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Abstract

Background and Aims: Biliary atresia (BA) is a severe
pediatric cholangiopathy characterized by rapidly progressive
liver fibrosis. This study aimed to characterize scar-associ-
ated macrophages and investigate the role of PLG-PLGRKT
signaling in BA-associated fibrogenesis. Methods: Single-
cell RNA sequencing and spatial transcriptomics were applied
to liver tissues from patients with BA and non-BA controls.
Key findings were validated in an independent cohort using
quantitative polymerase chain reaction and multiplex immu-
nohistochemistry. The functional role of the PLGRKT pathway
was further examined using primary human peripheral blood
mononuclear cell-derived macrophages with small interfer-
ing RNA (siRNA)-mediated PLGRKT knockdown, together
with co-culture systems involving LX-2 hepatic stellate cells
and human liver organoids. In vivo therapeutic potential was
evaluated in a murine bile duct ligation model of cholestatic
liver fibrosis using macrophage-targeted Plgrkt-Trem2 an-
tibody-siRNA conjugates. Results: In BA, scar-associated
macrophages (SAMs) increased with fibrosis progression and
co-localized with hepatic stellate cells in fibrotic areas. PL-
GRKT was upregulated in BA liver tissue and increased during
monocyte-to-macrophage differentiation. In primary human
macrophages, plasminogen induced a PLGRKT-dependent
pro-fibrotic phenotype, and conditioned medium from these
cells increased COL1A1 deposition in hepatic stellate cells
and human liver organoids. In vivo, macrophage-targeted
Plgrkt-Trem2 antibody-siRNA conjugates reduced SAM ac-
cumulation and attenuated bile duct ligation-induced liver fi-
brosis. Conclusions: These findings support a role for SAMs
and the PLGRKT-SAM axis in BA-associated liver fibrosis and
suggest that PLGRKT warrants further investigation as a po-
tential macrophage-directed anti-fibrotic target.
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Introduction

Biliary atresia (BA) is a severe and progressive inflammatory
cholangiopathy unique to neonates and infants, character-
ized by fibro-obliteration of the extrahepatic and intrahepatic
bile ducts. This obstruction leads to cholestasis and subse-
quent severe liver fibrosis, which can progress rapidly.12 De-
spite early surgical intervention with Kasai portoenterostomy,
most patients ultimately develop end-stage liver disease and
cirrhosis, making BA the leading indication for pediatric liver
transplantation worldwide.13:4 The aggressive clinical course
of BA highlights an urgent need for targeted anti-fibrotic
therapies. Its rapid fibrogenesis suggests that distinct cellu-
lar and molecular drivers within the pediatric liver microenvi-
ronment may differ from those in adult chronic liver diseases.

Hepatic stellate cells (HSCs) are widely recognized as
principal mediators of liver fibrosis. Following chronic liv-
er injury, quiescent HSCs transdifferentiate into activated
myofibroblasts that synthesize and deposit excessive ex-
tracellular matrix proteins, leading to scar formation and
progressive organ dysfunction.>6 This activation is not cell
autonomous but is driven by intercellular crosstalk within
the liver microenvironment, where immune cells—particu-
larly macrophages—play key roles in regulating HSC activa-
tion and fibrogenesis.”-10

Advances in single-cell RNA sequencing (scRNA-seq) have
improved our understanding of macrophage heterogeneity
and plasticity in fibrotic diseases of multiple organs, includ-
ing the liver, lung, kidney, and heart.11-19 In our previous
study, infiltration of scar-associated macrophages (SAMs)
increased in BA livers and was associated with fibrosis pro-
gression.29 SAMs are characterized by expression of a core
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set of markers, including TREM2, CD9, SPP1, GPNMB, and
LGALS3.9:11,21-23 These cells are predominantly derived from
recruited circulating monocytes and localize within the “fi-
brotic niche,” the microanatomical region of active scarring
in cirrhotic human liver tissue and various murine models
of liver fibrosis.11:22:24 Within this niche, SAMs interact with
HSCs and other stromal cells and may contribute to fibro-
sis progression.911.22 Although immune dysregulation and
macrophage involvement are recognized features of BA,2°
the specific contribution, phenotypic identity, and molecular
regulation of SAMs in the rapidly fibrosing BA liver remain
incompletely defined.

Although SAMs have emerged as important mediators of
fibrogenesis in several chronic liver diseases, their precise
role in BA remains incompletely understood. The plasmino-
gen receptor with a C-terminal lysine (PLGRKT; PIg-RKT in
mice) is a transmembrane receptor with both N- and C-ter-
mini exposed extracellularly and is predominantly expressed
on myeloid cells such as monocytes and macrophages.26:27
PLGRKT binds plasminogen (PLG) and enhances its activation
to plasmin at the cell surface, facilitating pericellular proteol-
ysis, cell migration, and phenotypic changes.?® Foundational
work in murine models of liver fibrosis showed that SAMs
highly express PIg-RKT and that the PLG-PLGRKT signaling
axis is involved in monocyte differentiation into pro-fibrotic
SAMs.12 However, whether PLGRKT-mediated SAM differen-
tiation contributes to fibrosis progression and represents a
potential therapeutic target in BA remains unknown.

