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Abstract
Liver fibrosis and cirrhosis have limited therapeutic options and represent 
a serious unmet patient need. Recent use of single-cell RNA sequencing 
(scRNAseq) has identified enriched cell types infiltrating cirrhotic livers but 
without defining the microanatomical location of these lineages thoroughly. 
To assess whether fibrotic liver regions specifically harbor enriched cell 
types, we explored whether whole-tissue spatial transcriptomics combined 
with scRNAseq and gene deconvolution analysis could be used to local-
ize cell types in cirrhotic explants of patients with end-stage liver disease 
(total n = 8; primary sclerosing cholangitis, n = 4; primary biliary cholangitis, 
n = 2, alcohol-related liver disease, n = 2). Spatial transcriptomics clearly 
identified tissue areas of distinct gene expression that strongly correlated 
with the total area (Spearman r = 0.97, p = 0.0004) and precise location (pa-
renchyma, 87.9% mean congruency; range, 73.1%–97.1%; fibrosis, 68.5% 
mean congruency; range, 41.0%–91.7%) of liver regions classified as paren-
chymal or fibrotic by conventional histology. Deconvolution and enumeration 
of parenchymal and fibrotic gene content as measured by spatial transcrip-
tomics into distinct cell states revealed significantly higher frequencies of 
ACTA2+ FABP4+ and COL3A1+ mesenchymal cells, IL17RA+ S100A8+ and 
FCER1G+ tissue monocytes, VCAM1+ SDC3+ Kupffer cells, CCL4+ CCL5+ 
KLRB1+ and GZMA+ IL17RA+ T cells and HLA-DR+, CD37+ CXCR4+ and 
IGHM+ IGHG+ B cells in fibrotic liver regions compared with parenchymal 
areas of cirrhotic explants. Conclusion: Our findings indicate that spatial 
transcriptomes of parenchymal and fibrotic liver regions express unique 
gene content within cirrhotic liver and demonstrate proof of concept that 
spatial transcriptomes combined with additional RNA sequencing method-
ologies can refine the localization of gene content and cell lineages in the 
search for antifibrotic targets.
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INTRODUCTION

Liver cirrhosis is the end stage of advanced hepatic 
fibrosis with a growing global disease burden result-
ing in over 2 million deaths per year.[1] Development 
of cirrhosis is a gradual process, and fibrosis se-
verity is known to correlate with adverse patient 
outcomes.[2,3] At present, no clinical approved an-
tifibrotic treatments for liver fibrosis are available 
except for liver transplantation,[4] and despite major 
advances in the recent years, the key pathways reg-
ulating progression of fibrosis in human liver require 
additional attention.

Several cell types have been implicated in liver 
fibrosis using various methodologies, but the mo-
lecular and cellular complexity of the hepatic micro-
environment remains a key obstacle hindering the 
development of potential treatments.[5] The advent 
of single-cell RNA sequencing (scRNAseq) has en-
abled the identification of specific cellular pheno-
types in complex disease,[6] and recent applications 
of scRNAseq in patients with cirrhosis has uncovered 
multiple cell types of mesenchymal, endothelial, and 
monocytic origin increased in end-stage disease.[7,8] 
Despite these advances, scRNAseq is limited by the 
necessity of single-cell suspensions that require tis-
sue digestion and homogenization, which prevents 
the specific localization of gene expression and dis-
tinct cells to fibrotic lesions. Traditional technologies 
determining cellular localization such as immunohis-
tochemistry and in situ hybridization are restricted 
by the use of preselected markers[9] and thus bi-
ased a priori compared with global and unbiased 
cellular characterizations of scRNAseq and spatial 
transcriptomics.[10]

To circumvent the limitations of scRNAseq and tra-
ditional methodologies, we performed whole-tissue 
spatial transcriptomics to assess total gene expres-
sion in regions of liver fibrosis. Tissue transcriptom-
ics have been used to identify a shared onco-fetal 
ecosystem between fetal liver and hepatocellular car-
cinoma,[11] validate the tissue distribution of hepato-
cytes, cholangiocytes, and mesenchymal subsets in 
healthy human liver,[12] and recently applied along-
side proteogenomics to localize evolutionarily con-
served macrophages in healthy and obese human 
liver.[13] Herein, we combined tissue transcriptom-
ics with scRNAseq data and gene deconvolution to 
identify highly enriched gene expression associated 
with specific cell types localized to parenchymal and 
fibrotic regions of liver explants from patients with 
end-stage cirrhosis etiologies that can serve as a 
foundation for future identification of key pathways in 
liver fibrosis.

METHODS

Human liver samples, ethics, and consent

End-stage liver biopsies (n = 8) from patients with cirrho-
sis and primary sclerosing cholangitis (PSC; n = 4),[14] 
primary biliary cholangitis (PBC, n  = 2),[15] or alcohol-
related liver disease (ALD, n = 2)[16] were collected fol-
lowing liver transplantation (Table 1). Written informed 
consent was obtained from all study participants, and 
study ethics were approved by regional Committees 
for Medical and Health Research Ethics of South East 
Norway (reference numbers: 2012–286 and 2016–1540) 
in accordance with the Declaration of Helsinki.

