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SUMMARY

A hepatitis E virus (HEV) infection alters cholesterol ho-
meostasis in vitro and in vivo. Reduced cholesterol levels
enhance viral release, yet an increase induces lysosomal
HEV degradation. Concordantly, cholesterol-modulating
drugs such as fenofibrate and PSC833 were identified as
novel antivirals against HEV making use of this mechanism.

BACKGROUND AND AIMS: The Hepatitis E virus hijacks the
endosomal system for its release. These structures are highly
dependent on cholesterol. Hence, this study investigates the
impact of HEV on cholesterol-metabolism, the effect of intra-
cellular cholesterol content on HEV-release and the potential of
cholesterol-modulators to serve as antivirals.

METHODS: Intracellular cholesterol-content of cells was
modulated and impacts on HEV were monitored using qPCR,
Western blot, microscopy, virus-titration and density-gradient
centrifugation. Blood-lipids and HEV-RNA were routinely
quantified in chronically infected patients during follow-up
visits.

RESULTS: In HEV-infected cells, decreased levels of cholesterol
are found. In patients, HEV infection decreases serum-lipid
concentrations. Importantly, statin treatment herein increases
viral titers. Similarly, reduction of intracellular cholesterol via
simvastatin treatment increases viral release in vitro. On the
contrary, elevating intracellular cholesterol via LDL or 25-
hydroxycholesterol strongly reduces viral release due to
enhanced lysosomal degradation of HEV. Drug-induced eleva-
tion of intracellular cholesterol via fenofibrate or PSC833 im-
pairs HEV release via the same mechanism.

CONCLUSIONS: This study analyses the crosstalk between HEV
and intracellular cholesterol. The results highlight the impor-
tance of an intact cholesterol homeostasis for HEV-release and
thereby identify a potential target for antiviral strategies.
Especially fenofibrate is considered a promising novel antiviral
against HEV. Beyond this, the study may help clinicians evalu-
ating co-treatments of HEV-infected patients with statins, as
this may be counter indicated. (Cell Mol Gastroenterol Hepatol
2021;12:159–180; https://doi.org/10.1016/j.jcmgh.2021.02.002)
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he hepatitis E virus (HEV) is a hepatotropic (þ)
Tsingle-strand RNA virus and the sole member of the
Hepeviridae family. Its human pathogenic forms are
restricted to genotypes 1–4 and 7 within the genus Ortho-
hepevirus A. Genotypes 3, 4, and 7 display a zoonotic po-
tential also infecting species such as swine or camelids.1

Infection occurs via the fecal-oral route, conventionally via
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Abbreviations used in this paper: 25-HC, 25-hydroxycholesterol; CI,
confidence interval; DMEM, Dulbecco’s modified Eagle’s medium;
eHEV, quasi-enveloped hepatitis E virus; EC50, half maximal effective
concentration; FGF19, fibroblast growth factor 19; HDL, high-density
lipoprotein; HEV, hepatitis E virus; LAMP2, lysosome-associated
membrane protein 2; LDL, low-density lipoprotein; MVB, multivesicular
body; PCSK9, proprotein convertase subtilisin/kexin type 9; qPCR,
quantitative polymerase chain reaction; RT-qPCR, reverse-transcrip-
tion quantitative polymerase chain reaction; TCID50, half maximal tis-
sue culture infective dose.
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contaminated water, whereas food-borne or transfusion-
related transmissions represent an increasing risk in
industrialized countries.2,3 The virus is endemic in large
parts of the developing world, yet it displays major threats
to the developed world for previously mentioned reasons.4,5

Over the past years, infections were observed to reach as
high as 20 million cases per year. This results in up to
44,000 HEV-related fatalities annually.6,7 Among high-risk
groups, pregnant women can be found with mortality
rates reaching as high as 25%–30%8 or immunosuppressed
patients tending to develop chronic infections.9 In all cases,
chronification can be observed for infections with genotype
3, although course of disease is milder when compared with
genotype 1 or 2, which frequently display fulminant out-
comes.10,11 As of now, treatment options are restricted to
either ribavirin, where development of drug-resistance can
occur,12 or pegylated interferon. Both treatment options can
cause severe side effects.13

HEV hijacks multivesicular bodies (MVBs) for release of
quasi-enveloped HEV (eHEV) viral particles.14 The viral
pORF3 protein leads to a tumor susceptibility gene 101
(tsg101)–dependent tethering of capsids to the ESCRT
(endosomal sorting complex required for transport)15 via its
viral late-domain (PSAP-motif).16 Thus, an impact of cellular
lipids on HEV release appears likely, since successful
maturation and gain of functionality of these structures
require an intact orchestration of membrane composition.17

Especially cholesterol has important functions during
invagination of MVBs’ intraluminal vesicles18 by means of
inducing membrane curvature and forming lipid micro-
domains. Therefore, cholesterol may also play a crucial role
in the morphogenesis and release of eHEV, displaying the
only described route of viral egress, besides its implications
for viral entry.19 Cholesterol also is important for deter-
mining the fate of endosomal vesicle trafficking.20 This af-
fects the release of viruses in the form of quasi-enveloped
particles, whose release depends on the endosomal system.

