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MSCs Suppress Macrophage Necroptosis and Foster Liver
Regeneration by Modulating SP1/SK1 Axis in Treating Acute

Severe Autoimmune Hepatitis

Ran An, Zhengyi Zhu, Yuyan Chen, Wenxian Guan,* Jinglin Wang,* and Haozhen Ren*

Acute severe autoimmune hepatitis (AS-AlH) is characterized by rapid
progression and poor prognosis, with a current lack of effective targeted
treatments. Stem cell therapy has demonstrated significant therapeutic
promise across various autoimmune diseases. However, the intricate
pathogenesis of AS-AIH has hindered the widespread utilization of
mesenchymal stem cells (MSCs) in this domain. Herein, it is demonstrated
that necroptosis, as the primary mode of cell death in AIH, is crucial in
causing AS-AIH. Inflammatory macrophages are the primary cell population
involved in necroptosis. Inhibition of the specificity protein 1/sphingosine
kinase 1/sphingosine-1-phosphate (SP1/SK1/S1P) axis is responsible for this
phenomenon, leading to excessive activation of the intrahepatic immune
system and aggravating liver damage. Furthermore, the S1P/S1PR2/YAP axis
is the key pathway in initiating liver regeneration during AS-AIH. S1P
synthesized by hepatocytes is the primary source, and this process is also
regulated by the SP1/SK1 axis. MSCs promote S1P synthesis by macrophages
through the delivery of SP1, which inhibits necroptosis and synergistically
enhances liver regeneration. In addition, MSCs also promote S1P synthesis in
hepatocytes through the same mechanism, further aiding liver regeneration.

AIH or in the absence of any other causative
factors leading to liver injury.l!! The patho-
genesis of AIH is influenced by a mul-
titude of factors, with genetic predisposi-
tion and environmental determinants be-
ing pivotal.’l Despite AIH’s hallmark of in-
dolent onset and gradual progression, the
prognosis is often grim. Approximately one-
fourth of patients exhibit signs of cirrho-
sis at diagnosis, with an inherent risk of
advancing to hepatic failure.’’ However, a
subset of studies suggests that 50-60% of
patients, particularly younger demograph-
ics, present with an acute onset.*3] AS-
AIH represents a distinct variant of acute
AIH, characterized by an abrupt onset and
swift deterioration of clinical signs. Given
that conventional AIH treatments, includ-
ing glucocorticoids and immunosuppres-
sants, are frequently ineffective in AS-AIH,
over half of these patients may progress to
acute liver failure (ALF), which is associ-

These findings unveil the core pathogenesis of AS-AIH and provide a
theoretical foundation for using MSCs as a potential targeted therapeutic rate.

modality.

1. Introduction

Acute severe autoimmune hepatitis (AS-AIH) was defined as
acute severe hepatitis occurring in individuals with preexisting
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ated with a significantly elevated mortality
(18] Consequently, there is an exigent
need for efficacious therapeutic interven-
tions to mitigate the severity of AS-AIH and
enhance patient prognoses. As is known
to all, the imbalance of the intrahepatic
immune microenvironment serves as a core mechanism lead-
ing to ALF.[”#] The liver is abundant in various immune cells,
which collaborate to eliminate harmful substances and maintain
intrahepatic immune homeostasis. Excessive activation or sup-
pression of the intrahepatic immune system may lead to exacer-
bated liver injury or hindered liver regeneration. As an immune-
mediated acute liver injury, it is crucial to clarify the state of in-
trahepatic immune microenvironment in the progression of AS-
ATH.

Cell death has consistently been a prominent topic in re-
search on organ injury. Studies have shown that necroptosis
is the predominant mode of cell death in ATH.°'2] As a type
of programmed cell death, necroptosis was initially discovered
to be triggered by tumor necrosis factor-alpha (TNF-a). The
central mechanism of this process involves the phosphorylation
of mixed lineage kinase domain-like (MLKL), which is regulated
by receptor-interacting serine/threonine-protein kinase 1/3
(RIPK1/3). Eventually, the cell membrane ruptures, leading to
the release of damage-associated molecular patterns.¥ This
may lead to further activation of the immune system and the
release of large amounts of proinflammatory factors. Hence, it is
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imperative to investigate whether necroptosis is involved in
the development of AS-AIH, identify the major cell popula-
tions responding to necroptosis, and tailor treatment strategies
accordingly.

Diagnosing AS-AIH is challenging, as some patients may even
lack typical AIH features such as abnormal autoantibodies.['*]
This leads to delayed treatment or suboptimal response to classic
AIH treatments, ultimately resulting in ALF. Mesenchymal stem
cells (MSCs) have been gradually applied to various diseases, par-
ticularly autoimmune disorders, due to their capability to differ-
entiate into diverse cell types, suppress immune responses, facil-
itate tissue repair, and impede cell death.!'>1¢] However, the core
pathogenesis of AS-AIH and the suitability of MSCs for treating
this disease remain uncertain.

In this study, we elucidated the core pathogenesis of AS-AIH
and investigated its impact on the intrahepatic immune microen-
vironment. Building on this, we examined the therapeutic effect
and specific mechanism of MSCs in treating AS-AIH.

