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Experimental infection of hepatitis 
E virus induces pancreatic 
necroptosis in miniature pigs
Soontag Jung1, Dong Joo Seo2, Daseul Yeo1, Zhaoqi Wang1, Ae Min1, Ziwei Zhao1, 
Mengxiao Song1, In‑Soo Choi3, Jinjong Myoung4 & Changsun Choi1,5*

Infection by hepatitis E virus (HEV) via the oral route causes acute hepatitis. Extra-hepatic 
manifestations of HEV infection may stem from various causes; however, its distribution in organs 
such as the liver, as well as the mechanisms underlying HEV-induced cell injury, remain unclear. The 
objective of this study was to determine the chronological distribution of HEV in various tissues of 
HEV-challenged miniature pigs and to investigate the mechanisms underlying HEV-induced cell death 
in the pancreas and liver. Virological and serological analyses were performed on blood and faecal 
samples. Histopathology of the liver and extra-hepatic tissues was analysed. Cell death pathways and 
immune cell characterisation in inflammatory lesions were analysed using immunohistochemistry. 
The liver and pancreas displayed inflammation and cellular injury, and a large amount of HEV was 
observed in the lesions. The liver was infiltrated by T and natural killer cells. HEV was identified in all 
organs except the heart, and was associated with immune cells. Although the liver and the pancreas 
strongly expressed TNF-α and TRAIL, TUNEL assay results were negative. RIP3 and pMLKL were 
expressed in the pancreas. RIP3, but not pMLKL, was expressed in the liver. Pancreatitis induced in 
HEV-infected miniature pigs is associated with necroptosis.

Worldwide, 14 million symptomatic infections, 5,200 stillbirths, and 300,000 deaths are attributed to hepatitis E 
virus (HEV) according to the World Health Organisation1. While HEV infection is mostly associated with large 
epidemics in developing countries, autochthonous sporadic cases are on the rise in industrialised countries2. In 
the UK, hepatitis E cases have been increasing since 2009, with an estimated annual infection rate of 200,000, 
which is largely attributed to the consumption of pork products3,4. Clinical symptoms of HEV are mainly associ-
ated with acute hepatitis, fulminant hepatic failure, or chronic hepatitis in immunocompromised patients and the 
elderly. HEV genotype 1 and 2 infection is associated with high mortality rates (up to 25%) in pregnant women5,6. 
Extra-hepatic lesions, including acute pancreatitis, renal failure, neurological diseases, haematological diseases, 
and the Guillain–Barre syndrome, are linked with HEV infection, cases of which are increasing. However, its 
pathogenesis is not well understood7.

Although several in vivo and in vitro models have been proposed for the purpose of cultivating HEV or 
mimicking HEV infection in laboratory animals, including rabbits, mice and rats, such in vivo models have not 
been successful in demonstrating the clinical symptoms of HEV infection8–10. The use of non-human primates 
and conventional pig models is limited by high maintenance costs, difficulties in manipulation, and the need for 
many personnel11,12. Miniature pigs have been experimentally infected with HEV genotypes 1, 3, and 4; they are 
susceptible to genotypes 3 and 413. Extra-hepatic manifestations have not yet been modelled because existing 
studies on miniature pig models have focused to the liver. In clinical cases, 55 patients with hepatitis E in India, 
Nepal, Poland, and France were diagnosed with moderate to severe acute pancreatitis. Although the association 
between other hepatitis virus infections and acute pancreatitis is well known, the presence of HEV in the human 
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pancreas has not been clearly proven14,15. Presently, HEV pathogenesis in the pancreas has not been elucidated 
in animal models or humans.

HEV infection occurs in humans from all age groups, but mainly in the elderly, who usually suffer from 
chronic diseases such as hypercholesterolaemia, diabetes, and hypertension. Hepatitis E patients with hypercho-
lesterolaemia are generally prescribed simvastatin, which lowers the blood cholesterol levels and enhances the 
expression of low-density lipoprotein receptors16. As the cholesterol pathway is closely associated with infection 
by enteric viruses, including HEV and norovirus, treatment with statin drugs may enhance the replication of 
these viruses17–19.

The objective of this study was to analyse the localisation and dynamics of HEV in the liver and other organs 
in miniature pigs experimentally infected with HEV. HEV-induced cell damage was investigated to unravel the 
mechanism underlying HEV-induced cell death. In addition, we investigated the effects of simvastatin on HEV 
infection.

