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Supplementary methods

In vivo analyses

Liver biopsy specimens

Liver  biopsies  were  performed  percutaneously  under  local  anesthesia.  An 

approximately  5  mm portion  of  the  needle  biopsy  was  immediately  preserved  in 

Allprotect  Tissue  Reagent  (QIAGEN)  and  then  stored  at  -80°  C.  The  remaining 

cylinder was fixed in 4% neutral buffered formalin and embedded in paraffin wax. 

RNA  was  isolated  from  cryo-conserved  liver  biopsy  fragments  as  described 

recently(1).

Animal treatment and evaluation 

8-12  weeks  old  male  BALB/c  mice  for  the  experiments  were  obtained  from the 

central animal facility of Hannover Medical School. The experiments were performed 

according to the regulations of the Institutional Animal Care and Use Committee of  

the  Hannover  Medical  School,  Germany  (Protocol  number:  TVA  17/2658).  Liver 

fibrosis mouse models were established by either injecting 4µl/g 10% CCl4/olive oil 

into BALB/c mice, twice a week for 8 weeks (fibrosis) and 16 weeks (cirrhosis), or fed 

with the DDC diet consistently for six weeks. 12-16 weeks old multidrug resistance 2 

knockout  mice (Mdr2-/-),  a mouse ortholog of  human  MDR3 (also known as ATP 

binding cassette subfamily B member 4) on FVB background were used as a model 

of progressive familial intrahepatic cholestasis.

Bile duct ligation

The male 8-12 weeks old BALB/c mice were anesthetized with under continuous 

supply of 2% isoflurane in 100% oxygen at a flow rate of 2 L/min. The abdominal  
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cavity of  mouse was opened that allowed access to bile duct.  We place two 5-0 

sutures around the bile  duct with  a distance of  around 3 mm and secured them 

separately  with  three  surgical  knots.  It’s  unnecessary  to  dissect  the  bile  duct  in 

between. Subsequently, peritoneal cavity was rinsed with 0.9% NaCl solution before 

closing the abdominal peritoneum and cutis plus facia layers with separate running 

sutures.

Bioluminescence

At 8h, 24h, 48h and up to 120h after the injection of the luciferase mRNA/LNP, mice 

were injected intraperitoneally with 0.15 ml D-luciferin (10 mg/ml in PBS). The mice 

were  anesthetized  in  the  XGL-8  system  (PerkinElmer),  which  has  a  ventilated 

anaesthesia  chamber  with  1.5%  isoflurane  in  oxygen.  After  10  min,  mice  were 

analysed  by  an  in  vivo imaging  system  (IVIS,  PerkinElmer).  Luminescence  was 

quantified using the Living Image software (PerkinElmer).

Blood chemistry analyses and multiple cytokines and chemokines analyses

200µl blood from mice with different treatments and sera was prepared and stored in 

-800C. Bilirubin and alanine aminotransferase (ALT) were assayed as indicators of 

liver  function.  Plasma  multiple  cytokines  and  chemokine  concentrations  were 

quantified by multiplex protein arrays kit, according to the manufacturer's protocols 

(BioRad  Laboratories,  Hercules,  CA).  Following  cytokines  and  chemokines  were 

measured as described before(2, 3): IL-1 beta, IL-2, IL-3, IL-4, IL-10, IL-12p70, IL-13, 

IL-17,  tumor  necrosis  factor-alpha  (TNF-α),  and  Interferon-gamma  (IFN-γ).  To 

normalize the hemodilution at the end of the procedure, all biochemistry and cytokine 

values were corrected by using the following formula(2): 
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Value (calculated) = (Value (measured) x Hematocrit (measured))/Hematocrit  

(baseline)

Body weight and activity score 

The  cirrhotic  mice  were  weighed  every  day  at  the  same  time  starting  from 

HNF4A/LNP treatment. 5-point scale score system was used to measure the activity 

of the mice(4). The score 5 represented normal activity; score 4 represented some 

decrease  in  walking  and  running;  score  3  represented  as  lethargy;  score  2 

represented no spontaneous movement unless stimulated; score 1 represented no 

spontaneous movement. None of the mice was observed with activity score 1 in all  

experiments.

Isolation of hepatic cells

Primary mouse hepatocytes were isolated via liver perfusion with Liberase (Roche) 

and subsequently purified by Percoll density gradient centrifugation. Briefly, mice were 

anaesthetized using Ketamin (Albrecht, Germany) and Rompun (Bayer, Germany). The body 

cavity was opened and a catheter was placed into the vena cava and connected to a flow 

pump, which pumped media, pre-warmed at 37°C. Subsequently, the portal vein was cut. 

