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Hepatitis E virus (HEV) infection can cause severe complications and high mortality, particularly in pregnant
women, organ transplant recipients, individuals with pre-existing liver disease and immunosuppressed patients.
However, there are still unmet needs for treating chronic HEV infections. Herein, we screened a best-in-class drug
repurposing library consisting of 262 drugs/compounds. Upon screening, we identified vidofludimus calcium and
pyrazofurin as novel anti-HEV entities. Vidofludimus calcium is the next-generation dihydroorotate dehydroge-
nase (DHODH) inhibitor in the phase 3 pipeline to treat autoimmune diseases or SARS-CoV-2 infection. Pyr-
azofurin selectively targets uridine monophosphate synthetase (UMPS). Their anti-HEV effects were further
investigated in a range of cell culture models and human liver organoids models with wild type HEV strains and
ribavirin treatment failure-associated HEV strains. Encouragingly, both drugs exhibited a sizeable therapeutic
window against HEV. For instance, the ICsg value of vidofludimus calcium is 4.6-7.6-fold lower than the current
therapeutic doses in patients. Mechanistically, their anti-HEV mode of action depends on the blockage of py-
rimidine synthesis. Notably, two drugs robustly inhibited ribavirin treatment failure-associated HEV mutants
(Y1320H, G1634R). Their combination with IFN-a resulted in synergistic antiviral activity. In conclusion, we
identified vidofludimus calcium and pyrazofurin as potent candidates for the treatment of HEV infections. Based
on their antiviral potency, and also the favorable safety profile identified in clinical studies, our study supports the
initiation of clinical studies to repurpose these drugs for treating chronic hepatitis E.

1. Introduction significant humanitarian emergencies (Desai et al., 2022). In developed

regions, HEV commonly causes zoonotic food-borne infections (Velavan

Hepatitis E virus (HEV) is the most common cause of viral hepatitis
worldwide. It is estimated that 939 million individuals, corresponding to
1 in 8 people, having ever experienced HEV infection. 15-110 million
individuals have recent or ongoing HEV infection (Li et al., 2020).
Notably, these estimates are based on studies that employ assays now
known to have inferior sensitivity. As such, the true global burden of
hepatitis E related disease is likely underestimated (Webb and Dalton,
2019). In resource limited settings (e.g., among refugees and internally
displaced groups), HEV continuously causes large outbreaks and presents
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et al., 2021). An acute infection can be aggravated in pregnant women
and patients with pre-existing liver disease, resulting in severe compli-
cations and high mortality (Webb and Dalton, 2019). Chronic infection
can be developed in immunosuppressed patients, in particular organ
transplant recipients.

Currently, there are no approved drugs specifically designed for the
treatment of HEV infections. Chronic hepatitis E patients are occasionally
treated with broad-spectrum antivirals, pegylated interferon-alpha
(PegIFN-a) and ribavirin. However, the use of PegIFN-a is limited due
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to its immunostimulatory properties, which can induce acute rejection.
Therefore, PegIFN-a cannot be used in transplant patients, particularly in
heart-, lung-, pancreas- or kidney-transplant patients (Kamar et al.,
2022). Ribavirin is relatively effective in treating chronic HEV infection.
However, a proportion of patients either does not respond to treatment or
remain viremic despite long-term ribavirin treatment (Kamar et al.,
2014). Moreover, ribavirin-associated mutations in HEV RNA polymer-
ase may increase the replication capacity of HEV, thereby complicating
the disease outcomes (Debing et al., 2014, 2016; Wang et al., 2023).
Lastly, both PeglFN-a and ribavirin are contraindicated for use in preg-
nant women (Kinast et al., 2019). These contemporary challenges high-
light the unmet needs in drug development for curing hepatitis E.

The process of developing novel drugs is typically laborious, costly,
and failure-prone. Thus, it is unappealing to do so for HEV. In contrast,
repurposing existing drugs for new indications represents a time-saving
and cost-efficient approach, resulting in higher success rates (Roessler
et al., 2021). The current first choice of anti-HEV treatment, ribavirin, is a
successful example of a repurposed drug originally developed for treating
respiratory syncytial virus in infants (Mcbride, 1985). Following this
strategy, several periclinal antiviral candidates, including 2'-C-me-
thylcytidine, NITDOO8 and GPC-N114 have been identified as anti-HEV
candidates in experimental models (Qu et al., 2017; Netzler et al.,
2019). However, no ongoing clinical trials have been registered, and
some developmental efforts were discontinued due to adverse toxic ef-
fects (Kinast et al., 2019).