Spatial transcriptomics and sequencing

Cryopreserved 5-mm hilar core biopsies from liver ex-
plants were trimmed, embedded in precooled optimal 
cutting temperature mounting medium (OCT; Tissue-
Tek), and quickly refrozen on liquid nitrogen. Two samples 
per OCT block were combined to maximize coverage 
of the RNA capture slides (Visium; 10X Genomics). 
Optimal tissue thickness (10 μm) and time for permea-
bilization (25 min) were empirically determined using tis-
sue -optimization slides and reagents (10X Genomics). 
Spatial transcriptomics was then performed as recom-
mend by the manufacturer (User Guide CG000239 Rev 
D; 10X Genomics). Briefly, tissue was sectioned, posi-
tioned onto the RNA capture slides, and left for 5 days at 
−80°C. Frozen slides were then brought to 37°C for 1 min 
for equilibration, fixed in methanol, stained 10 s with he-
matoxylin followed by 1 min in eosin, and rinsed, dried, 
and digitized without a cover slip using a slide scanner 
(Axio Scan.Z1; Zeiss). Tissue sections were incubated 
in permeabilization buffer and then reverse transcription, 
second strand synthesis and denaturation, complemen-
tary DNA (cDNA) amplification, and quality control were 
performed to ensure proper construction of spatial gene 
expression libraries (10X Genomics). High-throughput 
sequencing was performed on a NovaSeq sequencer 
(Illumina) using a SP 200 cycle flow cell to achieve 
recommended sequencing depth. Sequencing reads 
were demultiplexed and aligned to the human genome 
(GRCh38-2020-A) using Space Ranger (v.1.1.0; 10X 
Genomics), and spatial transcriptomes were visualized 
using Loupe Browser software (v.5.0.1; 10X Genomics).

Differential gene analysis

Parenchymal and fibrotic liver regions were first defined 
using graph-based clustering of total gene content in 
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Loupe Browser software (10X Genomics). Genes sig-
nificantly up-regulated or down-regulated between 
parenchymal and fibrotic regions (log2 fold-change; 
p < 0.05) within the same liver sample were calculated 
using the “locally distinguishing” feature analysis in 
Loupe Browser, which filters significant genes using 
Benjamini-Hochberg correction for multiple testing.

Tissue histopathology and 
immunofluorescence staining

Scanned tissue sections were used to identify tis-
sue morphological features and pathological changes 
by an expert liver pathologist (H.M.R.). The main tis-
sue regions of liver parenchyma and fibrosis (portal 
tracts and connective tissue) were identified by their 
appearance and the overall tissue architecture after 
hematoxylin and eosin (HE) staining. HE histological 
assessment of parenchymal and fibrotic liver regions 
was confirmed in adjacent sections from the same tis-
sue blocks by Masson's trichrome staining (HT15-1KT; 
Sigma-Aldrich). Attempts were made to identify bile duct 
proliferation and inflammation; however, individual cell 
types, small islands of liver parenchyma, and individual 
hepatocytes in fibrotic areas could not be definitely 
identified due to resolution limitations of the histological 
images. Regions of poor tissue permeability as meas-
ured by low total RNA counts and RNA spillover ad-
jacent to tissue (Figure S2) were omitted from spatial 
transcriptome analysis to minimize tissue heterogene-
ity within the parenchymal and fibrotic regions during 
downstream comparisons. For immunofluorescent 
staining, liver tissue from the same liver blocks used for 
spatial transcriptomics were sectioned at 10 μm, fixed 
to Superfrost Plus microscope slides (J1800AMNZ; 
Thermo Fisher Scientific) at room temperature (RT) 
and then submerged in 100% methanol for 15 min at 
−20°C. Slides were washed 3 times in phosphate-
buffered saline (PBS) and blocked with 10% goat serum 
and 1% bovine serum albumin (BSA) in PBS for 1  h 
at RT. Primary antibody incubations for nicotinamide  
N-methyltransferase (NNMT; clone OTI3D8; Abcam), 
collagen type III alpha 1 chain (COL3A1; clone EPR17673;  
Abcam), actin alpha 2, smooth muscle (ACTA2; clone 
EPR5368; Abcam), complement C1q C chain (C1QC; 
clone ab4223; Abcam), CD3D (clone EP4426; Abcam), 
immunoglobulin heavy constant mu (IGHM; clone PJ2-
22H3; Miltenyi Biotec), CD31 (clone JC70A; Dako), 
CD68 (clone C68/684; Abcam), fatty acid–binding pro-
tein 4 (FABP4; clone EPR3579; Abcam), and vascular 
cell adhesion molecule 1 (VCAM1; clone EPR5047; 
Abcam) were performed at 1:50 to 1:200 dilutions in 
0.1% BSA/PBS overnight at 4°C. Secondary anti-
body incubations using anti-mouse immunoglobulin 
G (IgG)-AF488 (clone ab150117; Abcam), anti-mouse 
IgG-AF568 (clone A-11077; Thermo Fisher Scientific) T
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or anti-mouse IgG-AF647 (clone A-2124; Thermo 
Fisher Scientific) were completed for 1 h at RT. Slides 
were washed 3 times in PBS and cell nuclei were coun-
terstained with Prolong Diamond Antifade mountant 
with 4′,6-diamidino-2-phenylindole (DAPI; P36962; 
Thermo Fisher Scientific). Images were taken using a 
Leica TCS SP8 STED confocal microscope and ana-
lyzed by ImageJ 1.53k  software (National Institutes of 
Health). Frequencies and absolute numbers of CD31+ 
cells represent the normalized mean of CD31+ cells per 
total cells or CD31+ cells per 100 μm2 quantified using 
QuPath “positive cell detection” analysis of CD31 and 
DAPI immunofluorescence co-staining in n = 4 paren-
chymal or n = 4 fibrotic regions defined by spatial tran-
scriptomics per liver section (n = 8).[17]

