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Recapitulation of SARS-CoV-2 infection
and cholangiocyte damage with human liver

ductal organoids

Dear Editor,

The emerging pandemic of coronavirus, SARS-CoV-2 (pre-
viously named 2019-nCoV), has posed significant threats to
global public health (Wu et al., 2020). The dominant symp-
toms of coronavirus disease 2019 (COVID-19) are fever and
cough (Chen et al., 2020; Huang et al., 2020). However, a
proportion of patients showed multi-organ damage and
dysfunction (Chen et al., 2020; Huang et al., 2020; Zhu et al.,
2020). Of note, liver damage is emerging as a co-existed
symptom reported in patients with COVID-19. A recent epi-
demiologic study in Shanghai (China) reported that 75 out of
148 (50.7%) COVID-19 patients had liver function abnor-
mality, indicated by key liver function parameters above the
normal range, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase
(ALP) or total bilirubin (TBIL) (Fan et al., 2020). A nation-
wide clinical study collecting 1,099 COVID-19 patients
revealed that around 20% of patients had elevated ALT and
AST and around 10% of patients had elevated TBIL. Espe-
cially, the percentage of patients with liver damage is much
higher among severe COVID-19 patients than patients with
mild symptoms (Huang et al., 2020). Although clinical cor-
relation has been implicated, it remains unclear whether the
liver damage is caused by direct virus infection in the liver or
by systematic dysfunction such as cytokine storm.

Viruses bind to host receptors to initiate infection. Recent
studies have demonstrated that SARS-CoV-2 uses the
SARS-CoV receptor angiotensin | converting enzyme 2
(ACE2) for host cell entering and transmembrane serine
protease 2 (TMPRSS2) for viral spike (S) protein priming
(Kuhn et al., 2004; Hoffmann et al., 2020; Wan et al., 2020;
Zhu et al., 2020). It has been shown that ACE2 expression is
widely distributed across human tissues, including lung, liver,
kidney and multiple digestive tract organs (Qi et al., 2020;
Zhang et al., 2020; Zhao et al., 2020). Significant enrichment
of ACE2+ population in cholangiocytes compared to hepa-
tocytes in the human healthy liver was reported recently
(Chai et al., 2020), implying that SARS-CoV-2 might directly
target ACE2+ cholangiocytes in patients. However, whether
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the virus indeed infects human cholangiocytes thus causes
local damage has not been addressed yet.

At present, due to the lack of suitable research models,
the mode of virus transmission and tissue tropism is not well
established yet. Studies on mechanisms of SARS-CoV-2
pathogenesis mainly depend on bioinformatics analysis,
clinical characteristics and rare autopsy reports (Xu et al.,
2020). Here we report the use of human organoids as a tool
to investigate the SARS-CoV-2 infection and virus-induced
tissue damage ex vivo at the cellular and molecular levels.

In a three-dimensional (3D) culture system with defined
culture medium, liver bile duct-derived progenitor cells
embedded in Matrigel can self-assemble into long-term
expandable 3D structures that termed “liver ductal orga-
noids”, which retain their tissue-of-origin commitment and
genetic stability during self-renewing (Huch et al., 2015). To
establish the SARS-CoV-2 infection model with human liver
ductal organoids, we first determined whether the long-term
organoid culture could preserve the cholangiocytes
expressing ACE2 and TMPRSS2 ex vivo. We processed
single-cell RNA sequencing (scRNA-seq) to interrogate the
transcriptome of cholangiocytes in human liver ductal orga-
noids. A total number of 7,978 cells were analyzed and cell
populations were visualized by t-distributed stochastic
neighbor embedding (t-SNE), partitioning the cells into 7
clusters (Fig. 1A). The common cholangiocyte markers
epithelial cell adhesion molecule (EPCAM) and keratin 19
(KRT19) were uniformly highly expressed in all the 7 clus-
ters, indicating the heterogeneity of cholangiocytes in these
organoids was relatively low (Fig. 1B). Notably, we identified
the SARS-CoV-2 receptor gene ACE2 expressed sparsely
among cluster 0-5 in unbiased preferences and was
detectable in 2.92% cells (233 out of 7,978) (Fig. 1C and
1D). Anti-ACEZ2 immunostaining further verified the presence
of ACE2+ cholangiocytes in human liver ductal organoids
(Fig. 1E). Besides, TMPRSS2 expressed uniformly across
all the clusters and accounted for 51.45% of the total cells
(4,105 out of 7,978), it is worth mentioning that 68.24% of the
ACE2+ cells were co-expressing TMPRSS2 (159 out of 233)
(Fig. 1C and 1D), making this cell population potentially
highly vulnerable to SARS-CoV-2 infection. Interestingly, we
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Figure 1. ACE2+ cholangiocytes are preserved in human liver ductal organoid cultures. (A) Cell-type clusters. t-SNE
visualization of the cell populations (color-coded for clusters) from human liver ductal organoids. (B) t-SNE plots indicating the
expression of representative marker genes. (C) t-SNE plots indicating the expression of ACE2 and TMPRSS2. (D) Violin plots
showing the expression of representative marker genes. (E) Immunofluorescence staining for ACE2 and E-cadherin in human liver
ductal organoids. (F) t-SNE visualization of single cells isolated from human and mouse liver ductal organoids; Violin plots showing
the expression of EPCAM and ACE2.

