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Zheng et al.: To Investigate the Gene Expression Changes of Liver Sinusoidal Endothelial Cell and Kupffer Cell

In this study, we investigated the gene expression changes of liver sinusoidal endothelial cell and kupffer cell
in healthy and cirrhotic states of the liver using single-cell ribonucleic acid sequencing data from more than
60 000 hepatic cells from five human healthy liver samples and five human cirrhotic liver samples, and further
explored the roles of liver sinusoidal endothelial cell and kupffer cell in cirrhotic livers. We constructed the
relevant signaling pathways for the interaction between liver sinusoidal endothelial cell and kupffer cell in
healthy and cirrhotic livers based on the CellChat algorithm and revealed the possible pathogenic mechanism
of such interactions in cirrhosis. Results showed that the cell numbers of both liver sinusoidal endothelial cell
and kupffer cell were significantly reduced in cirrhotic livers compared to healthy livers. Genes associated
with antigen processing and presentation and immune response (CTSL, CTSB, LGMN, HSPA1A, JUN, and
CLECI1B, etc.) were down-regulated in liver sinusoidal endothelial cell from cirrhotic livers, suggesting that
the immune function of liver sinusoidal endothelial cell from cirrhotic livers was impaired; genes associated
with cellular senescence, apoptosis, programmed necrosis and tumor necrosis factor signaling pathway (CTSH,
EDN1, IL1R1, CXCL2 and IGFBP3, etc.) were up-regulated in liver sinusoidal endothelial cell from cirrhotic
livers, suggesting that liver sinusoidal endothelial cell was impaired, which resulted in a significant reduction
in its cellular population. This study provides a new perspective for a deeper understanding of the roles and
interactions between liver sinusoidal endothelial cell and kupffer cell in cirrhosis, and offers potential targets

for the development of new therapeutic approaches.
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Cirrhosis is a serious chronic liver disease
characterized by the replacement of normal liver
tissue by extensive fibrotic tissue and liver nodules,
leading to severe impairment of liver function!-.
Cirrhosis is one of the major causes of death
worldwide, with approximately 2 million deaths per
year due to cirrhosis and its complications, such as
portal hypertension, liver ascites and liver cancer!?.
Cirrhosis is triggered by a variety of causes,
including viral liver disease, alcoholic liver disease,
non-alcoholic fatty liver disease and autoimmune
liver diseasel™..

Although the pathogenesis of cirrhosis is
not fully understood, it is known that Liver
Sinusoidal Endothelial Cells (LSEC) and liver
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macrophages play an important role in the liver
tissue microenvironment*, LSEC are the largest
population of endothelial cells in the liver, they form
the inner layer of the liver sinusoids and are in direct
contact with platelets, leukocytes and erythrocytes
in the blood and are involved in blood flow
regulation, immunomodulation, angiogenesis and
liver regeneration®. In cirrhosis, the structure and
function of LSEC are altered, leading to increased
vascular permeability, which may accelerate
inflammatory cell infiltration and liver fibrosis!®7.
Kupffer Cells (KC) are an intrinsic macrophage
population in the liver, predominantly in the liver
sinusoids and in close proximity to LSECE!. KC
has the function of phagocytosis and removal of
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pathogens from the blood, secretion of inflammatory
factors and promotion of the immune response!®. In
cirrhosis, activation of KC and overproduction of
pro-inflammatory factors are thought to be important
factors driving liver fibrosis®!. Research has indicated
that LSEC and KC can play an important role in
maintaining normal liver function and metabolic
homeostasis, either through direct contact or indirect
signaling between them!'”. During cirrhosis, LSEC
and KC may experience phenotypic shifts and
functional alterations, and the interactions between
these two cell types may have an important impact
on disease progression. Therefore, delving into
the pathogenesis of cirrhosis and discovering the
molecular regulatory networks between cells in the
liver and searching for new therapeutic targets are
important topics in the current field of hepatology.

Single cell RNA sequencing (scRNA-seq)
technology can reveal the heterogeneity of different
cell types or subtypes in terms of gene expression,
functional status and interactions at the level of
individual cells!!!!, which provides new methods and
perspectives for in-depth investigation of the roles
and interactions of LSEC and KC in cirrhosis as well
as pathological mechanisms.

In this study, we investigated the changes in gene
expression and cellular functions of LSEC and KC
in cirrhotic livers compared with those of LSEC and
KC in healthy livers based on scRNA-seq analysis,
and deeply explored the roles of LSEC and KC in
cirrhotic livers as well as the interactions between
these two types of cells, thus revealing their potential
pathological mechanisms in liver cirrhosis.