We hypothesized that PLGRKT promotes the differentia-
tion and pro-fibrotic activity of SAMs, thereby contributing
to liver fibrosis progression in BA. To test this hypothesis,
we integrated scRNA-seq and spatial transcriptomics analy-
ses of BA liver tissues with validation in independent patient
cohorts. We then examined the functional role of PLGRKT
in SAM differentiation and pro-fibrotic activity using in vitro
macrophage and co-culture models and assessed its thera-
peutic potential in a murine bile duct ligation (BDL) model.
Together, these approaches were designed to evaluate the
PLGRKT-SAM axis as a potential mediator and therapeutic
target in BA-associated liver fibrosis.

Methods

Study design and sample collection

This study aimed to characterize SAMs in BA-associated liver
fibrosis, investigate the role of PLG-PLGRKT signaling in pro-
fibrotic SAM differentiation and SAM-HSC interactions, and
evaluate a TREM2 antibody-siRNA conjugate for targeted
gene silencing in SAMs. Liver tissue specimens were col-
lected from pediatric patients undergoing surgery at Urumgqi
Children’s Hospital between December 2023 and December
2024 (Supplementary Table 1).20 Initial omics analyses (scR-
NA-seq and spatial transcriptomics) included liver tissues
from four patients with type III BA and four age-matched
non-fibrotic disease controls (DC). The DC group comprised
liver tissues from two children with choledochal cysts, des-
ignated as choledochal cyst controls (CC), and peritumoral
liver tissues from one child with hepatic hemangioma and
one child with hepatoblastoma, designated as normal con-
trols (NC).2° An expanded independent validation cohort
comprised 20 patients with BA and 10 DC. Liver fibrosis was
staged by two blinded pathologists according to the META-
VIR system.30 Clinical and demographic data are detailed
in Supplementary Table 2. The study was approved by the
Ethics Committee of Urumgi Children’s Hospital (K2024-04),
conducted in accordance with the Declaration of Helsinki (as
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revised in 2024), and written informed consent was obtained
from the legal guardians. Animal experiments were addition-
ally approved by the relevant ethics committee (approval no.
GENINK-20250194).

Single-cell RNA sequencing processing and analysis

To identify cell type-specific transcriptomic alterations in BA
livers, we performed scRNA-seq on freshly collected liver tis-
sues. Libraries were prepared using the Singleron GEXSCOPE
platform (Singleron Biotechnologies, Nanjing, Jiangsu,
China) according to the manufacturer’s protocol. Sequenc-
ing was performed on a NovaSeq 6000 platform (Illumina,
San Diego, CA, USA). Data were processed using Seurat
(v4.1.1).3! Potential doublets were removed using Dou-
bletFinder (v2.0.3),32 and cells were filtered using standard
quality-control criteria (nFeature_RNA > 200, nCount_RNA
> 500, logl0FeaturePerUMI > 0.8, percent_mito < 15%).
Data normalization, variance stabilization, and batch-effect
correction were performed using SCTransform.33 Principal
component analysis was used for dimensionality reduction,
and the first 30 principal components were used for graph-
based clustering with the shared nearest-neighbor algorithm
(resolution, 0.5 for initial broad cell type identification).33
Cell types were annotated based on canonical marker-gene
expression. Differentially expressed genes between clus-
ters were identified using the Wilcoxon rank-sum test with
Benjamini-Hochberg false-discovery rate correction (FDR
< 0.05; |logFC| > 0.25; expression prevalence = 10%).34
Gene Ontology and Kyoto Encyclopedia of Genes and Ge-
nomes pathway enrichment analyses were performed using
clusterProfiler (v4.6.2).35> Pseudotemporal trajectory analysis
was conducted using Monocle,36 and cell-cell communication
networks were inferred using CellChat (v1.5.0).37

Spatial transcriptomics processing and analysis

To determine the spatial localization of cell populations iden-
tified by scRNA-seq, we performed spatial transcriptomics
on formalin-fixed, paraffin-embedded (FFPE) liver sections.
Spatial transcriptomics experiments were performed us-
ing the 10x Genomics Visium platform with CytAssist (10x
Genomics, Pleasanton, CA, USA), as previously described.38
Briefly, 5 um-thick sections were cut from FFPE liver tissue
blocks and stained with hematoxylin and eosin (H&E).3° Tar-
get probes were hybridized to selected tissue regions, and
sections were transferred onto Visium Spatial Gene Expres-
sion slides using the CytAssist instrument. Spatial transcrip-
tomics image enhancement was performed using BayesS-
pace.4® Marker-gene enrichment scores for each major cell
type were calculated for each spatial transcriptomics spot
using AUCell,*! and multigene co-expression patterns were
visualized using SpatialFeaturePlot.

Histopathology and immunohistochemistry

To validate key fibrosis-associated markers at the protein
level, we performed histopathological staining and immuno-
histochemistry (IHC) on liver sections. FFPE liver tissues were
fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at 4 pm. H&E staining was performed according to
standard protocols.3° IHC was performed as previously de-
scribed.*? Briefly, sections were deparaffinized, rehydrated,
subjected to heat-induced antigen retrieval (EDTA, pH 9.0),
and blocked for endogenous peroxidase activity and nonspe-
cific serum binding. Primary antibodies were incubated over-
night at 4°C: CD9 (Proteintech, 60232-1-g; Rosemont, IL,
USA; 1:200), TREM2 (Abcam, ab223684; Cambridge, UK;
1:250), and PLG-RKT (Thermo Fisher Scientific, PA5-98932;