Given the public availability of drugs or drug candidates with eluci-
dated pharmacokinetics, pharmacodynamics, and safety information, we
screened an antiviral agent library consisting of 262 drugs/compounds.
Most of the candidates have passed safety assessments, entered the
clinical development pipeline or been approved by FDA. Through
repurposing screening, we identified vidofludimus calcium and pyr-
azofurin as potent antivirals against HEV. Vidofludimus calcium is the
next-generation dihydroorotate dehydrogenase (DHODH) inhibitor
(Muehler et al., 2020b). Pyrazofurin selectively targets uridine mono-
phosphate synthetase (UMPS) (Wang et al., 2021). Both targets are the
rate-limiting enzymes of de novo pyrimidine biosynthesis. The potent
antiviral efficacy of these two drugs was firmly confirmed in both HEV
replicon and infectious models supported by human primary liver
organoids derived from four donors (two male and two female). Mech-
anistically, their anti-HEV mode of action was achieved by the blockage
of pyrimidine synthesis, a crucial process for viral replication. Signifi-
cantly, these two drugs also robustly inhibited ribavirin treatment
failure-associated HEV mutants (Y1320H, G1634R). Combination with
IFN-a resulted in synergistic antiviral activity. These two drugs have
advanced or completed phase 2 or 3 clinical trials in the drug develop-
ment pipeline. This study indicates that two drugs we identified bear
huge potential for being repurposed as novel interventions for chronic
hepatitis E.

2. Materials and methods
2.1. Reagents and antibodies

A library of 262 board-spectrum chemical compounds was kept in 96-
well plate format with a concentration of 10 mmol/L. The list of com-
pounds is provided in Supplementary Table S1. Vidofludimus (Selleck,
USA, S7262) was dissolved in dimethyl sulfoxide (DMSO) with a stock
concentration of 10 mmol/L. Pyrazofurin (Sigma-Aldrich, USA,
SML1502) was dissolved in H,O with a stock concentration of 10 mmol/
L. Uridine (Merck, USA, U3750) was dissolved in H,O with a stock
concentration of 10 mmol/L. Ribavirin (Merck, USA, R9644) was dis-
solved in DMSO with a stock concentration of 10 mmol/L. Human
interferon Alpha 2A (PBL assay science, USA, 11100-1) was dissolved in
phosphate buffered saline (PBS) supplemented with 0.1% bovine serum
albumin (BSA). HEV ORF2 polyclonal antibody was kept in our labora-
tory. Anti-rabbit, anti-mouse peroxidase-conjugated and anti-rabbit
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594-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch (USA). GAPDH antibody (60004-1-1g) was obtained
from Proteintech (China).

2.2. Cell culture

Human hepatoma HuH?7 cell line, and human embryonic kidney cell
line (HEK293T) were cultured in Dulbecco's modified Eagle's medium
(DMEM) (SenBeiJia Biological Technology, China) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, USA,
F2442) in a humidified 5% CO5 incubator at 37 °C.

2.3. Human liver-derived organoids

The isolation and culture of organoids were conducted using liver
tissues obtained during liver transplantation at the Erasmus Medical
Center Rotterdam. The utilization of liver tissues for research was
approved by the Medical Ethical Council of the Erasmus MC, with
informed consent obtained from donors (MEC-2014-060). Organoids
were cultured in organoid expansion medium (EM) composed of
advanced DMEM/F12 (Invitrogen, USA) supplemented with 1%
penicillin/streptomycin (Life Technologies, USA), 1 mol/L Hepes
(Life Technologies, USA), 200 mmol/L ultraglutamine (Life Technol-
ogies, USA), 1% (v/v) of Ny (Gibco), 2% (v/v) of B27 (Gibco, USA),
1 mmol/L N-acetylcysteine (Sigma-Aldrich, USA), 10 mmol/L nico-
tinamide (Sigma-Aldrich, USA), 5 pmol/L A83.01 (Tocris, UK),
10 pmol/L forskolin (Tocris, UK), 10 nmol/L gastrin (Sigma-Aldrich,
USA), epidermal growth factor (EGF) (50 ng/mL; PeproTech, USA),
10% (v/v) of R-spondin-1 (conditioned medium), fibroblast growth
factor 10 (FGF10) (100 ng/mL; PeproTech, USA), hepatocyte growth
factor (HGF) (25 ng/mL; PeproTech, USA), and 10 pmol/L Y27632
(Sigma-Aldrich, USA).

2.4. Viruses and HEV models

Plasmid constructs containing the full-length HEV genome (Kernow-
C1 p6 clone; GenBank Accession Number JQ679013), variants harboring
RNA-dependent RNA polymerase mutants (M1: Y1320H, M2: G1634R), a
double mutant (M1+2: G1634R/Y1320H), a replication defective
mutant GAD, and subgenomic HEV replicon with a Gaussia luciferase
reporter gene were transcribed into RNA in vitro by using mMessage
mMachine T7 RNA kits (Invitrogen) (Shukla et al., 2012).

