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a b s t r a c t 

Hepatitis E virus (HEV) infection in immunocompromised patients, pregnant women and children re- 

quires treatment; however, no approved medication is currently available. The macrolide antibiotic 

azithromycin has been identified as a potent HEV inhibitor. Azithromycin inhibits HEV replication and 

viral protein expression in multiple cell culture models with genotype 1 and 3 strains. This is largely 

independent of its induction of an interferon-like response. Because it is safe and cheap, repurposing 

azithromycin for treating HEV infection is attractive, particularly in resource-limited settings. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Hepatitis E virus (HEV) – as a small, non-enveloped, single- 

tranded RNA virus – is the most prevalent cause of acute viral 

epatitis worldwide. Although HEV infection in healthy individuals 

s usually asymptomatic, immunocompromised patients infected 

ith genotypes 3 or 4 HEV bear high risk of developing chronic 

epatitis [ 1 , 2 ]. Pregnant women infected with genotype 1 HEV can 

evelop severe complications such as acute liver failure, miscar- 

iage, preterm delivery, stillbirth and perinatal mortality, resulting 

n high mortality approaching 15–25% [3] . Occurrence of maternal- 

oetal transmission can seriously affect foetal/neonatal outcomes, 

ncluding anicteric or icteric hepatitis, hypoglycaemia and neona- 

al death [3] . Since no FDA-approved treatment is available, rib- 

virin monotherapy has been used as an off-label treatment for 

ome chronic hepatitis E cases [3] . However, ribavirin therapy is 

ontraindicated in pregnancy due to teratogenicity [4] . Therefore, 

here is an urgent clinical need to develop new anti-HEV therapies, 

nd repurposing existing medications represents an expedited ap- 

roach. Several potential anti-HEV candidates were recently identi- 

ed by screening a safe-in-human broad-spectrum antiviral agents 

ibrary [5] . Azithromycin, a commonly used macrolide antibiotic, 

ttracted great interest because it is classified as an FDA pregnancy 

ategory B drug. This study aimed to comprehensively evaluate the 

ntiviral activity of azithromycin in genotype 1 and 3 HEV models 

nd explore the potential mechanisms of action. 
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To test the potential anti-HEV activity of azithromycin, a geno- 

ype 3 HEV-based subgenomic replicon model (p6-Luc) was first 

pplied, in which HEV replication could be monitored by Gaus- 

ia luciferase activity. Azithromycin treatment time-dependently 

nd dose-dependently inhibited viral replication-related luciferase 

ctivity in the human hepatic Huh7 cells harbouring the p6-Luc 

eplicon ( Figure 1 A ) . Treatment with 10 μM or 50 μM azithromycin

or 72 hours resulted in 78.66% ± 3.06 (mean ± SEM, n = 12, P 

 0.0 0 01) and 88.03% ± 1.17 (mean ± SEM, n = 12, P < 0.0 0 01)

nhibition of luciferase activity, respectively. The calculated 50% in- 

ibition and cytotoxicity concentrations (IC50 and CC50) were 4.2 

M and 42.9 μM, respectively, indicating a substantial therapeutic 

indow ( Figure 1 B ) . The effect in Huh7 cells harbouring a geno-

ype 1 HEV replicon was further investigated, and significant inhi- 

ition of viral replication was also found ( Figure 1 C ) . These results

emonstrate that azithromycin can inhibit the replication of both 

enotype 1 and 3 HEV in cell culture models. 