2 Journal of Clinical and Translational Hepatology 2026



Li X. et al: PLG-PLGRKT macrophages in BA

Waltham, MA, USA; 1:100) (Supplementary Table 3). Detec-
tion was performed with horseradish peroxidase-conjugated
secondary antibodies and 3,3’-diaminobenzidine substrate,
followed by hematoxylin counterstaining. The immunopo-
sitive area (%) was quantified using Imagel] (v1.53; NIH,
Bethesda, MD, USA), as previously described.*3 Liver fibro-
sis was assessed by Sirius Red staining, as previously de-
scribed.*4

Multiplex immunofluorescence

To visualize spatial relationships among macrophage subsets,
activated hepatic stellate cells, and fibrosis markers, we per-
formed multiplex immunofluorescence on liver tissue sections
using a Multiplex Fluorescence Staining Kit (DK750; Biomark
Biology, Nanjing, Jiangsu, China) according to the manufac-
turer’s instructions, as previously described.*> The following
primary antibodies were used: alpha-smooth muscle actin
(a-SMA; CST, 19245S; Cell Signaling Technology, Danvers,
MA, USA; 1:600), CD68 (Abcam, ab213363; Cambridge,
UK; 1:1,000), TREM2 (Abcam, ab223684; Cambridge, UK;
1:250), CD9 (Proteintech, 60232-1-g; Rosemont, IL, USA;
1:200), PLG-RKT (Thermo Fisher Scientific, PA5-98932;
Waltham, MA, USA; 1:100), LGALS1 (Abcam, ab138513;
Cambridge, UK; 1:10,000), SPP1 (Abcam, ab283656; Cam-
bridge, UK; 1:2,000), LGALS3 (Abcam, ab76245; Cambridge,
UK; 1:250), GPNMB (Abcam, ab222109; Cambridge, UK;
1:1,000), and ANXA2 (Abcam, ab178627; Cambridge, UK;
1:100)(Supplementary Table 4). Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI). Whole-slide im-
ages were acquired using TissueFAXS (TissueGnostics, Vi-
enna, Austria) and analyzed in StrataQuest (TissueGnostics)
for cell-phenotype identification, marker-intensity quantifica-
tion, and spatial-metric analysis.

Reverse transcription quantitative polymerase chain
reaction analysis

To quantify gene-expression changes in liver tissues and
cultured macrophages, we performed reverse transcription
quantitative polymerase chain reaction (RT-gPCR). Total RNA
was extracted from frozen human liver tissue and in vitro-
cultured human macrophages using the EasyPure Fast Cell
RNA Kit (TransGen Biotech, ER111-02; Beijing, China) and
from mouse liver using Superbrilliant TRI RNA (ZS-M11008;
Zhongshi Gene Technology, Tianjin, China). RNA concentra-
tion was measured using a NanoDrop One spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA).46 cDNA
synthesis and quantitative PCR were performed with TransS-
cript Green One-Step gRT-PCR SuperMix (TransGen Biotech,
AQ211-02; Beijing, China) on a QuantStudio 7 Pro Real-Time
PCR System (Applied Biosystems/Thermo Fisher Scientific,
Waltham, MA, USA); for mouse samples, first-strand cDNA
was generated using the Supersmart 6-min Heat-Resistant
First-Strand cDNA Synthesis Kit (ZS-M14003; Zhongshi
Gene Technology, Tianjin, China). Relative mRNA expres-
sion was calculated using the 2~2ACt method,%” normalized
to GAPDH (human) or Actb (mouse). Primer sequences are
listed in Supplementary Tables 5 (human) and 6 (mouse).

SiRNA-TREM2 antibody conjugates

To enable targeted gene knockdown in SAMs, we synthesized
TREM2 antibody-siRNA conjugates. siRNA targeting mouse
Plgrkt was chemically conjugated to a purified anti-mouse
TREM2 antibody (BioLegend, 824804; San Diego, CA, USA)
using a cleavable disulfide linker, as previously described.48
A negative-control siRNA sequence was conjugated to the
same TREM?2 antibody; conjugates were synthesized and pu-

rified by Zhongshi Gene Technology (Tianjin, China). Con-
jugation efficiency was verified by high-performance liquid
chromatography, as previously described.8

Preliminary uptake and distribution assays

To confirm cellular uptake of the conjugates by macrophag-
es, we performed in vitro and in vivo distribution assays. For
in vitro uptake, RAW264.7 macrophages (ATCC, Manassas,
VA, USA) were seeded onto coverslips, incubated overnight,
and exposed to Cy5-labeled TREM2-siRNA conjugates for 2
h. Cells were fixed with 4% paraformaldehyde, mounted in
DAPI-containing mounting medium, and examined by fluo-
rescence microscopy, as previously described.*® For in vivo
distribution, Cy5-labeled TREM2-siRNA conjugates (4.0 mg/
kg) were injected via the tail vein. After 2 h, mice were sac-
rificed, and livers were excised, embedded in optimal cut-
ting temperature compound, cryosectioned, and stained with
F4/80-Cy3. Co-localization of conjugates with F4/80+ mac-
rophages was assessed by fluorescence microscopy (Akoya
Biosciences, Marlborough, MA, USA).48

