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ABSTRACT

SARS-CoV-2 infection is accompanied by elevated liver enzymes, and patients with pre-existing liver conditions experience
more severe disease. While it was known that SARS-CoV-2 infects human hepatocytes, our study determines the mechanism of
infection, demonstrates viral replication and spread, and highlights direct hepatocyte damage. Viral replication was readily
detectable upon infection of primary human hepatocytes and hepatoma cells with the ancestral SARS-CoV-2, Delta, and
Omicron variants. Hepatocytes express the SARS-CoV-2 receptor ACE2 and the host cell protease TMPRSS2, and knocking
down ACE2 and TMPRSS2 impaired SARS-CoV-2 infection. Progeny viruses released from infected hepatocytes showed the
typical coronavirus morphology by electron microscopy and proved infectious when transferred to fresh cells, indicating that
hepatocytes can contribute to virus spread. Importantly, SARS-CoV-2 infection rapidly induced hepatocyte death in a
replication-dependent fashion, with the Omicron variant showing faster onset but less extensive cell death. C57BL/6 wild-type
mice infected with a mouse-adapted SARS-CoV-2 strain showed high levels of viral RNA in liver and lung tissues. ALT peaked
when viral RNA was cleared from the liver. Liver histology revealed profound tissue damage and immune cell infiltration,
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indicating that direct cytopathic effects of SARS-CoV-2 and immune-mediated killing of infected hepatocytes contribute to liver

pathology.

1 | Introduction

Coronaviruses are enveloped viruses containing a positive-
sense, single-stranded RNA genome of 26-32 kilobases (kb) and
mostly cause self-limiting respiratory or gastrointestinal infec-
tions in humans and animals. The murine coronavirus, mouse
hepatitis virus (MHV), is known to cause encephalitis and also
hepatitis in susceptible rodents [1]. Coronaviruses have the
capacity to adapt to a new host by genomic mutations and
recombination that may lead to the emergence of new viruses
that are infectious to humans or even highly virulent [2]. Recent
examples include the severe acute respiratory syndrome coro-
navirus (SARS-CoV), the Middle East respiratory syndrome
coronavirus (MERS-CoV), and, in late 2019, SARS-CoV-2.
SARS-CoV-2 is highly transmissible and caused a worldwide
pandemic with clinical pictures ranging from asymptomatic
infection to severe respiratory illness and multiorgan damage
termed coronavirus disease 2019 (COVID-19) [3].

SARS-CoV-2 enters the host cell after binding of the viral spike
(S) protein to its host entry receptor angiotensin-converting
enzyme 2 (ACE2) [4]. Upon binding to ACE2, the proteolytic
cleavage of S by the host serine protease TMPRSS2 exposes the
fusion peptide which mediates viral and cellular membrane
fusion [5, 6] enabling intracellular viral replication. Early after
infection, viral nonstructural proteins (NSPs) including the
RNA-dependent RNA polymerase (RdRp; NSP12) are translated
from the full-length genomic RNA (gRNA) and are responsible
for the replication of the viral genome and the production of
subgenomic RNAs (sgRNAs) that serve as templates to tran-
scribe positive-sensed sg-mRNAs that are used for translation of
structural and accessory proteins [7]. The structural proteins S,
E (envelope), M (membrane), and N (nucleocapsid) are trans-
lated from sg-mRNAs.

The broad organotropism of SARS-CoV-2 is thought to con-
tribute to severe COVID-19. SARS-CoV-2 RNA was detected in
lung, kidney, liver, heart, brain, bowel and blood [8]. Acute
kidney injury, vascular damage, cardiac dysfunction and neu-
rological disorders, but also liver damage often become evident
in patients with severe COVID-19 [9].

The liver is targeted by pathogens exploiting the fact that this
vital organ provides an immunologically tolerant niche [10]. It
is also involved in non-hepatotropic microorganisms spreading
or causing systemic disease [11]. In COVID-19 patients, ele-
vated aspartate (AST) and alanine aminotransferase (ALT)
serum levels accompanied by modestly elevated total bilirubin
levels are observed in 14.8%-53% of hospitalized patients [12],
with a strong association between AST elevation, severe disease
progression and mortality [13]. COVID-19 mortality is particu-
larly high in patients with liver cirrhosis or pre-existing liver
disease [14]. Direct SARS-CoV-2 infection of liver cells and
secondary immunopathology may trigger ongoing liver disease
as a long-term consequence of SARS-CoV-2 infection [15].

Analysis of human liver single-cell RNA sequencing (scRNA-
seq) datasets revealed ACE2 expression in cholangiocytes
(0.82%-14.29%) and hepatocytes (0.26%-10.2%) together with an
increased expression of TMPRSS2 [16]. SARS-CoV-2 RNA was
found in the lumen of the portal vein and surrounding en-
dothelial cells by in situ hybridization [17], and coronavirus-like
particles were detected by ultrastructural analysis of the liver
tissue from COVID-19 patients [18]. Studies using liver orga-
noids showed the permissiveness of hepatocytes and cho-
langiocytes to SARS-CoV-2 infection [19, 20], and SARS-CoV-2
was detected in and isolated from postmortem liver tissues [21,
22]. Recent studies demonstrated that SARS-CoV-2 is capable of
infecting primary human hepatocytes (PHH) and hepatoma
cells [22-25].