Results
Establishment of HEV gt3 infection in miniature pigs.  HEV RNA was detected in the plasma, 
peripheral blood mononuclear cells (PBMCs), and faeces by quantitative reverse transcription PCR (RT-qPCR) 
(Table 1, Supplementary Table S1). HEV RNA was not detected in any of the pre-infection samples, and animals 
in the two mock groups tested negative throughout the experiment. Faecal virus shedding was the highest at 
7 days post infection (dpi) and was observed in 11/12 (91.6%) and 9/12 (75%) of pigs in the HEV group and 
HEV + sim group, respectively, and gradually decreased, and both groups were not detected at 28 dpi in both 
groups. Similarly, caecal contents all tested positive until 21 dpi and turned negative at 28 dpi (Supplementary 
Fig. S1). Although cell-free viraemia was not detected in the two inoculation groups, cell-associated viraemia 
was detected in 6/12 (50%) and 7/12 (58%) pigs from 3 dpi onwards, and was maintained at more than 50% until 
28 dpi. There was no difference in the HEV RNA titre between any of the samples from the pigs in the two groups 
(Supplementary Fig.  S1). Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were 
not significantly different from those of the mock group (Fig. 1A,B). HEV-specific antibodies were detected in 
the plasma, indicating that these may be used as an immunological indicator of HEV infection (Fig. 1C). HEV-
specific antibodies were first detected at 14 dpi, increased steadily to a maximum at 21 dpi, and remained at this 
level until the end of the experiment. Interferon (IFN)-α levels were elevated until 3 dpi in both HEV-infected 
groups, but decreased after 7 dpi and remained low until the end of the experiment (Fig. 1D). The IFN-γ levels 
increased only in the HEV + sim group, with a significant difference at 28 dpi (Fig. 1E).

HEV infection leads to pancreatic injury as well as hepatitis with lymphocytic infiltration.  His-
topathological analysis of liver sections revealed hydropic degeneration and periportal lymphocytic infiltration 
in some individuals in the HEV group at 7 dpi (Fig. 2A). At 21 dpi, mild multifocal lymphocytic infiltration was 
observed. At 28 dpi, microvascular steatosis and glycogenated nuclei were present, but lymphocytic infiltration 
was no longer observed.

In HEV group, cell membrane rupture as well as nuclear condensation and fragmentation were observed in 
a large area of the pancreas at 7 dpi (Fig. 2B). Mild cell vacuolation and cell depletion were observed starting 
from 21 dpi and peaked at 28 dpi. In the HEV + sim group, similar events as in the HEV group were observed, 
but they were slightly more severe. Histopathological lesions were not detected in the liver and pancreatic tissues 
of pigs from the two mock groups. The infiltrating cell profile was dominated by CD3ε as a T-cell marker and 
CD107a as a marker of functional natural killer (NK) cells, and significantly less so by the B-cell marker, CD19 

Table 1.   Faecal shedding and cell-free and cell-associated viremia in miniature pigs infected with HEV gt3. 
HEV hepatitis E virus, PBMCs Peripheral blood mononuclear cells, dpi day post inoculation, sim simvastatin.

Group Sample

No. of positive samples/total no. of samples on the 
indicated dpi

3 7 10 14 17 21 24 28

HEV

Plasma 0/12 0/12 0/9 0/9 0/6 0/6 0/3 0/3

PBMCs 6/12 6/12 7/9 6/9 3/6 3/6 2/3 3/3

Faeces 4/12 11/12 7/9 8/9 4/6 3/6 1/3 0/3

HEV + sim

Plasma 0/12 0/12 0/9 0/9 0/6 0/6 0/3 0/3

PBMCs 7/12 8/12 7/9 8/9 4/6 4/6 1/3 3/3

Faeces 5/12 9/12 6/9 8/9 5/6 4/6 1/3 0/3

Mock

Plasma 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

PBMCs 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Faeces 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Mock + sim

Plasma 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

PBMCs 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Faeces 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3
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(Fig. 3A–C). CD163, a macrophage marker that is also expressed in Kupffer cells, was detected in normal areas, 
but not in infiltrated lesions (Fig. 3D).

Immunohistochemistry (IHC) identified HEV antigens in the liver (Fig. 4A). HEV antigens were present 
at low levels mainly in the cytoplasm and perinuclear regions of hepatocytes at 7 dpi. In livers infiltrated by 
inflammatory cells, HEV antigens were predominantly localised in infiltrated inflammatory cells, rather than 
in hepatocytes. After the inflammatory cells receded at 28 dpi, HEV antigens were prominently detected in the 
cytoplasm of hepatocytes. In the pancreas, HEV antigens were exclusively localised in the cytoplasm of acinar 
cells, and not in the islets of Langerhans (Fig. 4B). On 7 dpi, HEV antigens were detected as spots around the 
perinuclear regions of damaged cells only, and persisted throughout the cytoplasm of some cells at up to 28 dpi. 
HEV antigens were not found in or near vacuolated cell lesions. Simvastatin treatment slightly increased HEV 
antigen in the liver and pancreas, whereas both mock groups displayed no signals.