Animal model and in vivo siRNA treatment

To evaluate the therapeutic efficacy of TREM2-siRNA conju-
gates in vivo, we used a bile duct ligation (BDL) mouse model
of obstructive cholestasis and liver fibrosis. Male BALB/c mice
(6-8 weeks old; 20-25 g) were housed under specific patho-
gen-free conditions with a 12 h light/dark cycle and ad libitum
access to food and water. All procedures were approved by the
Animal Ethics Committee of Tianjin Medical University. BDL
was performed as previously described.4° Briefly, under isoflu-
rane anesthesia, the common bile duct was isolated, double-
ligated, and transected; sham-operated mice underwent the
same procedure without ligation. Mice (n = 5 per group) were
randomly assigned to four groups: (1) sham + vehicle (sa-
line), (2) BDL + vehicle, (3) BDL + negative-control TREM2-
siRNA conjugate, and (4) BDL + Plgrkt—-TREM2-siRNA con-
jugate. Conjugates (4.0 mg/kg) or saline were administered
via tail-vein injection beginning 1 day after surgery and then
every other day for 14 days. Mice were monitored daily; on
day 14, they were sacrificed under deep anesthesia, and blood
and liver tissues were collected for downstream analyses.

Human peripheral blood mononuclear cell isolation
and macrophage differentiation

To obtain primary human macrophages for in vitro functional
assays, we isolated peripheral blood mononuclear cells (PB-
MCs) from healthy donors and differentiated them into mac-
rophages. Human PBMCs were isolated from healthy-donor
buffy coats by density-gradient centrifugation using Lym-
phocyte Separation Medium, as previously described.3° For
macrophage differentiation, thawed PBMCs were seeded at 7
x 10° cells/well in 12-well plates and cultured in RPMI 1640
supplemented with GlutaMAX, HEPES, 10% fetal bovine se-
rum (Gibco/Thermo Fisher Scientific, Grand Island, NY, USA),
M-CSF (50 ng/mL; R&D Systems, Minneapolis, MN, USA),
and IL-4 (20 ng/mL; R&D Systems) for 6-7 days, as previ-
ously described.>!

Induction of SAM phenotype and siRNA transfection

To investigate the functional role of PLG-RKT signaling in SAM
polarization, we induced a SAM-like phenotype in differentiat-
ed human macrophages in vitro. Macrophages were stimulat-
ed with plasminogen (PLG; 4 ug/mL; Roche, 10874477001;
Basel, Switzerland) for 6 h, as previously described.?2 For
PLGRKT knockdown experiments, macrophages were trans-
fected with 20 pmol of siRNA targeting PLGRKT (siPLGRKT)
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or negative-control siRNA (siNC) using LipORNAI transfection
reagent (Beyotime, C0535; Shanghai, China) according to
the manufacturer’s protocol,52 48 h before PLG stimulation.

Cell culture and liver organoid generation

To model cellular interactions involved in BA-associated liver
fibrosis in vitro, we established a THLE-2/LX-2 liver organoid
system. THLE-2 cells were cultured in Liver Organoid Growth
Medium (AcroGenic, AC0217; Beijing, China).>3 LX-2 human
hepatic stellate cells (MilliporeSigma, Burlington, MA, USA)
were cultured in DMEM (Gibco, C11965500BT; Grand Island,
NY, USA) with 10% fetal bovine serum. Liver organoids were
generated by mixing THLE-2 and LX-2 cells at a 3:1 ratio
(total, 2 x 10> cells per 100 pL) with 50 uL of Liver Orga-
noid Matrix (AcroGenic, AC0217; Beijing, China), as previ-
ously described.>4-56 The mixture was seeded into ultra-low-
attachment 96-well plates (Corning, Corning, NY, USA) and
cultured in Liver Organoid Complete Growth Medium for 2-3
weeks, with half-medium changes every 2-3 days. Orga-
noids with diameters of approximately 150 pm were used for
subsequent experiments.

Conditioned medium experiments

To assess the paracrine effects of SAM-secreted factors on
hepatic stellate cells and liver organoids, we performed con-
ditioned-medium (CM) transfer experiments. Macrophages
were treated with PLG (4 pg/mL) or vehicle control as de-
scribed above. For knockdown experiments, macrophages
were transfected with siPLGRKT or siNC 48 h before PLG
stimulation. After 6 h of PLG stimulation, culture superna-
tants were collected, centrifuged (3,000 x g, 10 min, 4°C)
to remove cellular debris, and stored at —80°C. LX-2 cells or
liver organoids were cultured in medium containing 50% CM
for 96 h (LX-2 cells) or 3-4 days (organoids).>”

Flow cytometry

To quantify SAM-marker expression in human macrophages
and mouse liver non-parenchymal cells, we performed flow
cytometry. Human macrophages were washed in phosphate-
buffered saline and stained for 30 min at 4°C in the dark
with human TREM2-APC (R&D Systems, FAB17291A; Min-
neapolis, MN, USA) and human CD9-Alexa Fluor 488 (R&D
Systems, FAB1880G) or isotype controls and then analyzed
on a CytoFLEX LX (Beckman Coulter, Brea, CA, USA); data
were processed in FlowJo (v10.0; BD Biosciences, Ashland,
OR, USA).58 For mouse liver, non-parenchymal cells were iso-
lated by collagenase IV perfusion/digestion and Percoll den-
sity separation followed by red blood cell lysis, as previously
described.>® Non-parenchymal cells (1 x 106 cells) were Fc-
blocked with TruStain FcX (BioLegend, San Diego, CA, USA)
and stained with CD45 PE/Cy7 (BioLegend, 103113), F4/80
PerCP/Cy5.5 (Elabscience, E-AB-F0995UJ; Houston, TX,
USA), TREM2 PE (BioLegend, 824805), CD9 APC (BioLeg-
end, 124811), and Ly6G BV421 (BioLegend, 127627)(Sup-
plementary Table 7). Cells were acquired on a BD FACSVerse
(BD Biosciences, San Jose, CA, USA) and analyzed in FlowJo
v10.0. SAMs were defined as singlet, live, CD45+ Ly6G—
F4/80+ TREM2+ CD9+ cells.