To further confirm the inhibitory effect of azithromycin on 

EV full-length genome replication and viral protein expression, 

n HEV infectious full-length cell model (Huh7-p6) was used. In 

uh7-p6 cells, treatment with azithromycin for 48 hours effec- 

ively inhibited HEV at the viral RNA level determined by RT-qPCR 

 Figure 1 D ) and HEV ORF2 protein level measured by Western blot- 

ing ( Figure 1 E and Figure 1 F). The inhibitory effect was finally

isualised within host cells by immunofluorescence. Azithromycin 

reatment effectively inhibited HEV ORF2 expression, and the in- 

ibition was remarkable even at a low concentration (1 μM) and 

uch stronger at a higher concentration (10 μM) ( Figure 1 G ) . No-

ably, both concentrations could not completely inhibit viral pro- 
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Figure 1. Anti-HEV activity of azithromycin in Huh7-based cell culture models. (A) The effects of various concentrations of azithromycin (AZM) on HEV in an Huh7 

cell-based genotype 3 replicon model (Huh7-p6-Luc). HEV replication was measured by Gaussia luciferase activity. Data were normalised and compared with the untreated 

control group (set as 1) (n = 12). (B) The 50% inhibitory and cytotoxic concentration (IC50 and CC50) of azithromycin calculated by using GraphPad Prism 5 software (n = 6–

12). (C) The effect of azithromycin on genotype 1 HEV replication (n = 7). (D) Quantification of viral RNA by qRT-PCR in Huh7 cells harbouring the p6 HEV infectious model 

that were treated with azithromycin for 48 hours (n = 6–8). (E and F) Western blot images and quantification of HEV capsid ORF2 protein level in Huh7-p6 cells treated with 

azithromycin for 48 hours. The uninfected group (mock) and the infected but untreated group (CTR: AZM = 0 μM) served as negative and positive controls, respectively. 

β-actin served as an internal reference (n = 4). (G) Immunofluorescence analysis of viral protein ORF2 (red) in Huh7-p6 cells treated with indicated concentrations of 

azithromycin for 48 hours. Naïve Huh7 cells incubated with the HEV ORF2 antibody and Huh7-p6 cells incubated with the matched IgG control antibody served as the 

negative controls. Untreated Huh7-p6 cells and incubated with the HEV ORF2 antibody served as the positive control. DAPI (blue) was applied to visualise nuclei. (40 × oil 

immersion objective). 

Data are presented as means ± SEM; RLU, relative luciferase unit; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 
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ein expression. Altogether, azithromycin dose-dependently inhib- 

ted HEV genome replication and viral protein expression. 

Although primarily causing hepatitis, HEV infection is also as- 

ociated with a broad range of extrahepatic manifestations, partic- 

larly kidney injury and neurological diseases [ 6 , 7 ]. Thus, the anti-

EV activity of azithromycin was further profiled in a variety of 

ell models, including hepatic and non-hepatic cell lines harbour- 

ng the p6-Luc replicon. As expected, azithromycin significantly in- 

ibited HEV replication-related luciferase activity in human kidney 

93T-p6-Luc ( Figure S1A ) , neuronal U87-p6-Luc ( Figure S1B ) and 

epatic PLC-p6-Luc ( Figure S1C ) models. The IC50 and CC50 con- 

entrations of azithromycin in 293T cells were determined as 9.3 

M and 56.8 μM, respectively. These results indicate that the anti- 

EV effect of azithromycin is universal across different cell types. 

Emerging evidence suggests that the antiviral activity of 

zithromycin against particular viruses may be associated with a 
2 
ost innate immune response [ 8 , 9 ]. Interferon signalling provides 

he first-line innate defence against viral infections, and the anti- 

EV activity of interferon-alpha (IFN- α) has been demonstrated 

n cell culture models and indicated in treated chronic HEV pa- 

ients [10] . Binding of IFN- α to its receptor initiates the Janus 

inase signal transducer and activator of transcription (JAK-STAT) 

ascade to recruit the ISGF3 complex, which subsequently binds 

o IFN-stimulated response element (ISRE) in the nucleus to tran- 

cribe interferon-stimulated genes (ISGs) [11] . It has previously 

een shown that the anti-HEV agents ribavirin and mycopheno- 

ic acid (MPA) are capable of activating ISG transcription, although 

hey do not trigger interferon production [ 12 , 13 ]. The current study 

ound that azithromycin treatment dose-dependently activated the 

ranscriptional activity of ISRE-based luciferase reporter, although 

o a lesser extent compared with IFN- α stimulation ( Figure 2 A ) . 

onsistently, azithromycin treatment significantly induced the ex- 
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Figure 2. Azithromycin triggered an innate immune response. (A) Analysis of ISRE-related firefly luciferase activity in Huh7-ISRE-Luc cells treated with various concentra- 

tions of azithromycin (AZM) or IFN- α (10 0 0 IU/mL, positive control) for 48 hours. Data were normalised and compared with the untreated control group (set as 1) (n = 8). 