HEV enters various organs via infected immune cells.  Lymphoid tissues, including those of the ton-
sils, spleen, and lymph nodes, were continuously monitored from the very early stages of infection until the end 
of the experiment, and were found to have the highest amounts of HEV antigens. A few cells in the thymus were 
also positive for HEV (Fig. 5A, Supplementary Fig. S2). In the gastrointestinal tract, including the stomach, 
duodenum, ileum, and colon, HEV was mainly distributed in the immune cells of the lamina propria or concen-
trated in lymphoid tissues, such as the Peyer’s patches (Fig. 5A, Supplementary Fig. S3). Interstitial thickenings 
due to lymphocytic infiltration were observed in the lungs, and HEV antigens were distributed in these lesions 
and in lymphoid nodules adjacent to the bronchioles (Fig. 5A, Supplementary Fig. S4). Mild inflammatory cell 
infiltration was observed in the kidneys, where HEV antigens were detected in infiltrated cells in a manner 
similar to that seen in previously described organs (Fig. 5A, Supplementary Fig. S4). HEV antigens were also 
present in the glomeruli of some individuals. With regard to the brain and peripheral nerves (splenic plexus), 
HEV antigens were detected in peripheral nerves at up to 21 dpi and in the neuronal cell bodies and axons in the 
brain from 21 dpi (Fig. 5A–C, Supplementary Fig. S4, Table S2). HEV was not present in the heart.

HEV induces necroptosis, which is the major injury mechanism in the pancreas.  Lesions in the 
liver and pancreas were examined for expression levels of TNF-α and TNF-related apoptosis-inducing ligand 
(TRAIL), which are known as ‘death ligands’. Expression patterns of the death ligands were similar to the dis-
tribution of HEV in both organs. In the liver, TNF-α expression was stronger in infiltrated lymphocytes than in 
hepatocytes, and TRAIL expression showed a similar pattern, but was lower than TNF-α expression (Fig. 6A,B). 
High levels of TNF-α and TRAIL were observed exclusively in acinar cells throughout the pancreas (Fig. 7A,B). 
However, although ruptured cell membranes, nuclear condensation, and high expression levels of death ligands 
were observed in the pancreas, terminal deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL)-posi-
tive cells were not observed (Fig. 7C). In the liver, only a very weak signal, which was very low when compared 
to the severity of lymphocytic infiltration, was observed (Fig. 6C).

The expression of receptor-interacting protein kinase 3 (RIP3), a critical regulator of necroptosis, was investi-
gated. A significant level of RIP3 expression was observed in hepatocytes around lymphocyte-infiltrated lesions, 
where RIP3 was expressed predominantly in the cytoplasm and to a lower extent in the nuclei (Fig. 6D). In the 
pancreas, RIP3 was strongly expressed in the nuclei and cytoplasm (Fig. 7D). The two mock groups showed 
mild RIP3 expression in the nuclei in the liver and pancreas. Subsequently, we examined the expression of 

Figure 1.   Liver enzyme, seroconversion, and IFN levels in plasma during 28 dpi. (A) ALT. Dotted line indicates 
the normal upper range (ALT 20–48). (B) AST. Dotted line indicates the normal upper range (AST 15–53). (C) 
Seroconversion. The cut-off value was calculated as 0.5 plus the mean absorbance of the non-reactive control. 
(D) IFN-α. (E) IFN-γ. Results at each time point are expressed as the means ± SDs. *p < 0.05. HEV hepatitis E 
virus, sim simvastatin, IFN interferon.
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phosphorylated mixed lineage kinase domain-like protein (pMLKL), which functions downstream of RIP3 as 
a key executioner of necroptosis. In the pancreas, pMLKL was predominantly expressed in morphologically 
changed acinar cells (Fig. 7E). RIP3-positive hepatocytes did not co-express pMLKL, and pMLKL expression 
was observed only in individual immune cells in the liver (Fig. 6E).

Discussion
Although HEV infection has been well researched, much is unclear regarding its pathogenesis, for example, the 
transmission of HEV to the liver via the faecal-oral route23. Various cases with extra-hepatic symptoms of the 
virus have been reported, perhaps indicating an extra-hepatic replication site, but few have been experimentally 
proven24–27. Yucatan miniature pigs, which are similar to humans in anatomy and physiology, are widely used as 
experimental animals28. The structure and function of the swine immune system are more than 80% similar to 
those of the human immune system. Thus, the swine model may represent pathogenic and immune responses 
that are similar to those seen in human infectious diseases29. Furthermore, pigs are natural hosts of HEV gt3, 
and miniature pigs have been successfully infected with HEV under experimental conditions13. Therefore, we 
surmised that a miniature pig HEV infection model would be most suitable for the investigation of extra-hepatic 
manifestation aimed at enhancing the understanding of HEV pathogenesis.

Acute pancreatitis is a well-known complication of viral hepatitis, but the mechanism whereby it causes cell 
injury remains unclear14. HEV-induced necrotising pancreatitis has recently been reported, excluding other 
causes of acute pancreatitis, such as gallstones, alcohol, drugs, trauma, hypercalcemia, and hypertriglyceridemia15. 
Unlike the case for other hepatitis viruses, such as HAV, HBV, and HCV, the presence of HEV in the pancreas 
is unknown15. To date, HEV inducing necrotising pancreatitis has been genotyped in only one patient, and 

