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Targeting epigenetically maladapted vascular niche 
alleviates liver fibrosis in nonalcoholic steatohepatitis
Hua Zhang1†, Yongyuan Ma1†, Xinying Cheng1†, Dongbo Wu2†, Xingming Huang1†, Bin Chen3, 
Yafeng Ren1, Wei Jiang2, Xiaoqiang Tang1, Ting Bai4, Yutian Chen1, Yilin Zhao1, Chunxue Zhang1, 
Xia Xiao1, Jing Liu1, Yue Deng5, Tinghong Ye1, Lu Chen1, Han-Min Liu1, Scott L. Friedman6, 
Liping Chen7*, Bi-Sen Ding1,6,8*, Zhongwei Cao1,6*

Chronic hepatic diseases such as nonalcoholic steatohepatitis (NASH) suppress liver regeneration and lead to 
fibrosis and cirrhosis. Decoding the cellular and molecular network underlying this fibrotic maladaptation might 
aid in combatting NASH, a growing health challenge with no approved therapies. Here, we used multiomics anal-
ysis of human cirrhotic liver, a Western diet– and carbon tetrachloride (CCl4)–induced minipig NASH model, and 
genetically modified mice to unravel the landscape of the vascular adaptome at the single-cell level, in which 
endothelial cells (ECs) and TH17 cells jointly contribute to liver cirrhosis. We found that epigenetics-dependent 
hepatic vascular maladaptation enriches fibrogenic TH17 cells to promote liver fibrosis in mice, minipigs, and human 
patients with cirrhosis. Further analysis of humans, minipigs, and mice suggested that cross-talk between histone 
deacetylase 2 (HDAC2) and DNA methyltransferase 1 (DNMT1) promoted liver EC maladaptation to promote pro-
duction of angiocrine IGFBP7 and ADAMTS1 in extracellular vesicles, recruiting fibrogenic TH17 cells to the liver. 
Pharmacological targeting of HDAC2 and DNMT1 alleviated fibrosis in a minipig NASH model. We conclude that 
epigenetically reprogrammed vascular adaptation contributes to liver fibrosis. Targeting of a vascular adaptation 
node might block maladaptive vascularization to promote liver regeneration in NASH.

INTRODUCTION
Nonalcoholic steatohepatitis (NASH), a rising cause of chronic disease 
paralleling a global increase in diabetes and metabolic syndrome (1–4), 
leads to fibrosis, cirrhosis, and liver failure. Resulting liver fibrosis 
and cirrhosis are a major health burden worldwide without effective 
antifibrotic treatments, which frequently lead to systemic complica-
tions and comorbidities (5–7). One obstacle in developing NASH 
therapy is the gap between the clinical need and complementary 
human and preclinical studies that systematically model the cellular 
and molecular networks underlying NASH pathogenesis.

The liver is composed of parenchymal (hepatocytes) and non-
parenchymal cells (NPCs) such as stellate, vascular endothelial, and 
hematopoietic cells (8, 9). Persistent stress in NASH frequently causes 
aberrant cellular cross-talk and stimulates maladaptive repair and 
fibrosis (2, 10, 11). Activation of stellate cells is the key step in liver 
fibrogenesis (12, 13), but it remains to be defined how chronic stress 
in NASH mediates the cross-talk between other liver NPCs to con-
tribute to this step. Among NPCs, vascular and hematopoietic cells 
belong to the circulatory system and can directly transmit systemic 

stimuli such as metabolic stress (14–19). They can also jointly establish 
a microenvironment that interacts with parenchymal or mesenchymal 
cells as niche cells (20, 21). Although chronic injury sometimes leads 
to genomic instability in parenchymal cells (22–26), gene mutation is 
rarely detected in niche cells such as endothelial cells (ECs) lining the 
vasculature (27–31). Hence, there might be additional epigenetic reg-
ulation involved in the maladaptation of the endothelial niche func-
tion during fibrogenesis, including histone and DNA modifications.

Vascular ECs lining the blood vessel are a major component of 
liver NPCs (15, 16, 21, 32–34). The hepatic blood supply is distrib-
uted by the sinusoidal vasculature between the hepatic vein, artery, 
and portal vein (35, 36). The sinusoidal vasculature is lined with a 
layer of fenestrated ECs expressing CLEC4G (37,  38) and OIT3 
(27), and large-vessel (macrovascular) ECs lining the artery and 
vein preferentially express CD34 (39). Hence, liver ECs at different 
anatomical locations exhibit specialized morphology and phenotypic 
markers having “sinusoidal-macro” vascular hierarchy and intraorgan 
taxonomy. During organ repair, vascular ECs also produce a plethora 
of mediators to regulate the communication between hematopoietic, 
mesenchymal, and parenchymal cells (28, 32, 40, 41). Aberrant al-
teration of sinusoidal ECs (SECs) such as capillarization has been 
associated with liver fibrogenesis (42–44). However, the functional 
contribution of specialized liver EC subsets to human liver cirrhosis 
or NASH pathology has not been systemically delineated in com-
plementary clinical and preclinical models at the single-cell level.

In this study, we combined single-cell RNA sequencing (scRNA-seq) 
of human patients and a large-animal NASH model to reveal how 
maladaptation of sinusoidal-macro vascular hierarchy stimulates a 
profibrotic T helper 17 (TH17) cell response (45) in NASH. We fur-
ther investigated the efficacy of combinatorial targeting of HDAC2/
DNMT1 in blocking vascular niche maladaptation and promoting 
liver repair in the NASH animal models. Furthermore, both Igfbp7 
knockout mice and mice transplanted with angiocrine extracellular 
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vesicles (EVs) lacking ADAMTS1 exhibited reduction of liver fibrosis 
in the NASH model. These results further suggest that the beneficial 
effect is owing to suppressing angiocrine IGFBP7 and ADAMTS1 
that enrich the fibrogenic TH17 cells.

RESULTS
scRNA-seq reveals vascular maladaptation and distortion 
of endothelial taxonomy in human cirrhotic liver
NPCs were isolated from fresh healthy and cirrhotic human livers 
(Fig. 1A and table S1). scRNA-seq was performed by 10x Genomics. 
Clustering 22,374 NPCs from two healthy and two cirrhotic livers 
revealed 25 populations (fig. S1, A and B). Seven cell lineages were 
defined by the expression of marker genes, including T cell, B cell, 
EC, macrophage (Mac), neutrophil (Neu), dendritic cell (DC), and 
EPCAM+ cell and cholangiocytes (EPCAM+) (Fig. 1, B and C). We 
found that ECs exhibited the highest number of differentiated genes 
in the tested cell types, except for EPCAM+ cells with minimal cell 
numbers (Fig.  1D). The proportion of ECs increased in cirrhotic 
livers compared with healthy livers (fig. S1C).

Our previous studies have shown that ECs form a vascular niche 
by releasing paracrine/angiocrine factors that regulate liver regen-
eration and fibrosis (20). Therefore, we delineated EC subpopula-
tions in human livers. Clustering of human liver ECs identified 12 
clusters (fig. S1D) annotated as SEC and macrovascular/large-vessel 
EC (MEC) by marker genes CLEC4G, OIT3, and CD34 (Fig. 1E and 
fig. S1E). There were an increased number of MECs and a decreased 
amount of SECs, implying maladaptation from SEC to MEC in cir-
rhotic human livers (Fig. 1, E and F). To verify this distortion of 
vascular endothelial taxonomy, we also analyzed the data from hu-
man liver dataset GSE136103 (37), where we observed a similar in-
crease in MEC number and decrease in SEC quantity in cirrhotic 
human livers (fig. S2). The expression of mesenchymal cell markers 
was low in total ECs and cirrhotic ECs, and there was a relatively 
low enrichment of “mesenchymal cell differentiation” in tested 
types of liver ECs (fig. S3, A to C). These data suggest that liver SECs 
might undergo vascular maladaptation in fibrotic livers (fig. S3D).