2. Results

2.1. Macrophage Necroptosis Serves as a Pivotal Factor
Contributing to the Onset of AS-AIH

It is widely acknowledged that liver pathologies can encom-
pass various mechanisms of cellular demise. To identify the
principal mechanisms of cell death in AS-AIH, we developed
murine models of AS-AIH using concanavalin A (ConA) and ad-
ministered inhibitors specific to apoptosis, necroptosis, pyrop-
tosis, and ferroptosis—canonical forms of regulated cell death.
Although various methodologies have been established to in-
duce AIH in mice, the majority of these approaches are de-
signed to mimic the chronic progression of the human disease,
including the use of liver antigen preparations, TGF-1 gene
knockout, or thymectomy.['”-**] However, ConA has the capac-
ity to rapidly activate immune cells, leading to the generation
of a plethora of inflammatory mediators that induce acute hep-
atic damage, and it represents the most frequently employed
method for replicating the acute phase of human AIH.H2
The dosage of ConA used in the experiment was significantly
higher than that in models of chronic and acute common hep-
atitis, ensuring that a large number of model mice succumbed
within hours.2'23] Our findings revealed that Z-VAD, an irre-
versible pan-caspase inhibitor, exacerbated liver injury in AS-
ATH, a phenomenon consistent with prior research and poten-
tially due to the inhibition of caspase redirecting TNF-a sig-
naling from apoptosis to necroptosis.I>?*?%] Moreover, while the
ferroptosis inhibitor UAMC-3203 and the pyroptosis inhibitor
VX-765 have shown efficacy in acetaminophen-induced and d-
galactosamine/lipopolysaccharide-induced ALF in mice, respec-
tively, they did not exhibit significant therapeutic benefits in AS-
ATH mice (Figure S1A,B, Supporting Information).[22%1 How-
ever, our study demonstrated that Nec-1s, a necroptosis inhibitor,
significantly ameliorated AS-AIH, as indicated by a reduction in
liver necrosis and decreased serum levels of alanine transam-
inase (ALT) and aspartate transaminase (AST) post-treatment
(Figure 1A-C). This suggests that necroptosis plays a role in the
pathogenesis of AS-AIH.
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To investigate the major cell populations that react to necrop-
tosis during this process, we analyzed a set of single-cell data
from similar animal models in Gene Expression Omnibus
(GSE201006). The findings indicated a rise in immune cell infil-
tration within the liver following ConA treatment (Figure S2A-C,
Supporting Information). Further analysis revealed that among
all cell populations, macrophages exhibited the most substan-
tial increase in Mikl expression, which serves as a marker
for necroptosis (Figure 1D). Subsequently, we concentrated on
macrophages and identified four distinct clusters (Figure 1E).
Interestingly, unlike the other three clusters, the macrophages
in cluster 2 exhibited minimal expression of Mkl (Figure 1F).
Therefore, we designated the second cluster as the MLKL-
negative cluster, while the remaining three clusters were termed
the MLKL-positive cluster. We discovered that Tnfrsfla and Ifngrl,
two key cytokine receptors that induce necroptosis, were up-
regulated in the MLKL-positive clusters (Figure 1G). Addition-
ally, the MLKL-positive clusters exhibited a heightened state of
immune activation, characterized by increased synthesis of cy-
tokines and chemokines, as well as enrichment in numerous
immune activation pathways (Figure 1H; Figure S2D, Support-
ing Information). To validate the results from single-cell data, we
utilized immunofluorescence (IF) staining to assess the expres-
sion of phosphorylated MLKL (P-MLKL), a necroptosis marker,
in the liver, with macrophages labeled using F4/80. The results
confirmed the occurrence of necroptosis in macrophages dur-
ing AS-AIH, and its inhibition was evident with Nec-1s treat-
ment (Figure S2E, Supporting Information). Finally, flow cy-
tometry (FC) analysis was applied to quantify the proportion
of macrophages within non-parenchymal cells in the liver, and
enzyme-linked immunosorbent assay (ELISA) was employed to
determine the concentration of TNF-¢ and interleukin 6 (IL-
6) in serum. We observed an increase in the proportion of
macrophages following Nec-1s treatment, coinciding with a de-
crease in the concentration of inflammatory factors (Figure 1I;
Figure S2F, Supporting Information). These observations sug-
gest that the necroptosis of inflammatory macrophages leads
to the chaotic release of numerous inflammatory factors and
chemokines, further exacerbating inflammatory damage. This
may be the key factor in the progression to AS-AIH. Targeting
this mechanism to inhibit intrahepatic immune overactivation
helps alleviate immune-related liver injury.

2.2. MSCs Suppress Macrophage Necroptosis by Promoting the
Transcription of Sk1 in the Treatment of AS-AIH

To delve deeper into the gene expression dynamics of
macrophages during AS-AIH, we induced a model using
ConA and dissociated the liver tissue after 12 h. Finally,
macrophages (F4/80+) sorted via FC were subjected to RNA
sequencing (RNA-seq) analysis. The findings indicated elevated
mRNA expressions of inflammatory factors, including Thf-a,
II-6, and II-18, along with necroptosis-related genes in intra-
hepatic macrophages following ConA treatment (Figure 2A).
Further analysis demonstrated significant regulation of both
necroptosis and sphingolipid signaling pathways during this
period (Figure 2B-D). Interestingly, sphingosine-1-phosphate
(S1P) has previously demonstrated a protective effect against
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Figure 1. Necroptosis of macrophages serves as a pivotal factor contributing to the onset of AS-AIH. A) Schematic of the setup for inducing AS-AIH
and treatment model in C57/BL6 mice. B) Representative H&E stained images showed the histological morphology of liver tissues (scale bars, 100
um) (n = 6). C) The levels of ALT and AST in serum were detected by ELISA (n = 5). D) Expression levels of MIkl for each cell cluster in two groups of
mouse liver. E) UMAP visualization of intrahepatic macrophage subsets, annotated and colored by clustering. F) UMAP visualization of MIkl expression
in intrahepatic macrophages. G) Expression of Tnfrsf1a and Ifngr1 in intrahepatic macrophages. H) Enrichment analysis of top 300 up-regulated genes
in MIkl positive and negative clusters. |) The expressions of TNF-a and IL-6 in serum were tested by ELISA (n = 8). Data are presented as means = SEM,
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 by Student’s t-test.
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Figure 2. MSCs mitigate necroptosis of macrophages by promoting the transcription of Sk7 in the treatment of AS-AIH. A) Volcano map of DEGs in

intrahepatic macrophages between NC and ConA groups (n = 3).