Cholesterol and lipid metabolism per se are of central
interest in the context of treating clinical symptoms
caused by an HEV infection. As reported, there are several,
yet ambiguous, changes in biomarkers related to choles-
terol or its derivatives,21–23 which may also pose the need
of treatment (eg, hepatitis-induced hypercholesterolemia
or cholestasis). Several different examples of drugs
impacting systematic distribution of lipids are available as
prescription drugs or subject of clinical studies, among
which are (1) fibrates (eg, gemfibrozil or fenofibrate),
lowering triglycerides via activation of respective catabo-
lism24; (2) statins (eg, simvastatin), inhibiting the rate-
limiting step in cholesterol-biosynthesis25; (3) PSC-833,
lowering sterol-efflux from cells26; (4) NGM282, a fibro-
blast growth factor 19 (FGF19) analogue, inhibiting pri-
mary bile acid synthesis27; (5) alirocumab or evolocumab,
monoclonal antibodies triggering increased low-density
lipoprotein (LDL) uptake28; or (6) avasimibe, a choles-
terol storage inhibitor.29 By acting on the cholesterol ho-
meostasis in cells, these compounds inevitably act on the
endolysosomal system and are of great interest when it
comes to modulation of endosomal fate.
This study aims to investigate the impact of HEV on
cholesterol metabolism and to analyze impacts of intracel-
lular cholesterol level on the HEV life cycle. The virus
strongly relies on the endosomal system for its release,
specifically on MVBs. These structures, in turn, are highly
dependent on intracellular cholesterol homeostasis for
intact functionality and maturation. Thus, a focus was set on
whether altering the content of cellular cholesterol can be
used as a new approach for an antiviral treatment. Insights
into this novel field help broadening both the understanding
of the viral life cycle and of drugs being potential candidates
for an off-label use against the viral hepatitis.

Results
HEV Modulates Cholesterol Homeostasis In Vitro
and In Vivo

To study the impact of an HEV infection on the intracel-
lular cholesterol content, a quantitative filipin stain of
cholesterol in infected cells compared with uninfected cells
was performed. Herein, the viral infection caused reduced
amounts of intracellular cholesterol (Figure 1A and B). In line
with this, gene expression profiling of HEV-infected cells
revealed that HEV is also capable of inducing a dysregulation
in gene expression of cholesterol metabolism–related genes
as comparedwith uninfected cells (Figure 1C). Quantification
of selected transcripts by quantitative polymerase chain re-
action (qPCR) confirmed that HEVmodulates key enzymes of
cholesterol metabolism and transport that cause a decrease
on the intracellular cholesterol content (Figure 1D).

To correlate these findings from in vitro experiments
with an in vivo situation, serum-lipids of chronically infec-
ted patients were analyzed with respect to triglycerides,
total cholesterol, LDL, and high-density lipoprotein (HDL).
Comparing serum lipids before infection (t–1), at first pos-
itive testing (t0), and at the first follow-up (tþ1) revealed
that there were significantly lowered concentrations of tri-
glycerides, total cholesterol, and LDL levels (Figure 1E–G)
once an HEV infection occurred in the patient. No changes
were induced with respect to HDL levels (Figure 1H).

These data indicate that an HEV infection modulates
cholesterol homeostasis in vitro, leading from dysregulated
gene expression of related genes to reduced intracellular
cholesterol levels in infected cells. Similarly, HEV-dependent
lipid modulation could be observed in infected patients
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resulting in lowered serum lipid concentrations of choles-
terol and triglycerides.
Increased Intracellular Cholesterol Inhibits HEV
The data described previously indicate that the choles-

terol content is decreased in HEV replicating cells. To
further characterize the crosstalk between HEV replication
and intracellular cholesterol levels, the latter was elevated
by a 48-hour treatment with LDL or 25-hydroxycholesterol
(25-HC). Vice versa, decrease of intracellular cholesterol
was achieved by treating cells with simvastatin for 48 hours.
Treatment efficiency and cytotoxicity or cytostaticity was
controlled via filipin-stain (Figure 2A and B) or viability
assays (Figure 2D and E), respectively. As the use of 100 mM
25-HC caused major cytotoxicity and cytostaticity, it was not
used for further analyses but the Western blot.

Suitability of A549/D3 cells for cholesterol modulation was
demonstrated by comparing effects of 25-HC treatment on gene
expression of certain, cholesterol-related genes in comparison
with Huh-7 cells after 24 hours (Figure 2C). In persistently HEV-
infected A549 cells, both increase and decrease of intracellular
cholesterol level led to a dose-dependent reduction in the
amount of the HEV capsid protein (pORF2) (Figure 3A–D) and a
reductive trend in intracellular HEV transcripts (Figure 3E).
This went along with a reduction in release of viral RNA and
infectious viral particles for LDL or 25-HC treatment (Figure 3F
and G) and a shift in particle density (Figure 3H). Interestingly,
treatment with simvastatin led to a significant increase of
released infectious viral particles (Figure 3G) with no changes in
density of eHEV (Figure 3H).

As simvastatin induced viral release in vitro, viral titers of
chronically infected patients were compared with respect to
patients receiving a statin treatment. Strikingly, treatment with
this class of cholesterol-lowering drugs led to significantly
elevated viral loads in respective patient sera (Figure 3I),
which goes in line with in vitro findings. No statin-dependent
changes in blood lipids could be observed (Figure 4A–D).

These data indicate that increased cellular cholesterol
content significantly reduces HEV both intracellularly and
extracellularly with formation of a new population of
released eHEV. Opposing to this, low cholesterol content of
cells significantly reduces intracellular viral content, which
is accompanied by an increase in viral release. The, patient
data argue for a counter indication of statins in the context
of an HEV infection.
Excess of Cholesterol Induces Lysosomal
Degradation of pORF2

As HEV seems to be affected negatively by elevated
levels of intracellular cholesterol, the question arose
Figure 1. (See previous page). HEV dysregulates cholesterol i
(purple) and pORF2 (green) in uninfected and infected cells; scale
corrected total cell fluorescence (CTCF) per cell; unpaired t test
persistently HEV-infected A549 cells vs uninfected A549/D3 cells.
infected vs uninfected; unpaired t test with Holm-Sidak correction
t–1 vs t0 (triglycerides [TG]¼ 29 pairs / total cholesterol [TC]¼ 29 p
/ TC ¼ 20 pairs / LDL ¼ 21 pairs / HDL ¼ 21 pairs); paired, nonp
whether this could be due to a degradative process or to an
impaired release. Therefore, infected cells were subjected to
confocal laser scanning microscopy to visualize subcellular
localization and to further evaluate the amount of pORF2
after modulation of cholesterol levels for 48 hours
(Figure 5A).