While these studies suggested a liver tropism of SARS-CoV-2, it
has not been dissected how the virus enters hepatocytes and the
extent and the consequence of virus replication within hepa-
tocytes have remained open. We here show that the original EU
strain B.1.177, as well as the Omicron variant B.1.1.529, pro-
ductively infects PHH and induces cell death. Infected hepato-
cytes release infectious progeny virus and die as a consequence
of the infection. In addition, we provide in vivo evidence for a
liver tropism of SARS-CoV-2 using a physiological mouse model
for COVID-19 that shows a pro-inflammatory cytokine response
and develops liver damage presumably due to immune cell
infiltration and subsequent viral clearance.

2 | Materials and Methods
2.1 | Cell Culture

PHH were obtained from the Department of General, Visceral,
and Transplant Surgery at Hannover Medical School. PHH were
freshly isolated and cultured as described elsewhere [26].
Alternatively, PHH were obtained from Thermo Fischer Sci-
entific (Cat# HMCPIS). Liver tissue was processed from donors
undergoing partial hepatectomy and upon obtaining written
informed consent (approved by the ethics commission of Han-
nover Medical School, #252-2008). HepaRG, HepG2, and Huh7
cells were differentiated with DMSO before SARS-CoV-2
infection [27].

2.2 | SARS-CoV-2 Infection

A 2020 clinical isolate (European lineage B.1.177, EU1), the Delta
variant (B.1.617.2), the Omicron variants (B.1.1.529, sub-lineage
BA.1 and BA.5.1), and a mouse-adapted strain (MA20) [28] of
SARS-CoV-2 were propagated in Vero-E6 cells. The identity of all
viruses was verified via next-generation sequencing (GISAID da-
tabase under accession ID: EPI_ISL 582134, EPI_ISL 2772700,
EPI_ISL_7808190, and EPI_ISL_15942298). Cells were infected
with SARS-CoV-2 strains at moi (multiplicity of infection) of 0.1-1

2 of 12

Journal of Medical Virology, 2025

95U8D17 SUOWIWIOD 3A 81D 9|qed![dde ay) Ag paussnob are sspie YO ‘88N Jo 3| 10) Aeug 13Ul UO AS]IAA UO (SUONIPUOD-PUR-SLLS) 0D A8 | IM A lelq 1 |BulJUO//ScL) SUONIPUOD Pue SWie | ) 885 *[G202/S0/6T] U0 Arelqiauluo A8]iM ‘WwniuazsBunydsi04 SaYasIneq Uayduan [\ WNAUSZ z)oyw pH Ad 9GTOZ AW /Z00T OT/I0p/wod A3 (1M Akeiq 1 putjuoj/sdny wo.j pspeojumod ‘T ‘SZ0Z ‘TL06960T



plaque-forming units (pfu)/cell for 1 h at 37°C, washed with PBS,
and incubated with culture medium for the time indicated. During
infection and maintenance of the cells, we did not observe
any signs of dedifferentiation. siRNAs targeting siACE2 and
siTMPRSS2 (Silencer Select siRNA; ID: s33966 and s14236) were
delivered into cells using Lipofectamine RNAiMAX (both Thermo
Fisher Scientific, Waltham, MA, USA).

8- to 10-week-old female C57BL/6J mice (Charles River Lab-
oratories) were anesthetized with 2% isoflurane in O, and
inoculated intranasally with 10* TCID50 of SARS-CoV-2 MA20
or 10* TCID50 of SARS-CoV-2 Omicron BA.5.1 in 40 uL PBS.
Mice were monitored for clinical signs of disease and weighed
daily. For sample acquisition and histological organ analysis,
mice were euthanized. Experiments were conducted strictly
according to the German regulations of the Society for Labo-
ratory Animal Science and the European Health Law of the
Federation of Laboratory Animal Science Associations. Ex-
periments were approved by the District Government of Upper
Bavaria (ROB-55.2-2532. Vet_02-21-169).

2.3 | Quantitative PCR (Rt-qPCR) of Viral and
Cellular Rnas

RNA was extracted using the NucleoSpin RNA kit (Macherey-
Nagel, Diiren, Germany), and cDNA synthesis was performed with
SuperScript III First-stand Synthesis System (Invitrogen; Thermo
Fischer Scientific, Waltham, MA, USA). Quantitative PCRs were
performed using LightCycler480 SYBR Green master-mix on a
LightCycler480 Instrument (Roche, Mannheim, Germany). Primer
sequences and qPCR conditions are described in Table S1.