Immunofluorescence analysis

To examine the expression and co-localization of PLG-RKT
and collagen in macrophages and organoids, we performed
immunofluorescence staining. Cells on coverslips were fixed
in 4% paraformaldehyde (30 min), permeabilized with 0.1%
Triton X-100, and blocked with 10% goat serum (Beyotime,
C0265; Shanghai, China). Primary antibodies—anti-PLG-RKT
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(Invitrogen/Thermo Fisher Scientific, PA5-98932; Waltham,
MA, USA) and anti-COL1A1 (CST, 66948S; Danvers, MA,
USA)—were applied overnight at 4°C, followed by Alexa
Fluor-conjugated secondary antibodies (CST, 4408S and
4413S; Danvers, MA, USA) for 2 h at room temperature;
nuclei were counterstained with DAPI (CST, 4083S). Images
were acquired on an EVOS M5000 (Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA). Organoid samples were fixed
in 4% paraformaldehyde (6 h); the matrix was digested with
cellulase (Sigma-Aldrich, C2730; St. Louis, MO, USA) in 2
mM EDTA/phosphate-buffered saline, and samples were then
permeabilized, blocked, and stained as described above.>4:55

Western blot analysis

To assess protein-level changes in signaling pathways and
fibrosis markers, we performed Western blotting. Proteins
were extracted using RIPA lysis buffer (Beyotime, Shanghai,
China) supplemented with protease-inhibitor cocktail (Roche,
Basel, Switzerland), quantified by BCA assay (Pierce/Thermo
Fisher Scientific, Waltham, MA, USA), separated by SDS-
PAGE, and transferred to PVDF membranes (MilliporeSigma,
Burlington, MA, USA), as previously described.®® Membranes
were blocked in 5% nonfat milk or bovine serum albumin,
incubated overnight at 4°C with the primary antibodies listed
in Supplementary Table 8, and detected with horseradish
peroxidase-conjugated secondary antibodies. Protein signals
were visualized by enhanced chemiluminescence and quanti-
fied using Image] (v1.53; NIH, Bethesda, MD, USA).43

Liver function tests

To evaluate liver injury in the BDL mouse model, we measured
serum biochemical markers. Serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phos-
phatase (ALP), gamma-glutamyl transferase (GGT), total bili-
rubin (TBIL), direct bilirubin (DBIL), and total bile acids (TBA)
were measured using an automated biochemical analyzer (Hi-
tachi, Tokyo, Japan), as previously described.4® The AST-to-
platelet ratio index was calculated as previously reported.5!

Statistical analysis

Statistical analyses were performed using R (v4.1.3; R Foun-
dation for Statistical Computing, Vienna, Austria). Data visu-
alization was performed using the ggplot2 package. Image
processing and quantification were performed using ImageJ
(v1.53; NIH, Bethesda, MD, USA).43 Two-group comparisons
were performed using the unpaired two-tailed Student ¢ test
or Mann-Whitney U test, depending on data distribution and
variance. Multiple-group comparisons were conducted using
one-way analysis of variance with the Tukey post hoc test or
Kruskal-Wallis test with the Dunn post hoc test. Proportions
were compared using the chi-square test or Fisher exact test,
and correlations were assessed using Pearson or Spearman
correlation coefficients. P values were adjusted for multiple
comparisons using the Benjamini-Hochberg method where
appropriate. A P value < 0.05 was considered statistically
significant. Data are presented as mean % standard deviation
or median (interquartile range), as appropriate.

Results

Single-cell RNA sequencing analysis identified SAM
enrichment associated with BA liver fibrosis

scRNA-seq analysis of liver tissues from patients with BA
and DC identified 10 major cell populations in the hepatic
microenvironment, including T/NK cells, B cells, monocyte-
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Fig. 1. Single-cell and spatial transcriptomic characterization of scar-associated macrophages in BA. (A) t-SNE plot of major cellular subgroups. (B) t-SNE
plot of monocyte-macrophage subgroups. (C) Dot plot of markers for monocyte-macrophage subgroups. (D) Histogram showing the proportions of monocyte-mac-
rophage subgroups. (E) KEGG enrichment analysis of genes highly expressed in SAMs. (F) Spatial localization of SAMs in BA and NC samples. BA, biliary atresia; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MPs, monocyte-macrophages; NC, normal control; SAMs, scar-associated macrophages; t-SNE, t-distributed stochastic

neighbor embedding.

macrophages, endothelial cells, hepatocytes, epithelial cells,
neutrophils, plasma cells, proliferating cells, and HSCs (Fig.
1A-D). SAMs were enriched in BA livers, consistent with our
previous findings, 20 and were associated with fibrosis and dis-
ease progression severity. Further characterization showed
that SAMs highly expressed fibrosis- and inflammation-re-
lated genes, including ANXA2, LGALS1, LGALS3, SPP1, and
GPNMB (Supplementary Fig. 1A-O, Supplementary Table 9),
suggesting potential involvement in inflammatory responses
and fibrogenesis. Kyoto Encyclopedia of Genes and Genomes
pathway analysis showed that SAM-associated differentially
expressed genes were enriched in pathways related to plas-
minogen activation and fibroblast proliferation and activation
(Fig. 1E). Spatial transcriptomics further showed preferen-
tial localization and accumulation of SAMs in BA liver tissues
compared with NC (Fig. 1F). Collectively, these findings indi-
cate that SAM infiltration is associated with liver fibrosis and
BA progression.