Here, the viral capsid protein accumulates in dot-like
structures, once there is more intracellular cholesterol
(Figure 5A). Further, reduced protein amounts were detec-
ted (Figure 5B). These cholesterol-induced, dot-like struc-
tures co-localized with the lysosomal marker lysosome-
associated membrane protein 2 (LAMP2), meaning that
these clustered structures represent pORF2 being present
inside of lysosomes. Notably, this increase in cholesterol-
induced lysosomal localization of pORF2 is further repre-
sented by calculation of the thresholded Mander’s overlap
coefficient between the viral protein and LAMP2
(Figure 5C). In contrast to this, cells with lowered choles-
terol content, as induced by simvastatin treatment, showed
a decrease in intracellular pORF2 amount (Figure 5B),
which was independent from dot formation and the co-
localization with LAMP2 (Figure 5C). To verify a
cholesterol-induced lysosomal degradation of pORF2, lyso-
somal protease inhibition was implemented by using leu-
peptin during the last 24 hours of cholesterol modulation
(Figure 6A). Applying leupeptin generally leads to a slight
increase in intracellular pORF2 (Figure 6D and E). Within
cholesterol modulation, the pORF2 amount was not reduced
by 25-HC or LDL any longer, although being present in ly-
sosomes. However, simvastatin-induced pORF2 reduction
was not reverted (Figure 6A–C).

These data imply that the intracellular HEV load is reduced
once intracellular cholesterol is elevated. This reduction is due
to a targeting of pORF2 into lysosomes, where it is degraded.
Thus, less viral particles are being released. Low intracellular
cholesterol, however, does not induce pORF2 degradation but
leads to an increased viral release.
Cholesterol-Modulating Drugs Act Antivirally
Against HEV

The previously presented findings of this study imply
that an HEV infection results in reduced intracellular
cholesterol levels, therefore guaranteeing efficient viral
release. Disruption of this effect via artificially increasing
intracellular cholesterol levels of infected cells led to a
reduction in intracellular pORF2 amount and concordantly
to reduced viral release. This effect was observed to be due
to a cholesterol-induced lysosomal degradation of pORF2.
Thus, different drugs targeting cholesterol metabolism and
distribution were tested for their antiviral capacity against
n vitro and in vivo. (A) Representative filipin stain of cholesterol
bar ¼ 20 mm. (B) Quantification of A; filipin intensity depicted as
with Holm-Sidak correction. (C) Gene expression profiling of
(D) qPCR validation of C, fold-change messenger RNA (mRNA)
. (E–H) Comparison blood lipids in patients at t–1, t0, and tþ1;
airs / LDL¼ 29 pairs / HDL¼ 28 pairs); t0 vs tþ1 (TG¼ 20 pairs
arametric t test. *P < .05, **P < .01, ***P < .001.
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HEV. The aim was to induce lysosomal degradation of the
virus based on a drug-related elevation of intracellular
cholesterol.

Assessment of the cell viability indicated that none of the
tested concentration of the compounds led to increased cell
death, yet some compounds led to slight cytostatic effects
(Figure 7) at very high concentrations, which thereafter
were excluded from antiviral testing. Determination of the
half maximal effective concentration (EC50) via qPCR indi-
cated that Avasimibe (EC50 ¼ 3.4 mM at 72 hours; 95%
confidence interval [CI], 1.84–8.5 mM) and FGF19 (EC50 ¼
0.64 mg/mL at 72 hours; 95% CI, 0.08–4.27 mg/mL) dis-
played low potentials to inhibit viral release. Gemfibrozil did
not display an antiviral effect (Figure 8A–C and F). Alir-
ocumab (EC50 ¼ 155 ng/mL at 72 hours; 95% CI,
34.94–810.4 ng/mL) inhibited HEV mildly, while both
fenofibrate (EC50 ¼ 71.24 mM at 72 hours; 95% CI,
34.52–154.3 mM) and PSC833 (EC50 ¼ 12.47 mM at 72
hours; 95% CI, 4.95–48.0 mM) showed strong antiviral ef-
fects (Figure 9A–C). This reduction was in line with Western
blot analyses detecting intracellular pORF2 protein
(Figure 9D and E). Importantly, the inhibitory capacity of
each drug correlated well with its ability or inability to in-
crease intracellular cholesterol after 24 hours
(Figure 8D–F). Especially treatment with fenofibrate led to a
heavy increase and accumulation of cholesterol inside the
cells. Notably, A549/D3 cells behaved similarly as Huh-7
cells with respect to intracellular cholesterol being modu-
lated by fenofibrate or PSC833 for 24 hours (Figure 10).

To correlate changes in extracellular viral RNA with actual
infectious viral particles, half maximal tissue culture infective
dose (TCID50) values of the highest tolerated concentrations
were compared after 72 hours of treatment (Figure 9F). Again,
alirocumab showed a mild inhibition of viral release. Fenofi-
brate and PSC833 drastically inhibited viral release. This was
accompanied by a change in eHEV density (Figure 9G).

In summary, these data suggest that alirocumab inhibits
HEV release to some extent. Drastic reductions in viral
release going along with increased intracellular cholesterol
levels were observed for both fenofibrate and PSC833.
Further, the aforementioned phenotype of eHEV displaying
a shift in density to denser fractions upon LDL or 25-HC
treatment of infected cells could be mimicked by applying
fenofibrate or PSC833.

Effective Drug Candidates Induce Lysosomal
Degradation of pORF2

Whether the drug-induced reduction in viral release is
due to lysosomal degradation of pORF2, similar to cells with
Figure 2. (See previous page). Intracellular cholesterol is in
simvastatin treatment. (A) Representative immunofluorescent
treatment in persistently HEV-infected A549 cells; scale bar ¼ 20 m
cell. (C) qPCR evaluation of transcriptional effects of treatment with
untreated control. (D) Cytotoxicity in persistently HEV-infected ce
dehydrogenase assay; untreated cells were set to 100%, changes
(E) Cytostaticity in persistently HEV-infected cells treated with diffe
cells were set to 100%, changes in metabolic activity are depict
correction for all panels. *P < .05, **P < .01, ***P < .001, ****P <
a high cholesterol-content (Figure 3), was addressed by
confocal laser scanning microscopy analyses after 48 hours
of treatment.