B) KEGG enrichment analysis showed significant regulation of the necroptosis and

sphingolipid signaling pathways in intrahepatic macrophages during AS-AIH. C) Heatmap of DEGs in the necroptosis signaling pathway. D) GSEA plot
of programmed necrotic cell death. E,F) ConA was employed to establish a mouse model of AS-AIH, while MSCs were utilized for treatment. The mRNA
and protein expressions of SK1 and necroptosis signaling pathways in intrahepatic macrophages were measured (n = 3). G) Tunel assay of apoptotic
hepatocytes proportion in the liver (scale bars, 100 um) (n = 6). H) Serum levels of ALT and AST were detected by ELISA (n = 5). 1) Serum levels of
TNF-a and IL-6 were detected by ELISA (n =38). )) FC analysis of necrotic (Annexin-V+/Pl+) and apoptotic (Annexin-V+/PI-) proportion in mouse primary
macrophages (n = 5). Data are presented as means + SEM, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 by Student’s t-test.
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ConA-induced liver injury in mice.?% Therefore, we conducted
a screening of differentially expressed genes (DEGs) within this
pathway, revealing a significant inhibition in the transcription
of sphingosine kinase 1 (SK1) . As a key enzyme in the catalytic
synthesis of S1P,B!l we designed experiments to investigate its
potential association with necroptosis and whether it could serve
as a therapeutic target for MSCs. The MSCs used in the exper-
iment were derived from mouse bone marrow (Figure S2G,
Supporting Information). Quantitative real-time polymerase
chain reaction (QRT-PCR) and Western blotting (WB) results
revealed that MSCs treatment increased Skl transcription in
intrahepatic macrophages during AS-AIH, accompanied by
reduced synthesis and phosphorylation levels of RIPK1, RIPK3,
and MLKL (Figure 2E,F). Terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay and ELISA analysis
demonstrated a decrease in the proportion of apoptotic hepato-
cytes and serum liver enzyme as well as inflammatory cytokine
levels following MSCs treatment (Figure 2G-1). In vitro, primary
macrophages were treated with IFN-y, TNF-a, SM164, and
Z-VAD (ITSZ) to induce necroptosis while co-cultured with
MSCs as the treatment group. FC analysis indicated that MSCs
treatment effectively reduced the levels of cell necroptosis and
apoptosis induced by ITSZ (Figure 2]). These findings indicate
that the restricted transcription of Skl impairs macrophage’s
ability to resist necroptosis. MSCs exhibit the capability to reverse
this phenomenon, offering a potential therapeutic approach for
AS-ATH.

2.3. SP1 Participates in the Process of Macrophage Necroptosis
by Modulating the Transcription of Sk1

To investigate why SkI transcription is suppressed during
necroptosis in intrahepatic macrophages of AS-AIH mice, our
focus turned to transcription factors (TFs), recognized as key
regulators of gene expression. Through an analysis of vari-
ous public databases aimed at predicting TFs for mouse Sk1I,
we identified specificity protein 1 (SP1) and androgen recep-
tor as consistently appearing TFs across all databases examined
(Figure 3A). To refine our selection of TF for subsequent stud-
ies, we performed an assay for transposase accessible chromatin
sequencing (ATAC-seq) analysis on sorted mouse intrahepatic
macrophages (Figure 3B). The findings indicated that sphin-
golipid signaling is essential for the physiological function of
intrahepatic macrophages (Figure 3C). Further analysis revealed
the existence of open chromatin regions (OCRs) within the Sk1
promoter. By subsequently identifying motifs within OCRs and
conducting joint analysis with TFs predicted by the database,
SP1 emerged as the prime candidate for further investigation
(Figures 3D,E).

To explore the alterations in the capacity of SP1 in regulat-
ing transcription in mouse intrahepatic macrophages during
AS-AIH, we conducted cleavage under targets and tagmenta-
tion (CUT&Tag) assays on intrahepatic macrophages obtained
from both normal and AS-AIH mice (Figure 3F). The find-
ings indicated that the promoter region of Sk1 exhibits peaks
at identical positions to OCRs identified in ATAC-seq. Addi-
tionally, a trend toward a decrease in peak intensity was ob-
served in the ConA-induced AS-AIH group (Figure 3G,H). Sub-
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sequently, we integrated the CUT&Tag and RNA-seq data from
the two groups of cells to identify DEGs that could be influ-
enced by the altered regulatory capacity of SP1 (Figure 3I).
Enrichment analysis based on these genes indicated that SP1
exerts significant influence over the differentiation, cell cycle
regulation, and anti-apoptotic mechanisms within intrahepatic
macrophages (Figure 3]). These findings align with the previous
conclusion that SP1 is an indispensable TF for cells to perform
their physiological functions.[*? Furthermore, SP1 was noted to
be significant in both the sphingolipid signaling pathway and
sphingolipid metabolism (Figure 3K). To further corroborate the
capacity of SP1 in regulating Sk1 transcription, we conducted
qRT-PCR analysis on DNA extracted from chromatin immuno-
precipitation (ChIP) assays involving intrahepatic macrophages
in both models. Primers were tailored to the sequence encom-
passing the SP1 binding site within the peak of the Sk1 promoter
region in both ATAC-seq and CUT&Tag. The results demon-
strated that ConA treatment reduced the binding affinity of SP1
to Sk1 promoter in intrahepatic macrophages (Figure 3L). Finally,
mouse primary macrophages were transfected with a luciferase
reporter plasmid harboring the Sk1 promoter sequence and sub-
sequently treated with MrA at various concentrations. Luciferase
activity was then assessed to validate the role of SP1 in regulating
Sk1 transcription in vitro (Figure 3M). The findings from multi-
omics analysis, coupled with experimental validation, demon-
strated that SP1 within intrahepatic macrophages possesses the
capability to positively regulate Sk1 transcription. However, this
regulatory capacity is hindered during necroptosis of intrahepatic
macrophages in AS-ATH mice.

2.4. MSCs Exert Therapeutic Effects by Delivering SP1 to
Facilitate the Transcription of Sk7in Macrophages

Based on the regulatory role of SP1 in Sk1 transcription within
macrophages, we postulated that MSCs could potentially sup-
press macrophage necroptosis via modulation of the SP1/SK1
axis. Therefore, we tested this hypothesis in the MSC-treated
group by using MrA, an SP1 inhibitor, and PF543, an SK1 in-
hibitor. In vitro experiments unveiled a decline in the protein lev-
els of SP1 and SK1 during macrophage necroptosis, a trend that
was reversed upon MSCs treatment. However, inhibitors signifi-
cantly diminished the therapeutic effect of MSCs. A similar trend
was observed at the transcriptional level (Figure S3A,C, Support-
ing Information). Notably, only the transcriptional activity of Sk1
was heightened in MSCs treatment group (Figure S3C, Support-
ing Information). These observations suggested that MSCs may
increase the protein level of SP1 in macrophages through other
mechanisms. MSCs often exert their therapeutic effects by secret-
ing biologically active substances.**] Therefore, we conducted a
WB analysis of molecules present in MSCs supernatant, uncov-
ering the presence of SP1 (Figure S4A, Supporting Information).
This suggested that MSCs may enhance the transcription of Sk1
in macrophages by delivering SP1, thereby improving their resis-
tance to necroptosis.