The livers were first perfused with Earle’s Balanced Salt Solution (EBSS) (GIBCO, Germany) 

solution  containing  0.5mM  Ethylene  Glycol  Tetra  acetic  acid  (EGTA)  (Sigma-Aldrich 

Germany) and 10mM HEPES buffer (Sigma Germany). EBSS supplemented with 10 mM 

HEPES buffer and Liberase (Roche, Germany) was applied for enzymatic digestion of the 

tissue at 37°C. For the perfusion of normal livers, we used 100ug/mL Liberase for 10 min 

digestion time whereas livers with fibrosis were perfused with 150ug/ml for 12 min digestion 

time. After perfusion, the livers were carefully disconnected from the body cavity, and the 

liver tissue was manually disrupted with sterile scissors and scalpel in Dulbecco's Modified 

Eagle's  Medium  (DMEM)  (GIBCO  Germany)  containing  10%  FCS.  The  suspended 
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hepatocytes were passed through a 100 µm nylon filter into 50 ml Falcon tubes. Cells were 

subjected  to  Percoll-density  gradient  centrifugation  to  obtain  highly  purified  and  live 

hepatocytes.  The  pellet  containing  viable  hepatocytes,  was  washed  with  5ml  DMEM, 

centrifuged at 40g for 5 min at 4°C, and resuspended in 3 ml of culture medium. Cells were 

counted  and  cultured  in  hepatocyte  culture  medium  (Lonza).  0.5  million-mouse 

hepatocytes were seeded per well of collagen-coated 12-well plates. Four hours after 

seeding,  the  DMEM  medium  supplemented  with  10%  FBS  was  changed  to 

hepatocyte  culture  medium (Lonza).  Primary  human hepatocytes  with  more  than 

90%  viability  were  purchased  from  Primacyt  Cell  Culture  Technology  Gmbh 

(Schwerin, Germany). 

The hepatic stellate cells were isolated as previously reported(5). Briefly, the CCl4-

induced fibrotic  mice  were  perfused with  Pronase E solution  and Collagenase P 

solution.  Then,  the  perfused livers  were  digested  in  vitro with  50  ml  Pronase E-

Collagenase  P  solution  and  1  ml  DNase  I  at  37  degree  for  20  minutes.  Cell 

suspension was filtered with 100 µm strainers before centrifugation. The pellet was 

collected and re-suspended in Gey’s Balanced Salt Solution-B (GBSS-B) with DNase 

I solution. After adding with Nycodenz solution, the gradients were centrifuged and 

the primary HSCs were collected from the interphase of gradients. The primary HSCs 

were cultured in  DMEM supplemented with  10% FBS, 1% penicillin-streptomycin, 

and 4mM L-glutamine.

The LSEC and KC were isolated following the described protocol as before(6). 

A similar two-step perfusion procedure was performed. Unlike the Nycodenz gradient 

centrifugation,  the  LSEC  were  collected  by  CD146  microbead-based  magnetic 

activated  cell  sorting  (MACS)  and  the  KC were  isolated  by  33% Percoll  density 

gradient centrifugation. To enrich the KC, the medium was changed 15 minutes after  

seeding.
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Histology, Immunohistochemistry, and Immunofluorescence

Liver tissues were fixed with 4% formalin, embedded in paraffin, and cut into 5µm-

thick  sections  for  histological  and  immunohistochemical  analyses.  For  Sirius  red 

staining, following deparaffinization, the sections were stained with Picro-Sirius Red 

Stain Kit according to manufacturer's instructions (Abcam, ab150681). The sections 

were hydrated in distilled water and incubated in a Picro-Sirius red solution for 60  

min. After washing slides with acetic acid solution and absolute alcohol, the slides 

were then dehydrated and subsequently mounted. Immunofluorescence stainings for 

desmin (Thermo Scientific,  RB-9140),  CD45 (BioLegend, 103106),  F4/80 (Abcam, 

6640),  SOX9 (Millipore, AB5535) and ALB (Abcam, ab19196) were performed on 

frozen  sections  following  a  standardized  protocol.  Quantification  of 

immunofluorescence or immunohistochemical staining was performed using ImageJ 

software in a blinded manner.

Histological grading and staging

Sections of 2 µm thickness from liver allograft biopsies with a 17-gauge needle were 

stained  with  hematoxylin  and  eosin,  elastic  van  gieson stain,  periodic  acid–

Schiff stain,  silver  stain,  Berlin  blue  stain  and  rhodamine  stain.  Histological 

examination  and  scoring  for  fibrosis  stage (Ishak  score  or  Scheuer  score)  was 

performed by experienced liver pathologists in blinded fashion.

In vitro analyses

mRNA production and mRNA/LNP formulation 

The design and synthesis of mRNA sequences have been described previously(7). 

Briefly, mRNAs for human HNF4A,  ZsGreen mRNA, and Photinus pyralis luciferase 

(Luc) mRNA were capped co-transcriptionally to produce Cap1 structure. A template-
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encoded poly-A sequence was utilized as described previously(7). Sequences were 

codon-optimized for human use and did not include chemically-modified bases. For 

in  vivo studies,  mRNAs  were  further  polyadenylated  using  A-Plus  Poly  (A) 

Polymerase  Tailing  Kit  (Biozym)  and  carried  out  according  to  the  manufacturer's 

recommendations.  LNP  formulation  of  the  mRNAs  was  conducted  at  Acuitas 

Therapeutics as described previously(7).For injections, mRNA/LNP were diluted in 

phosphate-buffered saline pH 7.4 (PBS).

Adeno-associated virus serotype 8 (AAV8) vector production

To construct plasmids of AAV-ZsGreen and AAV-HNF4A, we synthesized optimized 

ZsGreen and human  HNF4A genes with  restriction  sites  HindIII  and SacII.  Then 

these genes were digested and ligated into an AAV-Ttr plasmid to achieve clones of 

AAV-Ttr-ZsGreen and AAV-Ttr-HNF4A plasmids. AAV8 viruses were produced as 

previously  described(8).  Briefly,  both  plasmids  were  co-transfected  with  25µg 

pDP8.ape  (Plasmid  Factory,  Bielefeld,  Germany)  293T  cells  at  60%  confluency 

separately  using  the  calcium phosphate  method.  Viral  titers  were  determined  by 

quantitative  polymerase  chain  reaction  (qPCR)  using  primers  targeting  the  TTR 

promoter.