Here, treatment with fenofibrate, PSC833 or alirocumab
led to the same, dot-like accumulation of pORF2
(Figure 11A) and to a significant decrease of its amount
(Figure 11B). This accumulation of pORF2 was comparable
to the once induced by LDL or 25-HC. Again, these struc-
tures could be found to colocalize with the lysosomal
marker LAMP2 (Figure 11A). Just like the direct increase of
intracellular cholesterol, the drug-induced elevation led to
an increase of pORF2 being found inside of lysosomes as
evaluated by calculation of thresholded Mander’s overlap
coefficient (Figure 11C). Blocking of lysosomal degradation
via leupeptin treatment during the last 24 hours of drug
treatment rescued pORF2 amounts from being reduced
(Figure 12). Notably, both PSC833 and fenofibrate impacted
lysosomal morphology. Compounds being inefficient against
HEV, namely gemfibrozil and FGF19, did not show such
reducing activities with respect to the pORF2 amount and
similarly did not show increased lysosomal localization
(Figure 13).

Applying these findings to a broader context indicates
that especially PSC833 and fenofibrate are capable of
inducing cholesterol-dependent pORF2 degradation via ly-
sosomes leading to an antiviral effect. This mimics effects
observed for 25-HC and LDL, which is in line with our initial
aim of treatment. Major findings regarding antiviral activity
of compounds are summarized in Table 1.

Discussion
The endosomal system, especially trafficking via late

endosomes through multivesicular bodies, plays a central
role in the life cycle of a variety of viruses. Among these is
HEV. These organelles are particularly sensitive for changes
in cholesterol content. Thus, this study aimed to analyze the
impact of changes in cholesterol and lipid content on HEV
and to use these findings as an antiviral strategy.

The initial finding of this study identified that an HEV
infection causes a reduction in the amount of intracellular
cholesterol in cell culture. This reduction goes along and
may be based on changes in the transcriptomic profile
infected cells display in comparison with uninfected cells.
Here, various genes being important for maintaining
cholesterol homeostasis and regulating cholesterol traf-
ficking are dysregulated. Evidence for an HEV-induced
modulation of cholesterol levels can also be found in an
in vivo situation. Upon infection, patients’ blood-lipids are
significantly reduced. Thus, a modulation of lipid
creased via LDL or 25-HC treatment and decreased via
filipin stain of cholesterol (purple) and pORF2 (green) upon
m. (B) Quantification of A; filipin intensity depicted as CTCF per
25-HC in Huh-7 or A549/D3 cells, values referred to respective
lls treated with different compounds as determined via lactate
in amount of intact cells are depicted as % of untreated control.
rent compounds as determined via PrestoBlue assay; untreated
ed as % of untreated control. Unpaired t test with Holm-Sidak
.0001. DMSO, dimethyl sulfoxide.
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Figure 4. Statin treatment does not reduce blood-lipids in chronically HEV-infected patients. (A–D) Serum-lipid con-
centration in chronically infected patients grouped as treated or untreated with statins; n ¼ 42 patients; TG (without ¼ 53
values; with ¼ 45 values), TC (without ¼ 52 values; with ¼ 44 values), LDL (without ¼ 56 values; with ¼ 45 values), HDL
(without ¼ 52 values; with ¼ 44 values). Mann-Whitney test.
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metabolism being induced by the virus is evident, which is
common not only for hepatotropic viruses.30–32 A lack of
changes in HDL levels may indicate that the virus induces
not a general change in lipid-metabolism, but rather a tar-
geted change.

As HEV induces a reduction in intracellular cholesterol,
the question arose whether a disturbed cholesterol ho-
meostasis could affect the viral life cycle. Thus, cholesterol
was modulated using LDL or 25-HC as inducers of intra-
cellular cholesterol and simvastatin was used to induce a
reduction in intracellular cholesterol. Efficient reductions in
intracellular viral content were achieved by both reducing
and elevating cholesterol levels. Surprisingly, the cause for
this observation is of completely different nature when
comparing low-cholesterol with high-cholesterol situations.
Low cholesterol content was accompanied by less viral
content intracellularly because more infectious viral parti-
cles are released upon statin treatment. This, in terms, is
contradictory to situations found for other viruses such as
the Hepatitis B virus.33 However, reductions in HEV under
high cholesterol concentrations was caused by lysosomal
degradation of pORF2, ultimately leading to an overall
reduction of viral egress. This may be explained by an in-
hibition of proper endosomal trafficking and subsequent
endolysosomal fusion, once cholesterol is present in
excess.20 Such mechanism has previously been described
(eg, for the influenza A virus).34 Importantly, chronically
infected patients treated with statins showed significantly
Figure 3. (See previous page). HEV release is inhibited by LD
Western blot of pORF2 and GAPDH; neg ¼ uninfected A549/D
cation of pORF2-signals in A; fold-change compared with untr
Fold-change of intracellular HEV transcripts as determined by R
change of extracellular HEV RNA as determined by RT-qPCR; u
released infectious viral particles as determined by end-point d
HEV RNA in fractions of density-gradients as determined by RT
titer in chronically infected patients with or without statin trea
values; with ¼ 55 values); Mann-Whitney-test. *P < .05, **P <
higher viral loads compared with chronically infected pa-
tients without statin administration. This is directly com-
parable with the effect observed in vitro and displays a key
finding with major importance for clinicians caring for HEV-
infected patients. While statins may help regulating lipid
homeostasis, it poses a high risk of inducing viral spread in
the liver and body. Summarizing these aspects implies the
following 2 statements: (1) low intracellular cholesterol
levels are beneficial for HEV, inducing its release from
infected cells, and (2) high intracellular cholesterol levels
are detrimental for HEV release because viral content is
degraded in lysosomes in a cholesterol-dependent manner.