2.4 | Protein Detection

Cells were harvested in RIPA buffer (Pierce; Thermo Fischer
Scientific, Waltham, MA, USA) containing protease inhibitor
cocktails. Proteins were separated by 10%-12% SDS-PAGE and
blotted onto PVDF membrane. For enzymatic deglycosylation,
10 uL cell lysate was pretreated with 250 units of PNGase F
(NEB, Frankfurt am Main, Germany) for 1 h. Membranes were
incubated with following primary antibodies: anti-ACE2
(#ab108252 Abcam), anti-TMPRSS2 (sc-515727 Santa Cruz),
anti-N (#40143-T62 Sino Biological), anti-GAPDH (#G9545
Sigma-Aldrich), anti-g-actin (#A5441 Sigma-Aldrich). Immuno-
fluorescence staining was performed essentially as described [27]
using SARS-CoV-2 anti-N antibody (#40143-T62 Sino Biological).

2.5 | Real-Time Live-Cell Imaging of SARS-CoV-2
Infected Hepatocytes

PHH were either mock or SARS-CoV-2 infected in the presence
or absence of remdesivir (RDV) (1 uM), cultured in medium
containing Incucyte Cytotox Red Reagent and monitored using
the Incucyte Live-Cell Analysis System (Essen BioScience,
Newark, UK). 25-36 phase contrast and fluorescence images/
well/time point were taken every 4 h for 72 h, and analyzed
using the Incucyte S3 software (version 2019B Rev2). Serial

images taken from the same spots were combined to create
time-lapse movies.

2.6 | Immunohistochemistry of Mouse Liver
Tissues

Livers were fixed in 10% neutral-buffered formalin for 24 h,
dehydrated and embedded in paraffin. 2um sections were
stained with hematoxylin and eosin (H&E), or pretreated with
EDTA buffer (pH 9.0) for 30 min, and stained with anti-SARS-
CoV-2 S antibody (GeneTex, #135356, 1:1000, 15 min) and Bond
Polymer Refine Detection Kit (Leica, Nussloch, Germany).

2.7 | Serum Analysis

Serum levels of interleukin (IL)-6 were measured using the
Simple Plex Mouse Cytokine Panel (BioTechne, STO1C-MP-
004435). ALT activity was determined on Reflovet Plus (Roche).

3 | Results
3.1 | Hepatocytes Express ACE2 and TMPRSS2

Given that ACE2 and TMPRSS2 play a key role in the cellular
entry of SARS-CoV-2 [5], we analyzed ACE2 and TMPRSS2
mRNA expression in PHH isolated from four different donors,
hepatoma cell lines HepG2, Huh7 and HepaRG, and lung-
derived cell lines A549, BEAS-2B, 16HBE, and Calu-3. Primary
normal human bronchial epithelial cells (NHBE), cell lines
Caco-2 (human colorectal adenocarcinoma) and Vero-E6
(African green monkey kidney), known to be highly suscepti-
ble to SARS-CoV and SARS-CoV-2 infection [29], were included
as controls (Figure 1A,B).

PHH showed high ACE2 mRNA levels comparable with those
of Calu-3, Vero-E6 cells, and NHBE [30] (Figure 1A). Hepatoma
HepG2 and Huh7 cells showed 10- to 14-fold lower ACE2
mRNA levels than PHH, and HepaRG cells showed the lowest
ACE2 expression levels of the liver cells. Lung-derived cells had
more divergent ACE2 mRNA levels with more than three
orders of magnitude difference between Calu-3 and A549 cells
(Figure 1A). TMPRSS2 mRNA expression levels in liver cells
(except Huh7) exceeded those detected in lung-derived cells
(Figure 1B), and absent in A549 and Vero-E6 cells, as re-
ported earlier [31].

Western blot analysis confirmed ACE2 and TMPRSS2 expres-
sion on protein level. ACE2 was abundant in PHH, lower ex-
pressed in HepG2 and Huh7 cells and barely detectable in
HepaRG cells (Figure 1C). TMPRSS2 was expressed in PHH,
HepG2, and HepaRG cells and barely detectable in Huh7 cells.
For TMPRSS2, besides the full-length protein at ~65kDa, we
detected a protein species of ~37 kDa, most likely representing
the C-terminal trypsin-like S1 peptidase domain that has un-
dergone activation by autocatalytic cleavage as described before
[32, 33]. In PHH, ACE2 was modified by N-linked glycosylation,
as evidenced by the selective removal of N-linked glycans by
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FIGURE1 | ACE2and TMPRSS2 expression profiles of different cell types. (A, B) The gene expression of ACE2 (A) and TMPRSS2 (B) of eleven
different cell types was assessed by RT-qPCR. ACE2 and TMPRSS2 mRNA levels were normalized to GAPDH mRNA levels. Four different batches of
PHH derived from individual donors were included in this analysis. (C) ACE2 and TMPRSS2 protein expression in liver-derived cell types was
analyzed by Western blot analysis under reducing conditions. Protein band intensities were quantified using Multi Gauge software (V3.0) and
normalized to GAPDH, which served as a loading control. The relative expression values are shown below the images. (D) Total cell lysate obtained
from PHH and Vero-E6 cells were mock-treated or treated with PNGase F and subjected to Western blot analysis for the detection of ACE2. ND, not

detected; RT-qPCR, reverse transcription quantitative PCR.