Following this, we utilized lentivirus carrying short hair-
pin RNA targeting SP1 for MSCs to validate the hypoth-
esis (Figure S4B, Supporting Information). We found that
MSCs lacking endogenous SP1 showed a significantly weakened
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therapeutic effect, due to their limited ability to promote
macrophage Sk1 transcription (Figure S3B,C, Supporting Infor-
mation). Luciferase activity assays conducted on macrophages
within each group provided further confirmation that the deliv-
ery of SP1 by MSCs reversed the transcriptional restriction of
Sk1 during necroptosis (Figure S3D, Supporting Information).
IF staining also revealed an inverse relationship between the co-
expression of SP1 and P-MLKL in macrophages (Figure S3E, Sup-
porting Information). FC analysis indicated that MSCs treatment
effectively lowered the proportion of macrophage necrosis and
apoptosis induced by ITSZ. However, the treatment efficacy was
hindered in both the inhibitor and lentivirus groups (Figure S3F,
Supporting Information). To examine whether MSCs could ex-
ert their therapeutic effects in vivo through the aforementioned
mechanisms, we applied the same treatment to ConA-induced
AS-AIH mice (Figure 4A). H&E staining and TUNEL assay
of liver tissues, as well as survival curve analysis collectively
demonstrated that the therapeutic efficacy of MSCs was dimin-
ished following the combination of inhibitor treatment or SP1
knockdown by lentivirus (Figure 4B,C; Figure S4C, Supporting
Information).

In terms of mechanism, IF staining was employed to value the
level of P-MLKL in macrophages within liver tissues (Figure 4D).
Additionally, qRT-PCR and WB analyses were conducted to as-
sess the level of the SP1, SK1, and molecules associated with
the necroptosis signaling pathway in sorted liver macrophages
(Figure 4E,F). Consistent with the trend in vitro, MSCs treatment
activated the SP1/SK1 axis within intrahepatic macrophages by
delivering SP1, thereby suppressing necroptosis. ELISA analysis
revealed that the concentration of S1P, the end product result-
ing from catalysis of SK1, in intrahepatic or primary macrophage
lysates decreased in the injury group and increased following
MSCs treatment. However, this increase was reversed in both the
inhibitor group and the lentivirus group (Figure 4G; Figure S3G,
Supporting Information). The parallel trajectories observed for
both SK1 and S1P reaffirmed the significant role of SK1 in
macrophages during the disease process. Finally, the concentra-
tions of inflammatory factors and ALT/AST, detected by ELISA
suggested that macrophage necroptosis results in elevated lev-
els of inflammatory factors, subsequently contributing to aggra-
vated liver injury (Figure 4H; Figures S3H and S4D, Support-
ing Information). To further ascertain the therapeutic impact of
SP1 as a key paracrine factor, we conducted an experiment over-
expressing SP1 in MSCs. The findings indicate that this over-
expression enhances MSCs’ ability to modulate the SK1/S1P
axis in macrophages, resulting in reduced serum levels of pro-
inflammatory factors and mitigated liver injury in the murine

www.advancedscience.com

model (Figure S4E-G, Supporting Information). Taken together,
these studies demonstrate that MSCs regulate macrophage Sk1
transcription via SP1 delivery, thereby inhibiting necroptosis and
alleviating liver injury induced by excessive immunization.

2.5. MSCs Facilitate the Transition of Macrophages from M1 to
M2 Phenotype During AS-AIH

As the initial responders to tissue injury, macrophages hold
a crucial position in AS-AIH. RNA-seq analyses revealed that
macrophages were in an activated inflammatory state during this
period, characterized by heightened transcription of cytokine and
receptors (Figure 5A—C). The potent immunomodulatory capa-
bilities of MSCs are widely recognized, primarily characterized
by their significant anti-inflammatory effects.?*] Subsequently,
we proceeded to confirm the impact of MSCs on macrophage
polarization. In vitro, FC and IF staining demonstrated that com-
bined MSCs treatment resulted in reduced inducible nitric ox-
ide synthase (INOS) expression and increased mannose recep-
tor (CD206) expression compared to M1 polarization induced by
lipopolysaccharide (Figure 5D,E). In vivo, similar trends were
observed when treating AS-AIH mice with MSCs and repeat-
ing the aforementioned experiments (Figure 5F,G). Similar al-
terations in mRNA levels of Inos and Cd206 were likewise ob-
served in macrophages (Figure 5H). Of utmost significance,
we discovered that the mRNA levels of Tnf-a and II-6 in pro-
inflammatory states, along with their concentrations in super-
natant and serum, decreased following MSCs treatment. Addi-
tionally, anti-inflammatory cytokine IL-10 exhibited an opposite
trend (Figure 5H,I). Hence, we propose that MSCs suppress
necroptosis of macrophages while simultaneously reversing their
proinflammatory state.