The knowledge about HEV being affected negatively by
cholesterol was used to set up a novel strategy of antiviral
treatment against HEV: using cholesterol-modulating drugs
to induce lysosomal pORF2 degradation. The proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitor alir-
ocumab showed some antiviral activity, yet lacked
lysosome-based phenotypes observed for LDL or 25-HC.
Notably, treatment of cells with alirocumab did not lead to
the expected increase in intracellular cholesterol explaining
the lack in antiviral activity. As an inhibition of PCSK9 re-
sults in increased LDL uptake,35 a certain extracellular
concentration of LDL is mandatory for it to work as inten-
ded. Thus, application in an organism could perhaps
improve alirocumab’s impact on HEV.

In our screening, most promising candidates were the
PPARa (peroxisome proliferator-activated receptor alpha)
L and 25-HC but induced by simvastatin. (A) Representative
3 cells; black arrows indicate pORF2 bands. (B–D) Quantifi-
eated group; unpaired t test with Holm-Sidak correction. (E)
T-qPCR; unpaired t test with Holm-Sidak correction. (F) Fold-
npaired t test with Holm-Sidak correction. (G) Fold-change of
ilution assay; unpaired t test with Holm-Sidak correction. (H)
-qPCR; depicted as % of whole genomes in gradient. (I) HEV
tment; n ¼ 42 patients, 129 measured values (without ¼ 74
.01, ***P < .001, ****P < .0001.



Figure 5. High cholesterol induces lysosomal localization of HEV. (A) Representative immunofluorescent stain of DAPI
(blue), pORF2 (green), and LAMP2 (red) upon treatment in persistently HEV-infected A549 cells; scale bar ¼ 20 mm; zoom ¼
magnified section indicated with white square in merge. (B) Quantification of A; pORF2 intensity depicted as CTCF per cell. (C)
Quantification of A; thresholded Mander’s overlap coefficient (tMOC) ¼ red signal being present in green areas per cell.
Unpaired t test with Holm-Sidak correction for all panels; *P < .05, **P < .01, ***P < .001, ****P < .0001.
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agonist fenofibrate and the P-glycoprotein efflux trans-
porter inhibitor PSC833. Both inhibited viral release
drastically, which correlated with a strong increase in
intracellular cholesterol and finally lysosomal degradation
of pORF2. This can be deduced from PSC833 inhibiting the
oxysterol exporter ABCA126 and fenofibrate directly acting
on lysosomal lipid and cholesterol content.24,36 Slight in-
creases in intracellular pORF2 under PSC833 treatment
may be explained by secondary effects being induced by
the compound, leading to a lysosomal trapping without
degradation, which may display the need of careful titra-
tion during treatment. Another aspect accompanying



Figure 6. Inhibition of lysosomal degradation rescues cholesterol-induced pORF2 reduction. (A) Representative immu-
nofluorescent stain of DAPI (blue), pORF2 (green), and LAMP2 (red) upon treatment in persistently HEV-infected A549 cells;
scale bar ¼ 20 mm; zoom ¼ magnified section indicated with white square in merge. (B) Quantification of A; pORF2 intensity
depicted as CTCF per cell. (C) Quantification of A; tMOC ¼ red signal being present in green areas per cell. (D) Representative
Western blot of pORF2 and GAPDH of leupeptin-treated cells; neg ¼ uninfected A549/D3 cells; black arrows indicate pORF2
bands. (E) Quantification of pORF2-signals in D; fold-change compared with untreated group. Unpaired t test with Holm-Sidak
correction for all panels; **P < .01, ***P < .001.
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drug-induced HEV inhibition are changes in the density of
eHEV, which was observed for direct increases in intra-
cellular cholesterol. Hence, the aim of modulating choles-
terol content to induce lysosomal degradation of pORF2
was perfectly achieved. Notably, the underlying
hypothesis is further backed up by fenofibrate being dis-
cussed to display antiviral effects against SARS-CoV-2
(severe acute respiratory syndrome coronavirus 2).37

This highlights that this antiviral strategy could be of
universal use.



Figure 7. Cholesterol-modulating drugs are not cytotoxic at concentrations showing inhibition of HEV. (A–F) Dose-
response curve of persistently HEV-infected cells treated with different compounds as determined via lactate dehydrogenase
assay; untreated cells were set to 100%, changes in amount of intact cells are depicted as % of untreated control. Gray arrows
indicate highest concentrations used for subsequent experiments. (G–L) Dose-response curve of persistently HEV-infected cells
treated with different compounds as determined via PrestoBlue assay; untreated cells were set to 100%, changes in metabolic
activity are depicted as % of untreated control. Gray arrows indicate highest concentrations used for subsequent experiments.
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Figure 9. Drugs modulating cholesterol are effective against HEV release. (A-C) Dose-response curve of viral RNA being
released by treated, persistently HEV-infected cells as determined via RT-qPCR; untreated cells set to 100%, changes in RNA
amount depicted as % of control. (D) Representative Western blot of pORF2 and GAPDH; neg ¼ uninfected A549/D3 cells;
black arrows indicate pORF2 bands. (E) Quantification of pORF2-signals in D; fold change compared with untreated group. (F)
Fold change of released infectious viral particles as determined by end-point dilution assay. (G) HEV RNA in fractions of
density gradients as determined by RT-qPCR; % of whole genomes in gradient. Unpaired t test with Holm-Sidak correction for
all panels; **P < .01, ****P < .0001.