PNGase F (Figure 1D). The N-glycosylated form of ACE2 is
known as the functional SARS-CoV receptor [34]. Taken together,
we demonstrate expression of functional ACE2 and TMPRSS2 in
human hepatocytes encouraging us to investigate whether hepa-
tocytes support productive SARS-CoV-2 replication.

3.2 | Hepatocytes Support SARS-CoV-2
Replication

Probes or primers binding to the N-gene contained in the
common regions of all SARS-CoV-2 RNAs allow the simulta-
neous detection of all viral RNA species. Northern blot analysis
using an N-probe detected variable lengths of viral RNA species
in PHH and Calu-3 cells following infection with the SARS-
CoV-2 EUI strain (EU1) (Figure 2A). As expected [35], N
transcripts (~1.6kb) were most abundant. RNA expression
pattern in infected PHH was comparable to that in Calu-3 cells
indicating intracellular SARS-CoV-2 replication in hepatocytes.
However, due to sensitivity issues, we could not detect all viral
RNA species, including the full-length gRNA (~30 kb).

Quantification of viral RNAs by RT-qPCR corroborated SARS-
CoV-2 replication in liver cells, which was blocked by RDV, a
potent nucleotide analog targeting the coronavirus RdRp and
resulting in premature termination of viral RNA synthesis [36]
(Figure 2B). PHH (although with some donor-to-donor variation),

HepG2, and Huh?7 cells supported robust SARS-CoV-2 replication.
In contrast, HepaRG cells were considerably less permissive to
SARS-CoV-2 (Figure 2B). The remaining viral RNAs after RDV
treatment most likely resulted from either input gRNA or
incomplete viral RNA sequences synthesized under RDV treatment.

Hepatic SARS-CoV-2 replication was also confirmed by detecting
N protein, the most abundant protein produced upon infection
with SARS-CoV-2 [37]. When PHH were infected with EU1, a
strong N protein band was detected by Western blot analysis
(Figure 2C). N protein-expressing cells became visible using
immunofluorescence staining in PHH (Figure 2D) as well as in
hepatoma cell lines (Figure 2E). Permissiveness of PHH to SARS-
CoV-2 variants was reproduced by infecting PHH with the SARS-
CoV-2 Omicron sublineage BA.1 (Omicron). Viral RNA, N pro-
tein, and N-positive cells were readily detectable (Figure 2F-G). In
summary, our results demonstrated that SARS-CoV-2 efficiently
replicates in hepatocytes, consistent with a recent finding showing
the susceptibility of hepatoma cells to SARS-CoV-2 infection [25].

3.3 | SARS-CoV-2 Exploits ACE2 and TMPRSS2 to
Infect Hepatocytes

To determine the essential role of ACE2 and TMPRSS2 for
SARS-CoV-2 entry into hepatocytes, we transfected PHH with
chemically modified siRNAs to knock down ACE2 or TMPRSS2
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FIGURE 2 | Analysis of SARS-CoV-2 replication in hepatocytes. Cells were mock-infected or infected with SARS-CoV-2 (EU1 or Omicron) at an
moi of 0.1 pfu/mL for PHH, HepG2, Huh7, Calu-3 cells. HepaRG cells were infected at an moi of 1 pfu/mL. Cells were collected at 24 h postinfection
for the following analysis. (A) Intracellular SARS-CoV-2 RNA species were detected by Northern blot analysis with a digoxigenin-labeled double-
stranded SARS-CoV-2 DNA probe complementary to N ORF. 28S and 18S ribosomal RNAs were used for loading control. Arrowhead heads indicate
subgenomic (sg) RNAs. Single-stranded RNA ladders were used as a size-marking standard. (B) Intracellular SARS-CoV-2 RNA levels from untreated
control and RDV-treated samples were analyzed by RT-qPCR using primers to N gene and were normalized to cellular GAPDH contents. (C) Antigen
expression of SARS-CoV-2 was assessed in PHH. Western blot analysis detected ACE2, TMPRSS2, and SARS-CoV-2 N protein. GAPDH served as a
loading control. (D, E) SARS-CoV-2 N protein expressing cells were visualized by indirect immunofluorescence staining. DAPI is used as a nuclear
counterstain. Bars represent 20 uM. (F, G) Following SARS-CoV-2 (Omicron) infection to PHH, SARS-CoV-2 RNA and protein contents were
analyzed as similar to panel (B-D). EU1, European lineage B.1.177; moi, multiplicity of infection; N, nucleocapsid; Omicron, Omicron variant
(B.1.1.529); ORF, open reading frame; pfu, plaque-forming units; RDV, remdesivir; RT-qPCR, reverse transcription quantitative PCR. Statistical
significance was determined using Student's t-test (***, p < 0.001; *, p < 0.05).