Epigenetic reprogramming of liver ECs promotes profibrotic 
sinusoidal-to-macro vascular maladaptation
We then set out to define the contribution of vascular maladapta-
tion to human liver fibrosis and its underlying mechanism. Epige-
netic regulation (histone modification and DNA methylation) has 
been shown to play an important role in liver fibrosis (46–48). 
However, the functional role of histone and DNA modification in 
different NPC lineages in human liver fibrosis/cirrhosis remains 
unclear. A liquid chip analysis of histones H3 and H4 modification 
showed that histone acetylation of NPCs but not parenchymal cells 
was specifically reduced in human cirrhotic livers compared with 
healthy livers (Fig. 1G), suggesting an epigenetic reprogramming of 
NPCs in human cirrhotic liver.

We further explored the epigenetic changes in different NPC 
subpopulations from healthy and cirrhotic human livers. Among 
the tested cell types, vascular ECs manifested the most changes in 
histone modification and DNA methylation–related genes (cirrhotic 
versus healthy) (Fig. 1H). These findings raise the possibility that 
epigenetic changes in ECs might contribute to liver fibrosis by stim-
ulating maladaptation of vascular niche function. Histone acetyla-
tion is regulated by HDACs. Human fibrotic livers were divided 

into different pathological grades, F0 to F4, with F4 being the most 
severe fibrosis stage. In all HDACs, HDAC2 expression progressive-
ly increased in the livers of patients from grades F2 to F4 (Fig. 1I, fig. 
S4A, and data from GSE84044) (49). Moreover, HDAC2 expression 
was up-regulated in the ECs of human cirrhotic livers compared 
with those of healthy human livers (Fig.  1J). Quantitative poly-
merase chain reaction (qPCR) showed that there was no difference 
in HDAC2 expression in CD45+ NPCs between healthy and cirrhot-
ic groups (fig. S4B). By contrast, the HDAC2 expression was up- 
regulated in the ECs of cirrhotic liver (CD45−CD31+) compared with 
those of healthy humans (Fig. 1K).

DNA methylation is another epigenetic modification that often 
synergizes with histone modification (48,  50). DNMT1 was also 
found to be the most induced in the fibrotic livers of patients from 
F2 to F4 (Fig. 1L and data from GSE84044), and DNMT1 expression 
was preferentially enhanced in the ECs of human cirrhotic livers 
relative to that of human healthy livers (Fig. 1, M and N, and fig. 
S4B). In isolated CD45−CD34−CD31+ SECs of human cirrhotic livers, 
HDAC2 and DNMT1 expression was significantly up-regulated com-
pared with that of healthy human livers (P < 0.05) (Fig. 1O). Knock-
down of HDAC2 by shRNA (shHDAC2) in human umbilical vein ECs 
(HUVECs) up-regulated the expression of DNMT1 (fig. S4C). These 
data suggest that aberrant activation of HDAC2 and DNMT1 in liver 
ECs might lead to sinusoidal-to-macro vascular maladaptation, 
promoting liver fibrosis and cirrhosis (fig. S4D).

Sequential targeting of HDAC2 and DNMT1 mitigates 
fibrosis in a minipig NASH model
Minipigs have unique physiological features that can resemble human 
metabolic disorders. Hence, we generated a minipig NASH model 
with Western diet (WD) combined with repeated carbon tetrachloride 
(CCl4) injection (51) to interrogate the contribution of vascular mal-
adaptation to liver cirrhosis and involved mechanisms. To delineate 
the pathological contribution of endothelial HDAC2/DNMT1 in this 
minipig NASH model, minipigs were also treated with HDAC2 inhib-
itor (HDAC2i) and DNMT1 inhibitor (DNMT1i) (Fig. 2, A and B). 
We found that blood glucose, liver fibrosis responses, liver function 
parameters, and total cholesterol in serum were elevated in the cirrhotic 
group compared with controls and decreased by HDAC2i + DNMT1i 
combinatorial treatment (Fig. 2, C to E). Thus, abnormal induction 
of HDAC2 and DNMT1 in ECs contributes to liver fibrosis and com-
promised liver function in the minipig NASH model.

Next, we assessed the histopathology, collagen deposition, and 
lipid droplet deposition in the livers of control, cirrhotic, and treated 
minipigs (Fig. 2, F and G). Compared with a control group showing 
normal histological features, the livers of cirrhotic animals mani-
fested a unique pseudolobular phenotype. WD + CCl4 induced ad-
vanced cirrhosis, collagen deposition, and lipid accumulation in the 
cirrhotic minipig group. HDAC2i + DNMT1i combinatorial treat-
ment improved histopathological phenotype, decreased liver cirrhosis, 
and alleviated collagen deposition and lipid accumulation. This treat-
ment also enhanced mitosis of liver cells with hepatocyte fea-
tures such as distinctly round nuclei and polygonal shape, as 
evidenced by Ki67 staining (fig. S5, A to C). We then isolated mini-
pig CD45−CD34−CD31+ SECs, CD45−CD34+CD31+ MECs, and 
other CD45+ NPCs by flow cytometry. There was no significant dif-
ference in the expression of HDAC2 and DNMT1 in CD45+ NPCs 
between different groups. By contrast, the expression of HDAC2 
and DNMT1 was up-regulated in cirrhotic liver SECs and MECs 
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Fig. 1. scRNA-seq reveals a sinusoidal-to-macro vascular maladaptation in human cirrhotic liver, which is associated with HDAC2/DNMT1 induction in ECs. 
(A) Approach to generating a single-cell atlas of human liver NPCs. (B and C) Clustering analysis of scRNA-seq data from NPCs of two healthy and two cirrhotic livers. 
(B) Heatmap showing cluster marker genes and lineage annotation labeled (right). (C) Cell lineage inferred from expression of marker gene signatures (left) and annota-
tion by group condition (right). Endo (EC), endothelial cell; DC, dendritic cell; Neu, neutrophil; Mac, macrophage; EPCAM+, EPCAM+ cell and cholangiocyte. (D) Pie chart 
showing quantification of gene differentiation in indicated cell lineages (cirrhotic versus healthy). (E) Clustering analysis of ECs from two healthy and two cirrhotic livers. 
Left: Cell lineage inferred from expression of marker gene signatures (top) and pie chart showing the proportion of EC subsets (bottom). Right: Selected marker gene 
expression. (F) Pseudotrajectory analysis of different subsets of liver ECs from two healthy and two cirrhotic human livers. (G) Liquid chip analysis of histone modification 
in parenchymal hepatocytes and NPCs of healthy and cirrhotic human livers. Quantification of acetylation of different H3 and H4 modification sites is shown on right. Hep, 
hepatocytes. n = 3 per group. (H) Heatmap showing the expression of genes related to histone modification and DNA methylation in indicated cell lineages of two healthy 
and two cirrhotic human livers. Top: Number of differential genes related to histone modification and DNA methylation. (I) HDAC expression in human liver at different 
fibrosis stages. Expression of HDACs in the liver at F1 to F4 grades was quantified relative to that of healthy liver (F0). (J) Violin plot showing HDAC expression in two 
healthy and two cirrhotic human liver ECs. (K) qPCR of HDAC2 expression in liver ECs of healthy and cirrhotic humans. n = 5 per group. (L) Expression of DNMTs in human 
liver at different fibrosis stages. (M) Violin plot showing DNMT expression in liver ECs of two healthy and two cirrhotic humans. (N) qPCR of DNMT1 expression in liver ECs 
of healthy and cirrhotic humans. n = 5 per group. (O) qPCR of HDAC2 and DNMT1 expression in liver SECs of healthy and cirrhotic humans. n = 5 per group. Data were 
analyzed by unpaired two-tailed Student’s t test with Shapiro-Wilk normality test (two-group comparisons) or one-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test. Data are shown as means ± SEM. *, cirrhotic versus healthy or F1 to F4 versus F0. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Red, female; black, male.
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Fig. 2. Sequential targeting of HDAC2 and DNMT1 in liver ECs mitigates fibrosis in a minipig NASH model. (A) Minipig NASH model and treatment schema. 
(B) Approach to test the therapeutic effects of sequential inhibition of HDAC2 and DNMT1 in the minipig NASH model. (C to E) Blood glucose concentrations (C), fibrosis 
index (D), and serum liver function index (E) in control (healthy minipigs treated with vehicle), cirrhotic, and treated (HDAC2i + DNMT1i) minipigs. Glu, glucose; PC III, type III 
pro-collagen; IV-C, collagen IV; HA, hyaluronic acid; Hyp, hydroxyproline. n = 3 per group. (F and G) Liver histopathology was assessed by hematoxylin and eosin 
(H&E), Sirius Red, collagen I, and Oil Red O stainings from indicated minipig groups. Right: Magnified images of indicated dotted box areas. Quantifications of Sirius Red, 
Oil Red O, and collagen I staining are shown in (G). Scale bars, 200 m. n = 3 per group. (H) qPCR results showing HDAC2 and DNMT1 transcription in liver SECs, MECs, and 
CD45+ NPCs of control, cirrhotic, and treated minipigs. n = 3 per group. For all statistical analyses, data were analyzed by one-way ANOVA followed by Tukey’s post hoc 
test and are shown as means ± SEM. *, cirrhotic versus control; #, treated versus cirrhotic. *P < 0.05; **P < 0.01. #P < 0.05; ##P < 0.01.
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compared with the control group, which was blocked by HDAC2i + 
DNMT1i treatment (Fig. 2H). The therapeutic effects of HDAC2i 
and DNMT1i in the minipig NASH model imply that aberrant HDAC2/
DNMT1 induction plays pathogenic role in NASH (fig. S5D).