HEV genomic RNA was delivered into HuH7 and HEK293T cells by
electroporation as previously described (Qu et al., 2017; Li et al.,
2022). HuH7 and HEK293T cells support the full life cycle of HEV.
After electroporation, HEV RNA replicates stably within cells for six to
eight generations. For HEV-related Gaussia luciferase analysis, the
activity of secreted luciferase in the culture supernatant was measured
by the Gaussia Luciferase Reporter Gene Assay Kit (Beyotime, China,
RG021 M).

For organoids based HEV model, HEV genomic RNA was introduced
into human-derived liver organoids by electroporation as previously
described (Li et al., 2022). In short, organoids were collected in cold
Advance DMEM/F12 medium when becoming confluent enough. Next,
organoids were resuspended in Opti-MEM followed by pipetting up and
down by 15 times. 200 pl organoids suspension and 6 pg HEV RNA were
mixed thoroughly and added into 4-mm electroporation curve (Cellpro-
jects, UK), and electroporation was performed according to the following
configured program: voltage, 700 V; pulse length, 4 ms; pulse interval,
0 s; number of pulses, 1. After three times rinsing with Opti-MEM to
eliminate residual RNA, the organoids were then embedded in matrigel
and cultured at 37 °C with 5% CO; in EM. After electroporation, HEV
genomic RNA initiates its replication and produces progeny virions. The
three-dimensional cultured organoids support the full life cycle of HEV
infection, which serves as a state-of-art model for development of
antivirals.
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2.5. Cell viability assay

WST-1 reagent from cell proliferation and viability detection kit
(KeyGen Biotech, KGA316, China) was added to the cells in 96-well plate.
Cells were maintained at 37 °C with 5% CO, for 3 h. The absorbance of
each well was read on the microplate absorbance readers (BIO-RAD,
USA) at wavelength of 450 nm.

2.6. AlamarBlue assay

The culture supernatant of the organoids was removed. The organoids
were incubated with alamarBlue (Invitrogen, USA, DAL1100; diluted
1:20 in organoid expansion medium) for a duration of 2 h at 37 °C.
Following this, the entire medium was collected to evaluate the meta-
bolic activity of the organoids. Absorbance measurements were per-
formed using a fluorescence plate reader (CytoFluor Series 4000,
PerSeptive Biosystems, USA) with excitation at 530/25 nm and emission
at 590/35 nm.

2.7. Quantification of viral replication

Total RNA was extracted using TRIzol Reagent (Absin, China,
abs9331) according to the manufacturer's protocol. After reverse-
transcribed into cDNA, HEV RNA was quantitated by SYBR-Green-based
RT-gPCR (2X SYBR Green qPCR Master Mix, APExBIO, USA). GAPDH
was used as a housekeeping gene to normalize gene expression using the
27AACL (AACE = ACTsample-ACTcontrol) formula. HEV primers: HEV-F,
TTGCCTCCGAGTTAGTCATC; HEV-R, TGCAAAGCATTACCAGACCG.
GAPDH primers: GAPDH-F, GTCTCCTCTGACTTCAACAGCG; GAPDH-R,
ACCACCCTGTTGCTGTAGCCAA.

2.8. Immunofluorescence assay

Cells were fixed in 4% paraformaldehyde solution at room tempera-
ture (RT) for 30 min, rinsed twice times with PBS for 5 min each time,
and permeabilized with PBS containing 0.3% Triton X-100 for 15 min.
Then, cells were rinsed twice with PBS for 5 min, followed by incubation
with blocking solution (5% skim milk in PBS) at RT for 1 h. Next, cells
were incubated with anti-ORF2 polyclonal antibody (dilution:1 : 3000) at
4 °C overnight, followed by 1 h incubation with secondary antibody
(AlexaFluor 594, dilution:1:10000). Nuclei were stained with Hoechst
Stains (dilution: 1 : 500) (Invitrogen, USA).

Organoids were fixed in 4% paraformaldehyde solution for 10 min.
The organoids were then rinsed three times with PBS for 5 min each time,
followed by permeabilizing with PBS containing 0.2% (v/v) Triton X-100
for 5 min. Then, the organoids were rinsed twice with PBS for 5 min,
followed by incubation with blocking solution (2% bovine serum albu-
min in PBS) at room temperature for 1 h. Next, the organoids were
incubated in a humidity chamber with primary antibody diluted in
blocking solution at 4 °C overnight. Primary antibodies used in this study
are as follows: Anti-HEV ORF2 antibody (1:250, mouse monoclonal
antibody (mAb); Millipore, USA, MAB8002), anti-EpCAM antibody
(1:1000, rabbit mAb; Abcam, UK). The organoids were washed three
times for 5 min each in PBS before 1 h incubation with anti-mouse
immunoglobulin G (IgG) (H + L, Alexa Fluor 594, dilution: 1:1000), or
the anti-rabbit IgG (H + L, Alexa Fluor 647, dilution: 1:1000). Finally,
nuclei were stained with 4’,6-diamidino-2-phenylindole (Invitrogen,
USA).

