—K, http://links.
Iww.com/HEP/J840). Thrsp knockdown lowered hepatic
LCFAs levels, particularly PA (Supplementary Figure
S10L, http://links.lww.com/HEP/J840 and Supplemental
Figure S11, http://links.lww.com/HEP/J840). The serum
MIF content was significantly decreased in the Thrsp-
HKO mice (Figure 7N). Meanwhile, flow cytometry
results confirmed that compared to Thrsp-Flox, Thrsp-
HKO significantly reduced PA content and CD74" cells
percentage in hepatic monocytes (Figures 70, P and
Supplemental Figure S12, http:/links.lww.com/HEP/
J840). The IHC data revealed that Thrsp-HKO signifi-
cantly decreased THRSP and CD74 protein levels in
livers (Figures 7Q, R). Furthermore, Thrsp-HKO/knock-
down significantly reduced CD74 level and fibrosis in the
hepatic PP zone (Figures 7Q, R and Supplemental
Figures S10M, N, http://links.lww.com/HEP/J840). Our
results uncovered that Thrsp-HKO/knockdown amelio-
rated MASH by reducing PA content and MIF-mediated
recruitment of CD74* LAMs in the hepatic PP zone.

Compound C6 improved the WD-induced
MASH in mice

To explore the possibility of THRSP as a therapeutic
target, we performed a high-throughput virtual screen of
71,100 small molecules, selecting 6 candidates for
experimental validation, as outlined in the screening
workflow (Figure 8A). Of these, compound C6 markedly
reduced THRSP protein levels (Figure 8B) without
cytotoxicity in AML12 cells (Figure 8C). Molecular
docking analysis further supported a binding interaction
between C6 and the THRSP protein (Figure 8D).
Biophysical (CETSA) and biochemical (WB) evidence

established C6 as a THRSP-stabilizing ligand through
direct binding (Figure 8E). Collectively, these results
indicated that C6 acted as a candidate for a THRSP
inhibitor.

In WD-fed MASH mice, C6 and resmetirom (Res)
treatment decreased THRSP protein level (Figure 8F),
concomitantly improving glucose/insulin  tolerance
(Figures 8G, H), decreasing liver ftriglycerides (TG),
total cholesterol (TC) (Figure 8l), liver-to-body weight
ratios (Figure 8J), and body weights (Figure 8K). C6
and Res treatment attenuated MASH histopathology
(steatosis, inflammation, fibrosis) by H&E/Sirius Red
staining, while downregulating THRSP and CD74
expression levels in liver tissue (Figure 8L). Our results
revealed that C6 dose-dependently improved body
weight, hepatic TC, and insulin tolerance, while also
dose-dependently decreased the expressions of
THRSP and CD74, suggesting that THRSP was an
important target for MASH therapy. Additionally, in vivo
experimental results demonstrated that C6 significantly
ameliorated MASH in Thrsp-Flox mice, but failed to
improve the MASH phenotype in Thrsp-HKO mice
(Supplemental Figures S13A-E, http://links.lww.com/
HEP/J840). Similarly, in vitro ORO assay revealed that
C6 markedly alleviated intrahepatic lipid accumulation
induced by PO, yet it did not reduce the lipid content in
the AML12 cells following knockdown of Thrsp (Sup-
plemental Figures S13F, G, http://links.lww.com/HEP/
J840). Collectively, these findings indicated that the
amelioration of MASH by C6 was dependent on
THRSP. To further evaluate the safety profile of C6,
serum levels of ALT, AST, and creatinine were
measured, showing improved liver function with no
adverse effects on kidney function (Figure 8M). In
summary, our results highlighted that C6 was a
promising THRSP inhibitor for MASH treatment.

DISCUSSION

LAMs clearly accelerate MAFL-MASH progression, yet
their underlying mechanisms remain elusive. Our multi-
omics approach (ST, snRNA-seq, lipidomics)
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C6 screened by targeting THRSP significantly improved MASH. (A) The screening workflow of the lead compound for the THRSP