Combinatorial epigenetic targeting normalizes maladapted 
liver endothelial taxonomy in a minipig NASH model
We next tested whether the aberrant induction of HDAC2/DNMT1 
in minipig led to the sinusoidal-to-macro vascular maladaptation 
identified in human cirrhotic livers, with NPCs from the minipig 
NASH model defined at the single-cell level (Fig. 3A). We found the 
proportion (9.70% versus 5.90%) of ECs increased in minipig cirrhotic 
livers compared with healthy livers, which was reduced by HDAC2i + 
DNMT1i treatment (4.55% versus 9.70%) (Fig. 3, B to D, and fig. S6A). 
Vascular ECs in cirrhotic minipigs exhibited the highest degree of 
gene differentiation among the tested cell types, most of which was 
restored by HDAC2i + DNMT1i treatment (Fig. 3E). Gene Ontology 
(GO) analysis and pathway enrichment showed that there was sig-
nificant change (P < 0.05) in gene expression in molecular function, 
biological process, and cellular component categories (fig. S6B), as 
well as in Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways including TH17 cell differentiation, nonalcoholic fatty liver 
disease (NAFLD), and chemokine, tumor necrosis factor, hypoxia- 
inducible factor 1 (HIF-1), mitogen-activated protein kinase, and 
phosphatidylinositol 3-kinase (PI3K)–Akt signaling (Fig. 3F). More-
over, 79 KEGG pathways were differentially expressed between cir-
rhotic and control groups, 53 of which were restored by HDAC2i + 
DNMT1i (Fig. 3F).

The influence of epigenetic changes on the ECs in the minipig 
NASH model led us to explore the linkage between HDAC2/DNMT1 
activity and disruption of vascular endothelial taxonomy in liver 
fibrosis. The proportion of MECs was also increased, and SECs 
were reduced in minipig cirrhotic livers compared with control livers. 
HDAC2i + DNMT1i treatment reversed the distorted vascular hier-
archy in treated minipig livers (Fig. 3, G and H, and fig. S7, A to C). 
In EC subsets, SECs manifested the highest number (1207) of differ-
entially expressed genes between cirrhotic and control groups, 803 of 
which were restored by HDAC2i + DNMT1i (Fig. 3I). Pseudotrajec-
tory analysis of liver EC subsets also suggested a sinusoidal-to-macro 
vascular maladaptation in minipig cirrhotic livers, which was nor-
malized by HDAC2i + DNMT1i treatment (Fig. 3J). We also found 
that SECs manifested the most changes in histone modification and 
DNA methylation–related genes in cirrhotic minipigs, again restored 
by HDAC2i + DNMT1i treatment (fig. S7, D to F). Hence, our data 
from the minipig NASH model suggest that abnormal epigenetic 
alteration stimulates sinusoidal-to-macro vascular maladaptation 
and enhances fibrosis (fig. S7G).

Epigenetically maladapted SECs exhibit a reprogrammed 
paracrine/angiocrine landscape in human patients 
and a minipig NASH model
ECs modulate liver repair by supplying paracrine/angiocrine fac-
tors that interact with surrounding cells (20, 40, 52). To decipher 
the mechanism whereby epigenetically maladapted liver ECs pro-
mote fibrosis, we analyzed the differentially expressed angiocrine 
genes in the cirrhotic human and minipig ECs at the single-cell level 
(fig. S8A) and observed a reprogrammed angiocrine landscape as-
sociated with vascular maladaptation (Fig.  4,  A  to  D). We found 
that IGFBP7 and ADAMTS1 expression were progressively elevated 

in the fibrotic livers of patients from F2 to F4 grades (Fig. 4B). 
IGFBP7 and ADAMTS1 were specifically expressed in human and 
minipig ECs to the greatest extent among angiocrine genes (Fig. 4C 
and fig. S8, B and C). Moreover, IGFBP7 and ADAMTS1 were selec-
tively up-regulated in human cirrhotic ECs compared with healthy 
ECs, and there was a significant increase in the mRNA and protein 
abundance of IGFBP7 and ADAMTS1 in cirrhotic SECs (P < 0.05) 
(Fig. 4, E and F). These results suggest an epigenetic reprogramming 
of the angiocrine landscape in maladapted human liver ECs, and 
that angiocrine IGFBP7 and ADAMTS1 might promote liver fibro-
sis and cirrhosis.

In the minipig NASH model, the mRNA abundance of IGFBP7 
and ADAMTS1 were higher in cirrhotic SECs and MECs, but the 
protein abundance of IGFBP7 and ADAMTS1 were up-regulated 
only in cirrhotic SECs. Treatment of HDAC2i and DNMT1i blocked 
the increase of IGFBP7 and ADAMTS1 mRNA and protein in cir-
rhotic minipig SECs (Fig. 4, G to L, and fig. S8D). The assay for 
transposase-accessible chromatin using sequencing (ATAC-seq) 
(53) showed that chromatin accessibility in IGFBP7 and ADAMTS1 
promoters was enhanced in cirrhotic ECs compared with control 
ECs and diminished by HDAC2i + DNMT1i (Fig. 4M). Hence, 
IGFBP7 and ADAMTS1 up-regulation might demarcate maladapted 
SECs from normal SECs in cirrhotic liver, and epigenetic targeting 
of the profibrotic IGFBP7+ADAMTS1+ maladapted EC subset might 
block liver fibrosis (fig. S8E).