2.9. Western blot assay

Proteins in cell lysates were harvested using 3x denaturing loading
buffer and heated at 95 °C for 5 min, whereas proteins in the cell su-
pernatant were harvested and mixed with non-denaturing loading buffer
without boiling. Protein samples were loaded onto a 10% sodium
dodecyl sulfate polyacrylamide gel (SDS-PAGE), separated at 120 V for
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90 min, and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (pore size: 0.45 mm; BIO-RAD) for 100 min with an electric current
of 250 mA. Subsequently, the membrane was blocked with blocking
buffer (5% skim milk in PBS). Membrane was followed by incubation
with primary antibodies rabbit anti-ORF2 (1:4000) or anti-GAPDH
(1:5000) overnight at 4 °C. The membrane was washed 3 times, and
followed by incubation for 1 h with anti-rabbit or anti-mouse HRP-con-
jugated secondary antibodies (1:10000, Jackson, USA) at room temper-
ature. After washing 3 times, protein bands were detected with BIO-RAD
Imaging System.

2.10. Statistical analysis

All results were presented as mean + standard errors of the means
(SEM). The significance of differences was assessed by a one-way analysis
of variance (ANOVA), with differences among groups assessed by
GraphPad Prism. *P < 0.05, **P < 0.01, ***P < 0.001 was considered to
indicate statistical significance. Synergistic score of drug combinations
were analyzed by SynergyFinder 3.0 (https://synergyfinder.fimm.fi/)
(TIanevski et al., 2022).

3. Results

3.1. Drug repurposing screen identifies vidofludimus calcium and
pyrazofurin as novel anti-HEV entities

We screened a best-in-class drug repurposing library consisting of 262
drugs/compounds. The tropism of HEV is not restricted to the liver, and
virus replication was demonstrated in multiple organs (Kamar et al.,
2015, 2016; Pischke et al., 2017). The extra-hepatic manifestations of
HEV infection, e.g., in the kidney and the nervous system have also been
reported (Del Bello et al., 2015; Guinault et al., 2016; Karki et al., 2016).
Therefore, both hepatic (HuH7) and non-hepatic (HEK293T) cell lines
were used in our screening. This ensured that the drug candidates
identified could inhibit HEV replication in multiple cells. Both HEV
replicon model and HEV full-length genome efficiently replicate in
HEK293T and HuH?7 cell (Supplementary Fig. S1). The initial screening
was performed in both HEK293T and HuH?7 cell-based genotype 3 HEV
replicon models in which the 5’ portion of HEV ORF2 was replaced with
the in-frame secreted form of Gaussia luciferase. Two models were
treated with each compound at a concentration of 10 pmol/L or DMSO
vehicle control. HEV replication-related luciferase activity and cell
viability were determined at 72 h post-treatment (Fig. 1A). Ribavirin was
included in the screening as a positive control. Hits were selected based
on the demonstration of >50% reduction in luciferase values and <20%
cytotoxicity. Herein, we identified 40 (in HEK293T) and 49 (in HuH7)
compounds capable of inhibiting HEV replication. Notably, most hits are
cell-line specific, likely due to different host cell-specific sensitivities to
modulators. Eighteen candidates reduced HEV replication in both cell
models (Fig. 1B). Among these hits, vidofludimus calcium and pyr-
azofurin possess desirable anti-HEV activity in both cell models, and thus
were subjected to further detailed study (Fig. 1C and D).

Next, we evaluated the antiviral effects of these two drugs in both
HuH?7 cell-based genotype 3 HEV replicon models and HEV infectious
models. These two drugs showed potent antiviral activity against HEV
(Fig. 2A-E). For instance, vidofludimus calcium (5 pmol/L) and pyr-
azofurin (1 pmol/L) inhibited HEV replication to 40%, which is compa-
rable to the antiviral effect of ribavirin (5 pmol/L). Consistently,
immunofluorescent staining of ORF2 protein showed dramatic reduction
of the number of infected cells post-treatment (Fig. 2F and G). The levels
of intracellular and extracellular ORF2 protein were also significantly
decreased (Fig. 2H and I). Importantly, we observed large therapeutic
windows between the half-maximum cytotoxic concentration (CCsg) and
half-maximal inhibitory concentration (ICsp) values. Specifically, the
selectivity index (SI) values of vidofludimus calcium and pyrazofurin
were 63 and 2444, respectively (Table 1).
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Fig. 1. Drug repurposing screen identified vidofludimus calcium and pyrazofurin as potent inhibitors against HEV replication. A Schematic illustration of the
screening flow chart. HEK293T or HuH7 cell-based HEV replicon models were treated with 262 compounds at 10 umol/L. HEV replication-related luciferase activity
and cell viability were determined 72 h post-treatment. B Venn diagram showed that 18 compounds inhibited HEV replication in both cell models (<50%) without
significantly affecting cell viability (>80%). C-D Heatmap showed the effect of compounds on cell viability and HEV replication of HEK293T (C) and HuH7 (D) cell
lines (n = 6). Mock, untreated control. Data were normalized to the Mock control (set as 100%).