Figure 2.   Histopathological alterations in the liver and pancreas. (A) Histopathological alterations in liver 
sections over time, revealing slight to moderate inflammatory cell infiltration and microvesicular steatosis 
with glycogenated nuclei. (B) Histopathological alterations in the pancreatic sections over time, revealing cell 
membrane rupture, nuclear condensation, nuclear fragmentation, and cell depletion. Tissue sections were 
stained with haematoxylin and eosin. Scale bars = 50 μm. HEV hepatitis E virus, sim simvastatin.
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was identified as HEV gt130. It is not known whether HEV gt1 has high tropism for the pancreas or whether it 
causes pancreatitis due to genetic susceptibility of the patient. The pancreas, which we focused on in our study, 
exhibited extensive histological changes, an abundance of HEV, and the development of necroptosis. Therefore, 
it may be said that this study elucidated the mechanism underlying the pancreatic injury associated with HEV 
infection and identified that such pancreatitis can be caused by HEV gt3 and is not limited to strains of HEV 
gt1. In previous studies, RIP3 expression did not match TUNEL staining, as it did in this study31. However, 
staining with propidium iodide, an indicator of cell viability based on membrane permeability, indicated strong 
co-localisation. Necroptosis is also termed programmed cell necrosis because it has characteristics similar to 
those of necrosis31. Thus, the indicator of cell death is more likely to be related to necrosis than to apoptosis32. 
Necroptosis can be triggered by various stimuli, the most-studied stimulus being TNF signalling33. When TNF-α 
binds to TNF receptor 1 (TNFR1), TNFR1-associated death domain protein binds to the intracellular domain of 
TNFR1. Subsequently, Fas-associated protein with death domain and caspase 8 are recruited to form the death-
inducing signalling complex, which causes apoptosis34. Inhibition of caspase activity during the course of this 
process alternatively activates RIP3, following which RIP3 signalling phosphorylates and oligomerises MLKL 
downstream, resulting in necroptosis32–34. Further research is required to reveal the mechanism underlying 
caspase inhibition by HEV. Necroptosis is a recently discovered cell death pathway that is assuming importance 
as a topic in the field of inflammatory diseases, including acute pancreatitis35. Recent studies have identified 
necrotising pancreatitis as a major determinant of mortality associated with HEV infection15. This study suggests 
a link between necroptosis and necrotising pancreatitis caused by HEV. The presence of HEV in the pancreas 

Figure 3.   Characterisation of infiltrating immune cells in the liver. (A) Representative images of CD3ε staining. 
(B) Representative images of CD107a staining. (C) Representative images of CD19 staining. (D) Representative 
images of CD163 staining. Nuclei were counterstained with Meyer’s haematoxylin. Scale bars = 25 μm. HEV 
hepatitis E virus, Sim simvastatin.
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sharply decreased after 21 dpi, which was in line with the pattern of faecal shedding. This suggests that pancreatic 
infection may be responsible for faecal shedding of HEV.

HEV is a hepatotropic virus and thus, the primary site of HEV replication is the liver. However, the path by 
which HEV reaches the liver remains unclear. Because inducing oral HEV infection in animal models poses dif-
ficulties, most studies focus on symptoms that develop after HEV reaches the liver36. In some previous studies, 
the HEV antigen was observed in infiltrating inflammatory cells and Kupffer cells, whereas in other studies, it 
was observed in the cytoplasm of hepatocytes37–40. In our study, HEV was continuously detected in lymphoid 
tissues and PBMCs, from the early stages of infection until the end of the experiment. It was rarely present in 
hepatocytes at 7 dpi, but multiplied in hepatocytes following liver infiltration by HEV-infected immune cells, 
presumably, T cells or NK cells. It was found that infected immune cells delivered HEV to hepatocytes via cell-to-
cell transmission. In HEV-infected patients, NK/NKT cells showed a significant decrease in degranulation activity 
directly related to cytotoxicity41. Based on this finding, it was postulated that HEV is transmitted via impaired 
immunological synapses generated between infected T/NK/NKT cells and hepatocytes. However, further research 
is required to verify this. The liver showed no signs of cell death in the form of either apoptosis or necroptosis. 
Although the TUNEL assay detects only the late stages of apoptosis that follow extensive DNA fragmentation, and 
not the early stages of apoptosis, no satisfactory signals were detected in the liver throughout the experiment42. 
Compared with that in the pancreas, RIP3 expression was stronger in the cytoplasm of hepatocytes, although it 
was substantially lower in the nucleus. RIP3 is a nuclear-cytoplasmic shuttling protein that is phosphorylated in 
the nucleus, and nuclear export of phosphorylated RIP3 to the cytoplasm induces necrosome formation, leading 
to necroptosis43. Therefore, necroptosis of hepatocytes is not induced by insufficient nuclear–cytoplasmic export. 
There are several possible reasons why necroptosis does not occur in the liver. One possibility is associated with 