PLG-PLGRKT signaling was associated with pro-
fibrotic SAM differentiation in BA

To investigate mechanisms underlying SAM generation and
differentiation in BA, we analyzed scRNA-seq data by inter-
secting genes associated with zymogen activation, plasmi-
nogen activation, protein processing, and related regulatory
pathways and identified five overlapping genes (ANXAZ2,
ENO1, CTSZ, PLGRKT, and PLAUR) (Fig. 2A). Among these,
PLGRKT was enriched in the SAM subset (Fig. 2B). Previous
studies have shown that PLG binding to PLGRKT enhances
cell-surface plasminogen activation, leading to localized pro-

teolysis and promoting cell migration and activation of matrix
proteases and growth factors.26 Pseudotemporal trajectory
analysis showed that PLGRKT expression progressively in-
creased during SAM maturation and was higher in BA than
in NC and CC samples (Fig. 2C-D); this pattern was further
supported at the tissue level (Fig. 2E). Correlation analysis
showed positive associations between PLGRKT expression
and multiple fibrosis-related genes, including ANXA2, GP-
NMB, LGALS1, LGALS3, SPP1, CD9, and TREM2, with weaker
correlations in NC and CC tissues (Fig. 2F and H). Spatial
transcriptomics further showed co-localization of PLGRKT
with SAMs in BA liver tissues (Fig. 2G). Analysis of the Gene
Expression Omnibus dataset GSE46960 showed similar posi-
tive correlations in BA samples (Supplementary Fig. 2). Col-
lectively, these results suggest that the PLG-PLGRKT axis
may contribute to SAM differentiation and function during
BA progression.

PLGRKT-positive SAMs were associated with fibrosis
severity during BA progression

RT-gPCR analysis showed that SAM-associated genes (CD9,
TREM2, SPP1, ANXA2, GPNMB, LGALS1, and LGALS3) were
upregulated in BA liver tissues compared with DC tissues
(Supplementary Fig. 3A-B). When BA tissues were stratified
by fibrosis stage (F I-II vs F III-IV, METAVIR), these genes
were more highly expressed in advanced fibrosis (F III-IV)
(Supplementary Fig. 3A-B), indicating an association with
fibrosis progression. Similarly, PLGRKT mRNA levels were
higher in BA tissues and increased with fibrosis stage (Sup-
plementary Fig. 3C). Consistent with the transcriptional data,
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Fig. 2. Single-cell and spatial transcriptomic analysis of PLGRKT expression in scar-associated macrophages. (A) Venn diagram showing the intersection
of key genes in SAM-enriched signaling pathways. (B) Differential PLGRKT expression across SAM subpopulations. (C) Changes in PLGRKT expression during SAM dif-

ferentiation in NC and CC samples. (D) Changes in PLGRKT expression during SAM diffe
BA (fibrosis > 2) samples. (F) Correlations between PLGRKT and ANXA2, CD9, GPNMB,

rentiation in BA. (E) PLGRKT expression levels in NC, CC, BA (fibrosis < 2), and
LGALS1, LGALS3, SPP1, and TREMZ2 in scRNA-seq data. (G) Spatial localization

of TREM2, CD9, and PLGRKT in liver tissue. (H) Correlations between PLGRKT and ANXA2, CD9, GPNMB, LGALS1, LGALS3, SPP1, and TREM2 in spatial transcriptomic

data. BA, biliary atresia; CC, choledochal cyst control; NC, normal control; SAMs, scar-

IHC showed higher CD9, TREM2, and PLGRKT protein expres-
sion in BA tissues, with greater expression at stages F III-IV
than at F I-II (Fig. 3A and Supplementary Fig. 3D). ELISA
showed no significant differences in PLG levels in liver tissue
or serum between the BA and DC groups (Supplementary Fig.
3E). Multiplex immunofluorescence showed co-localization of
a-SMA, CD68, PLGRKT, CD9, and TREM2 in fibrotic niches,
with CD68-positive macrophages co-expressing SAM mark-
ers and PLGRKT predominantly adjacent to activated HSCs
(Fig. 3B-C and Supplementary Fig. 4A-B), suggesting po-
tential SAM-HSC interactions. Finally, SAM-related functional
effectors (a-SMA, ANXA2, GPNMB, LGALS1, LGALS3, and
SPP1) were enriched in fibrotic regions and associated with
BA progression (Fig. 3D-E and Supplementary Fig. 4C). Over-

Journal of Clinical and Transla

associated macrophages; scRNA-seq, single-cell RNA sequencing.

all, these findings indicate that CD68*CD9+*TREM2+PLGRKT*
SAMs are associated with fibrosis stage and may interact with
HSCs during BA-associated fibrogenesis.