3.2. Vidofludimus calcium and pyrazofurin exert potent anti-HEV effect
through the depletion of pyrimidine nucleotide pool

In the de novo biosynthesis pathway of pyrimidines, DHODH and
UMPS are sequentially the fourth and fifth, as well as the rate-limiting
enzymes. DHODH is located in the inner membrane of mitochondria,
where it converts dihydroorotate to orotate. Then, the multifunctional
UMPS uses orotate to produce UMP, one of the essential precursors for the
synthesis of all other pyrimidine nucleotides (Fig. 3A). We and others
have previously reported that suppression of pyrimidine biosynthesis
robustly inhibits a range of different viruses (Wang et al., 2016; Chen
et al.,, 2019; Xiong et al., 2020). Vidofludimus calcium is the newly
developed next-generation DHODH inhibitor, and pyrazofurin selectively
targets UMPS (Muehler et al., 2020b). Exogenous uridine was supple-
mented to investigate whether these two drugs exerted their anti-HEV
effect via the modulation of pyrimidine biosynthesis. Notably, RT-qPCR
results indicated that uridine supplementation dose-dependently abol-
ished the anti-HEV effect of two drugs (Fig. 3B). Indirect fluorescence
microscopy and western blot analysis further confirmed that exogenous
uridine could largely suppress the drug-related anti-HEV effect, especially
at the concentration of 500 pmol/L (Fig. 3C-D and Supplementary

Fig. S2). In sum, vidofludimus calcium and pyrazofurin exert their
anti-HEV effect by suppressing the pyrimidine nucleotide pool.

3.3. Vidofludimus calcium and pyrazofurin robustly inhibit HEV
replication in human primary liver organoids

Vidofludimus calcium and pyrazofurin are host-targeting antivirals.
Hence, profile the drug efficacy in a more physiologically relevant human
model is essential. In this respect, HEV-liver organoids models have been
successfully established (Li et al., 2022). This state-of-art system retains
human genetic information and physiological function, and supports the
full life cycle of HEV infection. Thus, we further validated the potency of
these two drugs in human primary liver organoids based HEV models. To
evaluate drug responses among different individuals, which will facili-
tate the development of personalized treatment, organoids from four
different donors were employed (donor 1: male, donor 2: female, donor
3: male, donor 4: female) (Supplementary Fig. S3). Vidofludimus calcium
showed comparable antiviral efficacy in donor 1 (ICsp: 1.08 pmol/L)
and donor 2 (ICsp: 1.20 pmol/L), and much more potent in donor
3 (ICs0p: 0.01 pmol/L) and donor 4 (ICso: 0.01 pmol/L) (Fig. 4A, and
Supplementary Fig. S4A-D). Pyrazofurin is more sensitive to donor
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Fig. 2. Vidofludimus calcium and pyrazofurin exert potent antiviral effects in both HEV replicon and infectious models. A-B The antiviral effect of vidofludimus
calcium (A) and pyrazofurin (B) was measured in Huh7-p6-Gluc cell model at 48 and 72 h post-treatment (n = 3). C-E Antiviral activity of vidofludimus calcium (C),
pyrazofurin (D) and ribavirin (E) was measured by RT-qPCR in HuH7-p6 infectious model at 72 h post-treatment (n = 8). F Immunofluorescence staining of HEV ORF2
protein (red) in HuH7-p6 infectious model treated with vidofludimus calcium (5 pmol/L), pyrazofurin (1 pmol/L) or ribavirin (25 pmol/L) at 72-h post-treatment.
Hoechst (blue) was applied to visualize nuclei. (Scale bar, 50 pm). G Quantification of HEV-positive cells by immunofluorescence staining in HEV-p6 cells after
72 h of drug treatment with vidofludimus calcium (5 pmol/L), pyrazofurin (1 pmol/L) or ribavirin (25 pmol/L) (n = 5-8). H Western blot analysis of intracellular and
extracellular viral ORF2 protein in Huh7-p6 model treated with vidofludimus calcium (5 pmol/L) or pyrazofurin (1 pmol/L) at 72-h post-treatment. I Grayscale
quantification of intracellular and extracellular ORF2 proteins in Western blot assay by ImageJ (version 1.53k) (n = 3). CTR, untreated control; Vido, vidofludimus
calcium; Pyra, pyrazofurin; RBV, ribavirin. Data were normalized to the untreated control (CTR) (set as 100%). Data are presented as means = SEM (Standard error of
the mean). (*, P < 0.05; **, P < 0.01; ***, P < 0.001.)