Reverse transcription and quantitative PCR (qPCR)

Livers were taken at indicated time points after injection with mRNA/LNP. For the in  

vitro study,  primary  mouse  hepatocytes  and  primary  human  hepatocytes  were 

cultured  and  treated  as  mentioned  above.  Total  RNAs  were  extracted  by  Trizol 

reagent (Qiagen) from cells or tissues according to the manufacturer's instructions. 

cDNA  was  generated  using  TaqMan  Reverse  Transcription  Reagents 

(ThermoFisher).  QPCR  was  performed  according  to  the  TaqMan  (Invitrogen)  or 
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SYBR Green (ThermoFisher) Gene Expression Assay protocols using a 96-well ABI 

StepOne  Plus  Real-Time  PCR  System  (ThermoFisher).  Samples  were  run  in 

triplicate.  The  primer  sequences  are  provided  in  the  supplementary  information 

(Supplementary  table  2a-2c).  Relative  mRNA  expression  was  determined  after 

normalizing the expression with respect to GAPDH, which was used as a house-

keeping gene.

Microarray-based mRNA expression analysis (Single Color Mode)

The Microarray utilized in this study represent a refined version of the Whole Mouse 

Genome  Oligo  Microarray  4x44K  v2  (Design  ID  026655,  Agilent  Technologies), 

called ‘026655QM_RCUG_MusMusculus’ (Design ID 084956) and was developed by 

the Research Core Unit Genomics (RCUG) of Hannover Medical School. Microarray 

design was created at Agilent’s eArray portal using a 1x1M design format for mRNA 

expression  as  template.  All  non-control  probes  of  design  ID  026652  have  been 

printed  four  times  within  a  region  comprising  a  total  of  181560  Features  (170 

columns x 1068 rows). Four of such regions were placed within one 1M region giving 

rise  to  four  microarray  fields  per  slide  to  be  hybridized  individually  (Customer 

Specified  Feature  Layout).  Control  probes  required  for  proper  Feature  Extraction 

software  operation  were  determined  and  placed  automatically  by  eArray  using 

recommended default settings.

150ng of total RNA were used as input. Synthesis of Cy3-labeled cRNA was 

performed in ¾ reaction volumes with the ‘Low Input Quick Amp Labeling Kit One-

Color’  (#5190-2305,  Agilent  Technologies)  according  to  the  manufacturer’s 

recommendations.  cRNA  fragmentation,  hybridization  and  washing  steps  were 

carried-out as recommended in the ‘One-Color Microarray-Based Gene Expression 

Analysis Low Input Quick Amp Labeling Protocol V6.7’, except that 2000ng of labeled 
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cRNA were used for hybridization. Slides were scanned on the Agilent Micro Array 

Scanner  G2565CA  (pixel  resolution  3  µm,  bit  depth  20).  Data  extraction  was 

performed  with  the  ‘Feature  Extraction  Software  V10.7.3.1’  by  using  the 

recommended default extraction protocol file ‘GE1_107_Sep09.xml’.

Measurements of on-chip replicates (quadruplicates) were averaged using the 

geometric mean of processed intensity values of the green channel,  ‘gProcessed 

Signal’  (gPS) to retrieve one resulting value per unique non-control  probe. Single 

Features were excluded from averaging, if they i) were manually flagged, ii) were 

identified as Outliers by the Feature Extraction Software, iii) lay outside the interval of 

‘1.42 x interquartile range‘ regarding the normalized gPS distribution of the respective 

on-chip  replicate  population,  or,  iv)  showed  a  coefficient  of  variation  of  pixel 

intensities per Feature that exceeded 0.5. Averaged gPS values were normalized by 

Quantile normalization approach.

HNF4A binding site prediction

To predict  the  binding  site  of  HNF4A on paraoxonase 1,  the  upstream 2000 bp 

promoter  region  of  the  paraoxonase  1  transcription  start  site  was  selected  as 

potential  targeting  sequence  (UCSC  Genome  Browser  on  Mouse  Dec.  2011 

(GRCm38/mm10)  Assembly).  The  binding  site  was  predicted  via  Jaspar  core 

vertebrata database. Four sites include 632bp-644bp, 637bp-649bp, 763bp-777bp 

and 977bp-989bp were predicted as high score binding area. Since site 632bp-644bp 

and 637bp-649bp have overlap, the Chip primers were designed to recognise the 

up/down stream sequence of these two sites together. The Chip primers designed 

as: Pon1 ChIP primer forward 1: 3’-GACCTTACCTCATGCAGCTGG-5’; Pon1 ChIP 

primer reverse 1: 5’-GTTTGCCTTCTTGCCATGTCC-3’; Pon1 ChIP primer forward 2: 

5’-GACCTTACCTCATGC
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AGCTGG-3’; Pon1 ChIP primer reverse 2: 5’-AGCCTTAAACTTGAGCTTCTGTG-3’; 

Pon1 ChIP primer forward 3:  5’-AAGGAGGGAAAGTGCAATTGGG-3’;  Pon1 ChIP 

primer reverse 3: 5’-GGGTACTGCTTGCTTCATCT-3’;

Chromatin immunoprecipitation (ChIP)