2.6. STP Promotes Hepatocyte Proliferation by Modulating YAP
Signaling via S1PR2

The majority of hepatocytes in the mature normal liver are in
a state of proliferative quiescence. However, various factors can
lead to liver damage, triggering the initiation of liver regener-
ation mechanisms.[®! To investigate liver regeneration during
AS-AIH, we collected mouse liver 36 h after modeling and iso-
lated hepatocytes for RNA-seq analysis. We observed that DEGs
associated with the cell cycle were notably enriched in hepa-
tocytes following injury, indicating a re-entry into a prolifera-
tive state. Further analyses revealed significant enrichment of

Figure 3. SP1 participates in the process of macrophage necroptosis by modulating the transcription of Sk1. A) Predicted TFs potentially binding to
mouse Sk1 promoter region (2kb upstream of transcription start site) as identified through publicly available databases. B) Locations of OCRs in mouse
intrahepatic macrophages identified through ATAC-seq analysis. C) KEGG enrichment analysis based on the gene ratio identified in ATAC-seq data. D)
The top 10 motifs found within OCRs of mouse intrahepatic macrophage Sk1 promoter. E) SP1emerged as the primary candidate for regulating Sk1 tran-
scription in mouse intrahepatic macrophages through the integrated analysis of ATAC-seq data and public databases. F) The peak distribution detected
in CUT&Tag analysis of mouse intrahepatic macrophages. G) The regulatory role of SP1 in Sk7 transcription within mouse intrahepatic macrophages
was demonstrated through the integrated analysis of ATAC-seq and CUT&Tag data (n = 3). H) The top ten motifs identified in CUT&Tag analysis. 1)
DEGs regulated by SP1 were confirmed by the integrated analysis of CUT&Tag and RNA-seq data (n = 3). J,K) GO and KEGG enrichment analysis of
DEGs regulated by SP1. L) The detection of SP1-mediated regulation of Sk7 transcription in mouse intrahepatic macrophages was achieved through
ChIP-qRT-PCR (n = 3). M) The capability of SP1 to regulate Sk1 transcription in vitro was validated by treating mouse primary macrophages with varying
concentrations of MrA and assessing luciferase activity (n = 3). Data are presented as means + SEM, *p <0.05, **p <0.01, ***p <0.001 by Student’s
t-test and one-way ANOVA with Tukey’s post hoc test.
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Figure 4. MSCs suppress macrophage necroptosis by upregulating the SP1/SK1/S1P axis as a therapeutic strategy for AS-AIH. A) Schematic of the
setup for inducing AS-AIH and treatment model in C57/BL6 mice. B) Representative H&E stained images showed the histological morphology of liver
tissues (scale bars, 100 um) (n = 6). C) Tunel assay of apoptotic hepatocytes proportion in liver (scale bars, 100 um) (n = 6). D) Representative IF
images showed the expression of P-MLKL in intrahepatic macrophages (scale bars, 100 um) (n = 6). E) The mRNA levels of Sp1, Sk, Rip1, Rip3, and
Mikl in intrahepatic macrophages (n = 3). F) WB analysis of SP1/SK1 axis and necroptosis signaling pathway in intrahepatic macrophages (n = 3). G)
S1P concentrations in intrahepatic macrophages were detected by ELISA (n = 4). H) Serum levels of TNF-a and IL-6 were detected by ELISA (n = 8).
Data are presented as means + SEM, *p <0.05, **p <0.01, **p <0.001, ***p <0.0001 by Student’s t-test.
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Figure 5. MSCs facilitate the transition of macrophages from M1 to M2 phenotype during AS-AIH. A) Heatmap of DEGs in cytokine-cytokine receptor
interaction. B) GO enrichment analysis indicated that macrophages played a role in regulating the intrahepatic immune response during AS-AIH.
C) GSEA of gobp revealed that macrophage actively regulated immune processes. D) FC analysis of INOS and CD206 expression in mouse primary
macrophages (n = 3). E) Representative IF images showed the expression of INOS and CD206 in mouse primary macrophages (scale bars, 100 um) (n
= 3). F) FC analysis of INOS and CD206 expression in intrahepatic macrophages (n = 5). G) Representative IF images showed the expression of INOS
and CD206 in intrahepatic macrophages (scale bars, 100 pm) (n = 6). H) The mRNA levels of II-6, Tnf-a, Inos, Cd206, and II-10 in mouse primary and
intrahepatic macrophages (n = 3). I) TNF-a, IL-6, and IL-10 concentrations in macrophage supernatants and serum were detected by ELISA (n = 8).
Data are presented as means + SEM, *p <0.05, **p <0.01, **p <0.001, ****p <0.0001 by Student’s t-test.
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both the Hippo/YAP and sphingolipid signaling pathways in this
process (Figure 6A-F). Previous studies have shown that S1P
regulates YAP signaling, leading to disordered hepatocyte pro-
liferation and contributing to the development of hepatocellu-
lar carcinoma.® As a vital bioactive sphingolipid, S1P demon-
strates a range of positive effects, including cell survival, prolif-
eration, and migration via specific S1P receptors (SIPR1-5), in
contrast to other molecules in sphingolipid signaling.*”8] With
S1PR4/5 primarily expressed in the nervous system and immune
system, our investigation centered on analyzing the alterations
in the transcriptional levels of S1pri-3 within hepatocytes.!*!
Finally, only S1pr2 transcription was found to be upregulated,
which was also confirmed by subsequent qQRT-PCR experiments
(Figure 6A,G).

To further confirm whether S1P regulates YAP signaling in
hepatocytes via S1PR2 and participates in liver regeneration dur-
ing AS-AIH, we utilized the specific inhibitor of S1PR2, JTE-
013, for validation. Through qRT-PCR and WB experiments, it
was discovered that during liver injury, there was an increase
in synthesis and a decrease in phosphorylation of YAP in hep-
atocytes. This resulted in the activation of regenerative pathways
and the promotion of liver proliferation. The combination of JTE-
013 attenuated this effect (Figure 6H,1). JTE-013 also showed the
same effect on AML12 cells in vitro (Figure 6H,]). Hence, tar-
geting the S1P/S1PR2/YAP axis to promote hepatocyte prolif-
eration may emerge as a crucial approach for the treatment of
AS-ATH.