1 (ICsp < 0.02 pmol/L), followed by donor 3 (ICsq: 0.29 pmol/L) and by RT-qPCR (Fig. 4C) and immunofluorescence staining of ORF2 protein
donor 4 (ICsp: 0.22 pmol/L), but less efficient in donor 2 (60.28 pmol/L) (Fig. 4D) further confirmed the anti-HEV potency of both drugs without
(Fig. 4B, and Supplementary Fig. S4E-H). The quantification of viral RNA toxicity on organoids (Supplementary Fig. S5). In sum, vidofludimus

Table 1
Summary of the clinical development status of vidofludimus calcium and pyrazofurin and their therapeutic windows against HEV.
Name Development pipeline Condition CC50 (pmol/L) IC50 against HEV (pmol/L) SI index
Vidofludiumus calcium Phase 3 o Relapsing-remitting multiple sclerosis 160 2.54 63
e SARS-CoV-2 infection
Pyrazofurin Phase 2 e Ovarian cancer 391 0.16 2444
e Colorectal carcinoma

Note: CCs represents the half-maximum cytotoxic concentration, ICso represents the half-maximal inhibitory concentration, and SI Index represents selectivity index:
SI = CCso/ICso.
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Fig. 3. Supplementation of exogenous uridine reversed the anti-HEV effect of vidofludimus calcium and pyrazofurin. A Schematic illustration of de novo pyrimidine
biosynthesis. DHODH, dihydroorotate dehydrogenase; UMPS, uridine monophosphate synthetase; UMP, uridine monophosphate; UTP, uridine-5'-triphosphate. B HEV
RNA in HuH7 cell based HEV-p6 model was quantified by RT-qPCR after 72 h of drug treatment with or without the supplement of exogenous uridine (n = 8). C
Quantification of HEV-positive cells by immunofluorescence staining in HuH7 cell based HEV-p6 cells after 72 h of drug treatment with or without the supplement of
exogenous uridine (n = 10). D Western blot analysis of intracellular and extracellular viral ORF2 protein in HuH7 cell based HEV-p6 model treated after 72 h of drug
treatment with or without the supplement of exogenous uridine. Grayscale quantification of intracellular and extracellular ORF2 proteins in Western blot assay was
performed by ImageJ (version 1.53k). Data were normalized to the untreated control (set as 100%). Data are presented as means + SEM. (¥, P < 0.05; **, P < 0.01;

*** P < 0.001.)

calcium and pyrazofurin exhibited anti-HEV activity in primary human
organoids derived from different individuals.

3.4. Ribavirin treatment failure-associated HEV mutants are highly
sensitive to vidofludimus calcium or pyrazofurin treatment

Mutations (Y1320H or G1634R) in the RNA-dependent RNA poly-
merase (RdRp) of genotype 3 HEV have been reportedly associated with
ribavirin treatment failure in chronic hepatitis E patients (Debing et al.,
2014, 2016). Given the clinical relevance, we generated two single mu-
tants (M1: Y1320H and M2: G1634R) and a double mutant (M1+2:
G1634R/Y1320H) based on the HEV-3 infectious clone Kernow-Cl
p6 (GenBank accession no. JQ679013) (Supplementary Fig. S6A).

Immunofluorescence staining confirmed the robust replication of all these
mutants (Supplementary Fig. S6B). The number of HEV-positive cells was
quantified (Supplementary Fig. S6C). Consistent with previous studies
(Debing et al.,, 2014, 2016; Wang et al,, 2023), two single mutants
exhibit significantly higher ratios of HEV-positive cells compared with
wild type (WT). In contrast, the double mutant strain does not exhibit
enhanced levels of HEV, probably due to the incompatibility of these two
mutations. The ICsy values of ribavirin in M1 (17.59 pmol/L) and
M2 (14.17 pmol/L) was higher compared with that of wild-type HEV
strain (ICsp = 8.26 pmol/L) (Supplementary Figs. S6D and E).