Figure 4.   Localisation of HEV in the liver and pancreas. (A) Localisation of HEV in the liver sections over 
time; HEV antigens are distributed in the infiltrated immune cells and the perinuclear regions of hepatocytes. 
(B) Localisation of HEV in the pancreatic sections over time; HEV antigens are dominantly distributed in 
the acinar cells. Brown colour indicates HEV. Nuclei were counterstained with Meyer’s haematoxylin. Scale 
bars = 25 μm. HEV hepatitis E virus, sim simvastatin.
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the strain and virulence of the virus. HEV gt3 used in this study may be a low-pathogenic strain as it was isolated 
from the faeces of pigs that did not exhibit significant clinical symptoms. In a previous study in which rabbits 
were inoculated with genotype 1 or 4, ALT levels increased only in rabbits inoculated with genotype 439. Similarly, 
in chimpanzees inoculated with genotype 1, 3, or 4, only chimpanzees inoculated with genotype 4 displayed 
elevated ALT11. A second possibility relates to the dose of HEV used. Clinical and immunological progression of 
HEV in humans and animal models is known to be dose-dependent36,44,45. In this study, the amount of HEV in 
the liver was less than that in the pancreas and was insufficient to induce necroptosis, which may be associated 
with the dose–response pattern of HEV infection. This possible explanation requires verification in high-dose, 
long-term studies using various HEV strains.

Extra-hepatic localisation of HEV has been frequently observed. HEV RNA was localised in the immune 
cells of the lamina propria rather than in enterocytes in the colons of pigs naturally infected with HEV46. In rab-
bit and monkey models, HEV antigens were found in interstitial and infiltrated immune cells39,47. In particular, 
HEV antigens were detected in lymphoid tissues before they were detected in the liver. Thus, lymphoid tissue is 
presumed to be a replication site prior to the liver. Negative-strand-specific RT-PCR confirmed the replication 
of viral RNA in the tonsils and intestines in human HEV-infected pigs before it was detected in the liver48, which 
is in line with the findings in this study.

The presence of HEV in the brain has been observed in various animal models, and the possibility of in vivo 
and in vitro replication in neuronal cells has been reported24,25,49. Peripheral neurological disorders, Guillain-
Barré syndrome, and neuralgic amyotrophy are strongly associated with HEV infection in humans, although this 
has not been experimentally substantiated7,27. Our study not only revealed the presence of HEV in peripheral 
nerves, but also indicated that HEV may be transmitted to the nervous system in a retrograde manner. These 
findings were obtained following intravenous virus inoculation, which has several advantages over the faecal–oral 
route. When HEV enters the host orally, it replicates in the primary site and then spreads to various target organs. 
This process takes a long time, during which the host cells initiate various immune responses. In contrast, upon 
intravenous administration, which results in a high virus titre in the blood from the early stage of infection, the 
virus would have spread more easily. However, our findings provide a rationale for the distribution of HEV in 
the body and the pathogenesis associated with cell damage caused thereby.

Simvastatin administered for immunosuppression and efficient replication of HEV significantly affected only 
the IFN-γ levels. IFN-γ levels increased only in the HEV + sim group at 28 dpi, whereas it was hardly expressed 
in the other groups. This result was presumably associated with the activation of NK/NKT cells during HEV 
infection. NK/NKT cells reportedly are rapidly activated in patients with acute HEV infection50. In addition, 
HCV activates NK cells by consuming IFN-γ51. HEV also consumes IFN-γ during the activation of NK/NKT 
cells. However, IFN-γ levels were elevated in the HEV + sim group, suggesting that simvastatin reduced IFN-γ-
induced MHC class II expression on antigen-presenting cells, thereby lowering the NK/NKT cell activity52–54. 
Simvastatin treatment increased human norovirus infectivity in gnotobiotic pig models, possibly by inhibiting 
innate immunity and lowering cholesterol55. However, the effect of simvastatin on HEV infection in the minia-
ture pig model was limited, presumably due to differences in the infection mechanisms of HEV and norovirus.

In conclusion, the present study showed that HEV gt3 causes pancreatitis in pigs and that injury to pancreatic 
cells is associated with necroptosis. In addition, HEV is distributed to immune cells in various organs, includ-
ing the liver. The miniature pig HEV infection model appears to be more suitable for studying extra-hepatic 
manifestations than for investigating hepatitis caused by HEV.

Figure 5.   Extra-hepatic localisation of HEV. (A) Localisation of HEV in lymphoid tissues, the gastrointestinal 
tract, lungs, kidneys, and nerve tissues. Brown colour indicates HEV. Nuclei were counterstained with Meyer’s 
haematoxylin. Scale bars = 25 μm. (B) Time course of IHC grade for hepatic and extra-hepatic localization of 
HEV. HEV-infected cell proportions were scored as follows: − , none; 1, < 5% positive/total area (400 ×); 2, 5–10% 
positive/total area; 3, > 10% positive/total area. Data represent the mean of each group. DPI day post inoculation.
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Materials and methods
Virus inoculum.  HEV gt3 (GenBank accession no.: MT007930) was obtained from stool samples of natu-
rally infected domestic pigs in Chungcheongnam-do, Korea. A HEV gt3 stool suspension was filtered sequen-
tially through 0.45-µm- and 0.20-µm-pore syringe filters. Sterility was confirmed by incubating the filtered sus-
pension on sheep blood agar plates. The inoculum was tested for the absence of enteroviruses that may cause 
pancreatitis using RT-qPCR20, and was stored at − 70 °C following titration.