IGFBP7 and ADAMTS1 from maladapted SECs predict 
the progression and therapeutic outcome of liver fibrosis 
in humans and minipigs
To establish the clinical value of circulating IGFBP7 and ADAMTS1 
in human liver fibrosis/cirrhosis or NASH, we assessed the concen-
trations of IGFBP7 and ADAMTS1 in human patient plasma (data 
file S1). Fibrotic/cirrhotic patients showed higher plasma concen-
trations of IGFBP7, ADAMTS1, alanine aminotransferase (ALT), 
and aspartate aminotransferase (AST) than those of healthy human 
samples (Fig. 5A). Because some fibrotic/cirrhotic patients can have 
normal plasma ALT or AST concentrations, there is a need to un-
cover sensitive biomarkers to diagnose liver fibrosis and cirrhosis in 
clinics (54). Therefore, we evaluated the value of plasma IGFBP7 
and ADAMTS1 as clinical biomarkers. Fibrotic/cirrhotic patients 
were divided into two groups based on their plasma liver func-
tion index: those with normal or abnormal plasma ALT and AST 
concentrations (Fig. 5B). Of importance, plasma concentrations of 
IGFBP7 and ADAMTS1 in fibrotic/cirrhotic patients with normal 
ALT or AST were higher than those of healthy humans (Fig. 5C). 
The fibrotic/cirrhotic patient cohort included hepatitis B–related 
fibrosis/cirrhosis, NASH-related fibrosis/cirrhosis, autoimmune 
hepatitis–related fibrosis/cirrhosis, primary biliary fibrosis/cirrhosis, 
and cryptogenic fibrosis/cirrhosis. An increase in plasma IGFBP7 
and ADAMTS1 abundance was observed in all these patients com-
pared with healthy humans (Fig. 5D). Therefore, angiocrine IGFBP7 
and ADAMTS1 associate with liver fibrosis/cirrhosis in the absence 
of hepatic dysfunction.

Next, we evaluated whether plasma IGFBP7 and ADAMTS1 as-
sociated with the severity of NASH or distinguished NASH from 
simple steatosis. Patients with NASH were divided into different 
groups according to liver fibrosis stages. Patients with early-stage 
NASH (F0 to F1) showed little increase in plasma ALT or AST con-
centration (Fig. 5E). By contrast, plasma IGFBP7 and ADAMTS1 
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concentrations were significantly increased in patients with NASH 
(P < 0.05) (Fig. 5F). Moreover, plasma concentrations of IGFBP7 
and ADAMTS1 in patients with simple steatosis were not statisti-
cally elevated, suggesting the value of plasma IGFBP7/ADAMTS1 

concentrations in distinguishing NASH from simple steatosis 
(Fig. 5F).

The correlation of IGFBP7/ADAMTS1 with NASH progression 
raises the possibility that the profibrotic contribution of maladapted 

Fig. 3. Targeting epigenetically maladapted ECs reverses vascular maladaptation, normalizes endothelial taxonomy, and blocks cirrhosis in a minipig NASH 
model. (A) Approach to performing scRNA-seq analysis of minipig liver NPCs in the WD + CCl4–induced NASH model. (B and C) Clustering analysis of NPCs from one 
control (healthy minipigs treated with vehicle), two cirrhotic, and two treated (HDAC2i + DNMT1i) minipig livers. (B) Heatmap showing cluster marker genes and lineage 
annotation (right). (C) Cell lineages inferred from expression of marker gene signatures. (D) Pie chart showing the proportion of different cell lineages in the NPCs of 
minipig livers. (E) Venn diagrams depicting gene differentiation in indicated cell lineages between cirrhotic versus control groups and treated (HDAC2i + DNMT1i) versus 
cirrhotic groups. Numbers in parentheses represent the number of restored genes by HDAC2i + DNMT1i treatment relative to cirrhotic groups. (F) KEGG pathway enrich-
ment of minipig ECs. White numbers represent the order in which the P values were sorted. Values of P < 0.05 were considered statistically significant. (G) Clustering 
analysis of ECs from one control, two cirrhotic, and two treated minipig livers. (H) Pie chart showing proportions of EC subsets from minipig livers. (I) Venn diagrams 
showing the altered gene expression in the cirrhotic group and restored gene expression in the treated group relative to that of cirrhotic group. Numbers in parentheses 
represent the number of restored genes by HDAC2i + DNMT1i treatment, as compared with the cirrhotic group. (J) Pseudotrajectory analysis of different liver EC subsets 
of one control, two cirrhotic, and two treated minipigs.
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SECs depends on angiocrine IGFBP7 and ADAMTS1. Molecules 
packed in EVs might facilitate cellular communication in many biolog-
ical processes (55, 56). Therefore, we analyzed if endothelial- produced 
IGFBP7 and ADAMTS1 are assembled in EVs and released into cir-
culation. To this end, EVs were extracted from human and minipig 
plasma by ultracentrifugation (57) and characterized by electron mi-
croscope and immunoblot analysis (Fig. 5G). IGFBP7 and ADAMTS1 
concentrations in minipig and human EVs were higher in the cir-
rhotic group than in the control group. In the minipig NASH model, 
elevated EV IGFBP7/ADAMTS1 concentrations in the cirrhotic group 
were reduced by HDAC2i + DNMT1i treatment (Fig. 5H). IGFBP7/
ADAMTS1 concentrations in the EVs of fibrotic/cirrhotic human 
patients with normal ALT/AST or patients with NASH were also 

increased compared with those of healthy humans (Fig. 5, I to J). Our 
data suggest that IGFBP7 and ADAMTS1 in EVs correlate with NASH 
progression (fig. S9).

IGFBP7+ADAMTS1+ maladapted SECs induce a profibrotic 
TH17 response in cirrhotic patients and a minipig 
NASH model
Aberrantly activated ECs can form a maladaptive niche to promote 
fibrosis by interacting with adjacent cells. We sought to reveal the 
cellular communication mechanism whereby IGFBP7+ADAMTS1+ 
SECs enhance liver fibrosis. Receptor and ligand expression pro-
files in different NPC cell lineages were analyzed on the basis of the 
CellPhoneDB database (58). Cell interaction predictions suggested 