Next, we profiled the antiviral activity of vidofludimus calcium and
pyrazofurin against different HEV mutants. Excitingly, two drugs were
highly efficient against all HEV mutants. We observed potent and dose-
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Fig. 4. Vidofludimus calcium and pyrazofurin robustly inhibit HEV replication in human primary liver organoids models. A The anti-HEV effect of vidofludimus
calcium was measured after 3 days of drug treatment in p6-Gluc model based on the organoids derived from four different donors (n = 6-8). B The anti-HEV effect of
pyrazofurin was measured after 3 days of drug treatment in p6-Gluc model based on the organoids derived from four different donors (n = 6-8). The 50% inhibitory
concentration (ICsp) values were calculated using GraphPad Prism. C The inhibitory effect of vidofludimus calcium (25 pmol/L) and pyrazofurin (25 pmol/L) was
measured by RT-qPCR in human primary liver organoids (donor 1) based HEV p6 infectious model (n = 4). D Immunofluorescence staining of viral ORF2 protein (red)
in organoids based HEV p6 infectious model after 72 h of treatment with vidofludimus calcium (25 pmol/L) or pyrazofurin (25 pmol/L). DAPI (blue) and EpCAM
(green) were applied to visualize nuclei and epithelial cellular adhesion molecule, respectively. (Scale bar, 100 pm). CTR, untreated control. Data were normalized to
the untreated control (set as 100%). Data are presented as means + SEM. (*, P < 0.05; **, P < 0.01; ***, P < 0.001.)

dependent inhibition of HEV based on HEV-positive cell quantification,
but no cell toxicity (Fig. 5 and Supplementary Fig. S7). The dose-response
curves indicated that HEV mutants, as compared to WT, are comparably
sensitive to the treatments (Fig. 5). For instance, the calculated ICsq value
of vidofludimus calcium is 2.54 pmol/L to WT, 2.33 pmol/L to M1,
1.90 pmol/L to M2, and 2.22 pmol/L to M1+2 (Fig. 5A and B). Notably,
the peak plasma concentration (Cpay) of vidofludimus calcium used in
relapsing-remitting multiple sclerosis is 8.738-14.571 pmol/L (Muehler
et al., 2020a; Fox et al., 2022). And the Cpax of vidofludimus calcium
used to combat SARS-CoV-2 infection in patients hospitalized with
COVID-19 is 14.323-14.57 pmol/L (Vehreschild et al., 2022). That

means the ICsq values of vidofludimus calcium against WT and mutant
HEV strains are 4.6-7.6-fold lower than its plasma concentrations under
the current regimens. These convincing results indicate that vido-
fludimus calcium and pyrazofurin are not only broadly against WT and
mutant HEV strains, but also possess great potential for clinical appli-
cation in hepatitis E treatment.

3.5. Vidofludimus calcium and pyrazofurin synergizes IFN-a against HEV

In real-world implementation, the combination of multiple antiviral
drugs is a common strategy to enhance antiviral efficacy, limit toxicity,
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and avoid drug resistance. This strategy contributes to the rapid reduc-
tion of viral load, the constraint of virus transmission, and improved
patient outcomes. Therefore, we evaluated the combinatory effects of
these two drugs with IFN-a or ribavirin, the off-label antivirals for
chronic hepatitis E (Fig. 6 and Supplementary Fig. S8). The combination
with IFN-a exerted an apparent synergistic effect for both drugs, partic-
ularly at concentrations ranging from 0.2 to 20 pmol/L vidofludimus
calcium with 100-1000 IU IFN-a and 0.1-1 pmol/L pyrazofurin with
100-1000 IU IFN-a. In contrast, their combination with ribavirin did not
exhibit an apparent synergistic effect.

4. Discussion

Drug repurposing has gained substantial traction due to its compel-
ling advantages. Successful examples that bring medications with known
safety profiles to new patient populations also exist in the field of viral
hepatitis. For instance, the HIV reverse transcriptase inhibitors (e.g.,

tenofovir disoproxil fumarate) are repurposed to treat HBV infection
(Kitrinos et al., 2014). The farnesyltransferase inhibitor lonafarnib for
treating progeria and progeroid laminopathies has been granted break-
through therapy for treating hepatitis D virus infection (Dhillon, 2021). It
is estimated that the number of repurposed drugs entering the
regulatory-approval pipeline is rising and could account for about
20%-30% of all drugs approved every year (Cha et al., 2018). Thus, to
meet the urgent needs for treating HEV infection, more efforts are
demanded to repurpose drug candidates, a strategy that can find break-
through therapy options.