The  MAGnify  Kit  (ThermoFisher)  was  used  for  ChIP  experiment  following  the 

manufacturer’s  recommendations.  For  primary  mouse  hepatocyte  and  Hepa  1-6 

cells, the crosslinking was performed directly on the 10 cm petro dish when the cells 

reach ~80% confluency. The cells were then collected and sonication was performed 

on a Bioruptor UCD-200TM-EX for 20 cycles of 30 seconds ON, 30 seconds OFF at 

high  power.  For  antibody  binding,  1ug  of  a  mouse  monoclonal  anti-HNF-4-alpha 

antibody (ab41898, abcam) and 1ug mouse IgG control antibody (within the kit) were 

used to bind with Dynabeads. For 3T3 cells, the HNF4A mRNA and ZsGreen mRNA 

were transfected into the cells 6 hours before crosslinking. The cells were collected 

and sonication was performed on a Bioruptor UCD-200TM-EX for 25 cycles of 30 

seconds ON, 30 seconds OFF at high power. For antibody binding, 1ug of a rabbit  

monoclonal  anti-HNF-4-alpha  (ab181604,  abcam)  and  1ug  rabbit  IgG  control 

antibody (within the kit) were used to bind with Dynabeads. 

Single cell RNA sequencing 

Library generation

After  liver  perfusion  and  Percoll-density  gradient  centrifugation,  alive  cells  were 

enriched using dead cell  removal  kit  (Miltenyi  Biotec).  Then the cell  viability  was 

confirmed by sort-lab of Hannover Medical School. Library preparation for single cell  

mRNA-Seq analysis was performed according to the Chromium NextGEM Single Cell 
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3  Reagent  Kits  v3.1  User  Guide  (Manual  Part  Number  CG000204  Rev  B;  10x 

Genomics). A twofold excess of cells was loaded to the 10x controller in the specified  

volume in order to reach a target number of 7500 cells (N2032-N2033) per sample. 

Fragment length distribution of generated cDNAs and libraries was monitored using 

‘Bioanalyzer  High  Sensitivity  DNA  Assay’  (5067-4626;  Agilent  Technologies). 

Quantification of libraries was performed by use of the ‘Qubit® dsDNA HS Assay Kit’ 

(Q32854; ThermoFisher Scientific).

Sequencing run

Equal  molar  proportions  of  four  generated  libraries  were  pooled  accordingly, 

denatured with NaOH, and were finally diluted to 1.8pM according to the ‘Denature 

and  Dilute  Libraries  Guide’  (Document  #  15048776  v02;  Illumina).  1.3  ml  of  

denatured pool was sequenced on an Illumina NextSeq 550 sequencer using one 

High Output Flowcell for 75 cycles and 400 Million clusters (#20024906; Illumina).  

Sequencing was performed according to the following settings: 28bp as sequence 

read 1; 56bp as sequence read 2; 8bp as index read 1; no index read 2.

scRNA-seq raw data processing

The proprietary 10x Genomics CellRanger pipeline (v4.0.0) was used with default 

parameters  except  for  the  setting  of  expected  cells  (--expect-cells  2500;  7500). 

Initially, the mkfastq command was used to demultiplex the data from the raw BCL 

sequencer images, given the supplied sample sheet with the utilized 10x barcodes. 

This  step  resulted  in  standard  FASTQ  files  and  10x  specific  metadata.  Next, 

CellRanger  was used to  align read data  to  the mm10 mouse reference genome 
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provided  by  10x  Genomics  (Mouse  reference  dataset  refdata-gex-mm10-2020-A) 

using the aligner STAR. 

scRNA-seq raw data post processing

Standard procedures for filtering, variable gene selection, dimension reduction and 

clustering were performed using the Scanpy toolkit version 1.6.0 (9). The combined 

Control  and  HNF4A  dataset  had  in  total  14,591  cells  (8,429  Control  and  6,162 

HNF4A) with 32,285 genes. Initially, cells with fewer than 200 detected genes were 

excluded. A gene was counted as expressed if it was detected in at least 3 cells.  

Genes with too many total counts (>20,000) were also removed. For each cell we 

computed the fraction of counts in mitochondrial genes vs all genes and filtered out 

the  cells  with  this  fraction  greater  than  0.05.  The  data  matrix  was  total-count 

normalized (library-size corrected) to 10,000 reads per cell, so that counts became 

comparable among cells, and stabilized by computing the natural logarithm of one 

plus the counts for each cell. Next, for feature selection we filtered the highly variable  

genes, remaining finally with a data matrix with 13,880 cells and 2,650 genes. Each 

gene was scaled to unit variance and values exceeding standard deviation 10 were 

clipped.  As a method for  dimension reduction  we used the  Principal  Component 

Analysis (PCA) that reveals the main axes of variation and denoises the data, and 

the Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) 

(10). We inspected the contribution of single Principal Components (PCs) to the total  

variance in the data to obtain information about how many PCs we should consider in  

order to compute the neighbourhood relations of cells. The neighbourhood graph of  

cells using the PCA representation of the data matrix was computed using the first 40  

PCs and 10 neighbours. The clustering of the neighbourhood graph was performed 
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using the Louvain graph-clustering method. The Louvain clustering with resolution 

0.17classified  the  cells  into  10  clusters.  Apart  from  the  clusters  of  cells,  we 

represented with UMAP the 2 batches of Control and HNF4A population cells. We 

used the MacSpectrum tool (11)to define the macrophage polarization and transition 

into M2-macrophages by the macrophage polarization index (MPI) and the activation-

induced  macrophage  differentiation  index  (AMDI).  To  feed  MacSpectrum,  we 

selected as macrophages the cells with raw normalized data expression > 5 of at 

least one of the macrophage marker genes S100a4, Ccr2, Naaa and Cx3cr1.