2.7. MSCs Regulate YAP Signaling in Hepatocytes to Promote
Liver Regeneration by Enhancing S1P Synthesis in both
Hepatocytes and Macrophages

Considering the significant therapeutic role of S1P in both
macrophages and hepatocytes during AS-AIH, we hypothesized
that MSCs-mediated delivery of SP1 to regulate the SK1/S1P
axis would also hold a substantial effect on liver regeneration.
Hence, the in vivo validated model of macrophage necroptosis
mentioned above was established, and this time the liver was
collected after 36 h to isolate hepatocytes for experiments. Re-
sults demonstrated that MSCs treatment augmented the prolif-
erative effect of YAP signaling on hepatocytes, as evidenced by
increased synthesis and reduced phosphorylation of YAP as well
as the activation of downstream signals. Inhibitor or lentivirus
resulted in the inhibition of this therapeutic effect (Figure 7A,B).
The immunohistochemical detection of Ki67 expression in hep-
atocytes within liver tissue exhibited a similar trend (Figure 7C).
ELISA assay indicated that MSCs further elevated the S1P con-
centration in serum, but this effect was significantly attenuated
by inhibitors and lentivirus (Figure 7D). These validate the dual
therapeutic impact of MSCs targeting the SP1/SK1/S1P axis in
AS-AIH.

Previous studies have shown that S1P mainly exerts its bi-
ological functions through autocrine, paracrine, and endocrine
pathways.[3%! Given that MSCs can inhibit necroptosis by promot-
ing S1P synthesis in macrophages during AS-AIH. We specu-
lated that this might synergistically promote hepatocyte prolifera-
tion. Following this, we removed the media from the macrophage
necroptosis and MSCs treatment groups, replaced it with fresh
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media, and continued the culture for 24 h. ELISA was used to as-
sess the S1P concentration in the supernatant. Results confirmed
that macrophages could release S1P. MSCs enhanced this ef-
fect, but it was significantly inhibited by inhibitors and lentivirus
(Figure 7E).

Subsequently, a concentrated macrophage-conditioned
medium (macrophage-CM) was introduced into the AML12
medium. QRT-PCR and WB results indicated that YAP sig-
naling was modulated in line with the observed trend in S1P
concentration within macrophage-CM (Figure 7F-H). Simi-
larly, IF staining indicated that macrophage-CM derived from
MSCs group significantly increased the content and facilitated
nuclear localization of YAP within AML12 cells compared
to other groups (Figure SS5A, Supporting Information). This
regulatory effect was also validated through cell proliferation
assays (Figure S5B-E, Supporting Information). These confirm
our aforementioned conjecture. Interestingly, the serum S1P
concentration in the ConA group was higher than that in the
NC group, despite necroptosis of intrahepatic macrophages after
ConA treatment leading to limited S1P synthesis (Figure 7D,E).
Therefore, we suggest that other sources of S1P are present
to support hepatocyte proliferation during AS-AIH. As tar-
get cells, we initially investigated the ability of hepatocytes
to synthesize S1P. RNA-seq analysis indicated that the tran-
scription of Skl was enhanced following ConA treatment
(Figure 71).

Considering the crucial role of the SP1/SK1/S1P axis in liver
regeneration, we conducted ATAC-seq and CUT&Tag on isolated
hepatocytes. Enrichment analysis of genes with OCRs in hepato-
cytes indicated that the sphingolipid signaling pathway was vital
for hepatocyte function (Figure S6A,B, Supporting Information).
OCR was identified in the promoter region of Sk1 in hepatocytes,
located similarly to that in macrophages (Figure 7]). To explore
whether SP1 is involved in regulating hepatocyte Sk1 transcrip-
tion during AS-AIH, we conducted CUT&Tag assays on mouse
hepatocytes from both the NC and ConA groups (Figure S6C,D,
Supporting Information). The results indicated that ConA treat-
ment led to an increased transcriptional effect of SP1 on Sk1 in
hepatocytes compared to the NC group (Figure 7J).

Following this, we conducted ChIP assays using SP1 antibody
on both sets of hepatocytes. ChIP-qRT-PCR results demonstrated
a similar trend to the CUT&Tag findings (Figure 7K). To inves-
tigate the genes regulated by SP1 during this period, we inte-
grated the CUT&Tag and RNA-seq data from both groups of
hepatocytes (Figure 7L). Enrichment analysis indicated that SP1
was crucial for hepatocyte differentiation, proliferation, and anti-
apoptotic processes (Figure 7M). Notably, the sphingolipid sig-
naling pathway was regulated by SP1 (Figure 7N). The concen-
tration of S1P in hepatocyte lysates in each group suggested that
ConA treatment promoted S1P synthesis in hepatocytes. MSCs
targeting the SP1/SK1/S1P axis further amplified this effect
(Figure 70).

To verify the role of the SP1/SK1 axis in regulating YAP signal-
ing in hepatocyte proliferation, lentivirus was used to inhibit SP1
expression in AML12 cells. WB, qRT-PCR, and ELISA results
demonstrated that inhibiting SP1 expression led to the suppres-
sion of the SK1/S1P/YAP axis in hepatocytes (Figure S6E,G,I,
Supporting Information). Luciferase activity assay further con-
firmed that inhibiting SP1 expression led to restricted SK1
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Figure 6. S1P promotes hepatocyte proliferation by modulating the Hippo/YAP signaling pathway via STPR2. A) Volcano map of DEGs in hepatocytes

between NC and ConA groups (n = 3).

B) The top 30 results from GSEA suggested the heightened proliferative state of hepatocytes during AS-AIH. C)

KEGG enrichment analysis showed significant regulation of the hippo and sphingolipid signaling pathways in hepatocytes during AS-AIH. D) Heatmap
of DEGs in the hippo signaling pathway. E,F) GSEA of gobp indicated that hepatocytes entered a proliferative state during AS-AIH, with significant

regulation of the hippo signaling. G) The mRNA levels of S1pr1, S1pr2, and S1pr3 in hepatocytes in vivo (n = 3).

H) The mRNA levels of Yap1, Ctgf, Cyclin

d1, and Pcna in hepatocytes in vivo and AML12 cells (n = 3). I,J) WB analysis of YAP signaling pathway in hepatocytes in vivo and AML12 cells (n = 3).
Data are presented as means + SEM, *p <0.05, **p <0.01, ***p <0.001 by Student’s t-test.
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Figure 7. MSCs regulate YAP signaling in hepatocytes to promote liver regeneration by enhancing S1P synthesis in both hepatocytes and macrophages.

A) WB analysis of YAP signaling pathway in hepatocytes in vivo (n = 3).

vivo (n = 3).