In this study, our drug repurposing screen identifies two novel anti-
HEV entities. Vidofludimus calcium is the next-generation DHODH in-
hibitor, and pyrazofurin selectively inhibits UMPS. They exert their
anti-HEV effect through the depletion of pyrimidine nucleotide pool.
The inhibition of pyrimidine synthesis by targeting DHODH or UMPS
shows promise for the treatment of auto-immune diseases or viral in-
fections (Wang et al., 2016; Chen et al., 2019; Muehler et al., 2020b).
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Currently, there are two U.S. FDA-approved DHODH inhibitors on the
market. Leflunomide is used for the management of rheumatoid
arthritis, and its active analog teriflunomide is used for the treatment of
relapsing-remitting multiple sclerosis. However, safety concerns have
arisen due to post-marketing reports of severe liver injury from patients
receiving these two drugs (Aithal, 2011). This has resulted in the FDA
issuing black-box warnings for hepatic injury for both drugs in 2010 and
2012 (FDA, 2010, 2012). Thus, they are not applicable for being
repurposed as anti-HEV drugs, since HEV already causes pathogenic
damage in liver.

In contrast, vidofludimus calcium is the new generation DHODH in-
hibitor with high selectivity and specificity. They are structurally distinct
from leflunomide and teriflunomide and exhibit favorable safety profiles
(Jones et al., 2021). Vidofludimus calcium has been well-studied in over
1400 healthy volunteers or patients with immune-related conditions
with a safety and tolerability profile similar to placebo (Muehler et al.,
2020a; Fox et al., 2022). Vidofludimus calcium has advanced in phase 3
clinical development for patients with multiple sclerosis (Therapeutics)

or hospitalized with COVID-19 (ClinicalTrials.gov NCT04379271). It
showed clinical antiviral activity while preserving SARS-CoV-2 humoral
response in patients (Vehreschild et al.,, 2022). Encouragingly, we
observed a large therapeutic window between these two drugs’ CCsp and
ICso values against HEV (Table 1). For vidofludimus calcium, its ICsq
values against HEV are even 4.6-7.6-fold lower than the achievable
therapeutic doses in patients (Fig. 5). Based on the antiviral efficacy, and
the favorable safety profile identified in earlier clinical studies, our study
calls the initiation of clinical studies to evaluate the effect of these two
drugs for treating chronic hepatitis E.

The resilience of antiviral drugs against fast-evolving RNA viruses
presents a significant challenge in identifying new therapeutic ap-
proaches for timely disease control. HEV encodes only one non-
structural multifunctional and multidomain protein (ORF1), which
serves as a good candidate for anti-HEV drugging strategies. In this
context, efforts have been made to identify potent candidates that target
different functional subdomains of ORF1. For instance, zinc salts were
reported to directly inhibit the activity of viral RNA-dependent RNA
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polymerase (RdRp), leading to inhibition of viral replication (Kaushik
et al., 2017). Based on in silico screening methods, compounds that
potentially inhibit the function of methyltransferase or helicase of ORF1
were also discovered (Hooda et al., 2022; Pedroni et al., 2022). These
compounds may hold potential as direct acting antivirals in controlling
HEV infection. In addition, host metabolic pathways are exquisite res-
ervoirs of energy and building blocks to viruses and are essential for
successful replication and pathogenesis of viruses. DHODH and UMPS,
the cognate targets of these two drugs identified in this study, are key
factors essential for host nucleotide metabolism. Encouragingly, both
drugs are highly efficient and comparable against WT as well as ribavirin
treatment failure-associated mutants (Fig. 5). Thus, targeting host fac-
tors to cease viral infection, offers distinct advantages in terms of
increased threshold to viral resistance (Dwek et al., 2022).

Antiviral monotherapies are often found to be suboptimal in clinical
settings with respect to efficacy. Instead, combination regimens can
enhance antiviral potency, reduce the emergence of drug-resistant vari-
ants, and lower the dose of each component in the combination
(Wagoner et al., 2022). Concurrently combination of drugs with distinct
mode-of-action offers opportunities to discover synergistic drug combi-
nations. In this study, the combination with IFN-a exerted an apparent
synergistic effect for both drugs (Fig. 6). IFN-a exerts its antiviral effect
solely relying on the induction of antiviral interferon-stimulated genes
(ISGs) via the JAK-STAT pathway. Interestingly, we and others previ-
ously found that the inhibition of the pyrimidine pathway concurrently
triggered ISG induction, independent of the classical JAK-STAT pathway
(Wang et al., 2016; Luthra et al., 2018). Whether these two distinct ISG
induction actions correlate with the synergistic effects we observed
merits further investigation. Nevertheless, the results provide a
proof-of-concept for treating HEV infection with the combination of
conventional and novel regimens.

5. Conclusion

In sum, vidofludimus calcium and pyrazofurin, with their mecha-
nisms of action centered on depleting the pyrimidine nucleotide pool,
have demonstrated potent anti-HEV activity in both in vitro and ex vivo
models. Our findings provide compelling evidence for the clinical eval-
uation of vidofludimus calcium and pyrazofurin as potential treatments
for chronic hepatitis E, offering hope for improved patient outcomes and
disease control.
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