Gene deconvolution and enumeration of 
cell fractions by CIBERSORTx

Published scRNAseq data from cirrhotic livers 
(n  =  66,135 cells)[7] was randomly down-sampled to 
10,000 cells and used to generate CIBERSORTx “sig-
nature matrix” files (https://ciber​sortx.stanf​ord.edu). 
Signature matrices contained gene profiles of mesen-
chyme, endothelia, cholangiocytes, plasmacytoid den-
dritic cells (pDCs), mast cells, monocytes, innate-like 
lymphocytes (ILCs), B cells, T cells, and cycling cell 
types and subtypes (Table  S1). Next, averaged gene 
expression (median-normalized) of parenchymal and 
fibrotic regions were converted into CIBERSORTx “mix-
ture” files containing differential gene expression val-
ues measured by spatial transcriptomics (Table  S2). 
The mixture file and the signature matrices were up-
loaded and run in the “impute cell fractions” module of 
CIBERSORTx with quantile normalization disabled, per-
mutations set to 100 and batch collection set to S-mode.

Statistical analyses

All values are presented as mean ± SD, and all sta-
tistical analysis was performed using Prism 9.2.0 
(GraphPad) unless otherwise stated. Correlation be-
tween the classification of parenchymal and fibrotic 
regions by histological and spatial transcriptomics was 
calculated using two-tailed nonparametric Spearman 
correlation analysis. For comparative analysis of cell 
type fractions between parenchymal and fibrotic liver 
regions, p-values were calculated using parametric 
two-tailed paired Student's t test. For comparative 
analysis of cell type fractions between disease groups, 
p-values were calculated using one-way analysis of 
variance (ANOVA) followed by Bonferroni's correction 
for multiple comparison. p-values less than 0.05 were 
considered significant.

RESULTS

Classification of parenchymal and fibrotic 
liver regions by spatial transcriptomics

To explore the ability of spatial transcriptomics to 
discriminative well-defined pathological regions, 
we first compared the classification of hepatic pa-
renchyma and fibrosis by spatial transcriptomics to 
conventional histopathology. First, explant tissue 
from patients with end-stage cirrhosis (total n  =  8; 
PSC; n = 4; PBC, n = 2; ALD, n = 2; Table 1) were 
stained with HE and scanned for histological evalu-
ation (Figure 1A). Next, the exact same tissue sec-
tions were permeabilized on RNA capture slides, 
amplified by polymerase chain reaction (PCR) into 
cDNA, processed into libraries, and sequenced. 
Parenchymal and fibrotic histological regions were 
assessed by an expert hepatopathologist (H.M.R.), 
while spatial transcriptomes were analyzed by 
graph-based clustering and topographically posi-
tioned onto the scanned HE images (Figure  S1). 
Areas of low RNA yield due to incomplete perme-
abilization (Figure  S2) received an “unassigned” 
classification and were excluded from downstream 
transcriptome analysis (Figure 1B). Total numbers of 
parenchymal and fibrotic liver regions (i.e., RNA cap-
ture spots) classified by histology and spatial tran-
scriptomics showed a strong correlation (Spearman 
r = 0.97, p = 0.0004; Figure 1C), indicating that areas 
of distinct histology indeed harbor unique gene pro-
files that can be consistently distinguished across 
different samples. Classification of identical RNA 
capture spots as parenchymal or fibrotic by conven-
tional histology and spatial transcriptomics was also 
remarkably consistent (parenchyma: 87.9% mean 
congruency, range: 73.1%–97.1%; fibrosis: 68.5% 
mean congruency, range: 41.0%–91.7%; Figure 1D), 
showing that spatial transcriptomes can delineate 
specific tissue regions within cirrhotic livers and pos-
sibly aid the characterization of tissue types when 
combined with conventional histological assess-
ment. To determine which expressed genes enabled 
a clear separation between parenchymal and fibrotic 
regions, we performed targeted differential expres-
sion gene analyses of the highly expressed genes 
(defined as transcripts detected at greater than one 
read per RNA capture spot) detected by spatial tran-
scriptomics in the parenchymal and fibrotic regions 
of each liver sample (n = 8). We identified a total of 
n = 57 up-regulated genes exclusive to fibrotic liver 
regions (p < 0.05) that corresponded broadly to four 
biological processes (RNA translation, antigen pres-
entation, fibrogenesis, and immune function), as as-
sessed by STRING protein–protein pathway analysis 
(Figure 1E and Figure S3).[18]