B) The mRNA levels of Yap1, Ctgf, Cyclin d1, and Pcna in hepatocytes in
C) Representative IHC images showed the Ki67-positive hepatocytes proportion in liver tissues (scale bars, 100 um) (n=6). D

E) S1P

concentrations in serum and macrophage supernatants were detected by ELISA (n=4). F) The mRNA levels of Yap1, Ctgf, Cyclin d1, and Pcna in AML12

cells (n = 3). G) WB analysis of YAP signaling pathway in AML12 cells (n = 3).

H) Schematic illustration of an in vitro experiment wherein secretion from

macrophages was applied to hepatocyte culture. 1) The relative expression of Sk in hepatocytes from two groups (n = 3). J) The regulatory role of SP1in

Sk1 transcription within hepatocytes was demonstrated through the integrated analysis of ATAC-seq and CUT&Tag data (n = 3).

K) The detection of SP1-

mediated regulation of Sk1 transcription in hepatocytes was achieved through ChIP-qRT-PCR (n = 3). L) DEGs regulated by SP1 were confirmed by the
integrated analysis of CUT&Tag and RNA-seq data (n = 3). M, N) GO and KEGG enrichment analysis of DEGs regulated by SP1. O) S1P concentrations
in hepatocytes were detected by ELISA (n = 4). Data are presented as means + SEM, *p <0.05, **p <0.01, **p <0.001, ****p <0.0001 by Student’s t-test.
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Figure 8. Schematic representation of how MSCs modulate macrophage fate to alleviate liver damage and promote liver regeneration in the treatment
of AS-AIH. MSCs up-regulate the SP1/SK1/S1P axis through SP1 delivery to inhibit macrophage necroptosis. Simultaneously, they promote M2 polar-
ization of macrophages, further reducing inflammatory injury. Furthermore, The SP1/SK1 axis in hepatocytes controls S1P synthesis, promoting liver
regeneration by regulating YAP signaling through S1PR2. MSCs target the SP1/SK1 axis to enhance ST1P synthesis in macrophages and hepatocytes,

thereby promoting liver regeneration.

transcription in AML12 cells (Figure S6J, Supporting Informa-
tion). To verify whether MSCs can target this pathway to promote
hepatocyte proliferation by delivering SP1. We introduced MSC-
CM into the AML12 medium and compared it with MSCs that
used lentivirus to inhibit SP1 expression. WB, qRT-PCR, ELISA,
and luciferase activity assay results indicated that MSCs target-
ing the SP1/SK1/S1P axis promoted YAP signaling-mediated
hepatocyte proliferation. Inhibiting SP1 expression in MSCs re-
stricted this function (Figure S6F, H-J, Supporting Information).
A similar trend was also observed in the cell proliferation assays
(Figure S6K-N, Supporting Information).

Furthermore, we generated mice with hepatocyte-specific
S1pr2 deletion to elucidate the role of liver regeneration in AS-
AIH. By inducing AS-AIH in both control and S1pr2 conditional
knockout (cKO) mice and administering MSCs, we observed that
hepatocytes in cKO mice were virtually incapable of activating
YAP signaling upon liver injury, irrespective of MSC treatment.
Notably, the expression of YAP signaling-associated proteins and
mRNA, along with those linked to its downstream proliferative
pathway, were substantially reduced in cKO hepatocytes relative
to controls. A congruent pattern was noted in Ki67 expression
within hepatocytes of liver tissue sections. These observations

Adv. Sci. 2025, 12, 2408974 2408974 (13 of 16)

underscore the pivotal function of the SIPR2-YAP axis in hepatic
regeneration during AS-AIH (Figure S7A-E, Supporting Infor-
mation). Consequently, we hypothesize that MSCs augment S1P
synthesis in macrophages through SP1 delivery, thereby inhibit-
ing necroptosis and bolstering liver regeneration synergistically.
Hepatic regeneration in AS-AIH is predominantly governed by
the SP1/SK1/S1P/YAP axis within hepatocytes. MSCs influence
macrophages and directly target this axis to foster hepatocyte pro-
liferation (Figure 8).

3. Discussion

AIH is a type of liver injury caused by immune system abnor-
malities with an unknown etiology. It is typically characterized by
the presence of autoantibodies, elevated liver enzymes, and IgG
levels.[*] In fact, the clinical presentation of AIH varies greatly,
ranging from no symptoms to liver failure. AS-AIH refers to
acute severe hepatitis, either with a history of AIH or without any
apparent cause. Due to the lack of AIH typical characteristics,
it is often diagnosed by exclusion, and the actual incidence may
be higher than reported. As a result, conventional AIH treat-
ments, such as corticosteroids or immunosuppressants, can only
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produce limited curative effects.!l Limited treatment options

and rapid disease progression result in a very poor prognosis
for AS-AIH. Studies have shown that the effectiveness rate of
conventional treatment for AS-AIH is less than 15%, making
liver transplantation often the only viable option. However,
the autoimmune characteristics make it more prone to relapse
after liver transplantation compared to other liver diseases.[*!42]
Therefore, it is essential to clarify the pathogenesis of AS-ATH
and develop targeted therapies.