Liver bud generation

Primary human hepatocytes (Primacyt GmbH) were used for organoids culture as 

described  by  Hans  Clevers  and  colleagues(12).  Human  Hepatic  Stellate  Cells 

(hHSCs)  (P10653,  Innoprot)  were  cultured  in  DMEM  (high  glucose,  Invitrogen) 

supplemented  with  10%  (v/v)  fetal  bovine  serum  (FBS,  Biochrom),  1%  (v/v) 

penicillin/streptomycin (Invitrogen),  1% (v/v)  nonessential  amino acids (Invitrogen) 

and  0.1%  (v/v)  2-mercaptoethanol  (Invitrogen)  in  gelatine-coated  6-well  plates. 

Human  Umbilical  Vein  Endothelial  Cells  (HUVECs)  (C-015-10C,  Thermo  Fisher 

Scientific)  were  grown  in  Medium  200PRF  (M-200PRF-500,  Thermo  Fisher 

Scientific).  Human  Kupffer  Cells  (hKCs)  (36167-17N,  Celprogen)  were  grown  in 

Human Normal  Kupffer  Cell  Culture  Complete  Serum Free  Media  (M36167-17N, 

Celprogen) supplemented with 10% (v/v) FBS. 

hHSCs and hKCs were transduced with lentiviral vector encoding for tdTomato and 

GFP  (MOI=20)  when  reached  a  confluency  of  80%,  respectively.  Medium  was 

replaced at 12 h after transfection. 2 days after transfection, hHSCs were visualized 

at  581nm and hKCs at  488 nm under  fluorescence microscope (Olympus IX71). 

Then hepatocyte organoids were disrupted, digested to single cells by incubating in 
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trypsin for 5 min at 37 degree and transfected by HNF4A mRNA and Pon1 siRNA. 4h 

later, transfected hepatocytes were resuspended with HUVECs, hHSCs and hKCs at 

a ratio of 10: 8: 2: 1 in a 1:1 mixture of hepatocyte organoid culture medium and 

Medium 200PRF(13). 500 μL cell suspension of 2x105 cells was seeded on solidified 

matrigel  diluted by Medium 200PRF in  each well  of  48-well  plates.  Medium was 

changed every two days. 96 h after seeding,  culture supernatant  and RNA were 

collected for further analyses.

mRNA stability assay

The  endogenous  Hnf4a mRNA  stability  assay  was  performed  according  to  the 

protocol described previously (14). The primary mouse hepatocytes were seeded in 6 

well  plates  and  the  exogenous  HNF4A mRNA  or  ZsGreen control  mRNA  were 

transfected. 24 hours after transfection, cells were trypsinized and collected in Trizol 

(TRI) reagent as time 0 control (T=0). To the remaining 5 wells, 30 μl of 1 mg/ml  

Actinomycin D stock was added to obtain a final concentration of 10 μg/ml in 3 ml of 

culture media.  We collected samples at  1,  2,  4,  6 and 8 h time points  after  the 

supplementation of Actinomycin D. The cell pellet was resuspended in 1 ml of TRI 

Reagent. The RNA was extracted and qPCR analysis was performed to detect the 

endogenous Hnf4a mRNA expression.
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Supplementary figures

Supplementary Fig. S1. HNF4A is mainly expressed in hepatocytes rather than 

other hepatic cell types in both wild type and CCl4-induced fibrosis mice. (A) 

The bright field photographs of representative primary mouse hepatocytes isolated 

from either healthy or fibrotic livers.  (B)  The qPCR analysis of endogenous  Hnf4a 
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expression in different cell types isolated from WT and CCl4-induced fibrotic mice. 

Hepatocytes (HC), Hepatic stellate cells (HSC), Kupffer cells (KC) and Liver sinusoid 

endothelial cells (LSEC) were analyzed. (C) The immunofluorescence co-staining of 

HNF4A (green) with ALB, Desmin, CD45, F4/80, or SOX9 (red) in both wild type 

control and CCl4-induced fibrosis mice. Nuclei were stained with DAPI (blue). Scale 

bars, 50m.
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Supplementary  Fig.  S2.  Restoration  of  HNF4A in  fibrotic  primary  mouse 

hepatocytes  revives  impaired  function.  (A) The  representative 

immunofluorescence images at 3 hours (h), 6h, 12h, and 24h after ZsGreen mRNA 

transfection.  (B-D) The  qPCR  analyses  of  representative  HNF4A target  genes 

(Apoa2,  Apob,  and F7)  expression  after  transfection  of  either  HNF4A mRNA or 

ZsGreen mRNA. (E) Schematic of experiments analyzing the effect of HNF4A mRNA 

overexpression  in  control  PMH and  fibrotic  PMH.  (F,  G)  The qPCR analyses  of 

relative mRNA levels of Alb(F) and Ttr (G). (H, I) Hepatocyte function was analyzed 

by measuring secreted levels of ALB (H)and urea (I)after HNF4A mRNA transfection. 

