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A single cell atlas of the human liver tumor
microenvironment
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Shalev Itzkovitz1,*

Abstract

Malignant cell growth is fueled by interactions between tumor
cells and the stromal cells composing the tumor microenviron-
ment. The human liver is a major site of tumors and metastases,
but molecular identities and intercellular interactions of different
cell types have not been resolved in these pathologies. Here, we
apply single cell RNA-sequencing and spatial analysis of malignant
and adjacent non-malignant liver tissues from five patients with
cholangiocarcinoma or liver metastases. We find that stromal cells
exhibit recurring, patient-independent expression programs, and
reconstruct a ligand –receptor map that highlights recurring
tumor –stroma interactions. By combining transcriptomics of laser-
capture microdissected regions, we reconstruct a zonation atlas of
hepatocytes in the non-malignant sites and characterize the
spatial distribution of each cell type across the tumor microenvi-
ronment. Our analysis provides a resource for understanding
human liver malignancies and may expose potential points of
interventions.
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Introduction

Cancer is a heterogeneous disease, exhibiting both interpatient and
intrapatient variability (Marusyk et al, 2012; Meacham & Morrison,
2013; Patel et al, 2014; Alizadeh et al, 2015). Tumor cells do not
operate in isolation, but rather closely interact with a complex
milieu of supporting stromal cells that form the tumor microenvi-
ronment (TME) (Polyak et al, 2009; Hanahan & Weinberg, 2011;

Lambrechts et al, 2018). These cells include, among others, a range
of immune cells, cancer-associated fibroblasts (CAFs), and endothe-
lial cells. Interactions between the tumor and stromal cells are criti-
cal for cancer cell survival (Meacham & Morrison, 2013). Stromal
cells supply the cancer cells with growth factors, facilitate immune
evasion, and modulate the composition of the extracellular matrix.
Given the diversity of cell types that form the TME, it is essential to
apply single cell approaches to resolve their molecular identities
(Tirosh et al, 2016; Puramet al, 2017; Lambrechtset al, 2018).

The liver is a major site of both primary tumors and metastases
(Llovet et al, 2016). Tumors of liver origin include hepatocellular
carcinomas (Guichard et al, 2012), cholangiocarcinomas [tumors
originating from liver cholangiocytes (Patel, 2011; Sia et al, 2013)],
and hepatoblastomas. Liver metastases often originate in colorectal
and pancreatic tumors and are the main cause of mortality in these
cancer patients (Weinberg, 2013). Single cell atlases have provided
important insight into the development (Camp et al, 2017; Segalet al,
2019; Popescu et al, 2019), physiology (MacParland et al, 2018;
Aizarani et al, 2019), and pathology (Zhang et al, 2019, 2020;
Ramachandranet al, 2019; Sharmaet al, 2020) of the human liver.
Here, we reconstruct a cell atlas of the malignant human liver in
patients with liver metastases or cholangiocarcinomas. Our analysis
highlights recurring stromal cell type signatures and interaction
modalities with the carcinoma cells. By combining spatial informa-
tion, we reconstruct zonation patterns of hepatocytes in the non-
malignant tissue sites and identify distinct spatial distributions of cell
types across the TME.

Results

A cell atlas of the human liver tumor microenvironment

To assemble a cell atlas of the human liver TME, we analyzed
tissues from six patients who underwent liver resection (Fig 1A,
Appendix Fig S1). Three Patients underwent hepatic resection for
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colorectal metastases, two for intrahepatic cholangiocarcinoma, and
one for a cyst at a benign stage (Dataset EV1). We dissociated the
tissues into single cells and measured their transcriptomes using
MARS-seq (Jaitin et al, 2014; Materials and Methods). In parallel,
we preserved tissues for spatial analysis using laser-capture
microdissection (LCM) (Moor et al, 2017, 2018) and single molecule
fluorescence in situ hybridization (smFISH) (Bahar Halpern et al,
2015).

Our single cell atlas included 7,947 cells, 4,140 from the malig-
nant sites and 3,807 from the non-malignant sites (Fig 1B). The
non-malignant sites did not show histological signs of fibrosis, with
the exception of the cholangiocarcinoma patient p2 (Materials and
Methods, Dataset EV1). The cells formed 17 clusters, which we
annotated based on known marker genes and a recent cell atlas of
cirrhotic human livers (Ramachandran et al, 2019) (Fig 1C).
Notably, the stromal clusters included a mixture of cells from dif-
ferent patients (Appendix Fig S1), demonstrating recurring stromal
signatures. Cells from the non-malignant liver sites included clusters
of hepatocytes and several non-parenchymal cell populations—
hepatic stellate cells, vascular smooth muscle cells (vSMC), Kupffer
cells, T cells, B cells, liver sinusoidal endothelial cells (LSEC), liver
vascular endothelial cells (LVEC), and cholangiocytes, the latter
clustering with the carcinoma cells. Cells from the malignant liver
sites included carcinoma cells, marked by KRT8, KRT18, and
EPCAM (Puram et al, 2017; Fig 1B) and diverse TME cell popula-
tions, including fibroblasts, endothelial cells, and immune cells
(Fig 1C). Carcinoma cells exhibited distinct gene expression dif-
ferences between the cholangiocarcinoma patients and the meta-
static patients (Appendix Fig S1E). Genes elevated in
cholangiocarcinomas included higher expression of the cholangio-
cyte gene Beta-defensin 1 (DEFB1) (Haradaet al, 2004) and FGFR2.
Genes elevated in colorectal cancer metastasis included higher
expression of Cadherin 17 (CDH17) (Panarelliet al, 2012) and the
adhesion molecules CEACAM5 and CEACAM6, previously shown to
correlate with metastasis colonization (Powell et al, 2018). We
extracted global gene expression signatures and unique markers for
each of these cell types (Fig 1D, Datasets EV2 and EV3). We vali-
dated the expression of a panel of 12 marker genes using smFISH
(Appendix Fig S2).