(B) Analysis of azithromycin induced interferon (IFN)-stimulated genes (ISGs). The mRNA levels of ISGs were measured by RT-qPCR in Huh7 cells treated with azithromycin 

(10 and 50 μM) for 48 hours with or without HEV infection. Relative gene expression was normalised to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) using the 2 −��Ct method. Data were normalised and compared with the untreated control in Huh7 and Huh7-p6 cells, respectively (set as 1) (n = 4). Data are 

presented as means ± SEM. 

MDA5, melanoma differentiation-associated protein 5; RIG-I, retinoic acid-inducible gene I; OAS3, 2 ′ -5 ′ -oligoadenylate synthetase 3; MX1, MX dynamin like GTPase 1; ISG15, 

interferon-stimulated gene 15; STAT1/2, signal transducer and activator of transcription 1/2; TLR2, Toll-like receptor 2; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. 

3 
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Figure 3. The effect of azithromycin induced non-canonical interferon-like response on its anti-HEV activity. (A) Comparison of ISRE-related firefly luciferase activity in 

Huh7-ISRE-Luc cells after combined treatment of JAK inhibitor 1 (10 μM) with azithromycin (AZM, 10 μM) or IFN- α (10 0 0 IU/mL, positive control) for 48 hours. Data were 

normalised to the azithromycin untreated group and JAK inhibitor 1 only group, respectively (set as 1) (n = 10). (B) Comparison of ISGs gene transcription in Huh7 cells after 

combined treatment for 48 hours. The mRNA levels of indicated ISGs were quantified by qRT-PCR and relative gene expression was normalised to the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the 2 −��Ct method (n = 4). (C) Western blot analysis of total STAT1 or phosphorylated STAT1 (pSTAT1) expression 

in Huh7 cells after combined treatment for 48 hours. β-actin serves as an internal reference (n = 4). (D) Comparison of HEV RNA quantification in infectious Huh7-p6 cells 

after combined treatment for 48 hours. Intracellular relative HEV RNA was measured by qRT-PCR (n = 6). (E) Western blot analysis of STAT1 and phosphorylated STAT1 

(pSTAT1) expression in wild-type (WT) and STAT1 knockout (STAT1 −/ −) Huh7 cells after at 48 hours. β-actin served as an internal reference (n = 4). (F) Comparison of ISGs 

gene transcription in WT and STAT1 −/ − Huh7 cells at 48 hours. Data were normalised to the untreated WT group and STAT1 −/ − group, respectively (set as 1) (n = 6). (G) 

Comparison of HEV RNA quantification in WT and STAT1 −/ − Huh7 cells. Huh7 cells were infected with HEV for 24 hours followed by azithromycin treatment for 48 hours, 

then intracellular relative HEV RNA was measured by qRT-PCR (n = 6). 

Data are presented as means ± SEM; RLU, relative luciferase unit; NS, not significant; IFN- α, type I interferon α; MDA5, melanoma differentiation-associated protein 5; RIG-I, 

retinoic acid-inducible gene I; OAS3, 2 ′ -5 ′ -oligoadenylate synthetase 3; MX1, MX dynamin like GTPase 1; ISG15, interferon-stimulated gene 15; STAT1/2, signal transducer 

and activator of transcription 1/2; TLR2, Toll-like receptor 2; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. 
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ression of several ISGs, including MDA5, OAS3, MX1, ISG15 and 

TAT2, by 1–6 fold in Huh7 cells, regardless of whether infected 

ith HEV or not ( Figure 2 B ) . However, the effect on the transcrip-

ion of RIG-I, STAT1 and TLR-2 was mild. 