(J, K)  Drug responsiveness of fibrotic hepatocytes improved after transfection with 

HNF4A mRNA as shown by elevated levels of Cyp1a2 (J) and Cyp3a4 (K). Data are 

means.e.m; two-tailed Student’s t-test. *: P<0.05; **: P<0.01.
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Supplementary Fig. S3. Dose optimization of mRNA/LNP in BALB/c mice. (A) 

Schematic  overview  of  experimental  design  for  mRNA/LNP  dose  optimization  in 

normal BALB/c mice. The levels of indicated cytokines in sera of mice injected with 

three different doses of ZsGreen/LNP (1, 2, and 4 mg/kg) were measured at 6 and 24 

hours post i.v. injection (n=3 mice per group). (B) The cytokines such as IL-1b, IL-4, 

IL-12, IL-13, TNF-α, and IFN-γwere found to be significantly elevated only for 4mg/kg 

dose. In contrast, 1mg/kg and 2mg/kg did not induce significant immune response. 

Data are means.e.m; two-tailed Student’s t-test. *: P<0.05; **: P<0.01.
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Supplementary  Fig.  S4.  Repeated  mRNA/LNP  injection  is  well  tolerated  in 

fibrotic mice. (A) Schematic overview of the experimental design for comparison of 

cytokines between single and multiple mRNA/LNP injection in CCl4-induced fibrotic 

mice.  The sera from mice with  single or  multiple  injections with  ZsGreen/LNP or 

HNF4A/LNP were subjected to cytokine analyses (n=3 mice for single ZsGreen/LNP 

or  HNF4A/LNP injection group, n=6 mice for multiple  ZsGreen/LNP or  HNF4A/LNP 

injection group). The serum was collected at 6 hours after a single time mRNA/LNP 

injection or last injection during multiple mRNA/LNP injection. 2mg/kg dose was used 

for  both  single  and  multiple  injections  experiments.  (B)  Most  of  the  cytokines 

between single and multiple injections either with  ZsGreen/LNP or  HNF4A/LNP do 

not  differ  significantly.  Data are means.e.m;  two-tailed Student’s  t-test  for  single 

injection groups.*: P<0.05.
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Supplementary Fig. S5. The endogenous Hnf4a expression level was restored 

after repeated delivery of exogenous  HNF4A mRNA. (A)  QPCR analyses show 

that  the endogenous  Hnf4a was downregulated after  8 weeks of  CCl4 treatment, 

however its expression increased significantly in mice injected with multiple doses of 

HNF4A/LNP. (n=6) for each group except WT control mice (n=4). (B)  Similarly, the 

endogenous Hnf4a was downregulated in livers of mice fed with DDC diet, however 

the expression of endogenous Hnf4a increased significantly after repeated delivery of 

HNF4A/LNP. Data  are  means.e.m;  two-tailed  Student’s  t-test.  **:  P<0.01;  ***: 

P<0.001; ****: P<0.0001.
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Supplementary Fig. S6. Exogenous HNF4A mRNA induces endogenous Hnf4a 

mRNA expression through transcription activation. (A) The schematic illustration 

of  exogenous  mRNA  treatment  in  primary  mouse  hepatocytes.  (B) The  qPCR 

analysis  of  endogenous  Hnf1a after  exogenous  ZsGreen or  HNF4A mRNA 

transfection. (C) The western blot analysis and relative quantification of endogenous 

HNF1A expression. (D) The qPCR analysis of endogenous Hnf4a mRNA expression 

after  exogenous  ZsGreen or  HNF4A mRNA  transfection.   (E) The  schematic 

illustration of endogenous Hnf4a mRNA stability. 24 hours after ZsGreen or HNF4A 

mRNA transfection, the primary mouse hepatocytes were added Actinomycin D or 

DMSO control and the cells were collected at 0, 1, 2, 4, 6, 8 hours after treatment. (F) 

The qPCR analysis representing endogenous  Hnf4a mRNA decay in  ZsGreen or 

HNF4A mRNA  transfected  cells  with  or  without  Actinomycin  D  treatment 

demonstrating  similar  endogenous  Hnf4a mRNA  half-lives.  (G) The  schematic 

illustration of endogenous Hnf4a regulation pathway.
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Supplementary  Fig.  S7.  Schedule  optimization  of  HNF4A/LNP treatment.  (A) 

The schematic overview of different schedule (6 weeks, 4 weeks, and 2 weeks) of 

HNF4A/LNP treatment for CCl4-induced fibrosis mice model. Mice were injected with 
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2 mg/kg HNF4A/LNP (n=4 mice per group).  (B) The liver function was analyzed by 

measuring  serum  ALT  levels  for  a  mouse  model  of  cirrhosis  mice.  (C) The 

hydroxyproline assay for determining the total collagen content in livers from cirrhotic 

mice. (D) The qPCR analyses of fibrosis-related genes such as Col1a1, Col2a1, and 

Acta2 in livers from cirrhotic mice. (E, F) Representative images of HE, desmin, and 

Sirius red staining and subsequent quantification of Sirius red and desmin are shown. 