MATERIALS AND METHODS

Human liver scRNA-seq data availability and
analysis:

The data source for this study was the GSE136103
(scRNA-seq) dataset from the Gene Expression
Omnibus (GEO) database, which includes scRNA-
seq data from five human healthy liver samples
(male=4, female=1) and five human cirrhotic liver
samples (male=3, female=2).

The gene expression matrix of scRNA-seq data
(GSE136103) was preprocessed and analyzed using
the Seurat package (version 4.1.1) in R (version
4.1.2), retaining genes expressed in at least 3 cells,
cells expressing 300-6000 genes, and removing cells
with >30 % mitochondrial content. After quality
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control, a total of 25 526 genes and 60 879 cells
were included in the subsequent analysis. Next, the
data after QC were normalized using the normalize
data function, and after normalization, the top 2000
Hypervariable Genes (HVGs) out of 25 526 genes
were identified using the find variable gene function
with default parameters. The gene expression of
HVGs was linearly transformed using the scale
data function to normalize the expression values,
thus removing the effect of highly expressed genes.
The Run Principal Components Analysis (PCA)
function was used to downsize the data, and the
number of principal components for downsizing was
determined based on the JackStraw function. Then,
the Harmony algorithm was used to remove the batch
effect generated during the multi-sample merging
process, and the K-Nearest Neighbor (KNN) of each
cell was calculated using the find neighbors function
based on the KNN and Shared Nearest Neighbors
(SNN) methods. The find clusters function was used
to identify different cell clusters based on SNN,
where the resolution was set to 0.4-1.2, and the
cluster function was used to observe the effect of
cell clustering under different resolution parameters.
Finally, the clusters of cells were projected and
visualized based on the t-distributed Stochastic
Neighbor Embedding (t-SNE) algorithm using the
run t-SNE function.

Identification of liver cell types:

Differentially expressed genes between different cell
clusters were identified using the find all markers
function, and further screening of differentially
expressed genes between clusters was performed
according to p<0.05, log2 (fold-change) >0.8 to
obtain significantly differentially expressed genes
for each cell cluster. Finally, liver cell types were
identified based on the manually sorted liver major
cell marker genes.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis:

Differently expressed genes of LSEC and KC from
healthy and cirrhotic livers were analyzed by KEGG
for exploring the roles and associations of the
differentially expressed genes in metabolic pathways
and biological processes!!'?, so as to unravel the
functional characteristics and biological significance
of the gene sets. The clusterProfiler R package
(version 4.2.2) was used to visualize KEGG data.
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Constructing Protein-Protein Interaction (PPI)
networks:

Protein interaction analysis of differentially
expressed gene sets were performed using the
String database (https://string-db.org)!"3l. The PPI
network graph was constructed using Cytoscape
(version 3.9) and the core genes in the gene set were
identified by sequencing the differentially expressed
genes according to the degree algorithm using the
cytoHubba plugin in Cystoscope.

Cell communication analysis:

CellChat (version 1.5.0) was used for cell
communication analysis, and Seurat objects were
exported as input to CellChat!'¥. Using the create
CellChat function to construct CellChat objects
for LSEC and KC in healthy and cirrhotic livers,
respectively, and download the human ligand-receptor
interaction database. Cellular communication
probabilities between LSEC and KC are calculated
using the compute commune probe function with
default parameters.