The severity of the injurious disease depends on the extent of
cell death. Necroptosis has been identified as the primary mode
of cell death in AIH, which may be related to the presence of a
large number of cytokines.*'2] The contents released after cell
death further activate the intrahepatic immune system, poten-
tially leading to ongoing exacerbation of the injury. However, it
is unclear whether this phenomenon is involved in the develop-
ment of AS-ATH. In this study, we constructed a ConA-induced
AS-ATH model and analyzed corresponding public single-cell
data. Our findings revealed that necroptosis is involved in the
progression of AS-AIH, as Nec-1s can significantly alleviate the
severity of liver injury. Further studies revealed that the main cell
population undergoing necroptosis are macrophages, particu-
larly those in an inflammatory activation state. As the primary ini-
tiators and coordinators of immune responses, macrophages can
engulf pathogens, secrete a variety of cytokines and chemokines,
and are also capable of recruiting and regulating other immune
cells. Macrophages possess remarkable plasticity, allowing them
to adopt diverse states in response to various stimuli.[*}] Research
indicates that after post-inflammatory activation, macrophages
progressively diminish their secretion of pro-inflammatory cy-
tokines, with the M1-to-M2 phenotype transition typically con-
cluding within 2 to 3 days.[**l This orchestrated change in func-
tional state is crucial for macrophages to modulate the immune
milieu and facilitate tissue repair.**8] In addition to polariza-
tion, they are influenced by pathogen or inflammatory factors and
may face the threat of cell death during the disease progression,
ultimately resulting in aggravated tissue damage.[**=!] Studies
have shown that macrophage dysfunction is a key factor in the
development of autoimmune diseases.>?] However, as of now,
the existence of this phenomenon during AS-AIH has yet to be
conclusively demonstrated. Our findings revealed that inhibiting
macrophage necroptosis reduced serum levels of inflammatory
factors. Given that necroptosis primarily occurs in inflammatory
macrophages, we believe that it triggers the release of a substan-
tial amount of inflammatory factors and chemokines, which ex-
acerbates liver damage and promotes the ongoing recruitment
of immune cells, including macrophages, into the liver. This pro-
cess ultimately initiates a positive feedback loop of tissue damage
and immune activation.

Sphingolipid signaling is crucial for cell function and state.
S1P, a pivotal product of sphingolipid metabolism, has been
demonstrated to exert crucial regulatory functions in immu-
nity, cell cycle regulation, anti-apoptosis mechanisms, and the
promotion of regeneration.>*>¢! Indeed, S1P has been demon-
strated to prevent the transition from a pro-survival state to a
pro-apoptotic state by inducing RIPK1 ubiquitination. Moreover,
ithas also been shown to mitigate ischemia-reperfusion-induced
necrosis in renal cells.’*57] As the key enzyme involved in S1P
synthesis, the transcription of Sk1 was markedly inhibited in
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macrophages from the AS-AIH group. Nevertheless, it remains
uncertain whether SK1 is involved in regulating macrophage
necroptosis during AS-AIH and its potential as a therapeutic tar-
get through MSCs intervention. In this study, we identified the
critical role of SK1 in regulating macrophage necroptosis. MSCs
suppressed the inflammatory response and ameliorated liver in-
jury by enhancing the expression of SK1 to counter macrophage
necroptosis. Nevertheless, further exploration is required to elu-
cidate the precise mechanisms through which MSCs regulate the
transcription of Sk1.

TFs, being pivotal determinants of gene transcription, have
consistently remained a focal point in research endeavors. Re-
search has indicated that bioactive substances delivered by MSCs
can serve as TFs in target cells, either through direct action
or indirect modulation.’’->*! SP1, one of the earliest TFs iden-
tified in mammals, governs the transcriptional activity of nu-
merous genes and plays a crucial role in regulating diverse
biological functions within cells.[®*®!] Here, we present evi-
dence demonstrating that SP1 promotes SkI transcription in
mouse macrophages. This regulatory capacity is compromised
during macrophage necroptosis, ultimately leading to the in-
hibition of S1P synthesis. Subsequent studies demonstrated
that MSCs targeted this pathway by delivering SP1 to inhibit
macrophage necroptosis during this period. In addition to their
pro-inflammatory role in the early stages, macrophages also con-
tribute to tissue repair during the intermediate and later stages
of liver injury diseases. Prevailing concepts attribute this phe-
nomenon to the functional plasticity of macrophages, that is, the
transition from a tissue-destructive state to subsequent catabolic
or tissue-reparative properties.[0263] Here, we discovered that
MSCs suppressed macrophage necroptosis while simultaneously
promoting its M2 polarization. This discovery appears to address
one of the challenges in regulating macrophages for the treat-
ment of acute liver injury. According to the previous perspective,
excessive macrophage infiltration in the early stage of the dis-
ease worsens liver inflammatory injury. If clearance measures
are taken, macrophage-mediated liver regeneration in the mid-
dle and late stages will be inhibited.l®*] By modulating the fate of
macrophages, MSCs can expedite the transition of the damaged
liver into the repair state.

Robust regenerative capacity of the liver is essential for pre-
serving a stable ratio relative to body weight. Liver volume
typically restores to its pre-injury level within a matter of
weeks.[%] Research has demonstrated that immune cells, partic-
ularly macrophages, facilitate liver regeneration either through
direct contact or by delivering cytokines.!®] Interestingly, S1P
is also implicated, although the precise mechanism remains
unknown.[%] In this study, RNA-seq analysis uncovered that hep-
atocytes within damaged livers initiated proliferation, accompa-
nied by significant regulation of hippo and sphingolipid signal-
ing pathways. Involvement of the hippo signaling pathway in
various physiological and pathological processes of the liver is
well established. This includes its role in initial liver develop-
ment, repair of damage, and even malignant transformation.[?’]
Studies have indicated that S1P modulates the hippo signal-
ing pathway, potentially contributing to the uncontrolled pro-
liferation of hepatocytes.’®] Our research pinpointed S1PR2 as
the target receptor through which S1P regulates YAP signaling,
thereby promoting hepatocyte proliferation. Subsequent studies
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demonstrated that elevated synthesis of S1P in macrophages in-
duced by MSCs treatment not only conferred resistance against
necroptosis but also facilitated hepatocyte proliferation through
delivery. This indicates that MSCs have a multifaceted role in
modulating macrophages for AS-AIH treatment. Additionally,
we revealed that S1P, which promotes liver regeneration during
AS-AlH, is primarily produced by the hepatocytes themselves.
The SP1/SK1 axis plays a crucial role during this period, and
MSCs targeting this pathway can directly regulate hepatocyte
proliferation.

This study revealed that inflammatory macrophage necropto-
sis is the key pathogenesis underlying AS-AIH and identified
the core mechanism that initiates liver regeneration after in-
jury. These are closely related to the SP1/SK1/S1P axis in target
cells. By delivering SP1, MSCs can alleviate inflammatory liver
damage and promote regeneration. This provides a theoretical
foundation for using MSCs as a potential therapeutic modality
for AS-AIH.

4. Experimental Section

Detailed experimental methods are provided in Supporting In-
formation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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