Scale bars, 100m. Data are meanseem; two-tailed Student’s t-test. *: P<0.05; **: 

P<0.01; ***: P<0.001.
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Supplementary Fig.  S8.  Dose optimization of  HNF4A/LNP treatment.  (A) The 

schematic overview of different dose (0.5mg/kg, 1mg/kg, and 2mg/kg) of HNF4A/LNP 

treatment  for  CCl4-induced  fibrosis  mice  model.  Mice  were  injected  for  4  weeks 

HNF4A/LNP (n=4 mice per group). (B) The liver function was analyzed by measuring 

serum ALT levels for a mouse model of cirrhosis mice. (C) The hydroxyproline assay 

for determining the total collagen content in livers from cirrhotic mice. (D) The qPCR 

analyses of fibrosis-related genes such as Col1a1,  Col2a1, and Acta2 in livers from 

cirrhotic mice. (E, F) Representative images of H&E, desmin, and Sirius red staining 

and  subsequent  quantification  of  Sirius  red  and  desmin  are  shown.  Scale  bars, 

100m. Data are meanseem; two-tailed Student’s t-test. *: P<0.05; **: P<0.01; ***: 

P<0.001.
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Supplementary Fig. S9. HNF4A/LNP affect macrophage infiltration in high dose 

CCl4 injection  and  bile  duct  ligation  mice.  (A) The  schematic  overview  of 

HNF4A/LNP treatment for high dose CCl4, 3 days’ bile duct ligation (BDL) and 7 days’ 

bile  duct  ligation  mice  models.  (B)  The  qPCR  analysis  of  endogenous  Hnf4a 

expression  after  high  dose  CCl4 treatment  and  bile  duct  ligation.  (C-D) The  HE 
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staining, apoptosis marker staining (TUNEL), proliferation and hepatocyte marker co-

staining (MUP/Ki67),  hematopoietic cell  marker  staining (CD45),  and macrophage 

marker  staining  (F4/80)  (C) and  the  relative  quantified  corrected  total  cell 

fluorescence (CTCF) (D) after ZsGreen/LNP or HNF4A/LNP treatment.
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Supplementary  Fig.  S10.  Pon1 is  highly  expressed in  HNF4A/LNP treatment 

group  in  chronic  liver  injury  models.  The  qPCR  analysis  of  Pon1 mRNA 

expression levels for CCl4-induced fibrosis, DDC-induced fibrosis, Mdr2-/- fibrosis, and 

CCl4-induced cirrhosis liver injury models in control,  ZsGreen/LNP, or  HNF4A/LNP 

treatment groups.
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Supplementary Fig. S11. Confirmation of HNF4A-PON1 signaling in human liver 

bud.  (A) The schematic illustration of human liver bud generation. The hepatocyte 

organoids were transfected with scramble (control), HNF4A mRNA, or HNF4A mRNA 

and  Pon1  siRNA  co-transfection  before  aggregation  with  Kupffer  cells,  hepatic 

stellate cell, and endothelial cells. (B) Represented images for liver bud 4 days after 

treatment.  (C) The ELISA analysis for human TIMP1 and CCL2 secretion levels in 

the  supernatant  of  liver  buds.  (D) The  qPCR analysis  of  fibrotic  genes  includes 

ACTA2, COL1A1, and LOX for human liver bud.
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Supplementary  Fig. S12. The  HNF4A/LNP treatment could affect macrophage 

infiltration and polarization as well as reduce pro-fibrogenic gene expression in 
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different chronic liver injury models.  The qPCR analysis of M1 (TNF-α, CCL2, 

iNOs), M2 (Arg-1, Fizz), and pro-fibrogenic (TGF-β1, PDGF, TIMP-1) genes and IHC 

staining of F4/80 and a-SMA in CCl4-induced fibrosis  (A, B), DDC-induced fibrosis 

(C, D), Mdr2-/- fibrosis (E, F), and CCl4-induced cirrhosis (G, H) liver injury models.
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Supplementary Tables

Supplementary  Table  1a: Human fibrotic  liver  samples  obtained from Hannover 

Medical School, Germany

Patients Number Age Ethnicity Etiology Fibrosis 

stage

1 43 Caucasian Liver transplantation 

due to HBV/HDV

1

2 47 Caucasian Liver transplantation 

due to HBV/HDV

1

3 65 Caucasian Liver transplantation 

due to Alcoholic liver 

disease

1

4 67 Caucasian Liver transplantation 

due to Alcoholic liver 

disease

2

5 70 Caucasian Liver transplantation 

due to 

Hepatoblastoma

2

6 51 Caucasian Liver transplantation 

due to PSC

2

7 27 Caucasian Liver transplantation 

due to 

Hepatoblastoma

3

8 34 Caucasian Liver transplantation 

due to PSC

3

9 49 Caucasian Liver transplantation 3
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due to PSC

10 37 Caucasian Liver transplantation 

due to HCC

4

11 54 Caucasian Liver transplantation 

due to PSC

4

12 64 Caucasian Liver transplantation 

due to HCC

4

* Fibrosis stage was defined by Ishak system; HBV: Hepatitis B virus; HDV: Hepatitis 

D virus; PSC: Primary sclerosing cholangitis; HCC: Hepatocellular carcinoma.