RESULTS AND DISCUSSION

To describe the major cellular composition of healthy
and cirrhotic liver tissues, we analyzed the scRNA-
seq data (GSE136103) from the GEO database,
including 35 365 cells from 5 human healthy livers
and 26 300 cells from 5 human cirrhotic livers. After
quality control, 25 812 cells from cirrhotic liver
tissue and 35 067 cells from healthy liver tissue
were retained, and the gene expression profiles, gene
counts and mitochondrial gene expression for each
sample before and after QC are shown here (fig. 1A).
The nCount RNA, which represents the number of
Unique Molecular Identifiers (UMIs), and nFeature
RNA, which represents the number of genes,
were positively correlated and had a correlation
coefficient of 0.82 (fig. 1B). We identified 2000
HVGs and labeled the top 10 HVGs (fig. 1C), most
of which were involved in the activation of immune
responses and were associated with the regulation
of antigen-binding activity and immunoglobulin
receptor-binding activity. We carried out principal
component analysis and identified 20 principal
components with p<0.05 based on the JackStraw
function. 20 cell clusters were identified using the
FindNeighbors function and FindClusters function
(fig. 1D), and examined the expression of marker
genes in cell clusters based on liver cell type marker
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genes obtained from previous studies!'. Marker
genes of different cell types showed high expression
in the corresponding cell lines, indicating that a good
clustering effect has been achieved (fig. 1E). A total of
10liver cell types were identified in the 20 cell clusters,
which correspond to endothelial cell (CLE+Platelet
Endothelial Cell Adhesion Molecule 1 (PECAM-
1)+Cadherin 5 (CDHS5)+Von Willebrand Factor
(VWEF)+Intercellular Adhesion Molecule (ICAM)
2+); epithelial cell (Albumin (ALB)+Defensin Beta
1 (DEFB1)+Concentration of Clusterin (CLU)+);
mesenchymal cell (Platelet Derived Growth Factor
Receptor Beta (PDGFRB)+  Collagen Type 1
Alphal(COL1A1)+COL1A2+Regulator of G Protein
Signaling 5 (RGSS5)+); Mononuclear Phagocyte (MP,
CD68+Integrin Subunit Alpha M (ITGAM)+Colony
Stimulating Factor 1 Receptor (CSF1R)+Lysozyme
(LYZ)+Ficolin 1 (FCNI1)+Triggering Receptor
Expressed on Myeloid cells 2 (TREM2)+); B cell
(CD79A+CD19+Immunoglobulin Heavy Constant
Mu (IGHM)+); T cells (Interleukin 7 Receptor
(IL7R)+Lymphotoxin Beta (LTB)+CD3 Epsilon
subunit of T-cell receptor complex (CD3E)+Tumor
Necrosis Factor (TNF)); Innate Lymphocyte (ILC,
Granzyme A (GZMA)+Natural Killer cell Granule
protein 7 (NKG7)+Killer Cell Lectin Like Receptor
C1 (KLRC1)+Granzyme B (GZMB)); Plasma-like
B cell (CD79A+Immunoglobulin Heavy Constant
Alpha 2 (IGHA2)+); plasmacytoid Dendritic Cell
(pDC), Leukocyte Immunoglobulin Like Receptor
A4 (LILRA4)+C-Type Lectin Domain Family 4
Member C (CLEC4C)+GZMB+); and Cycling cell
(Marker of proliferation Ki-67 (MKI67)+Stathmin 1
(STMN1)+Cyclin A2 (CCNA2)+) (fig. 2A), we can
directly observe that most of the independent cell
clusters are annotated as different liver cell types,
while most of the adjacent cell clusters are annotated
as the same cell type.

We focused on the liver endothelial cells and liver
macrophages, and all 60 879 cells were labeled
according to healthy or cirrhotic condition (fig. 2B
and fig. 2C). The distribution of liver endothelial
cell populations and liver macrophage populations
in cirrhotic livers appeared to be more distinctly
different compared with healthy livers, with part
of endothelial cell populations (cluster 11) and part
of macrophage populations (clusters 7, 2 and 15)
having a considerably lower distribution density in
the cirrhotic group, whereas the other part of the
endothelial cell populations (clusters 3, 12, and 17)
and macrophage populations (cluster 8) were more
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dense in the cirrhotic group, suggesting that subtypes populations may be altered in some ways in cirrhotic
of endothelial cell populations and macrophage livers.
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Fig. 1: Analysis of scRNA-seq data from human healthy and cirrhotic livers. (A): Gene characterization, gene counts and
percentage of mitochondrial genes in cells from healthy and cirrhotic liver samples; (B): Correlation between gene characterization
and gene counts in cells from each liver sample; (C): Visualization of HVGs, the red part represents HVGs, the top 10 HVGs are
labelled; (D): Clustering of 61665 cells from 5 healthy human liver samples and 5 cirrhotic human liver samples and (E): Heatmap
of the expression of marker genes for liver cell types in cell clusters

