Productive infection of primary
human hepatocytes with SARS-
CoV-2 induces antiviral and
proinflammatory responses

We read with interest the article by Luxen-
burger and Thimme, summarising current
knowledge about hepatic sequelae in the
context of SARS-CoV-2 infection.! As
acute liver injury is observed in one-third
of the patients with hospitalised COVID-
19?3 and chronic liver disease is associated
with higher mortality rates, a detailed
understanding of hepatic susceptibility
and dysfunction in the context of SARS-
CoV-2 infection is of utmost importance.
Previous studies have provided evidence
of hepatic infection,”” however, the
molecular mechanisms underlying acute
liver injury associated with SARS-CoV-2
infection are not well understood. Here
we show that primary human hepatocytes
(PHH) can be productively infected with
SARS-CoV-2. Donor-specific production
kinetics were observed, with de novo
viral secretion from PHH increasing in a
time-dependent manner for four out of
six donors (figure 1A). To explore virus
replication and host gene dysregulation in
parallel, Illumina sequencing of time point-
matched infected and uninfected PHH
was performed, followed by mapping
to host and virus scaffolds. Increases in
viral genome coverage over time corre-
sponded to increasing rates of secreted
virus (figure 1B). On the host side, detect-
able messenger RNA (mRNA) expression
of known or suspected SARS-CoV-2 entry
factors was observed for all PHH donors
(figure 1C). Despite robust viral replica-
tion, host transcriptional responses were
delayed until 72 hours post infection
(hpi) and correlated with specific type III
and interferon-f (IFN) induction in three
donors (D1-3; termed reactive), while two
donors remained unreactive, even though
low levels of viral replication were observed
(D4-5; figure 1C). These observations
imply a viral replication threshold must
be crossed to trigger robust host responses
in PHH. Interestingly, one donor (Dé;
termed pre-activated) possessed abundant
IFN-encoding transcripts independent of
infection status or sampling time, resulting
in high baseline interferon stimulated gene
expression which prevented productive
infection (figure 1A-C). Of note, similar to
reactive donors at 72 hpi, IFN production
in the pre-activated donor was also limited
to IFN-B and IFNL1-4, suggesting hepato-
cytes are unable to produce additional IFN
types/subtypes at meaningful levels.

To further dissect host responses to
productive infection, we focused on
the three reactive donors (D1-3) and
observed significant host responses 72
hpi (figure 2A,B), compared with the two
unreactive donors (online supplemental
figure 1A-D). Further analyses confirmed
a broad infection-induced reprogramming
of the hepatocyte transcriptional landscape
at 72 hpi in the reactive donors (figure 2).
This included significant upregulation
of nucleic acid sensors and transcription
factors, antiviral effectors and factors
associated with inflammatory responses
and cell chemotaxis (figure 2C,D). We
also observed an increased expression
of markers associated with necrotic and
programmed cell death, as well as regu-
lation of blood coagulation, implying
direct hepatic damage due to viral repli-
cation (figure 2D). To further investigate
hepatic sequalae following SARS-CoV-2
infection, we compared our data set with
host responses in PHH following hepatitis
C virus (HCV) infection,® which causes
a chronic infection of the liver in >80%
of cases. Interestingly, shared and virus-
specific host signatures were observed
(figure 2E,F). As previously described,
HCV infection uniquely targeted gene
programmes associated with translational
shutoff, which may contribute to liver
persistence and amelioration of cyto-
lytic responses and were not observed in
SARS-CoV-2 infection (figure 2F). The
shared terms dysregulated by both viruses
exhibited substantial overlap and were
associated with IFN signalling, canonical
antiviral and proinflammatory responses
and cell-death, highlighting similarities in
early host responses to divergent viruses
that cause chronic and acute infections.
Interestingly, SARS-CoV-2 infection of
PHH uniquely dysregulated gene classes
associated with blood coagulation, chro-
matin remodelling and circadian rhythm,
which was not observed during HCV
infection and requires further investi-
gation (figure 2F). In conclusion, our
data demonstrate donor-specific suscep-
tibilities towards hepatic SARS-CoV-2
infection. SARS-CoV-2 viral replication
and its associated cytotoxicity within
the liver may result in virus-mediated
damage, immune-mediated inflammatory
responses and could further contribute to
hepatic impairment, accounting for clin-
ical observations. However, robust host
responses to infection in the liver may
also be protective, ultimately promoting
clearance and priming downstream
adaptive immunity. Our data therefore
emphasise potential multimodal effects
following hepatic SARS-CoV-2 infection

and highlight primary human hepatocytes
as suitable model for ex vivo exploration
of hepatic sequelae following COVID-19
infection.

MATERIALS AND METHODS

Primary human hepatocytes

PHH were purchased from PRIMACYT
Cell Culture Technology GmbH as
cryopreserved hepatocytes and thawed
according to the manufacturer’s instruc-
tions. All patients (table 1, online supple-
mental table S1) were serologically tested
negative for HIV, hepatitis B, hepatitis C
and SARS-CoV-2. PHHs were seeded at
a density of 1.6-2.4x10° cells/cm® on
collagen-coated 12-well plates 1-day prior
to infection and were kept in Human
Hepatocyte Maintenance Medium
(PRIMACYT) in a 5% CO, incubator at
37 °C.