Figure 6.   Immunohistochemical analysis of necroptosis in the liver. (A) Representative images of TNF-α 
staining. (B) Representative images of TRAIL staining. (C) Representative images of TUNEL assay. Green 
fluorescence indicates DNA fragmentation. Nuclei were counterstained with DAPI. (D) Representative images 
of RIP3 staining. (E) Representative images of pMLKL staining. (A, B, D, E) Nuclei were counterstained 
with Meyer’s haematoxylin. Scale bars = 25 μm. HEV hepatitis E virus, Sim simvastatin, TRAIL TNF-related 
apoptosis-inducing ligand, TUNEL terminal deoxynucleotidyl transferase dUTP nick-end labelling.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:12022  | https://doi.org/10.1038/s41598-020-68959-3

www.nature.com/scientificreports/

Experimental design.  Thirty 8-week-old SPF Yucatan miniature pigs were tested for the HEV antigen and 
the most significant pig viral pathogens (porcine reproductive and respiratory syndrome virus, classical swine 
fever virus, swine influenza virus, Aujeszky’s disease virus, porcine circovirus type 2) using ELISA. Pigs were 
divided into four groups: (i) group HEV (n = 12) was intravenously injected with 1.2 × 106 genome equivalents 
of HEV gt3; (ii) group HEV + simvastatin (HEV + sim; n = 12) was administered 8 mg/kg of simvastatin via the 
oral route for 6 days prior to virus inoculation, intravenously infected with 1.2 × 106 genome equivalents of HEV 

Figure 7.   Immunohistochemical analysis of necroptosis in the pancreas. (A) Representative images of TNF-α 
staining. (B) Representative images of TRAIL staining. (C) Representative images of TUNEL assay. Green 
fluorescence indicates DNA fragmentation. Nuclei were counterstained with DAPI. (D) Representative images 
of RIP3 staining. (E) Representative images of pMLKL staining. (A, B, D, E) Nuclei were counterstained 
with Meyer’s haematoxylin. Scale bars = 25 μm. HEV hepatitis E virus, sim simvastatin, TRAIL TNF-related 
apoptosis-inducing ligand, TUNEL terminal deoxynucleotidyl transferase dUTP nick-end labelling.
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gt3, and administered 4 mg/kg simvastatin for 5 more days following inoculation; (iii) group mock + simvasta-
tin (mock + sim; n = 3) was treated in a manner similar to group HEV + sim, except for HEV inoculation; and 
(iv) group mock infection (mock; n = 3) was treated with PBS21. All experimental methods were approved by 
the Chung-ang University Institutional Animal Care and Use Committee (approval number: 2016-00071). All 
experiments were performed in accordance with relevant guidelines and regulations.

Plasma and PBMCs were extracted from whole blood collected in heparin tubes using a Lymphoprep density 
gradient centrifuge (Nyegaard A/S, Oslo, Norway). Stool samples were diluted tenfold with PBS and total RNA 
was immediately extracted. Tissue samples were formalin-fixed and paraffin-embedded.

RT‑qPCR.  RT-qPCR was used to detect HEV RNA in faeces, plasma, and PBMCs. The qPCR mixture (25 μl) 
consisted of 9 μl of nuclease-free water, 12.5 μl of Premix Ex Taq (2 ×), forward and reverse primers at 400 nM 
each, probes at 200 nM, and 1 μl of cDNA. RT-qPCRs were run in a Thermal Cycler Dice Real Time System 
(TaKaRa, Shiga, Japan)22.

Determination of ALT and AST concentrations.  ALT and AST concentrations in plasma were meas-
ured on the day of collection using International Federation of Clinical Chemistry (IFCC) methods, on a 7,020 
automatic analyser (Hitachi, Tokyo, Japan).

ELISAs for evaluating IFN levels and seroconversion.  IFN-α and -γ expression and seroconversion 
were determined by ELISA, using a Porcine Interferon α ELISA Kit (Cusabio, Balitmore, MD, USA), a Porcine 
Interferon gamma ELISA Kit (Thermo Fisher, Waltham, MA, USA), and an HEV antibody ELISA Kit (MP Bio-
medicals, Solon, OH, USA).

Histopathology and IHC.  For histopathological examination purposes, tissue slides were stained using 
haematoxylin and eosin. For IHC, slides were deparaffinised and rehydrated, washed, and subjected to antigen 
retrieval. Endogenous peroxidase was quenched and non-specific immunoreactivity was blocked using normal 
serum. Then, the sections were incubated with primary antibodies at room temperature for 1 h. After washing, 
the sections were incubated with biotinylated secondary antibodies, rinsed, and incubated with avidin–biotin-
HRP complex (Vector Laboratories). To visualise immunoreaction sites, the sections were incubated with DAB 
solution (Vector Laboratories) and counterstained with Mayer’s haematoxylin, dehydrated, clarified, and sealed 
using permanent mounting medium under coverslips.