Fig. 2: Visualization of liver cell types after annotation. (A): Ten cell types of 61 665 human liver cells were annotated based on
marker genes expression; (B): Visualization of cell types by healthy and cirrhotic conditions and (C): t-SNE plots of marker genes
for 10 cell types in the liver
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The distribution of some subsets of the endothelial
cells differs more markedly in healthy and cirrhotic
livers. In order to reveal the cellular composition
of subpopulations of endothelial cells in healthy
and cirrhotic livers and to further investigate the
effect of LSEC in cirrhosis, endothelial cell subsets
(cluster 3, 11, 12 and 17, a total of 8202 cells) were
extracted for subpopulation clustering analysis and
subpopulation cell type annotation. Re-clustering
of endothelial cells identified 12 cell clusters
and 6 endothelial cell subtypes were identified.
Cell clusters were annotated as LSEC (cluster 2,
CLEC4G+FCN2+CLEC1B+CLEC4M+FCN3+);
scar-associated endothelial cells (SAEndo, cluster
0, 1, 8, 4, Regulator of Cell Cycle (RGCC)+Von
Willebrand Factor A Domain Containing 1
(VWA1)+CLU+VWF+);  lymphoid endothelial
cells (cluster 9, 11, C-C Motif Chemokine 21
(CCL21)+Trefoil  Factor 3  (TFF3)+Prospero
Homeobox 1 (PROX1)+Synuclein ~ Gamma
(SNCG)+); hepatic artery endothelial cells
(cluster 3, 5, TIMP Metallopeptidase Inhibitor
3 (TIMP3)+C-X-C Motif Chemokine Ligand 12
(CXCL12)+Phospholipid Phosphatase 1 (PLPP1)+)
and central vein endothelial cells (cluster 10,
R-Spondin 3 (RSPO3)+LYPD2+Indolethylamine
N-Methyltransferase (INMT)+). Cluster 6 and 7 are
closely adjacent to LSEC, and the DEGs of cluster
6 and 7 are almost the same as those of the LSECs,
but those 2 clusters did not express the marker genes
of LSEC. We annotated cluster 6 and 7 as near Liver
Sinusoidal Endothelial Cell (near-LSEC) (fig. 3A). We
used the t-SNE algorithm to visualize the endothelial
cell subpopulations in the healthy and cirrhotic
groups, respectively, and found that the cellular
distribution of the endothelial cell subpopulations
in the cirrhotic group was significantly different
compared with that in the healthy group (fig. 3B).
Expression of endothelial cell subpopulation cell
type marker genes was visualized using dot plots
(fig. 3C), marker genes showed high expression
only in the endothelial cell subpopulation to which
it corresponded. We counted the proportion of each
endothelial cell subtype in each liver sample of the
healthy group and the cirrhosis group. Compared with
the healthy group, the proportion of LSEC and near-
LSEC in the endothelial cell group of the cirrhosis
group was significantly lower than that of the healthy
group (p=0.00034 and p=0.025), while the proportion
of SAEndo in the endothelial cell group of the liver
cirrhosis group was significantly higher than that of
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the healthy group (p=0.0044) (fig. 3D). We focused
on LSEC, which had a remarkably lower cell number
and percentage in cirrhotic livers. We hypothesized
that LSEC were severely damaged in the disease
state, resulting in a diminished ability to survive
and proliferate, which may also be accompanied by
phenotypic and functional alterations that further
exacerbate cirrhosis.

To further investigate whether the gene expression
characteristics and functions of LSEC in cirrhotic
livers were altered compared to healthy livers, DEGs
of LSEC in the healthy and cirrhotic groups were
identified using the find markers function, setting
p<0.05 as the criterion, and a total of 233 DEGs
were identified, including 91 genes up regulated in
LSEC of cirrhosis and 142 genes down regulated
in LSEC of cirrhosis (fig. 3E). KEGG enrichment
analysis of these DEGs showed that the DEGs of
LSEC were mainly enriched in biological pathways
associated with cellular senescence, apoptosis,
programmed necrosis, Extracellular Matrix (ECM)
receptor interactions, antigen processing and
presentation, complement and coagulation cascades,
atherosclerosis, cell adhesion molecules, C-type
lectin receptor signaling pathway, and TNF signaling
pathway (fig. 3F). Among the DEGs of LSEC, some
genes associated with cellular senescence, apoptosis,
programmed necrosis, atherosclerosis, and TNF
signaling pathways (CTSH, EDNI1, IL1R1, CXCL2
and IGFBP3), which were up-regulated in LSEC
of cirrhotic liver, may be an important contributor
to the reduced number of cirrhotic LSEC. Some
genes associated with ECM receptor interactions
(VWF, COL1A2, COL4A2, FNI1, ITGBS, HSPG2,
LAMCI1, and THBS1), were similarly up-regulated
in LSEC of cirrhotic liver. These genes are critical
for signal transduction and communication between
LSEC and other cells in the hepatic sinusoids, which
may reflect the fact that in cirrhotic liver enhanced
interactions between LSEC and other cells, and plays
an important role in driving disease progression.
Some genes related to cell adhesion molecules
(CLDNS5, ICAM1), were down-regulated in LSEC of
cirrhotic liver, which may suggest that the adhesion
between LSEC and leukocytes (such as macrophages)
decreases in liver cirrhosis, resulting in the migration
of leukocytes across endothelial cells affected!¢.
Some genes associated with antigen processing and
presentation and immune response (CTSL, CTSB,
LGMN, HSPA1A, JUN, and CLECIB), were down-
regulated in LSEC of cirrhotic liver, which reflected
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the impaired normal immunity of LSEC in cirrhotic
livers!'”l. In addition, we selected the DEGs of LSEC
to construct the PPI network and selected the top 30
DEGs as hub genes according to the degree method
(fig. 3G). Among these hub genes, FN1 and THBS1
were the core genes of the PPI network, interacting
with a variety of other genes, and both core genes
were up regulated in cirrhotic LSEC. FN1 encodes
fibronectin, which is involved in cell adhesion and
wound healing!"®. THBSI1 encodes an adhesive
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glycoprotein that mediating interactions between
cell-cell and cell-matrix*, This protein binds to
fibronectin and has been shown to play an important
role in inflammatory response, angiogenesis, cellular
senescence, apoptosis and tumorigenesis®?!, We
hypothesized that the up regulation of FNI1 and
THBS1 in cirrhotic LSEC might lead to senescence
or even apoptosis of LSEC on the one hand, and
exacerbate the inflammatory response and accelerate
hepatic fibrosis on the other hand.
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Fig. 3: scRNA-seq analysis of liver endothelial cells reveals the role of LSEC in liver cirrhosis. (A): Liver endothelial cells
from healthy and cirrhotic livers were clustered into six subpopulations; (B): Visualization of cells from liver endothelial cells
subpopulations; (C): Dot plot of the expression of marker genes; (D): Box-line plots of the percentage of cell number of liver
endothelial cell subpopulations; (E): Volcano plot of DEGs of LSEC in healthy and cirrhotic livers; (F): Bubble plots for KEGG
enrichment analysis of DEGs from LSEC in healthy and cirrhotic livers and (G): PPI network plot of the top 30 DEGs for LSEC