Ethical compliance

The used PHH are commercially avail-
able and distributed by PRIMACYT Cell
Culture Technology GmbH. Patients
informed consent was obtained by
PRIMACYT, as stated on their website.
The tissue is removed during surgery and
would otherwise be discarded as biolog-
ical waste. All provided information
within this manuscript is publicly available
on their website.

SARS-CoV-2 infection

SARS-CoV-2 wildtype (WT) virus isolate
(B1.1.70, GISAID accession ID: EPI_
ISL_1118929) was obtained as previously
described.” Cells were infected with 42
500 plaque forming units (PFU)/cm” at 37
°C for 2hours. After washing thrice with
phosphate-buffered saline, the cells were
incubated at 37 °C in a humidified atmo-
sphere for 24 hours, 48 hours or 72 hours.
At the indicated time points, supernatants
were harvested and titrated via a limiting
dilution assay. Cell lysates were harvested
in the RA1 lysis buffer (Macherey Nagel)
prior to RNA extraction. To increase RNA
yields, RNA was isolated after one freeze-
thaw cycle, additional shredding with a
narrow bore syringe and clearing of the
lysate with a NucleoSpin Filter column
(Macherey Nagel). Afterwards, RNA was
isolated with the NucleoSpin RNA kit
(Macherey Nagel) according to the manu-
facturer’s instruction.

Library preparation and RNA sequencing
Common libraries were prepared using an
Illumina Stranded mRNA Prep kit using
200ng of RNA according to the manu-
facturer’s instructions. Libraries were
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Figure 1  Productive SARS-CoV-2 infection of PHH strongly induces selected interferons (IFNs). (A) Secretion of infectious virions from SARS-CoV-
2-infected PHH at the indicated time points (n=6 donors). (B) Host-mapped and virus-mapped reads (% of total) derived from SARS-CoV-2-infected
PHH at the indicated time points (n=6 donors). (C) Heat maps of indicated control gene expression (log,, RPKM values) from individual PHH donors.
Robust /FNBT and IFNL1-4 induction is clearly observed in three donors at 72 hpi (D1-3, reactive). No IFN induction is observed in two donors at 72
hpi (D4-5, unreactive). One donor (D6) displayed pre-activated /FNBT and IFNL1-4 and high intrinsic ISG levels, independent of infection status. hpi,
hours post infection; ISG, interferon stimulated gene; mRNA, messenger RNA; PHH, primary human hepatocytes; RPKM, reads per kilobase per million
mapped reads; TCID50, 50% tissue culture infectious dose.
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Figure 2 SARS-CoV-2 induces a functionally diverse transcriptional programme in PHHs. (A) Volcano plots highlight numbers of significantly
dysregulated transcripts from the three reactive PHH donors (D1-3) at the indicated time points. (B) Numbers of SARS-CoV-2-induced differentially
expressed genes (DEGs; left) and enriched Gene Ontology (GO terms; right) at the indicated time points (n=3 reactive donors; D1-3). (C) Enriched

GO terms in SARS-CoV-2-infected PHHs at 72 hpi encompass diverse biological processes (12 representative categories shown). (D) Heat maps depict
SARS-CoV-2 induced transcripts at 24, 48 and 72 hpi associated with the indicated categories (means from n=3 reactive donors; D1-3). For each heat
map, all transcripts presented are significantly dysregulated at 72 hpi (FDR p<0.05). (E) Upset plot highlights overlapping and distinct DEGs induced
by SARS-CoV-2 and HCV at 72 hpi (RPKM>1 FDR p<0.05). (F) Representative GO terms, enriched after either SARS-CoV-2 or HCV infection of PHH, or

shared between both viruses. FC, fold change; FDR, false discovery rate; HCV, hepatitis C virus; hpi, hours post infection; NA, nucleic acid; PHH, primary

human hepatocytes; RPKM, reads per kilobase per million mapped reads; TF, transcription factor.
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Table 1  PHH donors purchased from
PRIMACYT Cell Culture Technology GmbH
PHH Cause of death/
donor Company lot # pathology

D1 CyHuf19002 Hepatic metastases
D2 CHM2225-He-Z Hepatocellular

carcinoma
D3 NHM2251-HE-N Head trauma
D4 CHM2221-HE-C
D5 CyHum19008-HE-C

D6 NHM2252-HE-N

Cholangiocarcinoma
Liver mass
Anoxia

PHH, primary human hepatocytes.

sequenced as paired ended by Illumina
NextSeq 1000 Sequencing Systems under
Illumina DRAGEN BCL Convert - 3.8.4
Application.

Data analyses

Mapping of fastq files generated for 36
individual samples was performed against
the human (hg38) and SARS-CoV-2 (B.1
D614G) reference genomes using CLC
Genomics Workbench 23.0.5 (Qiagen).
Relative transcript expression was calcu-
lated from raw count data via normali-
sation to gene length and total reads per
sample (reads per kilobase per million
mapped reads) to allow for comparison
between samples. Identification of DEGs
and enriched GO categories at indi-
vidual time points for donors D1-3 were
calculated in CLC Genomics Workbench
or using the Gene Ontology Resource
(https://geneontology.org/). Volcano plots
were generated using the R package
‘EnhancedVolcano’ V.1.16.0. Volcano and
GO enrichment plots were generated or
improved using the R package ‘ggplot2’
V.3.4.1 or using GraphPad Prism V.10.0.3.
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