3 days before infection. Silencing of ACE2 and TMPRSS2, and by 78% in siTMPRSS2-transfected cells showed that ACE2
compared to control siRNA, reduced mRNA levels by 69% and and TMPRSS2 are essential for viral entry. Hereby, silencing of
88%, respectively (Figure 3A). Reduction of total intracellular ACE2 had a dominant effect, although the knockdown effi-
SARS-CoV-2 RNAs levels by 94% in siACE2-transfected cells ciency of ACE2 was lower than that of TMPRSS2.
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FIGURE 3 | The role of ACE2 and TMPRSS2 in SARS-CoV-2 infection of hepatocytes. (A) PHH were transfected with either siRNA against ACE2
(siACE2) or TMPRSS2 (siTMPRSS2) or control siRNA targeting GFP sequence (siGFP) at the final concentration of 300 nM. After 3 days, cells were
additionally infected with SARS-CoV-2 (EU1) at an moi of 0.1 pfu/mL. After 24 h, the knockdown efficiency of ACE2 and TMPRSS2 mRNA was
determined by RT-qPCR. The total intracellular SARS-CoV-2 RNA levels were measured by RT-qPCR with an N gene primer set. Cellular and viral
RNA contents were normalized to GAPDH mRNA and set relative to siGFP used as control. (B) Another batch of PHH, similar to panel A, was used
for SARS-CoV-2 infection following siRNA transfection. The sample cotransfected with siACE2 and siTMPRSS2 was included. EU1, European
lineage B.1.177; moi, multiplicity of infection; N, nucleocapsid; pfu, plaque-forming units; RT-qPCR, reverse transcription quantitative PCR.

Statistical significance was determined using Student's t-test (***, p <0.001; **, p <0.01; ns, not significant).

In a second experiment, using PHH from a different donor, we
silenced ACE2 and TMPRSS2 simultaneously to determine
whether dual knockdown of ACE2 and TMPRSS2 would result
in further inhibition of SARS-CoV-2 infection. Individual
silencing of ACE2 or TMPRSS2 inhibited intracellular viral
RNA synthesis to a comparable extent as observed before
(Figure 3A), but dual-silencing had no additional effect
(Figure 3B). Overall, this demonstrated that SARS-CoV-2
infection of hepatocytes depends on ACE2 and TMPRSS2
expression.

3.4 | Hepatocytes Produce Infectious SARS-CoV-2
Progeny

Since hepatocytes supported SARS-CoV-2 entry and replication,
we wondered whether infected hepatocytes would produce and
secrete infectious SARS-CoV-2. To visualize the progeny virions
secreted, virus particles in the cell culture media of infected
cells (PHH, HepG2, Huh7, and Vero-E6 cells) were concen-
trated by ultracentrifugation through a sucrose cushion and
analyzed by transmission electron microscopy. We readily
detected virus particles of round shape with a size of
82-193 nm, coated with distinct spike protrusions, called pe-
plomers (Figure 4A). We did not observe any morphological
differences in progeny virions produced from liver-derived or
Vero-E6 cells except for some pleiomorphism [3]. On the sur-
face of most progeny virions, peplomers were evenly distributed
indicating intact SARS-CoV-2 virions.

To address the question whether SARS-CoV-2 particles secreted
from hepatocytes were infectious, we subjected the supernatant
of infected cells to a standard plaque assay. Typical plaque
formation represented cell lysis initiated by a single infectious
virion (Figure 4B). Plaque quantification indicated that HepG2

and Vero-E6 cells released higher titer of infectious SARS-
CoV-2 than PHH or Huh7 cells (Figure 4B, right panel) and
proved that hepatocytes support the complete SARS-CoV-2 life
cycle from viral entry to secretion of infectious progeny virus.

3.5 | SARS-CoV-2 Infection Causes Hepatocyte
Death

Numerous viruses induce the death of their target cells. The
coronavirus-induced CPE is cell type- and tissue-specific [38],
prompting us to examine if SARS-CoV-2 infection induces a
CPE in hepatocytes. We infected PHH with the ancestral SARS-
CoV-2 EU1 strain and the Delta and Omicron variants. We
monitored changes in cellular morphology over 3 days in the
presence or absence of RDV or nirmatrelvir (NIR), the anti-
virally active compound of Paxlovid. To stain dead cells, a flu-
orescent cyanine nucleic acid dye was employed, which binds to
the DNA of late apoptotic cells [39]. In uninfected cells, real-
time imaging showed the typical morphology of PHH with a
cuboidal shape and one or two round nuclei with prominent
nucleoli (Figure 5A). Following infection with SARS-CoV-2, cell
death was observed at 72 h (h) postinfection (p.i.) (Figure 5A;
see also Supplementary Movies). We quantified cell death by
measuring the total area containing fluorescent objects within
each image (Figure 5B). Treating infected cells with RDV or
NIR prevented hepatocyte cell death completely (Figure 5A-C),
demonstrating that it depended on SARS-CoV-2 replication.