TUNEL assay.  Apoptotic cells in the liver and pancreas were detected by TUNEL assays, using a cell apopto-
sis detection kit (In Situ Death Detection kit, Fluorescein; Roche Applied Science, Mannheim, Germany). Nuclei 
of apoptotic cells emitted green fluorescence, and normal cells were counterstained with DAPI.

Statistical analysis.  All data are expressed as the means ± SDs. Statistical analysis was performed using a 
one-way ANOVA followed by Bonferroni’s post-hoc tests in SPSS version 23 (IBM, NY, USA). A p-value < 0.05 
was considered statistically significant.

Received: 23 March 2020; Accepted: 16 June 2020

References
	 1.	 World Health Organization, R. O. f. S.-E. A. Viral hepatitis in the WHO South-East Asia Region. Available from, https​://apps.who.

int/iris/handl​e/10665​/20652​1 (2011).
	 2.	 Hoofnagle, J. H., Nelson, K. E. & Purcell, R. H. Hepatitis E. N. Engl. J. Med. 367, 1237–1244 (2012).
	 3.	 Said, B. et al. Pork products associated with human infection caused by an emerging phylotype of hepatitis E virus in England and 

Wales. Epidemiol. Infect. 145, 2417–2423 (2017).
	 4.	 England, P. H. Hepatitis E: symptoms, transmission, treatment and prevention. Available from, https​://www.gov.uk/gover​nment​/

publi​catio​ns/hepat​itis-e-sympt​oms-trans​missi​on-preve​ntion​-treat​ment/hepat​itis-e-sympt​oms-trans​missi​on-treat​ment-and-preve​
ntion​ (2019).

	 5.	 Pérez-Gracia, M. T., Mateos Lindemann, M. L. & Montalvo Villalba, M. C. Hepatitis E: current status. Rev. Med. Virol. 23, 384–398 
(2013).

	 6.	 Doceul, V., Bagdassarian, E., Demange, A. & Pavio, N. Zoonotic hepatitis E virus: classification, animal reservoirs and transmission 
routes. Viruses 8, 270 (2016).

	 7.	 Kamar, N., Marion, O., Abravanel, F., Izopet, J. & Dalton, H. R. Extrahepatic manifestations of hepatitis E virus. Liver Int. 36, 
467–472 (2016).

	 8.	 Ma, H. et al. Experimental infection of rabbits with rabbit and genotypes 1 and 4 hepatitis E viruses. PLoS ONE 5, e9160 (2010).
	 9.	 Maneerat, Y., Clayson, E. T., Myint, K. S., Young, G. D. & Innis, B. L. Experimental infection of the laboratory rat with the hepatitis 

E virus. J. Med. Virol. 48, 121–128 (1996).
	10.	 Li, T.-C. et al. Mice are not susceptible to hepatitis E virus infection. J. Vet. Med. Sci. 70, 1359–1362 (2008).
	11.	 McCaustland, K. et al. Hepatitis E virus infection in chimpanzees: a retrospective analysis. Adv. Virol. 145, 1909–1918 (2000).
	12.	 Meng, X.-J. et al. Experimental infection of pigs with the newly identified swine hepatitis E virus (swine HEV), but not with human 

strains of HEV. Adv. Virol. 143, 1405–1415 (1998).
	13.	 Tang, Z.-M. et al. The Bama miniature swine is susceptible to experimental HEV infection. Sci. Rep. 6, 31813 (2016).
	14.	 Jain, P., Nijhawan, S., Rai, R. R., Nepalia, S. & Mathur, A. Acute pancreatitis in acute viral hepatitis. World J. Gastroenterol. WJG 

13, 5741 (2007).

https://apps.who.int/iris/handle/10665/206521
https://apps.who.int/iris/handle/10665/206521
https://www.gov.uk/government/publications/hepatitis-e-symptoms-transmission-prevention-treatment/hepatitis-e-symptoms-transmission-treatment-and-prevention
https://www.gov.uk/government/publications/hepatitis-e-symptoms-transmission-prevention-treatment/hepatitis-e-symptoms-transmission-treatment-and-prevention
https://www.gov.uk/government/publications/hepatitis-e-symptoms-transmission-prevention-treatment/hepatitis-e-symptoms-transmission-treatment-and-prevention


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:12022  | https://doi.org/10.1038/s41598-020-68959-3

www.nature.com/scientificreports/

	15.	 Haffar, S., Bazerbachi, F., Garg, S., Lake, J. R. & Freeman, M. L. Frequency and prognosis of acute pancreatitis associated with acute 
hepatitis E: A systematic review. Pancreatology 15, 321–326 (2015).

	16.	 Dalton, H. R. et al. Host risk factors and autochthonous hepatitis E infection. Eur. J. Gastroenterol. Hepatol. 23, 1200–1205 (2011).
	17.	 Holla, P., Ahmad, I., Ahmed, Z. & Jameel, S. Hepatitis E virus enters liver cells through a dynamin-2, clathrin and membrane 

cholesterol-dependent pathway. Traffic 16, 398–416 (2015).
	18.	 Chang, K.-O. Role of cholesterol pathways in norovirus replication. J. Virol. 83, 8587–8595 (2009).
	19.	 Osuna-Ramos, J. F., Reyes-Ruiz, J. M. & del Ángel, R. M. The role of host cholesterol during flavivirus infection. Front. Cell. Infect. 