inhibitor. (B) The protein levels of THRSP with different compound treatments. (C) The cell viability in the indicated groups (n=10). (D) The
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molecular docking of C6 with THRSP. (E) The WB and quantitative curve of non-denatured THRSP under thermal stimulation at 37° C, 41°C, 44°
C,47°C, 50°C, 53°C, 56°C, 59°C, and 63°C (bands: 1-9) under DMSO or compound C6 treatment conditions (3 technical replicates). (F) WB was
used to detect the effects of Res (10 mg/kg) and C6 (10, 30 mg/kg) on the THRSP protein level. (G) GTT and the AUC in the indicated groups
(n=4-7/group, mice). (H) ITT and the AUC in the indicated groups (n=4—7/group, mice). (I) Liver TG and TC in the indicated groups (n=4-5/
group, mice). (J) The liver and liver-to-body weight ratio in the indicated groups. (K) The body weight in the indicated groups (n = 4-8/group, mice).
(L) HE, Sirius Red, IHC staining, and their quantifications in the indicated groups (n = 3/group, mice). Scale bars, 50 ym. (M) The serum ALT, AST,
and creatinine levels in the indicated groups (4—8/group, mice). Data were presented as the mean + SEM. All statistical analyses were carried out
by unpaired ¢ test (C), 1-way ANOVA followed by the Tukey multiple comparison test (F—J, L, M), 2-way ANOVA followed by Sidak multiple
comparison test (K), *p<0.05, **p<0.01, and ***p < 0.001. Abbreviations: CD, control diet; GTT, glucose tolerance test; IHC, immuno-
histochemistry; ITT, insulin tolerance test; MASH, metabolic dysfunction—-associated steatohepatitis; NC, negative control; Res, Resmetirom;
TC, total cholesterol; TG, triglycerides; THRSP, thyroid hormone-responsive protein; WB, western blot; WD, western diet.

delineated spatially resolved liver zonation in MAFL—
MASH progression, identifying THRSP as a central
driver. Mechanistically, THRSP recruits CD74"
LAMs via PA-induced MIF secretion, particularly in the
PP zone, driving steatohepatitis through hepatocyte—
macrophage crosstalk. This PP zone-specific THRSP-
MIF-CD74 axis offers a therapeutic target for precision
intervention in MASH.

Given liver heterogeneity, single-cell sequencing
and ST techniques provide valuable insights into the
liver's cellular and tissue architecture, particularly
under pathological and physiological conditions.[!
Our ST analysis identifies the PP zone as a critical
niche for myeloid cell accumulation in MASH, with
LAMs showing predominant enrichment. Functional
enrichment analyses demonstrate progressive steato-
sis expansion from PC to PP regions during disease
progression, paralleled by escalating fibrosis and
inflammation. These results suggested that the spatial
location of steatosis is highly correlated with MASH
severity. Notably, CD74* LAMs and fibrotic signatures
colocalize in the PP zone, mirroring pan-acinar
steatosis patterns linked to ballooning and advanced
fibrosis in human MASH.[l These findings position
the PP zone as a spatial epicenter for MASH
pathogenesis, where metabolic stress and immune
activation converge. Surprisingly, CellPhoneDB anal-
ysis identified a strong interaction between CD74 and
MIF in Thrsp-high regions, implicating that the MIF/
CD74 signaling pathway, previously linked to inflam-
matory diseases, was involved in MASH pathology.5%
Additionally, mIHC confirmed spatial overlap among
THRSP, CD74, and fibrosis-related markers in the PP
zone, highlighting a crucial crosstalk that explained
how THRSP drove MASH progression.

Considering the distinct spatial locations of THRSP
and CD74* LAMs, we hypothesized that mediators
mediated this cell communication. Insulin resistance
promotes hepatic DNL and increases FFA flux to the
liver, particularly SFFA like PA, which promotes
inflammation.51 Besides, Thrsp-OE elevated hepatic
lipogenesis, while Thrsp knockdown improved the liver
steatosis in db/db mice.28l Consistently, our data
established THRSP as a key insulin-responsive regulator
of hepatic DNL, driving FASN-mediated PA

accumulation. Here, integrating multi-omics (ST,
snRNA-seq, lipidomics) with functional assays (flow
cytometry, mIHC), we demonstrated that THRSP drove
hepatic PA accumulation and recruited monocyte-
derived CD74* LAMs to the hepatic PP zone in MASH.
Co-culture experiments confirmed that PA-induced MIF
secretion from both hepatocytes and macrophages was
the key mediator between THRSP expression and
CD74* LAMs recruitment. Notably, our study uncovers
a novel THRSP-mediated FFA synthesis mechanism,
wherein THRSP stabilizes FASN by blocking its TRIM21-
dependent ubiquitination and degradation.5253 These
results underscored the role of THRSP in stabilizing
FASN, driving increased FFA synthesis in MASH livers.
Notably, the THRSP-targeting compound C6 improves
MASH pathology, highlighting its therapeutic potential for
clinical translation. Additionally, THRSP coordinates
hepatic metabolic-immune crosstalk via the PA-MIF-
CD74 axis, where hepatocyte-derived PA motivates MIF
secretion to recruit CD74* LAMs to the PP zone. This
spatially restricted mechanism explains the spatial
progression of MASH pathology and offers new targets
for precision intervention in MASH. While our diet-
induced MASH model recapitulates key human tran-
scriptomic signatures, direct validation of the THRSP—
CD74* LAMs axis in human livers remains needed.
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