https://cibersortx.stanford.edu
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F I G U R E  1   Classification of parenchymal and fibrotic regions by spatial transcriptomics. (A) Overview of spatial transcriptomics 
pipeline. Snap-frozen liver tissue was sectioned, stained, and permeabilized on RNA capture slides. Whole-tissue transcriptomes were 
tagged with region barcodes, amplified, sequenced, aligned to the human genome (GRCh38), and analyzed by graph-based clustering. 
(B) Classification of parenchymal and fibrotic liver regions (i.e., RNA capture spots) by conventional histology or spatial transcriptomics. 
Unassigned regions represent areas of low RNA counts as measured by spatial transcriptomics. Hematoxylin and eosin (HE) staining for 
assessment by conventional histological shown for reference. (C) Spearman correlation (r) of parenchymal and fibrotic classification using 
spatial transcriptomics and histology (n = 8 liver samples). (D) Percentage of classification congruency between identical RNA capture 
spots defined as parenchymal or fibrotic by spatial transcriptomics and histology (n = 8 livers). (E) Differentially expressed gene analysis 
of parenchymal and fibrotic liver regions for each explant sample. Significantly up-regulated genes are shown (p < 0.05) and grouped into 
biological processes defined by STRING protein–protein pathway analyses.



      |  2543HEPATOLOGY COMMUNICATIONS

Spatial transcriptomics identifies 
localization of cell types enriched in 
human liver fibrosis

Recent scRNAseq and bulk RNA sequencing studies 
have shown that specific mesenchymal, endothelial, and 
monocyte lineages are enriched in cirrhotic livers.[7,8,19] 
To determine whether these populations and other cell 
types preferentially reside in fibrotic liver areas, we 
first used published scRNAseq data of hepatocytes, 
mesenchyme, endothelia, cholangiocytes, pDCs, mast 
cells, monocytes, ILCs, B cells, T cells, and cycling 
cell types found in human cirrhotic explants,[7] and 
used these data to generate gene profiles for each cell 
type (i.e., “signature matrices”) using the open-access 
gene deconvolution tool CIBERSORTx[20] (Figure  2A 
and Table S1; 11 clusters). Signature matrices for the 
11 major cell types were then used in CIBERSORTx 
to deconvolute spatial transcriptomes and estimate the 
proportion of each cell type in regions defined as pa-
renchymal or fibrotic by spatial transcriptomics.

By combining scRNAseq, spatial transcriptomics and 
gene deconvolution, we detected a significant enrichment 
of estimated hepatocytes, cholangiocytes, and cycling 
cells (consisting of proliferating ILCs, monocytes and T 
cells) in parenchymal regions and mesenchymal, endo-
thelial, monocyte, ILC, B cell, and T cell lineages in fi-
brotic areas (Figure 2B). In particular, hepatocytes in liver 
parenchyma and total mesenchymal cells, monocytes, T 
cells, and B cells in areas of liver fibrosis were significantly 
enriched and detected at 2.5-fold greater frequencies 
compared with their respective fibrotic or parenchymal 
counterparts. Estimated frequencies of endothelial sub-
sets were also significant enriched in fibrotic areas versus 
parenchymal regions (1.9-fold) by CIBERSORTx analysis 
and quantitatively substantiated at the protein level by 
CD31 immunofluorescence staining of liver sections cut 
from the same tissue blocks used for spatial transcrip-
tomics (Figure S4). Minor differences were observed in 
the frequencies of mesenchymal cells and monocytes 
in fibrotic areas of different liver etiologies (Figure S5); 
however, most cell types were observed at similar fre-
quencies across livers and consistent with a diagnosis of 
end-stage cirrhosis for all patients (Table 1). Localization 
of cell types using selected lineage markers (Table  2) 
to regions defined as parenchymal or fibrotic by spatial 
transcriptomics confirmed that hepatocytes (NNMT+ 
and APOC1+) reside at higher proportions in liver paren-
chyma on average (2.9-fold, p < 0.0001), compared with 
areas of fibrosis, whereas mesenchymal cells (2.4-fold, 
p = 0.008), monocytes (1.6-fold, p = 0.0028), T cells (1.5-
fold, p = 0.0059), and B cells (1.5-fold, p = 0.04) were en-
riched in fibrotic regions compared with liver parenchyma 
(Figure 2C,D and Figure S6). Immunofluorescence stain-
ing of liver sections from the same tissue blocks used 
for spatial transcriptomics showed strong protein expres-
sion of NNMT on hepatocytes in parenchymal regions 