As expected, blocking the function of Janus kinases by JAK 

nhibitor 1 largely attenuated IFN- α-induced ISRE activation, 

SG transcription, STAT1 phosphorylation, and anti-HEV activity 

 Figure 3 A–D ) . Surprisingly, although JAK inhibitor 1 affected 

zithromycin-induced ISRE activation and ISG transcription, it had 

o effect on the anti-HEV activity of azithromycin ( Figures 3 A, 3 B

nd 3 D ) . Of note, azithromycin hardly activated STAT1 phosphory- 

ation, or to a mild level that was undetectable by Western blotting 

ssay ( Figure 3 C ) . The potential involvement of STAT1 was then in-

estigated by using STAT1 knockout Huh7 cells ( Figure 3 E ) . Loss of

TAT1 significantly attenuated the induction of ISGs and anti-HEV 

ctivity of IFN- α ( Figures 3 F and 3 G). Again, STAT1 knockout had

o effect on the anti-HEV activity of azithromycin, although it at- 

enuated the induction of ISGs ( Figures 3 E–G). 
4 
Similar to the current observations, previous studies in differ- 

nt viral infection models – including respiratory syncytial viruses, 

hinovirus, influenza virus, and ZIKA virus [ 8 , 9 , 14 ] – have indicated

otential activation of the IFN response by azithromycin. However, 

he overall antiviral activity of azithromycin was not affected by 

he absence of type I IFN [9] , functional inhibition of Janus kinases 

 Figures 3 F–D), or knockout of IFNAR1 [9] or STAT1 ( Figures 3 E–G).

nterestingly, ISGs such as pathogen recognition receptors (MDA5 

nd RIG-I) and the ones (OASs, MXs and ISG15) functionally re- 

ated to RNA and protein metabolism were frequently found to be 

pregulated by azithromycin [ 8 , 9 ]. Overall, azithromycin appeared 

o activate the interferon (like) response, but it remains largely un- 

lear whether this actually contributes to broad antiviral activity. 

Importantly, as an FDA pregnancy category B drug, azithromycin 

as been clinically proven to be safe in pregnant women, new- 

orns and young children [15] . Furthermore, azithromycin also 

ossesses anti-inflammatory and immunomodulatory properties 

16] . Severe HEV infections in pregnant women are universally 
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ccompanied by a massive inflammatory response [17] . Thus, 

zithromycin could be an ideal therapeutic candidate for treating 

EV-infected pregnant women and could simultaneously inhibit 

nfection and pathogenic inflammation. An animal study showed 

hat azithromycin can accumulate in the lung and liver, lead- 

ng to more than 100-fold enrichment in these tissues than the 

loodstream [18] . Furthermore, pharmacokinetic studies in humans 

howed that it not only accumulates in a mother’s brain and pla- 

enta but can also be transported to foetal tissue through amni- 

tic fluid and umbilical cord plasma, reaching final concentrations 

rom 2.8 μM to 21 μM [ 9 , 19 ]. These concentrations are compara-

le to or even higher than the IC50 of azithromycin demonstrated 

n the current HEV models ( Figure 1 and Figure S1), indicating 

hat the concentrations of azithromycin in maternal and foetal 

issues should be sufficient to inhibit HEV replication. Because 

zithromycin is cheap and widely available in oral and intravenous 

ormulations, repurposing for treating HEV infection would be 

ighly accessible for all patients, including from resource-limited 

egions. However, a combination of azithromycin with the known 

nti-HEV agents IFN- α (Figure S2A), ribavirin (Figure S2B) or MPA 

Figure S2C) resulted in antagonistic effects. 