Figure 8. (See previous page). Antiviral effect of drugs is accompanied by increased intracellular cholesterol. (A–C) Dose-
response curve of viral RNA being released by treated persistently HEV-infected cells as determined via RT-qPCR; untreated cells
were set to 100%, changes in RNA amount are depicted as % of untreated control; basis for calculation of EC50. (D) Representative
immunofluorescent filipin stain of cholesterol (purple) and pORF2 (green) in untreated or treated persistently HEV-infected A549 cells;
scale bar ¼ 20 mm. (E) Quantification of F; Cholesterol intensity depicted as CTCF per cell. (F) Fold change of released infectious viral
particles as determined by end-point dilution assay. Unpaired t test with Holm-Sidak correction for all panels; *P < .05, ***P < .001.
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Figure 10. Fenofibrate and PSC833 induce similar changes in cholesterol in A549/D3 and Huh-7 cells. (A) Representative
immunofluorescent filipin stain of cholesterol (purple) in A549/D3 and Huh-7 cells; scale bar ¼ 20 mm. (B) Quantification of A;
Cholesterol intensity depicted as CTCF per cell. Unpaired t test with Holm-Sidak correction for all panels; *P < .05, ***P < .001,
****P < .0001.
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Conclusion
As of now, this study is among the first approaches of

antiviral screenings targeting the lipid metabolism of host
cells. HEV is herein observed to be degraded lysosomally in
a cholesterol-dependent manner, which can be efficiently
induced by treatment with fenofibrate or PSC833. These
findings correlate with lipid alterations induced upon HEV
infection in patients, which also revealed that statins are
counter indicated during the viral infection. Hereby, a
milestone is set for a better understanding of metabolic host
processes, which can be directly modulated to induce anti-
viral effects. Not only is this a strategy to fight HEV, but also
bears a huge potential to tackle various viruses making use
of the endolysosomal system.
Material and Methods
Cell Culture

Cell lines used included Huh-7,38 A549/D3,39 and
persistently HEV-infected A549 cells40 representing
parental A549 cells initially infected with HEV genotype 3c
isolate 47832c. These cells were chosen as cell culture
model as they maintain viral infection while being passaged
or cryopreserved, yielding a stable infection, which avoids
establishing an infection at each experiment. This feature is
superior to other, hepatocyte-based systems and yields high
titers and HEV infection efficiency. Cells were cultivated in
Dulbecco’s modified Eagle’s medium (DMEM) (supple-
mented with 2 mM L-glutamine, 100 mg/mL streptomycin,
100 U/mL penicillin, and 10% v/v fetal bovine serum; FBS.S
0615, Bio & Sell GmbH, Feucht, Germany) at 37�C with 95%
relative humidity and 5% CO2.

Treatments with LDL (360-10-0.1; Lee Biosolutions,
Maryland Heights, MO), 25-HC (11097; Cayman Chemicals,
Ann Arbor, MI) and simvastatin (sc-200829B; Santa Cruz
Biotechnology, Heidelberg, Germany) were performed in
serum-free DMEM (D6546-500ML; Sigma Aldrich, Schnell-
dorf, Germany). Fully supplemented DMEM was used for
treatment with gemfibrozil, fenofibrate, avasimibe, PSC833,
FGF19, and alirocumab. A final concentration of 200 mM
leupeptin (L2884-1mg; Sigma-Aldrich, St Louis, MO) over 24
hours was used to inhibit lysosomal degradation.
Viability Assays and Determination of EC50
Viability assays were performed using PrestoBlue Assay

(A-13261; Life Technologies, Carlsbad, CA) and lactate de-
hydrogenase assay (MK401; Clontech, Mountain View, CA),
as described previously.41 Serial dilutions of compounds
were applied (5 steps, 1:5 ratio) ranging from 2 to 1250 mM
(gemfibrozil; sc-204764; Santa Cruz Biotechnology, Heidel-
berg, Germany), from 1 to 625 mM (fenofibrate; sc-204751;
Santa Cruz Biotechnology), from 0.01 to 6.25 mM (avasi-
mibe; sc-364315; Santa Cruz Biotechnology), from 0.08 to
50 mM (PSC-833; sc-361298; Santa Cruz Biotechnology),
from 0.004 to 2.5 mg/mL (FGF19; 100-32; PeproTech,
Hamburg, Germany), or from 0.8 to 500 ng/mL (alirocumab;
TAB-719; Creative Biolabs, Shirley, NY) and incubated on
cells over 24 hours, 48 hours, and 72 hours.

Determination of EC50 was achieved by using
similar experimental settings as previous, with the



Figure 11. Antiviral effect of fenofibrate, PSC833, and alirocumab due to lysosomal localization of HEV. (A) Represen-
tative immunofluorescent stain of DAPI (blue), pORF2 (green), and LAMP2 (red) upon treatment in persistently HEV-infected
A549 cells; scale bar ¼ 20 mm; zoom ¼ magnified section indicated with white square in merge. (B) Quantification of A;
pORF2 intensity depicted as CTCF per cell. (C) Quantification of A; tMOC ¼ red signal being present in green areas per cell.
Unpaired t test with Holm-Sidak correction for all panels; **P < .01, ***P < .001, ****P < .0001.
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highest concentration being spared for all compounds
but alirocumab. Subsequently, release of viral RNA was
monitored using reverse-transcription qPCR (RT-qPCR).
Fitting of graphs (dose-response curve) was performed
via GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA).
Reverse-Transcription qPCR
Intracellular RNA was isolated, reverse transcribed into

complementary DNA and analyzed via Maxima SYBR-Green
qPCR Kit (K0221; Thermo Fisher Scientific, Braunschweig,
Germany) as described previously.41 Primers targeted HEV
ORF2 or 60S ribosomal protein L27 (RPL27) as reference



Figure 12. Inhibition of lysosomal degradation rescues drug-induced, cholesterol-dependent pORF2 reduction.
(A) Representative immunofluorescent stain of DAPI (blue), pORF2 (green), and LAMP2 (red) upon treatment in persistently
HEV-infected A549 cells; scale bar ¼ 20 mm; zoom ¼ magnified section indicated with white square in merge. (B) Quantifi-
cation of A; pORF2 intensity depicted as CTCF per cell. (C) Quantification of A; tMOC ¼ red signal being present in green areas
per cell. Unpaired t test with Holm-Sidak correction for all panels; *P < .05, **P < .01.
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gene. For analysis of host genes, primers targeting choles-
terol 25-hydroxylase (CH25H); ATP-binding cassette trans-
port A1 (ABCA1); PCSK9; apolipoprotein E (APOE); 25-
hydroxycholesterol 7-alpha-hydroxylase (CYP7B1); nuclear
receptor subfamily 1, group H, member 4 (NR1H4); and 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMGCR) (sequences see Table 2) were used. Calculation of
fold-change values was achieved by the DDCT method.42
Extracellular, viral RNA or RNA from density gradient
fractions were quantified using LightMix Modular Hepatitis
E Virus Kit (53-0638-96; TIB MolBiol, Berlin, Germany) in
combination with LightCycler Multiplex RNA Virus Master
(6754155001; Roche Diagnostics, Mannheim, Germany)
according to the manufacturer’s instructions. Prior to RT-
qPCR, samples were diluted 1:5 in ddH2O supplemented
with 0.1% w/v DEPC.