Fig. 4. Epigenetically maladapted liver ECs 
exhibit a reprogrammed paracrine/angiocrine 
landscape in human patients and minipigs. 
(A) Heatmap showing representative endothe-
lial paracrine/angiocrine genes differentially ex-
pressed by human cirrhotic liver ECs relative to ECs 
in healthy liver. n = 2 per group. (B) Paracrine/
angiocrine gene expression in bulk human liver 
tissues at different fibrosis stages. (C) Violin plot 
showing the expression of representative paracrine/
angiocrine genes of different NPC lineages in hu-
mans and minipigs. P < 0.01 for IGFBP7 and ADAMTS1. 
(D) Schematic illustration of reprogrammed 
paracrine/angiocrine landscape associated with 
sinusoidal-to-macro vascular maladaptation. 
(E) IGFBP7 expression in total ECs (left), different 
EC subsets (middle), and SECs (right) from 
healthy and cirrhotic human livers. n = 2 per 
group for scRNA-seq, n = 5 per group for qPCR. 
(F) ADAMTS1 protein in total ECs (left), EC sub-
sets (middle), and SECs (right) from healthy and 
cirrhotic human livers. Left: Violin plot showing 
ADAMTS1 expression in total ECs. Middle: Violin 
plot showing ADAMTS1 expression in different EC 
subsets. Right: Western bolt showing ADAMTS1 
protein level in SECs. Top right: Quantification of 
protein expression. Bottom right: Representative 
blot image. scRNA-seq, n = 2 per group; Western 
blots, n = 5 per group. (G) IGFBP7 mRNA in liver total 
ECs and EC subsets from one control, two cir-
rhotic, and two treated minipigs. (H and I) qPCR 
(H) and ELISA (I) results showing IGFBP7 expres-
sion in liver SECs and MECs from control (healthy 
minipigs treated with vehicle), cirrhotic, and 
treated (HDAC2i + DNMT1i) minipigs. n = 3 per 
group. (J) ADAMTS1 expression in liver total ECs 
and EC subsets from one control, two cirrhotic, 
and two treated minipigs. (K and L) qPCR (K) and 
ELISA (L) results showing ADAMTS1 expression 
in liver SECs and MECs from control, cirrhotic, 
and treated minipigs. n = 3 per group. (M) ATAC-
seq results showing reads mapped to IGFBP7 
and ADAMTS1 promoters in liver ECs of indicated 
minipig groups. Unpaired two-tailed Student’s 
t test with Welch’s correction was applied in (E), 
unpaired two-tailed Student’s t test was applied 
in (F), and one-way ANOVA followed by Tukey’s 
post hoc test was used in comparisons between three groups. Data are shown as means ± SEM. *, cirrhotic versus control (minipig) or healthy (human), or F1 to F4 versus 
F0; #, treated versus cirrhotic (minipig). *P < 0.05; **P < 0.01; ***P < 0.001. #P < 0.05; ##P < 0.01. Red, female; black, male.
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that maladapted ECs interact with T cells in both cirrhotic patients 
and NASH minipigs (Fig.  6A). Although most predicted interac-
tions were found between human ECs and Macs, EC-Mac predicted 
interactions were lower in minipig NPCs. Because T cells were the 
most abundant liver NPC type in the analysis, we went on to ana-
lyze the interaction between ECs and T cells. Previous studies have 
shown the synergistic or complementary action between IGFBP7, 
ADAMTS1, and transforming growth factor–1 (TGF-1) (59, 60) 

to recruit TH17 cells, a CD4+ T subset (61) involved in the progres-
sion of NASH and liver fibrosis (62, 63). Because Smad2 is an essen-
tial downstream factor for TGF-1–dependent generation of TH17 
cells (64, 65), we analyzed Smad2 phosphorylation in human liver 
CD45+ NPCs. Smad2 phosphorylation was increased in cirrhotic 
human CD45+ NPCs compared with healthy NPCs (Fig. 6B). We 
next analyzed the cell lineages in recruited human and minipig T cells. 
Clustering of human T cells from two cirrhotic and two healthy 

Fig. 5. Paracrine/angiocrine IGFBP7 and ADAMTS1 in EVs associate with fibrosis progression in human patients and a minipig NASH model. (A) Plasma concentrations 
of IGFBP7, ADAMTS1, ALT, and AST in healthy and fibrotic/cirrhotic patients. (B and C) Plasma concentrations of IGFBP7 and ADAMTS1 in fibrotic/cirrhotic patients with normal 
or abnormal liver function. (D) Plasma concentrations of IGFBP7 and ADAMTS1 in fibrotic/cirrhotic patients. NASH, NASH-related fibrosis/cirrhosis; HBC, hepatitis B-related 
fibrosis/cirrhosis; AIH, autoimmune hepatitis-related fibrosis/cirrhosis; PBC, primary biliary fibrosis/cirrhosis; CC, cryptogenic fibrosis/cirrhosis. (E) Plasma concentrations of ALT/
AST in healthy individuals or patients with NASH with different pathological grades. (F) Plasma concentrations of IGFBP7 and ADAMTS1 in healthy, simple steatosis, and patients 
with NASH with different pathological grades. (G) Characterization of EVs purified from human plasma. Top: Electron microscopic analysis of purified EVs. Bottom: Western blot 
examining the EV marker CD81 and GRP94 as negative control. (H) Concentrations of IGFBP7/ADAMTS1 in the EVs purified from indicated minipig and human groups. (I and 
J) IGFBP7/ADAMTS1 concentrations in the EVs from fibrotic/cirrhotic patients with normal or abnormal liver function as indicated by ALT/AST (I) or patients with NASH with 
different fibrosis grades (J). Unpaired two-tailed Student’s t test with Welch’s correction was applied in (A), unpaired two-tailed Student’s t test was applied in human IGFBP7 
experiment in (H), Mann-Whitney nonparametric test without Shapiro-Wilk normality test was used in human ADAMTS1 experiment in (H), and one-way ANOVA followed by 
Tukey’s post hoc test was used in comparison between more than two groups. Data are shown as means ± SEM. *, fibrotic, cirrhotic, or NASH versus control (minipig) or healthy 
(human); #, NASH versus simple steatosis (human) or treated versus cirrhotic (minipig). *P < 0.05; **P < 0.01; ***P < 0.001. #P < 0.05. Red, female; black, male.
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livers identified 20 clusters (fig. S10A) annotated as CD4+ or CD8+ 
T cells (fig. S10B). CD4+ T cells were further clustered (Fig. 6C), and 
TH17 cells were labeled by TH17+ marker genes (Fig.  6D). There 
were more TH17 cells in the liver of cirrhotic patients compared 
with healthy liver (Fig. 6E). To verify our human patient results, we 
analyzed TH17 cells using data from GSE136103 (fig. S10, C to I). In 
this dataset, there was a similar increase in TH17 cell number in the 
cirrhotic human liver compared with healthy human liver. These 
data implicate the profibrotic role of TH17 cells in human liver 
cirrhosis.

We next explored the cellular cross-talk between liver ECs and 
the TH17 subset in the minipig NASH model. TH17 cells were also 
more abundant in cirrhotic minipig livers compared with controls 
and were decreased in number by HDAC2i + DNMT1i treatment 
(Fig. 6, F to I, and fig. S10J). The expression of fibrosis-related genes 
was decreased in the TH17 cells of treated minipigs compared with 
those of cirrhotic minipigs (Fig. 6J). Our data raise the hypothesis 
that epigenetically maladapted SECs might recruit and activate pro-
fibrotic TH17 cells in human and minipig livers (fig. S10K).

Epigenetically maladapted SECs generate a profibrotic TH17 
response in a mouse NASH model
To establish the functional contribution of the HDAC2/DNMT1–
IGFBP7/ADAMTS1 axis in ECs to TH17 cell activation and liver 
fibrosis, we generated an Hdac2iEC mouse in which Hdac2 was 
selectively deleted in mouse ECs. Resulting Hdac2iEC mice were 
tested in a NASH model induced by WD and CCl4 injury (Fig. 7A) 
(51). The therapeutic effect of combinatorial targeting of HDAC2/
DNMT1 was tested by treating Hdac2iEC mice with DNMT1i azac-
itidine (AZA) (Hdac2iEC + AZA group). Liver fibrosis, inflammation, 
collagen deposition, and index of liver fibrosis and liver function 
were lower in Hdac2iEC mice treated with AZA than in control 
injured mice (Fig. 7B and fig. S11A). To further investigate the 
cross-talk between endothelial HDAC2 and DNMT1 in mouse liver 
SECs, we purified liver CD45−CD34−CD31+ SECs by Dynabeads 
from control, Hdac2iEC, and Hdac2iEC + AZA mice. Western blotting 
showed that knockout of Hdac2 in mouse liver SECs up-regulated 
the expression of DNMT1 in SECs (Fig. 7C). In this mouse NASH 
model, CD34 was expressed in some SECs, and targeting of endothelial 