PLG-PLGRKT signaling induced a pro-fibrotic SAM-
like phenotype and enhanced HSC collagen deposi-
tion in vitro

Because PLG-PLGRKT signaling was associated with SAM
generation and enrichment in BA liver tissues, we next ex-
amined its functional effects in vitro. Human PBMC-derived
macrophages were treated with PLG for 6 h to model signals
potentially present during tissue injury and remodeling. Flow
cytometry showed that PLG treatment increased the propor-
tion of CD9/TREM2-positive SAM-like macrophages (Fig. 4C).

tional Hepatology 2026
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RT-gPCR further showed increased expression of SAM-asso-
ciated genes (TREM2, CD9, GPNMB, LGALS1, LGALS3, SPP1,
and ANXA2) after PLG treatment (Fig. 4D), supporting suc-
cessful induction of a SAM-like phenotype in vitro. Cell-cell
communication analysis predicted enhanced signaling inter-
actions between TREM2-positive SAMs and HSCs in BA liver
tissues (Fig. 4A and Supplementary Fig. 5), and spatial tran-
scriptomics showed co-localization of CD9/TREMZ2-positive
SAMs and ACTAZ2-positive HSCs in fibrotic niches (Fig. 4B). To
examine indirect SAM-HSC interactions, conditioned medium
from PLG-induced SAM-like macrophages (SAM-CM) was ap-
plied to LX-2 cells. SAM-CM increased COL1A1l deposition in
LX-2 cells (Fig. 4E). We also generated three-dimensional liv-
er organoids by co-culturing THLE-2 liver epithelial cells with
LX-2 HSCs. Expression of albumin and PDGFR- supported
successful establishment of the organoid model (Supplemen-
tary Fig. 6). SAM-CM also increased COL1A1 deposition in

liver organoids (Fig. 4F). Together, these findings indicate that
PLG-PLGRKT signaling can promote a SAM-like phenotype in
vitro and that conditioned medium from these macrophages
can increase COL1A1 deposition in HSCs and liver organoids.

PLGRKT silencing attenuated PLG-induced SAM-like
features and the pro-fibrotic effects of SAM-condi-
tioned medium in vitro

To determine whether PLG-induced SAM-like differentiation
depended on PLGRKT, siRNA targeting PLGRKT was delivered
into human PBMC-derived macrophages, and immunofluores-
cence confirmed PLGRKT knockdown (Fig. 5A). Macrophages
with or without PLGRKT knockdown were then treated with
PLG. Flow cytometry showed that PLG increased the propor-
tion of CD9/TREM2-positive SAM-like macrophages, whereas
PLGRKT silencing reduced this increase (Fig. 5B). Consist-
ent with these findings, RT-gPCR showed that PLG-induced
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increases in SAM-associated genes (CD9, TREM2, GPNMB,
LGALS1, ANXA2, SPP1, and LGALS3) were attenuated by PL-
GRKT silencing (Fig. 5C). Conditioned medium from PLGRKT-
expressing or PLGRKT-deficient SAM-like macrophages was
then applied to LX-2 cells (Fig. 5D) and liver organoids (Fig.
5E). Conditioned medium from PLGRKT-deficient macrophag-
es induced less COL1A1 deposition in both LX-2 cells and
liver organoids. These findings support a PLGRKT-dependent
role for PLG-induced SAM-like macrophages in modulating
HSC fibrogenic responses in vitro.

TREM2 antibody-mediated PLGRKT silencing attenu-
ated cholestatic liver fibrosis in BDL mice

We next evaluated the effects of macrophage-targeted PL-

GRKT silencing in vivo. A TREM2 antibody-siRNA conjugate
was designed to target TREM2-positive SAMs and exploit
TREM2-mediated endocytosis for intracellular delivery of
siRNA targeting Plgrkt (Fig. 6A). High-performance liquid
chromatography showed characteristic peaks for siRNA at
11.223/11.939 min and for the TREM2 antibody at 9.957
min (Supplementary Fig. 7A-B); the conjugate sample
showed new peaks at 6.902 and 7.421 min together with
residual antibody (9.844 min) and siRNA (11.16/11.792
min) signals, supporting successful coupling (Supplemen-
tary Fig. 7C). In vitro uptake assays showed internalization
of Cy5-labeled TREM2-siRNA conjugates by RAW264.7 mac-
rophages (Fig. 6B). In vivo distribution experiments further
showed co-localization of Cy5-labeled TREM2-siRNA con-
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jugates with F4/80-Cy3-labeled macrophages in liver cryo-
sections 2 h after tail-vein injection (Fig. 6C). These pilot
studies supported the feasibility of antibody-siRNA-mediat-
ed delivery to liver macrophages. To evaluate the potential
therapeutic relevance of PLGRKT targeting, we used the BDL
mouse model of cholestatic liver injury and fibrosis. Mice
subjected to BDL were treated with PLGRKT-TREM2 anti-
body-siRNA conjugates targeting TREM2-positive SAMs (Fig.
6D). Western blotting showed reduced PLGRKT protein lev-
els in liver tissue after treatment (Fig. 6E). Sirius Red and
H&E staining showed attenuation of liver fibrosis (Fig. 6F).
Flow cytometry showed that BDL increased the proportion
of CD68TCD9*TREM2+PLGRKT* SAMs in mouse liver tissue,
whereas PLGRKT silencing reduced this population (Fig. 6G-
H and Supplementary Fig. 8). Serum biochemical analyses
further showed that PLGRKT silencing ameliorated BDL-in-
duced liver injury, as reflected by reductions in ALT, AST, ALP,
TBA, DBIL, and TBIL levels (Supplementary Fig. 9). RT-qPCR
further showed that TREM2-targeted PLGRKT silencing de-
creased expression of SAM-associated genes (Trem2, Lgals3,
Anxa2, Lgals1, Gpnmb, Cd9, and Sppl1) in BDL mouse liv-
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er tissue (Fig. 6I-]). Collectively, these findings show that
TREM2-directed PLGRKT silencing reduced SAM accumula-
tion and attenuated liver fibrosis in the BDL model.