in healthy and cirrhotic livers
Note: (H): Cirrhotic and (H): Healthy
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Significant differences in the distribution of certain
subsets of macrophage populations are observed
between healthy and cirrhotic livers. To reveal
the cellular composition of subpopulations of
macrophage populations in healthy and cirrhotic
livers and to further explore the effect of KC in
cirrhosis, a subset of macrophage populations
(cluster 2, 7, 8, and 15, a total of 10 958 cells) was
extracted for subpopulation clustering analysis
and subpopulation cell type annotation. The re-
clustering of the macrophage population identified
12 cell clusters and 5 macrophage subtypes were
identified (fig. 4A). Cell clusters were annotated
as Tissue Monocytes (TMo), (cluster 0, 2, 6, 8,
9, 10, SI100A8+S100A9+S100A12+LYZ+FCN1
+CD52+MNDA+); KC (cluster 4,5,
MARCO+CD163+CDSL+SEPP1+CIQA
+TIMDA4+); Scar-Associated Macrophages (SAM,
cluster 3,7, APOE+C1QB+TREM2+CTSD+CD9+);
conventional Dendritic Cells (cDC), cluster 1,
CD1C+); and cycling Scar-Associated Macrophages
(cycling SAM, cluster 11, MKI67+STMNI1+PCNA+).

The t-SNE algorithm was utilized to visualize
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the macrophage subpopulations within both the
healthy and cirrhotic groups, revealing a distinct
cell distribution in the cirrhotic group macrophage
subpopulations compared to the healthy group (fig.
4B). Dot plots were used to visualize the expression
of macrophage subpopulation cell type marker genes
(fig. 4C), showing high expression of marker genes
exclusively within their corresponding macrophage
subpopulations. We quantified the proportion
of each macrophage subtype within each liver
sample for both the healthy and cirrhotic groups.
Compared to the healthy group, the proportion of
KC significantly decreased within the macrophage
population of the cirrhotic group (p=0.015), while
SAM were predominantly found in cirrhotic livers
(p=0.00055) (fig. 4D). We focused on KC, which
significantly decreased in number and proportion
within cirrhotic livers, suggests that the local
immune microenvironment of cirrhotic livers is
altered, limiting the normal functions of KC such as
pathogen clearance and cytokine production, thereby
exacerbating liver inflammation and fibrosis.
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Fig. 4: scRNA-seq analysis of liver macrophages reveals the role of KC in liver cirrhosis. (A): Liver macrophages from healthy and
cirrhotic livers; (B): Visualization of cells from liver macrophages; (C): Dot plot of the expression of marker genes; (D): Box-line
plots of the percentage of cell number of liver macrophages; (E): Volcano plot of DEGs of KC in healthy and cirrhotic livers; (F):
Bubble plots for KEGG enrichment analysis and (G): PPI network plot of the top 60 DEGs for KC in healthy and cirrhotic livers