Fig. 6. A maladaptive endothelial niche enables a profibrotic TH17 response in human patients and a minipig NASH model. (A) Cellular interaction prediction in 
different NPC cell lineages from scRNA-seq data from humans and minipigs. (B) Protein abundance of phosphorylated Smad2 in healthy and cirrhotic CD45+ NPCs ana-
lyzed by Western blot. Data were analyzed by unpaired two-tailed Student’s t test with Shapiro-Wilk normality test and are shown as means ± SEM. *, cirrhotic versus 
healthy, P < 0.05. Red, female; black, male, n = 5 per group. (C) Clustering analysis of CD4+ T cells from two healthy and two cirrhotic human livers. (D) Expression of TH17+ 
marker genes in T cell clusters of different human liver groups. (E) TH17 cell proportion in the liver NPCs of different human groups quantified relative to that of healthy 
individuals. (F and G) Clustering analysis of T cells and CD4+ T cells from one control, two cirrhotic, and two treated minipig livers. (H) Expression of TH17+ marker genes 
in CD4+ T cell clusters of different minipig groups. (I) Characterization of TH17 cells in NPCs of cirrhotic and treated minipig groups. Proportion of TH17 cells was quantified 
relative to that of the control (healthy minipigs treated with vehicle) group. (J) Heatmap showing the differential expression of fibrosis-related genes in TH17 cells of cir-
rhotic and treated minipig livers.
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HDAC2 and DNMT1 decreased CD34 
expression in the treated group (Fig. 7, 
D and E). This staining result suggests a 
sinusoidal-to-macro liver vascular mal-
adaptation in this mouse NASH model. 
Targeting endothelial HDAC2 and 
DNMT1 reduced TH17 cell numbers in 
treated mouse livers (Fig. 7F). There-
fore, epigenetically maladapted liver ECs 
might activate a profibrotic TH17 re-
sponse in a mouse NASH model.

IGFBP7 enhances the profibrotic 
TH17 response in a mouse 
NASH model
qPCR showed that combinatorial target-
ing of endothelial HDAC2 and DNMT1 
reduced IGFBP7 expression in the ECs 
of fibrotic mouse liver (Fig. 7G). To es-
tablish the functional role of IGFBP7 in 
stimulating TH17 response in liver fi-
brosis, we analyzed the phenotype of 
IGFBP7 knockout (Igfbp7−/−) mice in a 
NASH model (Fig. 7H). Genetic knock-
out of Igfbp7 in mice mitigated liver 
fibrotic responses, including collagen 
deposition (Fig. 7I); elevated serum AST 
and alkaline phosphatase (ALP) concen-
trations and hydroxyproline abundance 
(Fig. 7J); and enhanced TH17 response 
(Fig. 7K). To further investigate whether 
IGFBP7 directly affected TH17 biology, 
C57BL/6J mice were intravenously in-
jected with recombinant mouse IGFBP7 
protein (fig. S11B). Recombinant IGFBP7 
caused a greater extent of profibrotic 
TH17 response in injured liver than ve-
hicle (fig. S11C). These results suggest 
IGFBP7 as a mediator enhancing TH17 re-
sponse that contributes to liver fibrosis.

Genetic inactivation of ADAMTS1 
mitigates the profibrotic TH17 
response in a mouse fibrosis model
Similar to IGFBP7 expression, we found 
that ADAMTS1 expression was attenu-
ated in the SECs of Hdac2iEC + AZA mice 
(Fig. 8A). In addition, genetic knock-
down of ADAMTS1 in human ECs by 
ADAMTS1 shRNA (shADAMTS1) blocked 
Smad2 phosphorylation in the presence 
of TGF-1 (Fig. 8B). Thus, we used a 
“human to mouse” EV transplantation 
approach (Fig. 8C) to investigate whether 
endothelial ADAMTS1 modulates TH17 
biology. EVs were collected from the cul-
tured media from shADAMTS1- and 
control (shNC)–infected HUVECs. Puri-
fied endothelial EVs were intravenously 

Fig. 7. Blocking HDAC2/DNMT1 and IGFBP7 in maladapted liver SECs suppresses fibrogenic TH17 cells in a mouse 
NASH model. (A) Schema depicting approach to test the contribution of endothelial HDAC2 in a mouse NASH model. 
(B) Liver histopathology analyzed by H&E, Sirius Red, and collagen I staining and quantification of control mice and mice lack-
ing endothelial Hdac2 (Hdac2iEC) treated with AZA. Scale bars, 200 m. n = 6 per group. (C) HDAC2 and DNMT1 protein abun-
dance in liver SECs of indicated mouse groups in the NASH model as indicated by Western blots and quantification. n = 3 per 
group. (D and E) Costaining of CD34 (green) and desmin (red) (D) or Lyve1 (red) and CD34 (green) (E) in liver sections of indi-
cated mouse groups. Scale bars, 20 m. n = 5 per group for (D) and (E). (F) Representative fluorescence-activated cell sorting 
(FACS) dot plots gated on CD4+ T cells with percentages of TH17 cells shown on the right. n = 5 per group. (G) IGFBP7 expression 
in mouse liver ECs in the NASH model. n = 6 per group. (H to K) Effect of genetic knockout of Igfbp7 on profibrotic TH17 
response in the mouse NASH model. Igfbp7−/− mice were studied in a NASH model induced by WD and CCl4 injury (H). Liver 
histopathology of control and Igfbp7−/− mice. Quantification of Sirius Red and collagen I staining shown on the right (I). Con-
centrations of serum ALP and AST, liver hydroxyproline amounts (J), and representative FACS dot plots showing the percent-
age of TH17+ cell in the liver (K) in control versus Igfbp7−/− mice. n = 6 per group. Unpaired two-tailed Student’s t test was applied 
in collagen I experiments in (B), (I), and (F), and ALP experiment in (J). Unpaired two-tailed Student’s t test with Welch’s correc-
tion was used in Sirius Red experiments in (B), (I), (G), and (K); Mann-Whitney nonparametric test without Shapiro-Wilk normal-
ity test was used in AST and Hyp experiments in (J); and one-way ANOVA followed by Tukey’s post hoc test was used in (C) and 
(E). Data are shown as means ± SEM. *, Hdac2iEC, Hdac2iEC + AZA, or Igfbp7−/− versus control, or NASH model versus wild type; 
#, Hdac2iEC + AZA versus NASH model (control). *P < 0.05; **P < 0.01; ***P < 0.001. ##P < 0.01. Red, female; black, male.
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transplanted to mice. Liver fibrosis and the TH17 response were 
decreased in mice transplanted with endothelial EVs lacking 
ADAMTS1 compared with mice treated with control EVs (Fig. 8, 
D and E). These results imply the functional role of ADAMTS1 in 
promoting TH17 response in liver fibrogenesis.

Our data revealed an endothelial HDAC2/DNMT1–IGFBP7/
ADAMTS1–TH17 axis contributing to liver fibrosis in human pa-
tients and minipig and mouse models of NASH. Aberrant epigenetic 
cross-talk in a subset of liver ECs causes vascular maladaptation that 
is characterized by disruption of endothelial taxonomy and generation 
of maladapted SECs producing profibrotic IGFBP7/ADAMTS1 in 
EVs (fig. S12).