Supplementary  Table  1b: Human fibrotic  liver  samples  obtained from Shanghai 

Zhongshan Hospital, China

Patient 

Number

Age Nationalit

y

Etiology Fibrosis stage

1 28 China HBV 2

2 29 China HBV 2

3 32 China HBV 2

4 40 China HCV 3

5 42 China HBV 3

6 45 China HCV 3

7 45 China NAFLD 2

8 47 China HBV 4

9 52 China HBV 4

10 51 China AIH 4

11 69 China HBV 4

12 18 China NAFLD 5
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13 37 China HCV 5

14 51 China NAFLD 4

15 52 China HBV 5

16 59 China HBV 5

17 34 China HBV 6

18 37 China NAFLD 6

19 40 China HBV 6

20 47 China HCV 6

21 55 China HBV/Alcoholic disease 6

* Fibrosis stage was defined by Ishak system; HBV: Hepatitis B virus; HCV: Hepatitis 

C virus; NAFLD: Non-alcoholic fatty liver disease; AIH: Autoimmune hepatitis.
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Supplementary Table 2a: The primers used for analyses of mouse genes in Syber 

green qPCR

Mouse qPCR SYBR primers Sequence 5’ to 3’

Acta2 (a-SMA) forward GTTCAGTGGTGCCTCTGTCA

Acta2 (a-SMA) reverse ACTGGGACGACATGGAAAAG

Col1a1 forward TAGGCCATTGTGTATGCAGC

Col1a1 reverse ACATGTTCAGCTTTGTGGACC

Col1a2 forward AAGGGTGCTACTGGACTCCC

Col1a2 reverse TTGTTACCGGATTCTCCTTTGG

Col2a1 forward AGCAGGTCCTTGGAAACCTT

Col2a1 reverse AAGGAGTTTCATCTGGCCCT

Epcam forward AACACAAGACGACGTGGA

Epcam reverse GCTCTCCGTTCACTCTCAGG

Gapdh forward TGCCCCCATGTTTGTGATG

Gapdh reverse TGTGGTCATGAGCCCTTCC
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Supplementary Table 2b: The primers used for analyses of human genes in SYBR 

green qPCR

Human qPCR SYBR primers Sequence 5’ to 3’

A1AT Forward TATGATGAAGCGTTTAGGC

A1AT Reverse CAGTAATGGACAGTTTGGGT

AHR Forward CAAATCCTTCCAAGCGGCATA

AHR Reverse CGCTGAGCCTAAGAACTGAAAG

ALB Forward GCACAGAATCCTTGGTGAACAG

ALB Reverse ATGGAAGGTGAATGTTTCAGCA

CAR Forward GTGCTCCTGTGCGGAGTAG

CAR Reverse ATGGCAGATAGGCAGTTTCCC

CYP1A2 Forward CTTCGTAAACCAGTGGCAGG

CYP1A2 Reverse AGGGCTTGTTAATGGCAGTG

CYP2B6 Forward CCGGGGATATGGTGTGATCTT

CYP2B6 Reverse CCGAAGTCCCTCATAGTGGTC

CYP2C19 Forward GAAGAGGAGCATTGAGGACCG

CYP2C19 Reverse GCCCAGGATGAAAGTGGGAT

CYP2C9 Forward GCCACATGCCCTACACAGATG

CYP2C9 Reverse TAATGTCACAGGTCACTGCATGG

CYP3A4 Forward AGCCTGGTGCTCCTCTATCT

CYP3A4 Reverse CCCTTATGGTAGGACAAAAT

FXR Forward AACCATACTCGCAATACAGCAA

FXR Reverse ACAGCTCATCCCCTTTGATCC

GAPDH Forward TCTTCCAGGAGCGAGATCCCT

GAPDH Reverse TGGTCATGAGTCCTTCCACGAT
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HNF4A forward (exogenous) CGTGGACAAGAACAGCAACG

HNF4A reverse (exogenous) GGTCGTTGTCGGAGGTCAG

PXR Forward AAGCCCAGTGTCAACGCAG

PXR Reverse GGGTCTTCCGGGTGATCTC

RXRA Forward ATGGACACCAAACATTTCCTGC

RXRA Reverse GGGAGCTGATGACCGAGAAAG

RXRB Forward GCAGCCCAAATGACCCTGT

RXRB Reverse CCCGCAGCAATATGACCTGA

SLC10A1 Forward AGGGGGACATGAACCTCAG

SLC10A1 Reverse AGGTCCCCATCATAGATCCC

SLCO1B3 Forward GAAAACAAGACGCTGCAATG

SLCO1B3 Reverse TCCTTTCTATTTGAGTGATGGAAA

TF Forward TGTCTACATAGCGGGCAAGT

TF Reverse GTTCCAGCCAGCGGTTCT

TTR Forward TGGGAGCCATTTGCCTCTG

TTR Reverse AGCCGTGGTGGAATAGGAGTA

UGT1A1 Forward CCATCATGCCCAATATGGTT

UGT1A1 Reverse CCACAATTCCATGTTCTCCA

UGT2B15 Forward GTTTTCTCTGGGGTCGATGA

UGT2B15 Reverse ATTTGGCTTCTTGCCATCAA

UGT2B7 Forward AACGTAATTGCATCAGCCCT

UGT2B7 Reverse GGTCATTCTGGGGTATCCAC
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Supplementary Table 2c: The primers used for Taqman qPCR

Probes Catalog number

GAPDH (Human) Hs02758991_g1

HNF4A (Human) Hs00604438_m1

APOA2 (Human) Hs00155788_m1

APOB (Human) Hs00181142_m1

F7 (Human) Hs01551994_m1

Alb (Mouse) Mm00802090_m1

Apoa2 (Mouse) Mm00442687_m1

Apob (Mouse) Mm01545154_g1

Ck19(Krt19, Mouse) Mm00492980_m1

F7 (Mouse) Mm00487329_m1

Gapdh (Mouse) Mm99999915_g1

Hnf4a (Mouse) Mm00433964_m1

Sox9 (Mouse) Mm00448840_m1

Ttr (Mouse) Mm00443267_m1
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