and COL3A1, C1QC, CD3D, and IGHM corresponding 
to mesenchyme, monocytes, T cells and B cells in fi-
brotic regions (Figure  2E). Immune cell types defined 
as enriched in parenchymal areas by CIBERSORTx 
analysis of spatial transcriptomes appeared largely uni-
form in distribution throughout the periportal (ALB and 
phosphoenolpyruvate carboxykinase 1 [PCK1]), mid-
zonal (cytochrome P450 family 2 subfamily E member 1 
[CYP2E1]), and midzonal-central (CYP1A2, apolipopro-
tein E [APOE], and glutamate-ammonia ligase [GLUL]) 
liver zonation regions (Figure S7).[21]

Mesenchymal cell states localize to 
fibrotic liver septa

To further pinpoint the spatial distribution of cell types 
in liver fibrosis, we stratified the 11 major liver line-
ages into 44 cell states (Table S1; 44 clusters) as pre-
viously defined by scRNAseq of cirrhotic livers.[7] As 
mesenchyme was estimated as the largest cell fraction 
in fibrotic regions (Figure 2A), we first subdivided the 
main mesenchymal compartment into four cell states 
consisting of vascular smooth muscle cells (VSMC), 
hepatic stellate cells (HSC), scar-associated mesen-
chymal cells (SAMes), and mesothelia (Figure  3A). 
CIBERSORTx gene deconvolution of spatial tran-
scriptomes from parenchymal and fibrotic regions re-
vealed significant enrichments of HSC and SAMes in 
regions of fibrosis, while VSMC were rare and present 
at far greater estimated proportions in parenchymal 
areas (Figure  3B). Localized enrichment of HSC and 
SAMes to fibrotic areas classified by spatial transcrip-
tomics mapped back to digitized tissue images using 
the marker genes ACTA2 and FAPB4 for HSC and 
COL3A1 for SAMes (Figure  3C and Figure  S8). Co-
expression of ACTA2 and FAPB4 was also detected by 
immunofluorescence staining of liver sections cut from 
the same tissue blocks used for spatial transcriptomics 
(Figure 3D). No significant differences in the frequen-
cies of mesenchymal cell states were noted between 
livers of different etiologies (Figure S9).

Distinct monocytic states localize to 
regions of liver fibrosis

To assess whether hematopoietic myeloid cell types 
are enriched in fibrotic compartments of cirrhotic livers, 
we again applied CIBERSORTx deconvolution analysis 
of total gene content measured by spatial transcriptom-
ics (Table S2) and delineated the monocyte population 
into nine discrete cell states of tissue monocytes (TM-1, 
TM-2, TM-3), scar-associated macrophage (SAMac-1, 
SAMac-2), Kupffer cells (KC-1, KC-2), and classical 
dendritic cells cDC1 and cDC2 (Figure 4A).[7] Estimated 
frequencies of TM-1, TM-3, and KC-1 were significantly 
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F I G U R E  2   Spatial transcriptomics reveals enriched cell types in liver fibrosis. (A) Transcriptional profiles of 11 major liver cell types 
generated by CIBERSORTx analysis of single-cell RNA sequencing (scRNAseq; n = 10,000 cells). Rows denote cell types; columns denote 
genes; exemplar lineage markers shown. (B) Fractions of cell types in parenchymal and fibrotic regions as calculated by CIBERSORTx analysis 
of spatial transcriptomes. (C) Location of cell types detected at 2.5-fold or greater frequencies by CIBERSORTx gene deconvolution of spatial 
transcriptomes. Hematoxylin and eosin (HE) staining is shown as comparison reference for parenchymal (blue) and fibrotic (red) liver regions 
classified by spatial transcriptomics (top row). Indicated cell types detected in parenchyma using shown marker genes appear green, and cell 
types detected in fibrotic regions appear yellow (bottom row). Absence of indicated cell types in parenchyma appear blue; fibrosis regions 
without indicated cell types appear red. (D) Percentages of each indicated cell type using shown marker genes in parenchymal (P) and fibrotic 
(F) regions of cirrhotic human liver samples. (E) Immunofluorescence staining of liver sections from the same tissue blocks used for spatial 
transcriptomics. Hepatocytes are marked by nicotinamide N-methyltransferase (NNMT; yellow), mesenchyme by collagen type III alpha 1 chain 
(COL3A1; magenta), monocytes by complement C1q C chain (C1QC; yellow), T cells by CD3D (green), and B cells by immunoglobulin heavy 
constant mu (IGHM; red). Nuclei stained by DAPI (blue). Scale bars, 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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enriched in fibrotic regions, whereas gene signatures cor-
responding to TM-2, KC-2, and cDC1 monocyte states 
were increased in parenchyma (Figure 4B). Enrichment 
of TM-1, TM-3, and KC-1 to fibrotic areas as defined by 
spatial transcriptomics was mapped to digitized tissue 
images using the marker genes IL17RA+ and S100A8+ 