In cells infected with EU1, the number of dead cells rapidly
increased between 28 and 36h p.i., accompanied by a 50%
decrease in cell confluence (Figure 5A,B). Interestingly, Delta
and Omicron infection led to a replication-dependent, faster
onset of cell death occurring at 16 h p.i., compared to 24 h p.i.
for EU1. For all strains, the number of dead cells peaked around
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FIGURE 4 | Analysis of morphology and functionality of progeny virions produced from SARS-CoV-2 infected hepatocytes. Different cell lines
(PHH, HepG2, Huh7 and Vero-E6) were infected with SARS-CoV-2 (EU1) at an moi of 0.1 pfu/mL. After 24 h, the supernatant was collected and
clarified by low-seed centrifugation and either subjected to sucrose gradient ultracentrifugation to concentrate virus particles (A) or directly used to

measure the infectious virus titer by plaque assay (B). (A) Transmission electron microscope images of negatively stained SARS-CoV-2 particles are

shown. Scale 100 nm. (B) SARS-CoV-2 plaque phenotypes are shown in original color (left). The virus titer was determined as pfu/ml by counting the

number of plaques at appropriate dilutions (right). EU1, European lineage B.1.177; moi, multiplicity of infection; pfu, plaque-forming units.

44h pi. and remained constant thereafter (Figure 5B).
However, Delta and Omicron variants had a lesser effect on
cell confluence, decreasing by 30% and 20%, respectively,
highlighting differences in replication competence among
SARS-CoV-2 strains. The gradual decrease of peak fluores-
cence signals likely reflects the degradation of stained DNA
over time (Figure 5A). Overall, our results demonstrate that
SARS-CoV-2 elicit a strong CPE in hepatocytes depending on
viral replication.

3.6 | SARS-CoV-2 Infects the Liver of Mice

To validate hepatic tropism of SARS-CoV-2 in vivo, we infected
C57BL/6J mice intranasally with the mouse-adapted MA20
strain [28]. We investigated the viral burden in the liver of
animals at Days 3, 5, and 7 after infection by quantifying SARS-
CoV-2 RNA copy numbers. We detected significant levels of
SARS-CoV-2 in the liver of mice at Day 3, which was 2log;,
lower than in the lung. SARS-CoV-2 RNA copies decreased
by Day 5 p.i.,, with only one of five animals still being SARS-
CoV-2 RNA positive at Day 7 p.i. (Figure 6A). SARS-CoV-2
infection of the liver was confirmed by the staining of SARS-
CoV-2 S protein (Figure 6B, left and Figure S1) with cho-
langiocytes remaining positive longer than hepatocytes (data
not shown). A marked immune-cell infiltration of the infected
liver was detected at day 5 p.i. (Figure 6B, right). A specific
attraction of lymphocytes to sites of apoptotic events could not
be detected, as staining of cleaved caspase 3 in liver tissue
remained negative (data not shown). This indicated the

clearance of SARS-CoV-2 infected hepatocytes by an adaptive
immune response. High serum levels of IL-6 were detected that
decreased alongside SARS-CoV-2 RNA over the course of the
infection (Figure 6C). The reduction of SARS-CoV-2 RNA in the
liver of mice until Day 7 p.i. also coincided with increasing
serum ALT levels, indicating hepatocyte damage or death,
potentially induced through the immune cell-mediated control
of liver infection (Figure 6D). Other liver function markers were
either undetectable in the serum or showed no significant
increase with high variation between individual mice
(Figure S2). Taken together, our results confirmed liver tropism
of SARS-CoV-2 in mice accompanied by significant liver
pathology.

4 | Discussion

Many SARS-CoV-2 infected patients have elevated liver en-
zymes, and patients with pre-existing liver diseases suffer from
a more severe course of infection. We therefore systematically
investigated SARS-CoV-2 infection of well-established, two-
dimensional primary human hepatocytes and hepatoma cell
cultures to define the entry mechanism of SARS-CoV-2 and its
ability to replicate in and kill hepatocytes. In this study, we
demonstrate that hepatocytes support the complete SARS-
CoV-2 life cycle including the release of progeny virus that can
infect new cells. Using live-cell time-lapse imaging, we detected
a strong CPE in hepatocytes infected with SARS-CoV-2. In an
in vivo model for SARS-CoV-2 infection, rapid liver infection
with subsequent immune-cell infiltration and virus clearance
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FIGURE 5 | Real-time imaging and quantitative analysis of hepatocytes infected with SARS-CoV-2. PHH were either left uninfected or infected
with three different SARS-CoV-2 stains at a moi of 0.1 pfu/mL in the presence or absence of RDV (1 uM) or NIR (1 uM) for 1 h. After removing the
inoculum (set as time zero), cells were cultured in the presence of Cytotox Red Dye for 72 h. RDV and NIR were continuously added after SARS-
CoV-2 infection. Cells images were taken by automated, phase-contrast and fluorescence time-lapse microscope every 4 h for 72 h. (A) PHH were
infected with SARS-CoV-2 EUI, Delta or Omicron. Overlays of fluorescence and phase contrast images of PHH taken at time 0 and 72 h are shown.
(B) Background-subtracted total fluorescent objected area (um?/image) per experimental timeline is plotted as mean + standard deviation. (C) Phase
object confluence showing percentage (%) change from baseline is plotted as mean + standard deviation. Scale bars represent 200 um. Delta, Delta
variant (B.1.617.2); EU1, European lineage B.1.177; moi, multiplicity of infection; NIR, nirmatrelvir; Omicron, Omicron variant (B.1.1.529); pfu,
plaque-forming units; RDV, remdesivir. See also Supplementary Movies.