Discussion

The rapid progression of liver fibrosis in BA presents a major
clinical challenge and highlights the need for effective anti-
fibrotic strategies. Using an integrated approach spanning
human omics, tissue validation, and functional models, this
study identified the PLGRKT-SAM axis as a potential contrib-
utor to BA-associated fibrogenesis. We observed accumula-
tion of monocyte-derived TREM2+CD9+ SAMs within fibrotic
niches, consistent with observations in adult human cirrhosis
and other fibrotic diseases.>9:11.21.23 V/glidation by RT-qPCR,
IHC, and multiplex immunofluorescence showed that SAM
abundance was associated with fibrosis severity. SAMs also
exhibited a pro-fibrotic transcriptional signature enriched in
pathways related to extracellular matrix remodeling and HSC
activation.1.21 Spatial analyses localized these SAMs adja-
cent to activated HSCs within fibrotic niches, consistent with
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broader models of pro-fibrotic cellular niches across organs
and disease states.9/11.22

A central finding of this study was the identification of PL-
GRKT as a regulator associated with the BA SAM phenotype.
Although PLGRKT involvement in murine SAM differentiation
has been suggested,'? our data extend these observations
to BA. PLGRKT expression was upregulated in BA SAMs, in-
creased along the monocyte-to-SAM differentiation trajec-
tory, correlated with SAM markers and fibrosis stage in pa-
tient tissues, and co-localized with SAMs in fibrotic niches.
These convergent observations implicate PLGRKT signaling in
BA-associated fibrogenesis. In human primary macrophages,
PLG stimulation induced a pro-fibrotic SAM-like phenotype
that depended on PLGRKT expression. PLGRKT silencing also
reduced the ability of SAM-conditioned medium to increase
collagen deposition in HSCs in two-dimensional and three-di-
mensional in vitro models.62-64 Together, these findings sup-
port a mechanistic link between macrophage PLGRKT sign-
aling, SAM-like differentiation, and downstream pro-fibrotic

activity.

The BDL mouse experiments further support the poten-
tial of macrophage-directed PLGRKT targeting. TREM2 is en-
riched on fibrosis-associated monocyte-derived macrophag-
es and therefore provided a rationale for targeted siRNA
delivery. Using TREM2 antibody-siRNA conjugates to inhibit
Plgrkt, we observed reduced pro-fibrotic SAM accumulation
and attenuated liver fibrosis. A TREM2-blocking antibody di-
rected against TREM2+ macrophages has also been reported
to reduce lung fibrosis in vivo, providing precedent for mac-
rophage-directed TREM2 targeting.5>

From a translational perspective, these findings address
an important unmet need in BA management: the absence
of pharmacological anti-fibrotic therapy capable of prevent-
ing progressive fibrogenesis after Kasai portoenterostomy.
The present results identify PLGRKT as a candidate target in
BA-associated SAMs and provide preclinical proof of concept
for TREM2 antibody-siRNA-mediated macrophage-directed
delivery. However, the specificity, safety, pharmacokinetics,
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and off-target effects of this approach require further evalu-
ation before clinical translation. The association between
SAM abundance and fibrosis stage also warrants further
investigation of these cells as potential biomarkers for risk
stratification or longitudinal monitoring. In addition, the liver
organoid-macrophage co-culture system used here may pro-
vide an ex vivo platform for preclinical evaluation of PLGRKT-
targeted interventions. Overall, the PLGRKT-SAM axis merits
further investigation as a mechanism-based target for mac-
rophage-directed anti-fibrotic strategies in BA and potentially
other pediatric fibrotic cholangiopathies.

Several limitations should be considered. First, adult liver
cell lines were used to establish the cellular and organoid
models. Because BA primarily affects neonates and infants,
these adult immortalized cell lines may not fully reproduce
the developmental and immune features of the neonatal BA
biliary microenvironment. Future studies should therefore
validate the findings using patient-derived or induced pluri-
potent stem cell-derived cholangiocyte or hepatocyte orga-
noids. Second, the BDL mouse model reproduces obstructive
cholestasis and fibrosis but does not capture the full patho-
genesis of BA, including potential viral or immune-mediated
bile-duct injury. Rhesus rotavirus-induced BA models may
provide a complementary system for future studies. Third,
the downstream mechanisms through which PLGRKT regu-
lates fibrogenesis were not defined. Future work incorporat-
ing PLGRKT gain- and loss-of-function models and RNA se-
quencing may help identify downstream signaling pathways
and candidate targets.

Conclusions

By integrating human single-cell and spatial omics, patient-
tissue validation, in vitro functional assays, and an in vivo
preclinical model, this study identified the PLGRKT-SAM axis
as a potential contributor to BA-associated liver fibrosis.
Monocyte-derived TREM2+CD9* SAMs accumulated in fibrot-
ic niches, and PLGRKT expression increased with SAM dif-
ferentiation and fibrosis severity. Targeted PLGRKT silencing
reduced SAM accumulation and attenuated cholestatic fibro-
sis in the BDL mouse model. These findings support PLGRKT
as a candidate mediator and potential therapeutic target that
warrants further validation in BA-specific models.
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