772 © The Author(s) 2020



The novel coronavirus injures cholangiocytes

LETTER

A SARS-CoV-2 N E-cadherin

Infected Mock

Enlarge

C

D

Normalized ORF1 reads count

400

Org #2
300
200 Org #1
100

E

Cellular response to external stimulus

Positive regulation of translation in response to stress

Dopaminergic neuron differentiation
Regulation of insulin secretion

Regulation of protein serine/threonine kinase activity

Gastrulation

Negative regulation of protein modification process

Embryonic morphogenesis
Positive regulation of cell death
Regulation of cell morphogenesis

DAPI

= |

01234567
-Log,y(P-value)

Cell junction organization signature genes

FDR = 0.002

Mock

\,J

00w ™

Infected

n

Relative mRNA level

Relative mRNA level

-
[$,]

-
o

o
&

-
[¢)]

N
o

I
o

B
700

560
420
280
140

Relative mRNA level

Human liver ductal organoid #1

*hk

500 s 500 . Mock
400 400 Wih
24 h
300 300 48 h
200 200 m7zh
100 100
nCoV-N1 nCoV-N2 nCoV-N3
Human liver ductal organoid #2
ok 3,500 e 6,000 ok
h
2,800 4,800
2,100 3,600
1,400 2,400
700 1,200
0
nCoV-N1 nCoV-N2 nCoV-N3
Human liver ductal organoid #1
. e Mock
KKk *kk ** . 24 h
% o | [ % %) 48 h
72h

b

Human liver ductal organoid #2

*kk
ke k
%

1.
WO (7680 GO TJP1SLC4A2LC10A2 cFTR

*kk
Kk

0
[TGAV | 1GBO | DN TJP13L04A28LC10A2 cFTR

Figure 2. Recapitulation of SARS-CoV-2 infection in human liver ductal organoids. (A) Immunofluorescence staining for SARS-
CoV-2 N protein and E-cadherin in human liver ductal organoids. (B) Two cases of human liver ductal organoids were harvested at
indicated time points following SARS-CoV-2 infection to examine the virus load using gRT-PCR. RNP was used as an internal control.
(C) Changes in expression of ORF1 in human liver ductal organoids (Org #1 and Org #2) in response to SARS-CoV-2 infection at
indicated times. (D) Heatmap showing differentially expressed genes (DEGs) in SARS-CoV-2-infected organoids (Inf) (24 h) versus
the mock (Mo). (E) GO analysis of DEGs. Top 10 enriched biological processes were shown. (F) Two cases of human liver ductal
organoids after SARS-CoV-2 infection were harvested to examine the expression of indicated genes using gRT-PCR. GAPDH was

used as an internal control. Data were presented as mean + s.d.

* indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001

(G) GSEA enrichment analysis of SARS-CoV-2-infected organoids (48 h) versus the mock for cell junction organization signature

genes.
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found that the cholangiocytes in mouse primary liver ductal
organoids had comparable Epcam expression but no Ace2
(mouse Ace?2) expression (Fig. 1F). Taken together, our data
demonstrate that long-term human liver ductal organoid
culture preserves the human-specific ACE2+/TMPRSS2+
population of cholangiocytes.

Next, we examined the susceptibility of human liver ductal
organoids to SARS-CoV-2. We isolated and plaque-purified
the SARS-CoV-2 from a COVID-19 patient in Shanghai. The
liver ductal organoids from two individuals were inoculated
with SARS-CoV-2 for 1 h then re-embedded in Matrigel and
maintained in the culture medium. We performed
immunostaining to identify the virus-positive cholangiocytes
24 h post-infection. The expression of SARS-CoV-2 nucle-
ocapsid (N) protein was readily detected in patchy areas of
human liver ductal organoids whereas no signal was found
in uninfected control (Fig. 2A). In addition, the infected
cholangiocytes underwent membrane fusion and formed
syncytia (Fig. 2A, enlarge). Although the number of infected
cholangiocytes was limited, the examination of the SARS-
CoV-2 genomic RNAs revealed a dramatic increase of viral
load in organoids at 24 h post-infection (QRT-PCR in Fig. 2B
and ORF1 reads count analysis in Fig. 2C). These data
demonstrate that human liver ductal organoids are suscep-
tible to SARS-CoV-2 and support robust viral replication. The
recapitulation of SARS-CoV-2 infection in human organoids
suggests that this model could be employed to dissect the
viral pathogenesis and to test antivirals.