causing an ALT increase was observed. An accompanying cells [4, 5]. Recent studies analyzed the ACE2 expression
serum ALT increase indicated immune-mediated virus clear- profile in liver tissue by immunohistochemistry and reported
ance contributed to liver damage. As a result, the ALT increase that cholangiocytes show abundant ACE2 expression [40, 41],
in COVID-19 patients can be explained on the one hand by the while hepatocytes seemed to express lower levels [40, 42].
death of infected cells through the CPE of SARS-CoV-2 and, on Single-cell RNA sequencing [16, 41], demonstrated ACE2 ex-
the other hand, by immune-mediated cell death during virus pression in 1-14% of cholangiocytes and 0.3-10% of hepato-
clearance. cytes, respectively [16]. This led to a debate about whether

hepatocytes might be permissive to SARS-CoV-2 infection and
Tissue tropism of viruses is primarily determined by receptor =~ whether there might be technical limitations in detecting
expression on the cell surface. ACE2 and TMPRSS2 are two ACE2 in fixed tissue, resulting in an underestimation of ACE2
critical host factors allowing SARS-CoV-2 entry into target levels [21, 40, 43].
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FIGURE 6 | Analysis of SARS-CoV-2 infection in mice. C57BL/6J mice were randomly allocated into one uninfected control group (n = 3) and

three infected groups (n = 5, each). Mice were intranasally infected with 1 x 10° plaque-forming units of SARS-CoV-2 (MA20). Blood and livers were

collected at 3, 5, and 7 days postinfection for the following analysis. (A) SARS-CoV-2 RNA was analyzed by qRT-PCR using primers targeting the

nucleocapsid gene using a plasmid standard. (B) Mouse liver tissue collected at 5 days postinfection was stained with anti-SARS-CoV-2 spike

antibody or hematoxylin and eosin. (C) IL-6 expression and (D) presence of ALT were assessed in the serum of mice. Mean and SEM are shown. Each

dot represents an individual mouse. Data analysis was performed blinded to individual groups. Statistical significance was determined using
Student's t test (**, p <0.01; *, p <0.05). The scale bar represents 50 um. LOD: limit of detection.

Yang et al. hypothesized a hepatic SARS-CoV-2 infection
through asialoglycoprotein receptor 1 (ASGR1)-dependent but
ACE2-independent mechanisms [23]. Our data clearly demon-
strate that ACE2 and TMPRSS are crucial entry factors. We
could readily detect ACE2 and TMPRSS2 mRNA by RT-qPCR
and protein by Western blot analysis in PHH isolated from
different donors and all hepatoma cell lines analyzed. Inter-
estingly, the gene expression levels were comparable to that in
Calu-3 and Vero-E6 cells, two cell lines well-characterized to
support robust SARS-CoV-2 infection. Targeted gene knock-
down using siRNA lead us to define an ACE2- and TMPRSS2-
dependent SARS-CoV-2 entry into hepatocytes. Interestingly,
TMPRSS2 knockdown in HepG2 cells did not inhibit viral RNA
synthesis, while ACE2 knockdown did (data not shown), indi-
cating an alternative entry pathways into HepG2 cells (e.g.
ACE2-cysteine protease cathepsin L routes [44]).

In a growing number of studies, SARS-CoV-2 RNA has been
detected in blood samples from infected patients, referred to as
RNAemia associated with disease severity [45]. Although there
is so far no proof that infectious virus particles reach the liver
via the bloodstream, RNAemia increases the risk of infection of
various organs [9]. We examined whether hepatocytes fully
support productive SARS-CoV-2 infection and provided differ-
ent levels of evidence that SARS-CoV-2 can replicate in hepa-
tocytes. First, we detected different lengths of SARS-CoV-2 RNA
species by Northern blot analysis. As only full-length gRNA is
delivered into cells upon SARS-CoV-2 infection, sgRNA is only
detected when the virus replicates. Antiviral therapy with RDV

blocked the accumulation of newly synthesized viral RNA.
Finally, the cell culture media collected from SARS-CoV-2 in-
fected hepatocytes contained infectious virions as demonstrated
by passaging of the virus and plaque formation, suggesting that
the liver, once infected, could contribute to virus dissemination.