TME cell types exhibit recurring expression signatures

A common question in single cell analysis is whether the recon-
structed cell atlases are stable with regard to the numbers of cells
per sample and the numbers of samples (Mereuet al, 2020). This
question is particularly important in cancer, due to the profound
levels of interpatient heterogeneity (Marusyk et al, 2012;

Meacham & Morrison, 2013; Patel et al, 2014; Alizadeh et al,
2015). We assessed the stability of the expression signatures
obtained from our atlas with regard to the number of sampled
patients and the number of sampled cells. To this end, we recon-
structed the mean gene expression signatures for each of the 17
cell type clusters, based on subsamples of the six patients, and
equally sized subsamples of cells from all patients as controls.
We compared these mean expression signatures of subsets of the
data with those obtained from the full atlas. We found that the
gain in correlations, when adding new patients, strongly curtailed
for most cell types beyond three patients and converged on the
correlations obtained when subsampling cells rather than patients
(Appendix Fig S3). An exception was the carcinoma cluster,
where gene expression signatures changed with each new added
patient (Appendix Fig S3). Our analysis thus demonstrates that,
while carcinoma cells exhibit high interpatient variability, the
liver TME exhibits recurring gene expression signatures that are
more uniform between patients.

Differences in TME gene expression between the malignant and
non-malignant sites

Our single cell analysis of matching malignant and non-malignant
sites within the same patients enabled identification of gene expres-
sion differences in distinct cell populations that compose the TME
(Fig 2). Genes elevated in tumor endothelial cells compared to the
non-tumor endothelial cells included the von Willebrand factor
VWA1, encoding a glycoprotein previously shown to facilitate
tumor cell extravasation (Terraube et al, 2007), as well as SOX17
(Yang et al, 2012) and INSR (Nowak-Sliwinska et al, 2019), both
shown to promote tumor angiogenesis (Fig 2A). The immune cell
populations in the malignant liver predominantly included scar-
associated macrophages (SAMs) (Ramachandranet al, 2019; Fig 2
B). These cells express the marker genes CD9 and TREM2, a tumor
suppressor in hepatocellular carcinoma (Tanget al, 2019), as well
as the markers CAPG and GPNMB. GSEA analysis of Subramanian
et al (2005) SAM genes resulted in a significant enrichment of apical
junction genes and the complement system. Their recurring signa-
tures included lipid-associated genes, such as PLIN2 and LPL, over-
lapping the recently identified SPP1+ lipid-associated macrophages
(LAMs) in mouse fatty livers (Remmerie et al, 2020). Liver mononu-
clear phagocyte populations from the non-malignant liver sites were
composed of Kupffer cells, expressing C1QB, MARCO, CD5L, and
CD163 (Appendix Fig S4). T cells from the malignant sites were
predominantly composed of Tregs, marked by CTLA4 and FOXP3,
whereas T-cell populations from the non-malignant sites were
predominantly composed of cytotoxic T cells, expressing CCL5,

�Figure 1. Single cell atlas of the malignant human liver.

A Experimental scheme, tumor, and adjacent non-tumor liver samples from surgeries were dissociated for scRNA-seq, frozen for LCM, and fixed for smFISH.
B tSNE plot colored by normalized sum of pan-carcinoma markers taken form Puramet al (2017). “n”—indicates the number of cells per group.
C tSNE plot colored by the17 Seurat clusters including hepatocytes, endothelial cells (liver sinusoidal endothelial cells—LSEC, non-tumor liver vascular endothelial cells

—LVEC, and tumor liver vascular endothelial cells—LVECt), mesenchymal cells (Stellate cells, cancer-associated fibroblasts—CAFs, Pericytes, vascular smooth muscle
cells—vSMC), immune cells (Kupffer cells, scar-associated macrophages—SAMs, tissue monocytes1—TM1, cDC1, cDC2, T cells, and B cells), proliferating cells, and
carcinoma cells.

D Heatmap showing the normalized expression of marker genes for the different clusters (Materials and Methods). Expression is normalized by the maximal expression
among all cell types.
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