for TM-1, FCER1G1+ for TM-3, and VCAM1+ and SDC3+ 
for KC-1 monocyte subtypes (Figure 4C and Figure S10). 
Immunofluorescence staining of liver sections from 
the same tissue blocks used for spatial transcriptom-
ics showed strong co-expression of VCAM1 on CD68+ 
monocytes (Figure 4D). No significant differences in the 
frequencies of monocyte states were noted between liv-
ers of different etiologies (Figure S11).

Increased proportion of T cell and B cell 
subtypes in liver fibrosis

As lymphocytes constitute a significant proportion of 
liver infiltration in cirrhotic liver,[22] we lastly applied 
CIBERSORTx deconvolution analysis to gene con-
tent of parenchymal and fibrotic liver areas (Table S2) 
and estimated the proportion of distinct T cell and B 
cell states previously defined by scRNAseq.[7] Bulk 
T cells were subdivided into five cell states (T cells-1 
to T cells-5), and the major B cell compartment was 

TA B L E  2   Marker genes for the supervised identification of cell 
types in RNA capture spots detected at 2.5-fold higher frequencies 
in parenchymal or fibrotic liver regions by CIBERSORTx analysis

Cell type Marker genes

hepatocytes NNMT, APOC1

mesenchyme COL3A1, TAGLN

monocytes C1QC, LYZ

T cells CD3D, TRAC

B cells IGHM, IGHG1

Abbreviations: APOC1, apolipoprotein C1; C1QC, complement C1q C 
chain; COL3A1, collagen type III alpha 1 chain; IGHM, immunoglobulin 
heavy constant mu; IGHG1, immunoglobulin heavy constant gamma 1; LYZ, 
lysozyme; NNMT, nicotinamide N-methyltransferase; TAGLN, transgelin; 
TRAC, T cell receptor alpha constant.

F I G U R E  3   Mesenchymal cell states localize to fibrotic liver septa. (A) Transcriptional profiles of mesenchymal cell types generated by 
CIBERSORTx analysis of scRNAseq. Rows denote cell types; columns denote genes; exemplar lineage markers are shown. (B) Fractions of 
mesenchymal lineages in parenchymal and fibrotic regions as calculated by CIBERSORTx analysis of spatial transcriptomes (n = 8 livers). (C) 
Hematoxylin and eosin (HE) staining shown as comparison reference for parenchymal (blue) and fibrotic (red) liver regions classified by spatial 
transcriptomics (left). Detection of hepatic stellate cells (HSC) and scar-associated mesenchymal cell (SAMes) subtypes in parenchyma using 
shown marker genes appear green, and in fibrotic regions appear yellow (right). Parenchyma without HSC or SAMes cell types appear blue; 
fibrotic regions without HSC or SAMes appear red. (D) Immunofluorescence staining of primary sclerosing cholangitis (PSC), primary biliary 
cholangitis (PBC), and alcohol-related liver disease (ALD) liver sections show expression of fatty acid–binding protein 4 (FABP4; magenta) on 
HSC (actin alpha 2, smooth muscle [ACTA2]; green). Nuclei stained by 4′,6-diamidino-2-phenylindole (DAPI; blue). ****p < 0.0001.
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recategorized into four cell states (B cells-1, B cells-2,  
plasma cells-1, and plasma cells-2) (Figure  5A,D). 
Estimated frequencies T cells-3, T cells-4, and T cells-5  
were significantly enriched in fibrotic septae, while gene 
signatures corresponding to the T cells-1 subset were 
increased in parenchyma (Figure 5B). In contrast, esti-
mated frequencies of all B cell states were elevated in 
liver fibrosis, with B cells-1, B cells-2, and plasma cells-
2 estimated to be significantly enriched (Figure  5E). 
Localization of T cells-3, T cells-4, and T cells-5 to 
areas defined as fibrotic by spatial transcriptomics was 
mapped to digitized tissue images using the selected 
gene markers chemokine (C-C motif) ligand 4 (CCL4), 
CCL5, and killer cell lectin like receptor B1 (KLRB1) 
for T cells-3 and T cells-4, and granzyme A (GZMA) 
and CD53 for T cells-5 (Figure  5C and Figure  S12). 
Localized enrichment of B cells-1 and B cells-2 and 
plasma cells-2 to fibrotic areas using spatial transcrip-
tomics was mapped to digitized tissue images using the 
marker genes major histocompatbility complex, class 
II, DR (HLA-DR), CD37, and C-X-C motif chemokine 
receptor 4 (CXCR4) for B cells-1 and B cells-2, and 
IGHM and immunoglobulin heavy chain gamma (IGHG) 
for plasma cells-2 (Figure 5F and Figure S12). In con-
trast to T cell subtypes, estimated frequencies of B cell 
states in livers of different etiologies were markedly 
distinct, as greater proportions of plasma cells-2 were 
detected in regions of PBC fibrosis as defined by spa-
tial transcriptomics compared with PSC (4.1-fold lower, 
p < 0.05) and ALD samples (6.2-fold lower, p < 0.05; 
Figure S13).