In summary, this study demonstrated that azithromycin to be 

 potent inhibitor of HEV replication in cell culture models. Al- 

hough azithromycin is capable of moderately activating a non- 

anonical interferon-like response, the anti-HEV activity is largely 

ndependent of this innate immune response and the exact mech- 

nism of action requires further study. Given the great potential of 

zithromycin for treating a wide range of HEV patients, including 

regnant women and children, follow-up in vivo studies are war- 

anted to validate these findings. 

aterials and Methods 

Reagents and antibodies: Azithromycin, human IFN- α, rib- 

virin and mycophenolic acid were purchased from Sigma-Aldrich. 

he JAK inhibitor 1 (SC-204021) was obtained from Santa Cruz 

iotechnology (Santa Cruz). The diluent used for azithromycin was 

imethyl sulfoxide (DMSO, Sigma) with final concentration < 0.1% 

or the high concentration treatment, which was confirmed in pre- 

iminary experiments not to have any effect on measured out- 

omes. Ribavirin, MPA and IFN- α were dissolved in 1 × phosphate- 

uffered saline (PBS). The HEV ORF2 antibody (mouse monoclonal, 

AB8002) and β-actin antibody (mouse monoclonal, sc-47778) 

ere purchased from EMD Millipore and Santa Cruz Biotechnology 

Santa Cruz), respectively. Mouse Control IgG2b antibody was pur- 

hased from InvivoGen (mabg2b-ctrlm). Phospho-STAT1 (Tyr701) 

58D6, Rabbit mAb, 9167) and STAT1 (Rabbit mAb, 9172) antibodies 

ere obtained from Cell Signaling Technology (Danvers, MA, USA). 

nti-rabbit and anti-mouse IRDye-conjugated secondary antibodies 

Li-Cor Biosciences, Lincoln, NE, USA) were also used. 

Cell culture: Human hepatoma cell line (Huh7) and human 

lioblastoma cell line (U87) were kindly provided by the Depart- 

ent of Viroscience (Erasmus Medical Center). Human hepatoma 

ell line PLC/PRF/5 (PLC) and human embryonic kidney epithe- 

ial cell line (HEK293T) were originally obtained from ATCC ( http: 

/www.atcc.org ). These cells were cultured in Dulbecco’s modified 

agle medium (DMEM) containing 10% foetal bovine serum, 100 

U/mL penicillin and 100 μg/mL streptomycin at 37 °C with 5% 

O2. 

Viruses and culture models: The above-mentioned cell lines 

ere employed to generate HEV cell as was previously reported 

 5 , 20 ]. For an infectious full-length cell model (Huh7-p6), Huh7 

ells were electroporated with full-length HEV genomic RNA 

genotype 3 Kernow-C1 p6 clone, GenBank accession number 

Q679013). To generate luciferase-based replicon models (Huh7- 

6-Luc, PLC-p6-Luc, U87-p6-Luc, and HEK293T-p6-Luc), a plasmid 
5 
as constructed containing a subgenomic HEV sequence in which 

EV capsid protein ORF2 was replaced by a Gaussia luciferase re- 

orter gene for monitoring viral replication. The HEV genotype 1 

eplicon model (Huh7-GT1-Luc) was based on the Sar 55/S17/luc 

EV clone containing a Gaussia luciferase reporter. To produce viral 

NA, the Ambion mMESSAGE nMACHINE in vitro RNA transcription 

it (Thermo Fisher Scientific Life Sciences) was used. The ISRE re- 

orter system mimicking IFN response (Huh7-ISRE-Luc) and STAT1 

nockout cells (Huh7-STAT1 −/ −) used here were from a previous 

tudy; HEV virus preparation and re-infection were the same as 

he reported methods [ 5 , 20 ]. 

MTT assay: To perform MTT assay, 10 mM 3-(4,5- 

imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

Sigma) was added to the cells seeded in a 96-well plate followed 

y 3 hours’ incubation at 37 °C with 5% CO2. The medium was 

hen removed and 100 μL DMSO was added to each well. After 

dditional incubation of 15 minutes, the plate was transferred 

o the microplate absorbance readers (BIO-RAD) to detect the 

bsorbance of each well at a wavelength of 490 nm. 