Recently, Barreto et al. reported that SARS-CoV-2 can produc-
tively infect PHH and that the viral entry process is mediated by
ACE2 and GPR78 [22]. Heinen et al. reported donor-specific
susceptibilities to SARS-CoV-2 infection in PHH accompanied
by the upregulation of genes associated with necroptotic and
apoptotic signaling pathways and inflammatory responses [24].
We here demonstrate that SARS-CoV-2 infection of hepatocytes
induces cell death by monitoring the morphology of infected
PHH and fluorescent labeling of dead cells. Virus-induced CPE
only occurred when the virus replicates, suggesting that either
viral component(s) produced during viral replication or pattern
recognition of replication intermediates triggered hepatocyte
death. Notably, the proportion of cells that remained uninfected
appeared healthy. This explains the hepatocyte heterogeneity
with respect to SARS-CoV-2 infection and is consistent with a
previous study showing that only a few hepatocytes express
SARS-CoV-2 N protein following infection at a given time
point [23].

We observed differences in the onset of cell death and the
number of dead cells among SARS-CoV-2 strains. EU1 showed
a later onset of detectable cell death occurring at 24 h p.i., but
the number of dead cells rapidly increased, peaking at 40 h p.i.
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alongside with a 50% decrease in cell confluence. In contrast,
Delta or Omicron infection led to an earlier onset of cell death
at 16 p.., with reductions in confluence by 30% and 20%,
respectively. Our finding is consistent with a previous study in
the human bronchi showing that Omicron replicates faster than
the previous strains (e.g., ancestral strain, Alpha, and Beta),
possibly due to Omicron's preference for an endosomal entry
route [46].

A growing body of evidence indicates that SARS-CoV-2 induces
cell death via multiple pathways and involving several viral
proteins [47]. Our preliminary studies using chemical inhibitors
of different cell death pathways indicated the involvement of
apoptosis and ferroptosis in virus-mediated CPE (data not
shown). However, additional detailed investigations are
required to determine which specific cell death modalities are
activated by SARS-CoV-2 in infected hepatocytes, which viral
component(s) are responsible, and to which extent cytokine
responses following pattern recognition of SARS-CoV-2 infec-
tion contribute to the observed CPE. Our results align with the
observation of apoptotic hepatocytes and typical coronavirus
particles in situ in the liver of two patients with COVID-19 [18].
Accordingly, Zhao et al. reported that SARS-CoV-2 infection
resulted in the upregulation of proapoptotic factors (e.g.,
CARDS, STK4) and disruption of barrier and bile acid trans-
porting functions of cholangiocytes using human liver ductal
organoids [19]. Thus, our findings complement previous reports
demonstrating that SARS-CoV-2 infection of the liver and
subsequent virus-induced CPE contribute to the rise of ALT and
an impairment of liver function in COVID-19 patients. This
shall not disregard that nonviral factors such as underlying liver
disease, systemic inflammation, and drug-induced liver toxicity
are contributing to the variable extend of liver damage observed
in COVID-19 patients.

Using a mouse-adapted SARS-CoV-2 strain [28] in a physio-
logical in vivo infection model applying infection in wildtype
mice we demonstrated that SARS-CoV-2 can infect the liver. We
detected SARS-CoV-2 RNA and SARS-CoV-2 S protein in the
liver of infected animals. However, the number of infected cells
was limited. Positive staining for SARS-CoV-2 S protein was
detected in both hepatocytes and cholangiocytes. However, the
relative virus protein amount in the liver was too low to be
detected by immunoblotting (data not shown). A moderate
elevation of serum ALT activity was accompanied by a marked
infiltration of immune cells detected by histology in liver sec-
tions and a drop in SARS-CoV-2 RNA levels in the liver. The
findings in our mice representing a physiological infection
model are consistent with a study reporting severe liver
pathology with infiltration of mononuclear inflammatory cells
in STAT1-deficient mice infected with a mouse-adapted SARS-
CoV variant [48]. In rhesus macaques inoculated with SARS-
CoV-2, a higher viral load in the liver was accompanied by
histological alterations [49]. In humans, COVID-19 has also
been associated with autoimmune hepatitis [50].

The ALT increase in our mice was accompanied by increas-
ing serum levels of the pro-inflammatory cytokine IL-6, a
feature of COVID-19 that is also frequently observed in
hospitalized patients [12]. IL-6, predominantly produced by
macrophages and monocytes, has been proposed to account

for the hyperinflammation and the cytokine storm in COVID-
19 patients [51, 52], and blocking IL-6 improves the outcome
of severely ill COVID-19 patients [53]. Interestingly, IL-6 is
the lead cytokine produced by liver macrophages, while other
macrophages predominantly produce tumor necrosis factor
[54]. One may thus speculate that liver infection contributes
to the increase in systemic IL-6 levels and, thus, to the hy-
perinflammation observed in COVID-19. To which extent the
CPE by SARS-CoV-2 and immune-cell mediated killing of
infected liver cells contribute to the liver damage observed
remains to be determined.

Taken together, our findings show the liver tropism of SARS-
CoV-2 and virus-induced liver damage in vivo and indicate that
antiviral therapy may benefit COVID-19 patients with signs of
liver injury.
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