Note: (H): Cirrhotic and (M ): Healthy
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To further investigate whether the gene expression
characteristics and functions of KC in cirrhotic livers
have altered compared to healthy livers, DEGs of KC
in the healthy and cirrhotic groups were identified
using the find markers function. Setting p<0.05 as
the criterion, a total of 302 DEGs were identified,
including 225 up regulated and 77 down regulated
genes in cirrhotic KC (fig. 4E). The KEGG enrichment
analysis of these DEGs revealed a high degree of
similarity with the KEGG results of DEGs in LSEC,
primarily enriching in pathways related to apoptosis,
antigen processing and presentation, complement and
coagulation cascades, atherosclerosis, cell adhesion
molecules, leukocyte transendothelial migration,
C-type lectin receptor signaling pathway, TNF
signaling pathway, chemokine signaling pathway,
and phagocytosis (fig. 4F). Among the DEGs in KC,
genes associated with apoptosis, atherosclerosis, and
the TNF signaling pathway (JUN, CTSH, TUBA1A,
JUNB, and CYBA) were up-regulated in cirrhotic
KC, potentially contributing to the reduction in KC
numbers in cirrhosis. Genes related to leukocyte
transendothelial  migration (ITGB2, CXCR4,
NCF4, CD99, ITGAM, and CYBA) were also up-
regulated in cirrhotic KC, mediating the migration of
leukocytes (such as TMo) to the site of liver injury
post-damage. This suggests that KC in cirrhosis
may facilitate the recruitment of immune cells into
the liver, replenishing the immune cell numbers and
thereby maintaining the immune microenvironment
stability to some extent. Genes associated with
cell adhesion molecules (ITGB2, HLA-DRBS5, and
CD99) were up-regulated in cirrhotic KC, whereas
HLA-DRA, HLA-DPA1, HLA-DQAI1, and HLA-
DQA2 were down-regulated. Genes related to
immune and inflammatory responses (CXCR4,
CCL21, FOLR2, HLA-A, HLA-F, JUN, PYCARD,
and LSP1) saw increased expression in cirrhotic
KC. The upregulation of these genes in cirrhosis
could further enhance the inflammatory response of
KC, releasing more inflammatory factors, thereby
exacerbating liver inflammation and damage, even
leading to KC apoptosis and accelerating liver
fibrosis. We constructed the PPI network using the
DEGs of KC and selected the top 60 genes as hub
genes based on the degree method (fig. 4G). Among
these hub genes, ALB, TNF, APOE, IL1B, APOAI,
APP, CLU, CSFIR, SERPINAI1, and APOH were
the top 10 hub genes, all of which were up-regulated
in cirrhotic KC and interacted with various other
genes. ALB (Albumin), APOE (Apolipoprotein
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E), APOH (Apolipoprotein H), and APOAIl
(Apolipoprotein Al) are genes related to lipid
metabolism and transport, and their upregulation
suggests involvement of KC in the dysregulation of
lipid metabolism in cirrhosis, leading to liver lipid
metabolic disorder!?. Tumor Necrosis Factor (TNF)
and Interleukin-1 Beta (IL-1B) are inflammation-
related genes, and their upregulation indicates that
cirrhotic liver KCs may play a significant role in
inflammatory responses?’’. Amyloid [ Precursor
Protein (APP) and Clusterin (CLU) are associated
with neural system function and apoptosis pathways,
and their upregulation may reflect an enhanced
response of KC to neurotransmitters and apoptosis
signals in cirrhosis, leading to KC apoptosis.
Colony Stimulating Factor 1 Receptor (CSF1R) and
Serpin Family Member A1 (SERPINA1) are also
related to cell signaling and inflammation, and their
upregulation might suggest that KC are involved in
more intense immune responses, which on one hand
fight disease and on the other hand may lead to KC
damage or even apoptosis®l. In summary, these
upregulated core genes reveal multiple significant
roles that KC may play in the progression of cirrhosis,
including regulating lipid metabolism, participating
in inflammatory responses, affecting neural system
function, and influencing apoptosis pathways.

Based on scRNA-seq data analysis, we have
independently explored the differences in cell
distribution, cell proportion, gene expression, and
cellular functions between LSEC and KC in both
healthy and cirrhotic livers, further investigating
the effects and potential pathogenic mechanisms of
LSEC and KC in cirrhosis.

However, the aforementioned studies treated
these two cell types separately. Within the liver
sinusoids, LSEC and KC are in close proximity,
suggesting complex interactions between them that
could significantly influence disease progression
in cirrhosis. To explore the potential cellular
communications and their differences between LSEC
and KC in healthy and cirrhotic livers, we utilized
the CellChat algorithm to analyze the scRNA-seq
data of LSEC and KC from healthy and cirrhotic
livers (fig. 5A)2%. This analysis aims to identify
potential interaction modes between LSEC and KC
and the differences present in healthy and disease
states, thereby revealing the molecular mechanisms
of LSEC and KC interactions in the pathogenesis of
cirrhosis at the molecular level.
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Fig. 5: Cellular communication analysis reveals differences in LSEC and KC interactions in healthy and cirrhotic livers. (A):
Prediction of cellular communication; (B): Histograms of the number and weighted intensity of relevant signaling pathways inter-
acting with LSEC and KC; (C): Signaling pathways screened with significant differences in LSEC and KC interactions; (D): Bubble
plots showing the intensity and average expression of the interaction between LSEC (ligand-expressing cells) and KC (receptor-
expressing cells); (E): Bubble plots showing the intensity and average expression of the interaction between KC (ligand-expressing
cells) and LSEC (receptor-expressing cells); (F): Venn plot showing ligands with significant differences in DEGs of LSEC and (G):
Venn plot showing ligands with significant differences in DEGs of KC