Quantification of HEV replication and gene expression : Viral 

eplication in HEV replicon models was measured by the secreted 

uciferase activity in the cell culture medium. Luciferase activity 

as quantified on a LumiStar Optima luminescence counter (BMG 

ab Tech) using BioLux® Gaussia Luciferase Flex Assay Kit (New 

ngland Biolabs). For the HEV infectious model, intracellular viral 

NA was quantified. Total RNA was extracted with Machery-Nucleo 

pin RNA II kit (Bioke) and quantified by NanoDrop ND-10 0 0 spec- 

rophotometer (Wilmington). The cDNA was synthesised by cDNA 

ynthesis Kit (Takara). Applied Biosystems SYBR Green PCR Master 

ix (Life Technologies) was used to quantify HEV RNA and mRNA 

f inflammatory cytokines, IFNs and ISGs. Relative gene expres- 

ion was normalised to the housekeeping gene glyceraldehyde-3- 

hosphate dehydrogenase (GAPDH) using the 2 −��Ct method. All 

he primers used in this study are provided in the online Supple- 

entary Table S1. 

Western blotting: Total protein lysates were heated at 95 °C for 

 minutes then run on 10% sodium dodecyl sulfate polyacrylamide 

el (SDS-PAGE) at 90 V for 120 minutes, and subsequently trans- 

erred onto a polyvinylidene difluoride (PVDF) membrane (0.45 

m, Thermo Fisher Scientific Life Sciences) at 250 mA for 120 

inutes. The membrane was incubated with blocking buffer (Li- 

or Biosciences) for 1 hour at room temperature followed by in- 

ubation with primary antibodies mouse anti-HEV ORF2 (1:10 0 0) 

nd anti- β-actin (1:10 0 0) at 4 °C overnight. Then the membrane 

as washed three times followed by incubation with anti-mouse 

1:50 0 0) or anti-rabbit (1:10 0 0 0) IRDye-conjugated secondary an- 

ibodies (Li-Cor Biosciences) at room temperature for 1 hour. Fi- 

ally, after washing three times, the membrane was visualised us- 

ng an Odyssey infrared imaging system CLx (LICOR Biosciences). 

Immunofluorescence: Cells grown on μ-Slide 8 Well (ibidi 

mbH, 80826) were washed once with 1 × PBS and then fixed for 

0 minutes with 4% (w/v) paraformaldehyde (PFA) at room temper- 

ture (RT). After fixation, the cells were washed three times with 

BS and permeabilised with 0.1% (v/v) Triton X-100 for 10 min- 

tes, then washed three times with PBS. Cells were incubated for 

 hour in blocking solution (5% Normal Donkey Serum, 1% Bovine 

erum Albumin, 0.2% TRITON X in 1 × PBS) at RT. Then cells 

ere incubated with primary anti-HEV ORF2 antibody (aa 434- 

57, clone 1E6, IgG2b) at a 1:200 dilution for 1 hour. The control 

roup was incubated with the matched mouse IgG 2b antibody (In- 

ivoGen; 1:200). The primary antibody mixture was then removed 

nd cells were washed three times with PBS. The secondary Anti- 

ouse-Alexa Fluor® 594-Conjugate antibody (Cell Signaling Tech- 

ology; 1:50 0 0) was added and the cells were incubated for an ad- 

itional hour at RT. After incubation the cells were washed three 

imes and then the cell nucleus was stained with 4,6-diamidino- 

http://www.atcc.org
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[  
-phenylindole (DAPI) for 10 minutes at RT. Images were taken on 

 Leica SP4 confocal microscope (lens: 40x); image analysis was 

erformed using ImageJ (NIH). 

Statistical analysis: Statistical analysis was performed using 

he non-paired, non-parametric test (Mann-Whitney test; Graph- 

ad Prism software, GraphPad Software Inc., La Jolla, CA). All re- 

ults were presented as mean ± standard errors of the means 

SEM). P -values < 0.05 were considered as statistically significant. 
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