Figure 13. FGF19, avasimibe, or gemfibrozil treatment is not accompanied by lysosomal localization of HEV.
(A) Representative immunofluorescent stain of DAPI (blue), pORF2 (green), and LAMP2 (red) upon treatment in persistently
HEV-infected A549 cells; scale bar ¼ 20 mm; zoom ¼ magnified section indicated with white square in merge. (B) Quantifi-
cation of A; pORF2 intensity depicted as CTCF per cell. (C) Quantification of A; tMOC ¼ red signal being present in green areas
per cell. Unpaired t test with Holm-Sidak correction for all panels; ****P < .0001.
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All RT-qPCR experiments were performed using the Light-
Cycler 480 Instrument II (Roche Diagnostics) and analyzed
using the LightCycler480 Software (v1.5.1; Roche Diagnostics).

Density Gradient Centrifugation
Discontinuous density gradients were prepared using

10%–60% w/v iodixanol in ddH2O (OptiPrep; 1114542;
Progen Biotechnik, Heidelberg, Germany). In total, 6
layers of iodixanol with decreasing density (steps of
10% iodixanol) were layered above one another with
each layer matching a volume of 300 mL. Subsequently,
200 mL of cell culture supernatant of treated or un-
treated cells were layered on top of the density
gradient. Isopycnic centrifugation was performed using a



Table 1.Summary of Cholesterol- and Drug-Based Effects on HEV

Intracellular
cholesterol (CTCF)

Intracellular
pORF2 (CTCF)

Extracellular viral
particles (TCID50)

Lysosomal
localization (tMOC)

LDL (600 mg/mL) [[ YYY Y [[[[

25-HC (25 mM) [[ YYYY YYYY [[

Simvastatin (5 mM) Y Y [ Y

Fenofibrate (125 mM) [[[ YYYY YYYY [[

PSC833 (10 mM) [[[ YYY YYYY [[[[

Alirocumab (0.5 mg/mL) — YY YY [[

Gemfibrozil (250 mM) — — — —

Avasimibe (1.25 mM) — — — —

FGF19 (0.5 mg/mL) — — Y —

NOTE. Arrows indicate P value; upward arrow ¼ increase; downward arrow ¼ decrease. [P < .05, [[P < .01, [[[P < .001,
[[[[P < .0001.
25-HC, 25-hydroxycholesterol; CTCF, corrected total cell fluorescence; HEV, hepatitis E virus; LDL, low-density lipoprotein;
TCID50, half maximal tissue culture infective dose; tMOC, thresholded Mender’s overlap coefficient.
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TLS-55 rotor (Beckman Coulter, Brea, CA) over 4 hours
at 255,000 g at 4�C. Fractionation occurred from top to
bottom with fraction volumes equaling 200 mL. Viral
RNA being present in each fraction was analyzed via RT-
qPCR. Calculation of percentages of HEV RNA being
present in each fraction was achieved by dividing the
number of genomes per fraction by the total sum of
genomes present in the respective total gradient and
subsequent multiplication with 100.

Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis and Western Blot

Western blot samples were prepared, subjected to so-
dium dodecyl sulfate polyacrylamide gel electrophoresis,
and blotting and detection of primary antibodies were
performed as described previously.41 Detection of the
viral capsid protein was achieved using a polyclonal rab-
bit-a-pORF2 antibody (HCD3K129; raised against aa112-
608 of recombinant pORF2 protein). Detection of GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) (mono-
clonal mouse anti-GAPDH, sc-32233; Santa Cruz Biotech-
nology) served as reference protein. Primary antibodies
were detected using either polyclonal donkey anti-mouse
IgG IRDye 680RD (926-32222; LI-COR Biosciences,
Lincoln, NE) or polyclonal donkey anti-rabbit IgG IRDye
800CW (926-32213; LI-COR Biosciences) secondary anti-
bodies. Membranes were imaged using the LI-COR Odys-
sey infrared imager (LI-COR Biosciences), and band
intensities were measured with the ImageStudio Lite
software (v5.2; LI-COR Biosciences). Each signal of pORF2
was divided by the GAPDH signal and subsequently
referred to the respective experimental control to yield a
fold-change value.

Immunofluorescence Microscopy
Treated, ethanol-fixed cells were subjected to immu-

nofluorescence stain under conditions as described
previously.41 pORF2 was detected using HCD3K129
(see Western blot). LAMP2 was detected using a mono-
clonal mouse anti-CD107b (555803; BD Biosciences, San
Jose, CA). Secondary antibodies were labeled with either
AlexaFluor488 (A21206; Invitrogen, Carlsbad, CA) or
AlexaFluor546 (A10036; Invitrogen). Staining cholesterol
via filipin III (F4767-1MG; Sigma-Aldrich, Schnelldorf,
Germany) was performed on formaldehyde-fixed cells as
described previously.43 For imaging of stained, Mowiol-
mounted cells, a confocal laser scanning microscope
Leica TCS SP8 System with a DMi8 microscope (Leica,
Wetzlar, Germany) was used. Images were captured with a
100� magnification oil immersion objective (numerical
aperture ¼ 1.4) at room temperature. Image acquisition
and analysis was performed with the LAS X Control Soft-
ware or FIJI.44 A minimum of 7 cells were analyzed for
thresholded Mender’s overlap coefficient or corrected to-
tal cell fluorescence.