Given the significant differences in cell quantity,
cellular functions, and gene expression between
these two cell types in both the cirrhotic and
healthy groups, we hypothesized that the cell
communication between LSEC and KC might also
differ significantly, with the interaction intensity
between LSEC and KC in cirrhotic livers being
considerably lower than in healthy livers. However,
in predicting the communication pathways between
LSEC and KC, we identified 155 interaction modes,
with 78 present in the healthy group and 77 in the
cirrhotic group, indicating a comparable number of
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cellular communication pathways between the two
groups. The weighted cell communication strength
of the LSEC-KC communication pathways in the
healthy group was 4.413, which is lower than that
in the cirrhotic group at 4.773 (fig. 5B). This result
contradicts our initial assumption, suggesting that
despite a significant reduction in the numbers of
LSEC and KC in cirrhotic livers compared to healthy
ones, the quantity of cell communication pathways
and the weighted cell communication strength
between the two groups are nearly equivalent. We
believe that the communication mechanisms between
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LSEC and KC in cirrhotic livers might have changed,
leading to an adjustment in the modes of interaction
and signaling pathways between these two cell types
during the progression of cirrhosis, making the
number and strength of interactions in the cirrhotic
group comparable to those in the healthy group.

To validate our hypothesis, we extracted signaling
pathways from the LSEC-KC communication
channels in both the healthy and cirrhotic groups
that exhibited significant differences (fig. 5C). A
total of 34 signaling pathways showed significant
differences in communication strength between
the two groups. Among these, pathways such as
VISFATIN, PECAM1, CSF, ADGRE, and CEACAM
were exclusively enriched in the healthy group.
However, 21 pathways were notably more enriched
in the cirrhotic group than in the healthy group,
especially the EPHB, COMPLEMENT, ANNEXIN,
PARs, MK, ANGPTL, IL16, ANGPT, and ICAM
pathways, which were exclusively enriched in the
cirrhotic group. Since each signaling pathway for
cellular communication contains a ligand expressed
in one cell type and a receptor expressed in another,
we predicted the strength and expression of LSEC-
KC communication at the level of ligand-receptor
pairs (fig. 5D). The results showed that when LSEC
act as the ligand-expressing cell, the number and
communication strength of ligand-receptor pairs
related to LSEC-KC cell communication in the
cirrhotic group were significantly higher than in the
healthy group, for instance, MIF-(CD74+CXCR4),
MDK-LRP1, COL4A2-CD44, CD99-CD99, CCL14-
CCRI1, and APP-CD74. Conversely, pairs like
VCAMI-(ITGA9+ITGBI1), PROS1-AXL, HLA-
F-LILRB1, PECAMI-PECAMI1, CSFI-CSFIR,
and CCL23-CCR1 showed significantly weakened
intensity in the cirrhotic group. When KC acted as
ligand-expressing cells, ligand-receptor pairs with
higher interaction strength in the cirrhotic group
were also found, such as PTPRC-MRCI1, HLA-
DRB5-CD4, ITGB2-ICAM2, HLA-DRBI1-CD4,
HLA-DMA-CD4, and CD99-CD99. Nonetheless,
a considerable number of interactions showed
significantly reduced strength or were even absent in
the cirrhotic group, for example, TNF-TNFRSF1A,
NAMPT-INSR, NAMPT-(ITGAS5+ITGB1), ITGB2-
ICAMI1, HLA-DQA2-CD4, HLA-DQA1-CD4, and
ADGRES-CDS55 (fig. 5E). We screened ligand-
receptor pairs expressed in DEGs of LSEC and DEGs
of KC, encompassing five signaling pathways:;
MIF, MK, COLLAGEN, CCL, and ITGB2. MIF,
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MDK, COL4A2 and CCL14, as ligands expressed
by LSEC, were upregulated in LSEC in the cirrhotic
group. ITGB2, as a ligand expressed by KC, was
upregulated in the cirrhotic group. These signaling
pathways that are upregulated in cirrhotic livers and
their corresponding ligands in the corresponding cell
types may accelerate cirrhosis by some mechanism.