The viral load in organoids was significantly decreased at
48 h post-infection (Fig. 2B), probably due to virus-induced
death of host cholangiocytes or activation of anti-viral
response. Gene transcriptome examination by RNA-se-
quencing revealed a set of 337 differentially expressed
genes (DEGs) in SARS-CoV-2-infected organoids (Fig. 2D,
P < 0.01). Gene ontology (GO) analysis highlighted intensive
expression alteration of genes involved in “positive regula-
tion of cell death” and “cellular response to external stimulus”
(Fig. 2E). Consistently, SARS-CoV-2 infection stimulated the
expression of several critical cell apoptosis factors, repre-
sented by CD40 molecule (CD40), caspase recruitment
domain family member 8 (CARDS8) and serine/threonine
kinase 4 (STK4) (Fig. 2D). These data indicate that SARS-
CoV-2 infection induces cell death of host cholangiocytes.

We then testified whether SARS-CoV-2 infection and
consequent cell death could influence the tissue behavior.
The main function of cholangiocytes in homeostasis is to
transport bile acid secreted by hepatocytes into bile ducts.
The tight junction between cholangiocytes maintains the
barrier function of bile ductal epithelium, which is essential
for bile acid collection and excretion. We found that SARS-
CoV-2 infection ablated the expression of claudin 1 (CLDN1)
(Fig. 2F). In addition, gene set enrichment analysis (GSEA)
indicated that SARS-CoV-2-infected organoids had
decreased enrichment of cell junction organization signature
genes (Fig. 2G), suggesting that the barrier function of bile
ductal epithelium was disrupted. More importantly, the
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expression of two major bile acid transporter genes, solute
carrier family 10 member 2 (SLC10A2) and cystic fibrosis
transmembrane conductance regulator (CFTR), was signifi-
cantly decreased following SARS-CoV-2 infection (Fig. 2F).
These data indicate that SARS-CoV-2 infection impairs the
barrier and bile acid transporting functions of cholangiocytes
through modulating the expression of genes involved in tight
junction formation and bile acid transportation. Our study
therefore supports the idea that the liver damage in COVID-
19 patients might result from direct cholangiocyte injury and
consequent bile acid accumulation induced by viral infection.

Organoids retain the biology of individual tissues, which
hold great promise for the study of host-microbe interaction
(Dutta and Clevers, 2017). Here, by single-cell RNA
sequencing, we demonstrated that long-term liver ductal
organoid culture preserves the human-specific ACE2+ pop-
ulation of cholangiocytes. Moreover, human liver ductal
organoids were permissive to SARS-CoV-2 infection and
support robust replication. To our knowledge, this is the first
SARS-CoV-2-human organoid infection model reported.
Given that the culture conditions for various organoids (lung,
intestine, and kidney) have already been established, it would
be intriguing to study the tropism, replication, and innate
immune response of SARS-CoV-2 infection in other organs
that are targeted by this virus.

Liver damage is a common feature in severe COVID-19
patients. The improper use of anti-viral drugs may cause
hepatotoxicity thus liver damage. Besides, SARS-CoV-2
infection may trigger an overwhelming inflammatory
response, which leads to multi-organ injuries (Huang et al.,
2020). In this study, we found that virus infection impairs the
barrier and bile acid transporting functions of cholangiocytes
through the dysregulation of genes involved in tight junction
formation and bile acid transportation. This could be due to the
direct viral cytopathogenic effect on target cells that express
ACE2 and TMPRSS2. Therefore, it is of importance to con-
sider that the liver damage in COVID-19 patients might be in
part the result of direct cholangiocyte injury and consequent
bile acid accumulation caused by SARS-CoV-2 infection.

By employing human liver ductal organoids, we investigated
the infection and liver tissue damage of SARS-CoV-2 ex vivo.
These results indicate that control of liver damage caused
directly by viral infection should be valued in treating COVID-19
patients. Our findings also provide an application of human
organoids in investigating the tropism and pathogenesis of
SARS-CoV-2, which would facilitate novel drug discovery.
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