Determination of TCID50
HEV-permissive A549/D3 cells were infected using a

serial dilution of cell culture supernatant (7 steps, 1:5 ratio)
in 6 replicates for 96 hours. Fixation and blocking were
performed similar to immunofluorescence microscopy. In-
cubation of HCD3K129 was performed overnight at 4�C.
Horseradish peroxidase–coupled donkey-a-rabbit IgG
(NA934; GE Healthcare, Chicago, IL) served as secondary
antibody and subsequent stain was performed using 3-
amino-9-ethylcarbazol (30 mM Na-acetate, 12 mM acetic
acid, 0.05% w/v 3-amino-9-ethylcarbazol, 0.01% H2O2). The
resulting TCID50 was calculated as described previously.45

Patient Data
Lipid levels and HEV viral loads from 42 patients were

assessed retrospectively. The group included 33 female and
9 male patients with age varying from 24 to 78 years. All
patients received renal transplants with 7 patients receiving
a co-transplant along with the kidney. Treatment with im-
munosuppressants was implemented for all patients



Table 2.Primer Sequences Used for qPCR Analyses

Name Sequence Supplier

HEV ORF2-FWD 50-GGT GGT TTC TGG GGT GAC-30 biomers.net

HEV ORF2-REV 50-AGG GGT TGG TTG GAT GA-30 biomers.net

RPL27-FWD 50-AAA GCT GTC ATC GTG AAG AAC -30 biomers.net

RPL27-REV 50-GCT GCT ACT TTG CGG GGG TAG-30 biomers.net

CH25H-FWD 50-GGT CCT GGA TAT CCT GTG CTC C-30 GATC Eurofins

CH25H-REV 50-GAG TAG CAG GCA GAA CAG GAT GTG G-30 GATC Eurofins

ABCA1-FWD 50-GCT CGC CTG TTC TCA GAT GC-30 GATC Eurofins

ABCA1-REV 50-GGA GAA TGA CAT CAG CCC TCA GC-30 GATC Eurofins

PCSK9-FWD 50-GCC AGG ACA GCA ACC TCT CC-30 GATC Eurofins

PCSK9-REV 50-TTC AGC ACC ACC ACG TAG GTG C-30 GATC Eurofins

APOE-FWD 50-CCA ATC ACA GGC AGG AAG ATG AAG G-30 GATC Eurofins

APOE-REV 50-AGA CAG TGT CTG CAC CCA GC-30 GATC Eurofins

CYP7B1-FWD 50-TTG GCT TCC TTA TCT TGG AGT GGT CC-30 GATC Eurofins

CYP7B1-REV 50-CTG CAT CAT GCT TTC CAA GAG TAT GTC C-30 GATC Eurofins

NR1H4-FWD 50-CAT GCG AAG AAA GTG TCA AGA GTG TCG-3 GATC Eurofins

NR1H4-REV 50-CCT GCA TGA CTT TGT TGT CGA GG-30 GATC Eurofins

HMGCR-FWD 50-CCT TAG TGG CTG AAA CAG ATA CCC-30 GATC Eurofins

HMGCR-REV 50-CTG GAT GAT CTC AGC ATC ACT AAG G-30 GATC Eurofins

qPCR, quantitative polymerase chain reaction.

2021 Cholesterol-Modulating Drugs Inhibit HEV 177
(tacrolimus ¼ 35 patients, cyclosporin A ¼ 2 patients,
belatacept ¼ 3 patients, azathioprin ¼ 1 patient) and all but
1 patient received a mycophenolate mofetil treatment. Of
the analyzed patients, 10 were diagnosed with Diabetes
mellitus and 3 were tested positive for a different chronic
hepatic infection (hepatitis B or C). Values from each patient
were available from a range of 2–37 individual appoint-
ments during routine follow-up visits. Retrospective
assessment of data from patients with chronic hepatitis E
after renal transplantation was approved by the local
institutional review board of the ethics committee of Charité
Universitätsmedizin Berlin, Germany (approval number
EA1/249/16). All patients gave their written informed
consent.

Positive testing of an HEV infection included determi-
nation of IgG/IgM levels detecting the viral capsid protein or
testing for viral genomes in serum via PCR. Exact viral titers
were quantified via qPCR, whereas blood lipids were
quantified via standard laboratory procedures. Time-
periods, where an HEV-targeted therapy was applied
(ribavirin or sofosbuvir) were excluded from analysis.
Outliers were identified using the ROUT method (Q ¼ 1%).
Microarray Gene Expression Profiling and
Analysis

Global gene expression profiling was performed using
SurePrint G3 Human Gene Expression 8x60K Microarray Kit
(G4851C; Agilent One Color Microarray Technology; Agilent
Technologies, Santa Clara, CA). A total of 100 ng of total RNA
was used for amplification, which was extracted using
RNeasy Mini Kit (217004; QIAGEN, Hilden, Germany) ac-
cording to the manufacturer’s instructions. Microarray re-
sults were extracted using Agilent Feature Extraction
Version 11.0.1.1 and analyzed using Genespring 14.9.1 GX
software (Agilent Technologies). Genespring 14.9.1 GX
software was used for fold-change calculation and for the
analysis of pathways of KEGG (Kyoto Encyclopedia of Genes
and Genomes.46 Data are deposited at Gene Expression
Omnibus (GSE157820; https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc¼GSE157820).
Statistical Analyses
All in vitro data presented in this study are depicted as

mean value ± SEM. Statistical analyses for these were per-
formed using GraphPad Prism 8.0 using nonpaired t tests,
unless stated otherwise. Each dataset that is presented as
fold-change value is referred to its suitable, experimental
control group. As the control groups were arbitrarily set as
1, a standard deviation for the control groups cannot be
reported, as the standardization of the measured values
(relative to the control group) was performed for each of the
independent assays. Therefore, measurements for the
treatment groups in each assay were dependent (matched).
N ¼ x displays the number of independent experiments.
Unless stated otherwise, experiments are based on biolog-
ical replicates with n ¼ 3. If no mathematical significance
could be determined in in vitro studies, no annotation was
made.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157820
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157820
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157820
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