LSEC and KC are two crucial non-parenchymal cells
within liver sinusoids, playing pivotal roles in both
physiological functions and pathological processes
of the liver. Their interaction significantly influences
the development of liver diseases. Normally, signal
exchange between LSEC and KC contributes
to maintaining liver homeostasis and immune
tolerance. However, in conditions like cirrhosis,
this signaling may become disrupted, resulting in
immune dysfunction and increased fibrosis. Our
findings indicate that upregulated ligand-receptor
pairs in cirrhotic LSEC and KC may exacerbate liver
fibrosis, suggesting their significant involvement in
cirrhosis pathology.

MIF, a macrophage migration inhibitory factor, acts
as an immune regulatory factor by activating various
signaling pathways, such as ERK, PI3K/AKT, JNK,
upon binding to the CXCR4 receptor. This activation
regulates cell proliferation, migration, differentiation,
and apoptosis®!. In cirrhosis, the upregulation of the
MIF-CXCR4 signaling pathway promotes the release
of pro-inflammatory factors from endothelial cells
LSEC and macrophages KC, triggering a heightened
inflammatory response, which exacerbates liver
damage and necrosis?®. These pro-inflammatory
factors further stimulate LSECs and other cells to
secrete MIF, perpetuating a cycle of sustained liver
inflammation.

Previous studies indicate that the MDK-LRP1
signaling pathway, known for its role in gallbladder
cancer, also influences immune escape and fibrosis
in cirrhosis®”!. In cirrhotic livers, increased MDK
expression in LSEC binds to LRP1 expressed by
KC, potentially affecting KC polarization and
function, leading to the differentiation of KC into
M2 macrophages. These M2 macrophages secrete
profibrotic factors, such as TGF-B, PDGF and
VEGF, promoting hepatic stellate cell activation
and collagen deposition, thereby exacerbating liver
fibrosis?”!. Additionally, M2 macrophages secrete
immunosuppressive factors like IL-10 and PGE2,
inhibiting immune effector cell activity and promoting
immune escape in cirrhosis?®®?!. This signaling
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pathway may be a novel target for the treatment
of cirrhosis and deserves further investigation and
validation.

The COL4A2-CD44 signaling pathway is implicated
in promoting liver fibrosis progression. COL4A2
promotes LSEC capillarization, reducing barrier
function and increasing vascular permeability, while
CD44 regulates KC inflammatory response and
immune function, affecting liver damage repair and
fibrosis control®%. Studies suggest that COL4A2
induces KC polarization toward the MI1 type,
releasing pro-inflammatory factors such as TNF-a
and IL-6, enhancing liver inflammation and fibrosis,
whereas CD44 inhibits M2 polarization, reducing
anti-inflammatory factor (IL-10, TGF-B) secretion
and impairing liver repair.

The CCL14-CCRI1 signaling pathway acts as a
chemokine-receptor axis, involved in regulating
inflammatory and immune responses, plays a role
in cirrhosis by regulating immune cell migration
and activation®!. CCL14 binding to CCR1 activates
LSEC and KC, inducing inflammatory factor and
chemokine secretion (TNF-a, IL-6, IL-8 and MCP-1),
exacerbating liver inflammation. These cytokines can
further recruit and activate other immune cells such
as neutrophils, monocytes, and T cells, exacerbating

the inflammatory response in the liver[*?. In
addition, on the one hand, CCL14 can induce LSEC
apoptosis via CCR1, leading to endothelial barrier
dysfunction in the hepatic sinusoids and increasing
the sensitivity of the liver to toxins and foreign
antigens. On the other hand, CCL14 can promote
MI1-type polarization of KCs via CCR1, enhancing
their secretion of pro-fibrotic factors such as TGF-p,
PDGF and CTGFP*. These factors can stimulate the
activation and proliferation of hepatic stellate cells
and promote collagen synthesis and deposition.

ITGB2 is part of the integrin family, which plays an
important role in the immune response, and defects
in the ITGB2 gene result in defective leukocyte
adhesion. ICAM2 is a member of the family of
intercellular adhesion molecules, a group of proteins
that play a key role in cell adhesion and signaling, and
are involved in cell adhesion and migration, as well as
in inflammatory responses through interactions with
integrin’sPY. Upregulation of the ITGB2-ICAM2
pathway in cirrhotic livers may promote migration of
inflammatory cells and exacerbate the inflammatory
response in the liver, and this pathway may also
inhibit hepatic vascular remodeling, affecting hepatic
blood flow. We mapped the pathogenic mechanism
pattern of interaction between LSEC and KC at the
level of ligand-receptor pairs in cirrhosis (fig. 6).
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