DISCUSSION

This study uses whole-tissue spatial transcriptomics 
to determine the localization of gene content and cell 
types enriched in human liver fibrosis. We demonstrate 
that gene expression directly measured by spatial tran-
scriptomics from different areas of cirrhotic human liv-
ers is distinct and strongly correlates with conventional 
classification of parenchymal and fibrotic liver regions 
by histopathology, regardless of disease etiology. We 
also show the power of applying spatial transcriptom-
ics to define gene content of specific liver regions first 
and then exploiting high-resolution scRNAseq and gene 
deconvolution to estimate the fraction of localized cell 
types. Using this combinatorial approach, we detected 
significantly increased fractions of endothelial, ILCs, and 
cycling cells in fibrotic areas defined by spatial transcrip-
tome analysis. Moreover, estimated total frequencies of 
mesenchymal, monocyte, B cell, and T cell lineages 
within fibrotic regions were estimated at greater than 
2.5-fold higher compared with parenchyma, suggesting 
that these subsets may be key players limiting or exac-
erbating liver fibrosis during the progression of cirrho-
sis. Together, these findings support that gene content 

within areas of fibrosis reflects the presence of specific 
cell types, and these distinct cell states may regulate 
important pathogenic pathways involved in chronic fi-
brogenesis. The use of spatial transcriptomics and 
total gene content also represents an important proof 
of concept and advance over traditional transcriptome 
technologies like RNA sequencing, single-molecule flu-
orescence in situ hybridization, or scRNAseq, which are 
either biased a priori by the availability and preselection 
of specific probes or limited by sufficient sample mate-
rial and necessity of cell suspensions that destroy the 
tissue architecture, which minimize the detailed assess-
ment of localized cellular interactions.

In line with scRNAseq of cirrhotic explants,[7] our as-
sessment of liver cell subsets by spatial transcriptomics 
and CIBERSORTx analysis uncovered significantly in-
creased frequencies of ACTA2+ FABP4+ and COL3A1+ 
mesenchymal cells (HSC and SAMes) in fibrotic com-
partments of end-stage livers. These results are com-
parable to murine models of liver fibrosis, which show 
mesenchymal cell types analogous to human HSC and 
SAMes increased during fibrogenesis,[23] and RNA 
velocity analysis of cirrhotic human livers, which have 
established a clear convergence of VSMC and HSC 
toward SAMes states during fibrogenesis.[7,24] Our spa-
tial transcriptome analysis also revealed significantly 
greater proportions of lymphocyte subsets in areas of 
liver fibrosis, particularly CCL4+ CCL5+ KLRB1+ and 
GZMA+ IL17RA+ T cell states (T cells-3, T cells-4, 
and T cells-5), HLA-DR+ CD37+ CXCR4+ B cells (B 
cells-1 and B cells-2), and IGHM+ IGHG+ plasma cells 
(plasma cells-2). These observations are consistent 
with previous findings that large producers of CCL4 
and CCL5, including innate-like gamma-delta T cells, 
invariant natural killer T cells, and regulatory T cells, 
are increased in diseased livers,[25–27] as are infiltrating 
B cell/plasma cell lineages that produce autoantibod-
ies.[22] Although appealing, it is speculative to assign 
a precise pathogenic or protective role in fibrogenesis 
for any of these enriched cell states given the limited 
number of analyzed samples herein. It should be em-
phasized that several of these markers have been re-
ported on other cell types (e.g., FABP4 on endothelial 
cells, VCAM1 on endothelial cells) and should therefore 
be assessed in concert with additional markers to max-
imize cellular resolution.[28,29]

While most of our results align with previous find-
ings, we also observed conflicting indications of en-
riched cell states using spatial transcriptomics and 
gene deconvolution. One example was the estimated 
proportion of KC-1 monocyte subtypes in fibrosis, in 
which our findings indicated KC-1 was significantly in-
creased whereas scRNAseq analysis found KC-1 was 
significantly decreased in cirrhotic livers compared 
with healthy samples.[7] These differences likely illus-
trate our comparison of parenchymal and fibrotic re-
gions within the same cirrhotic liver samples instead 
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of comparisons to healthy control livers and may relate 
to differences in the migration and expansion of spe-
cific cell populations between individual patients and/
or disease etiologies, showing that larger studies using 
these methodologies are necessary to unpick patient-
intrinsic and disease-intrinsic cell networks. Our dis-
crepant findings regarding KC-1 may also reflect 
analytical errors associated with the generation and 
use of distinct gene profiles for CIBERSORTx enumer-
ation, as an unexpected proportion of lineage marker 
genes identified by scRNAseq used to separate closely 
related cell types were absent or detected at very low 
levels by spatial transcriptomics.[7] Ongoing devel-
opment of spatial technology will undoubtedly yield 
greater granularity, and complementary methods such 

as multi-dimensional immunohistochemistry together 
with spatial transcriptomics should aid the overall res-
olution of cellular phenotyping and mitigate ambiguous 
cell assignments in future studies.[13,30]