DISCUSSION
NASH pathogenesis involves systemic influences including meta-
bolic dysfunction. Endothelial and hematopoietic cells in the circu-
latory system are in direct contact with systemic stimuli, and NASH 
shares many risk factors with vascular complications (1). Therefore, 
we first analyzed phenotypic and molecular signatures of endothe-
lial and hematopoietic cells in the NPCs of human patients at the 
single-cell level. Among the tested NPCs, vascular ECs exhibited the 
highest extent of change in epigenetics-related genes. This finding 
suggests that ECs might be more susceptible to epigenetic alter-
ations in chronic diseases such as NASH. It is possible that ECs 
have a longer in vivo half-life in the circulation to accumulate more 
microenvironmental or systemic stimuli such as metabolic stress. 
As a result, scRNA-seq revealed that endothelial-selective epigenet-
ic changes led to distortion of vascular taxonomy and profibrotic 
subversion of endothelial niche function in NASH. Via multiomics 
and multispecies analyses, we uncovered a profibrotic HDAC2/
DNMT1–IGFBP7/ADAMTS1 axis in the maladapted liver EC sub-
set. Liver fibrosis causes capillarization in SECs and alters blood 

flow in the hepatic sinusoids (15, 16, 42). Liver ECs are a main com-
ponent of NPCs and have been reported to constitute around 5 to 
15% of NPCs. Depending on individual differences and specific iso-
lation methods, the ratio of ECs in purified NPCs seems to vary 
among different studies and individuals (37, 66). In this study, 
scRNA-seq analysis of liver ECs suggests that chronic/metabolic 
injury to ECs and resulting epigenetic modification reciprocally 
contributes to liver fibrosis in NASH. It is likely that modification 
of histone and DNA in the heterogeneous hepatic vasculature stim-
ulates maladaptation of liver ECs, and these maladapted EC sub-
populations further interact with other hematopoietic cells such as 
TH17 cells to jointly form fibrogenic ecosystem in NASH.

scRNA-seq allowed us to reveal the vascular maladaptation in 
cirrhotic liver at the single-cell level. Analysis of both human pa-
tients and a minipig NASH model shows that aberrant epigenetic 
cross-talk leads to a maladaptation of intraorgan endothelial taxon-
omy. In the tested liver samples, the observed vascular maladapta-
tion seems to be mostly characterized with a phenotypic and 
functional transition within the EC lineage. Therapeutically, target-
ing the aberrant HDAC2/DNMT1 cross-talk normalized endothelial 
taxonomy to preserve parenchymal function (normal AST and ALT 
plasma concentrations), suggesting that endothelial maladaptation 
might precede hepatic damage. Functional repair of an organ re-
quires formation of vasculature that can not only provide blood 
supply but also produce paracrine factors promoting regeneration 
and maintaining homeostasis. By contrast, maladaptation of liver 
ECs leads to production of fibrogenic angiocrine factors. Our find-
ings show that epigenetics-dependent maladaptation of hepatic ECs 
in NASH induces profibrotic IGFBP7 and ADAMTS1 in EVs. Fur-
thermore, in human patients and the minipig NASH model, increases 
in plasma IGFBP7 and ADAMTS1 preceded detectable parenchy-
mal injury (increase in plasma AST and ALT). These clinical find-
ings in human patients are consistent with the data showing that 

Fig. 8. ADAMTS1 suppression mitigates fibrogenic TH17 cells in mouse fibrotic livers. (A) ADAMTS1 expression in the liver SECs of Hdac2iEC mice in a NASH model. 
n = 6 per group. (B) Smad2 phosphorylation (p-Smad2) in HUVECs transduced with shADAMTS1 or control shNC. n = 5 per group. (C) Schema depicting approach of hu-
man to mouse EV transplantation. (D) Sirius Red staining in mice after CCl4 injection and transplantation of shADAMTS1 or shNC EVs. Scale bar, 100 m. n = 5 per group. 
(E) Flow cytometry analysis of TH17 cells in NPCs of indicated mouse groups. Percentages of TH17 cells are shown on right. n = 5 per group. For all statistical analyses, data 
were analyzed by unpaired two-tailed Student’s t test with Shapiro-Wilk normality test and shown as means ± SEM. *, Hdac2iEC + AZA or shADAMTS1 versus control. 
*P < 0.05; **P < 0.01. Red, female; black, male.
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targeting HDAC2/DNMT1  in ECs normalized plasma AST and 
ALT in the minipig NASH model. Therefore, our study implies that 
chronic stress in NASH stimulates epigenetic change and produc-
tion of IGFBP7 and ADAMTS1, enhancing liver fibrosis. Future 
work will determine whether IGFBP7 or ADAMTS1 might be po-
tential therapeutic targets or used to evaluate fibrosis progression in 
patients with NASH, especially in discriminating NASH from sim-
ple steatosis.

Aberrant cellular cross-talk contributes to liver fibrogenesis in 
NASH (2, 14). Here, we unravel the single-cell landscape of vascular 
adaptome. In this adaptome, epigenetically reprogrammed liver 
SECs produce EV IGFBP7 or ADAMTS1 to recruit profibrotic 
TH17 cells. Abnormal recruitment and activation of immune cells 
have been shown to stimulate liver fibrosis (67–69). In this study, 
cellular interaction prediction analysis using scRNA-seq of NPCs 
showed the cross-talk between T cells and reprogrammed ECs in 
liver fibrosis. This prediction was supported by data showing that 
normalizing epigenetic change in maladapted IGFBP7+ADAMTS1+ 
liver SECs suppressed TH17 enrichment in both minipig and mouse 
NASH models. scRNA-seq, Igfbp7 knockout mice, and EV trans-
plantation showed that this EC-TH17 cross-talk at least partially 
depends on angiocrine IGFBP7/ADAMTS1. Therefore, bioinfor-
matics and experimental approaches were integrated to reveal this 
unique profibrotic EC–TH17 cell interaction. Given the systemic 
distribution of vascular and hematopoietic cells in multiple organs, 
decoding the vascular adaptation node molecule might help identify 
therapeutic targets or biomarkers for fibrotic diseases in other  
organs.

Building on the findings from human patients, we used comple-
mentary preclinical NASH models (minipig and mouse) to define 
the contribution of epigenetics-dependent vascular maladaptation. 
The digestive system of the minipig exhibits close analogy to that of 
humans (70). Therefore, the minipig offers the advantage of resem-
bling human metabolic disorder–related diseases such as NASH. The 
minipig model also enables liver biopsy for multiomics assessment 
of therapeutic effects and underlying mechanisms. Compared with 
the minipig, genetically modified mice such as EC-specific Hdac2 
knockout and Igfbp7 knockout mice provide tools for defining 
the cellular and molecular mechanisms involved in epigenetics- 
dependent vascular maladaptation. Pharmacological and genetic 
targeting experiments in the minipig and mouse NASH models re-
vealed that abnormal HDAC2/DNMT1 cross-talk causes vascular 
maladaptation and subsequent production of IGFBP7/ADAMTS1 in 
ECs. These data are in line with the identified correlation between 
HDAC2, DNMT1, IGFBP7, or ADAMTS1 induction and fibrosis 
progression in human cirrhotic patients. In both mouse and mini-
pig NASH models, combinatorial targeting of HDAC2 and DNMT1 
showed synergistic antifibrotic effects. Administration of IGFBP7- 
and ADAMTS1-containing endothelial EV further suggests the fi-
brogenic role of ADAMTS1/IGFBP7 via stimulating TH17 response 
in the liver. Therefore, our preclinical platforms might aid in devis-
ing therapy for fibrosis-related diseases, which are associated with 
40% of deaths worldwide (71).