In addition to discrepant cell frequencies, we un-
expectedly detected cell-specific gene expression in 
tissue regions containing few of these cell types, as 
determined by traditional histology. This phenomenon 
was most evident when analyzing hepatocyte gene 
expression, as we detected relatively high levels of al-
bumin and other hepatocyte-specific RNA content in 
fibrotic regions. This may partly be explained by the 
presence of hepatocytes, individually or in small clus-
ters, which were difficult to identify in the fibrotic areas 
due to resolution limitations of the histological images. 

F I G U R E  4   Distinct monocyte states localize to regions of liver fibrosis. (A) Transcriptional profiles of monocytes generated by 
CIBERSORTx analysis of scRNAseq. Rows denote cell types; columns denote genes; exemplar lineage markers are shown. (B) Fractions 
of monocyte states in parenchymal and fibrotic regions calculated by CIBERSORTx analysis of spatial transcriptomes (n = 8 livers). (C) 
Hematoxylin and eosin (HE) staining shown as comparison reference for parenchymal (blue) and fibrotic (red) liver regions classified by 
spatial transcriptomics (left). Detection of TM-1, TM-3, and KC-1 mesenchymal subtypes in parenchyma using shown marker genes appear 
green and in fibrotic regions appear yellow (right). Parenchyma without TM-1, TM-3, and KC-1 cell types appear blue; fibrotic regions 
without TM-1, TM-3, and KC-1 appear red. (D) Immunofluorescence staining of PSC, PBC, and ALD liver sections shows co-expression of 
vascular cell adhesion molecule 1 (VCAM1; magenta) on CD68+ monocytes (yellow). Nuclei stained by DAPI (blue). *p < 0.05, ***p < 0.001, 
****p < 0.0001.
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However, spillover of localized transcripts into adjacent 
areas likely also occurred, as we detected RNA content 
in capture regions outside of the tissue boundaries and 
these gene signatures closely resembled those of the 
neighboring tissue (Figure S2). Increased spillover may 
have resulted from our efforts to maximize RNA release 

from fibrotic regions, as we suspect that a dispropor-
tional release of transcripts from parenchymal regions 
with high transcriptional activity may be subsequently 
captured in areas of lower gene expression such as re-
gions of liver fibrosis. The degree of permeabilization 
should therefore be carefully balanced versus potential 

F I G U R E  5   Subsets of T cells and B cells are enriched in regions of liver fibrosis. Transcriptional profiles of T cells (A) and B cells 
(D) generated by CIBERSORTx analysis of scRNAseq. Rows denote cell types; columns denote genes; exemplar lineage markers are 
shown. Fractions of T cell (B) and B cell states (E) in parenchymal and fibrotic regions calculated by CIBERSORTx analysis of spatial 
transcriptomes (n = 8 livers). T cells-3, T cells-4, and T cells-5 (C) and B cells-1, B cells-2, and plasma-cells-2 (F) are detected using shown 
marker genes. Hematoxylin and eosin (HE) staining shown as comparison reference for parenchymal (blue) and fibrotic (red) liver regions 
classified by spatial transcriptomics (left). Detection of indicated cell subtypes in parenchyma using shown marker genes appear green 
and in fibrotic regions appear yellow (right). Parenchyma devoid of indicated cell types appear blue; fibrotic regions without indicated cell 
subtypes appear red. *p < 0.05, **p < 0.01, ****p < 0.0001.
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spillover effects, and downstream quality-control and 
normalization procedures should be applied before 
final analyses to minimize imprecise localization of 
gene content. We believe that additional optimization 
of tissue permeabilization, limiting RNA release while 
retaining sufficient signal output is achievable, and fur-
ther improvements in capture density should lessen the 
degree of off-target findings using spatial transcriptom-
ics technologies.

In summary, we present an application of spatial 
transcriptomics for the cellular characterization of liver 
fibrosis in human cirrhotic explants. Our results can 
serve as a basis for more detailed future studies using 
liver tissue from earlier stages/time points of disease, 
to assess the involvement of specific molecules and 
pathways related to disease stage as well as possi-
ble links between the genetic and cellular signatures 
of liver fibrosis. Despite analytical and methodological 
limitations, our findings justify combining additional 
“omics” approaches in future efforts to unravel the reg-
ulatory networks involved in liver fibrosis and identify 
molecular targets that can inform the development of 
effective antifibrotic therapies.
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