This study has some limitations because of technical hurdles. 
We assessed liver cell propagation in the minipig NASH model using 
Ki67 staining. Immunohistochemical staining of Ki67 showed that 
HDAC2i and DNMT1i treatment enhanced the mitosis in liver cells 
exhibiting hepatocyte features such as distinctly round nuclei and 
polygonal shape. However, we were not fully able to illustrate the 

specific cell proliferation of hepatocytes with costaining because of 
the lack of an antibody faithfully recognizing minipig hepatocytes. 
In addition, liver SECs undergoing capillarization start to express 
CD34 that is normally expressed by MECs. Therefore, we mainly 
purified noncapillarized SECs in the fibrotic liver with our current 
isolation approach, and the results obtained mostly reflect the phe-
notype of the CD45−CD34−CD31+ SEC subpopulation during liver 
fibrogenesis. In the future, these hurdles might be overcome with 
better antibodies for detection and isolation of different types of 
ECs or hepatocytes in multiple species. Furthermore, because of the 
experimental cost, we tested male minipigs in the NASH model. To 
illustrate the possible influence of gender on the outcome, we pre-
sented male and female patient and mouse data with different col-
ors in the graphs.

In this study, we uncovered a single-cell landscape of vascular 
adaptation in which epigenetically reprogrammed EC subset stimu-
lates TH17 cells to jointly contribute to liver fibrosis in multiple spe-
cies. Formation of this maladaptive vascular adaptome involves 
distortion of endothelial taxonomy and production of fibrogenic 
factors in EVs. Elucidating the molecular and cellular network un-
derlying this vascular adaptation might help to discover diagnostic 
or therapeutic candidates for fibrotic diseases.

MATERIALS AND METHODS
Study design
This study aimed to evaluate how maladaptation of vascular niche 
provokes liver fibrosis in NASH. We used multiomics approaches 
to reveal the landscape of vascular adaptation in which ECs, paracrine/ 
angiocrine factors, circulating EVs, and TH17 cells jointly contrib-
ute to liver fibrosis and cirrhosis in human, minipig, and mouse. 
To establish the clinical value of effector molecules IGFBP7 and 
ADAMTS1, we used a human plasma cohort that included healthy 
volunteers, simple steatosis, early-stage NASH (F0 to F1), and 
fibrotic/cirrhotic patients (without cancer) to assess the concentra-
tions of IGFBP7 and ADAMTS1 in human patient plasma. We 
used a human to mouse EV transplantation approach and genetic 
mouse models to illustrate the functional contribution of angiocrine 
IGFBP7 and ADAMTS1 to liver fibrosis. Three to five (human), three 
(minipig), and five to six (mouse) biological samples were used 
for each experiment. We did not differentiate between genders in 
human or mouse samples. All studies were approved by the Ethics 
Committees of West China Second University Hospital, West China 
Hospital of Sichuan University, and Chengdu Dossy Biological 
Technology Co. Ltd.

Patients and clinical specimens
Patient liver and plasma samples were collected with informed con-
sent at West China Hospital, Sichuan University at Chengdu, China. 
The healthy liver tissues (without fibrosis) were obtained from 
patients with hepatic hemangiomas who underwent endoscopic 
hepatectomy. The cirrhotic liver tissues were obtained from pa-
tients with histologically diagnosed liver fibrosis. Patient informa-
tion for scRNA-seq, liquid chip analysis, and gene expression 
analysis is shown in table S1. Plasma samples were obtained from 
healthy volunteers (n = 21), patients with simple steatosis (n = 16), 
patients with early-stage NASH (F0 to F1) (n = 12), and fibrotic/
cirrhotic/NASH patients (without cancer) (n  =  75) of different 
pathological grades. We used fibrosis-4 score (Fib-4) and transient 
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elastography (TE) to determine the grade of fibrosis in non-NASH 
livers and used NAFLD fibrosis score, Fib-4, TE, and controlled at-
tenuation parameter to determine the grade of fibrosis and steatosis 
in NASH livers (72, 73). Early-stage NASH was mainly identified by 
the histology of liver biopsy samples; some other samples were also 
identified by the histology of liver biopsy. Patient information for 
plasma analysis is shown in data file S1. The Medical Ethics Com-
mittee of West China Hospital of Sichuan University approved the 
study. The study on human subjects conformed to the principles of 
the Declaration of Helsinki.

Minipigs
Bama minipigs were obtained from Chengdu Dossy Biological 
Technology Co. Ltd., China. The study was performed in male 
minipigs. Minipigs were kept in independent cages at Chengdu 
Dossy Experimental Animals Center, fed with diet containing 
2% cholesterol and 30% fat by weight, and supplemented with fruc-
tose and glucose. The Laboratory Animal Ethics Committee of 
West China Second University Hospital, Sichuan University, and 
Chengdu Dossy Biological Technology Co. Ltd. approved the mini-
pig experiments.

Mice
C57BL/6J mice were obtained from the Model Animal Research Center 
of Nanjing University. C57BL/6J-Hdac2em1(flox)Smoc mice were ob-
tained from Shanghai Model Organisms Center Inc. Igfbp7−/− mice 
were from GemPharmatech, Nanjing, China. Mice expressing EC- 
specific Cdh5-(PAC)-CreERT2 were provided by R. H. Adam (74). 
Cdh5-(PAC)-CreERT2 mouse was crossed with floxed Hdac2 mouse 
to generate Hdac2iEC/iEC (Hdac2iEC). Hdac2iEC mice were intra-
peritoneally treated with tamoxifen (250 mg/kg) 2 months after 
birth for 6 days (interrupted for 3 days after the third dose), leading 
to endothelial-specific deletion of Hdac2. Mice were kept in the 
pathogen-free facility at the Experimental Center of West China 
Second University Hospital and fed ad libitum on a standard 12-hour 
light/dark cycle. The protocols of the animal experiments were ap-
proved by the Laboratory Animal Ethics Committee of West China 
Second University Hospital, Sichuan University.

Statistical analysis
All calculations or analyses were performed using Prism 8 software 
package (GraphPad) or R. Data were statistically analyzed by un-
paired two-tailed Student’s t test with Shapiro-Wilk normality test 
or Mann-Whitney nonparametric test without Shapiro-Wilk normal-
ity test (two-group comparisons) and one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test (more than two- group 
comparisons). Differential expression genes between two groups of 
cells were identified using a Wilcoxon rank sum test in scRNA-seq. 
All data are presented as means ± SEM. P < 0.05 was considered 
statistically significant, and all error bars represent SEM. For in vivo 
experiments, n indicates the data from individual biological repli-
cate. All statistical tests, sample sizes, and comparisons are included 
in the figures and figure legends. In all cases, * indicates a statisti-
cal difference between cirrhotic, fibrotic, or NASH versus healthy/ 
control group; # indicates a statistical difference between treated versus 
cirrhotic, fibrotic, or NASH group, or NASH versus simple steatosis 
group. *P < 0.05 or #P < 0.05; **P < 0.01 or ##P < 0.01; ***P < 0.001; 
****P < 0.0001. Additional materials and methods are given in the 
Supplementary Materials.
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Targeting epigenetically maladapted vascular niche alleviates liver fibrosis in
nonalcoholic steatohepatitis
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TangTing BaiYutian ChenYilin ZhaoChunxue ZhangXia XiaoJing LiuYue DengTinghong YeLu ChenHan-Min LiuScott L.
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Epigenetic bad actors in liver fibrosis
The molecular processes that lead to fibrogenesis in nonalcoholic steatohepatitis (NASH) are complex and not
completely understood. Zhang et al. used single-cell omics analysis of multiple species to show that epigenetic
dysregulation of hepatic endothelial cells promoted the maladaptation of these cells from a sinusoidal to vascular
phenotype. The vascularly maladapted cells stimulated fibrosis via a HDAC2-DNMT1-IGFBP7-T

H

17 pathway, and
HDAC2 and DNMT1 inhibitors targeting this pathway mitigated fibrosis in a minipig NASH model. This provides
a valuable resource for studying NASH pathogenesis and suggests a potential strategy to block the liver fibrosis
promoted by maladaptive vascularization in this disease.
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