Microbiol. 8, 2 (2018).
	20.	 Sitohy, M. et al. The effect of bovine whey proteins on the ability of poliovirus and Coxsackie virus to infect Vero cell cultures. Int. 

Dairy J. 18, 658–668 (2008).
	21.	 Bui, T. et al. Median infectious dose of human norovirus GII 4 in gnotobiotic pigs is decreased by simvastatin treatment and 

increased by age. J. Gen. Virol. 94, 2005–2016 (2013).
	22.	 Jothikumar, N., Cromeans, T. L., Robertson, B. H., Meng, X. & Hill, V. R. A broadly reactive one-step real-time RT-PCR assay for 

rapid and sensitive detection of hepatitis E virus. J. Virol. Methods 131, 65–71 (2006).
	23.	 Lhomme, S. et al. Hepatitis E pathogenesis. Viruses 8, 212 (2016).
	24.	 Drave, S. A. et al. Extra-hepatic replication and infection of hepatitis E virus in neuronal-derived cells. J. Viral Hepatitis 23, 512–521 

(2016).
	25.	 Zhou, X. et al. Hepatitis E virus infects neurons and brains. J. Infect. Dis. 215, 1197–1206 (2017).
	26.	 Tian, J. et al. Brain infection by hepatitis E virus probably via damage of the blood-brain barrier due to alterations of tight junction 

proteins. Front. Cell. Infect. Microbiol. 9, 2 (2019).
	27.	 Pischke, S. et al. Hepatitis E virus: Infection beyond the liver?. J. Hepatol. 66, 1082–1095 (2017).
	28.	 Panepinto, L., Phillips, R., Wheeler, L. & Will, D. The Yucatan minature pig as a laboratory animal. Lab. Anim. Sci. 28, 308–313 

(1978).
	29.	 Meurens, F., Summerfield, A., Nauwynck, H., Saif, L. & Gerdts, V. The pig: a model for human infectious diseases. Trends Microbiol. 

20, 50–57 (2012).
	30.	 Deniel, C. et al. Acute pancreatitis: A rare complication of acute hepatitis E. J. Clin. Virol. 51, 202–204 (2011).
	31.	 Kanno, H., Ozawa, H., Tateda, S., Yahata, K. & Itoi, E. Upregulation of the receptor-interacting protein 3 expression and involve-

ment in neural tissue damage after spinal cord injury in mice. BMC Neurosci. 16, 62 (2015).
	32.	 Tang, D., Kang, R., Berghe, T. V., Vandenabeele, P. & Kroemer, G. The molecular machinery of regulated cell death. Cell Res. 1, 2 

(2019).
	33.	 Pasparakis, M. & Vandenabeele, P. Necroptosis and its role in inflammation. Nature 517, 311 (2015).
	34.	 Pobezinskaya, Y. L. & Liu, Z. The role of TRADD in death receptor signaling. Cell Cycle 11, 871–876 (2012).
	35.	 Wang, G., Qu, F.-Z., Li, L., Lv, J.-C. & Sun, B. Necroptosis: A potential, promising target and switch in acute pancreatitis. Apoptosis 

21, 121–129 (2016).
	36.	 Meng, X. Hepatitis E virus: animal reservoirs and zoonotic risk. Vet. Microbiol. 140, 256–265 (2010).
	37.	 Gupta, P. et al. Immunohistochemistry for the diagnosis of hepatitis E virus infection. J. Viral Hepatitis 19, 2 (2012).
	38.	 Ha, S. K. & Chae, C.-H. Immunohistochemistry for the detection of swine hepatitis E virus in the liver. J. Viral Hepatitis 11, 263–267 

(2004).
	39.	 Han, J. et al. SPF rabbits infected with rabbit hepatitis E virus isolate experimentally showing the chronicity of hepatitis. PLoS ONE 

9, e99861 (2014).
	40.	 Lenggenhager, D. et al. Visualization of hepatitis E virus RNA and proteins in the human liver. J. Hepatol. 67, 471–479 (2017).
	41.	 Das, R. & Tripathy, A. Increased expressions of NKp44, NKp46 on NK/NKT-like cells are associated with impaired cytolytic func-

tion in self-limiting hepatitis E infection. Med. Microbiol. Immunol. 203, 303–314 (2014).
	42.	 Kyrylkova, K., Kyryachenko, S., Leid, M. & Kioussi, C. Odontogenesis 41–47 (Springer, Berlin, 2012).
	43.	 Weber, K., Roelandt, R., Bruggeman, I., Estornes, Y. & Vandenabeele, P. Nuclear RIPK3 and MLKL contribute to cytosolic necro-

some formation and necroptosis. Commun. Biol. 1, 6 (2018).
	44.	 Majumdar, M., Singh, M. P., Goyal, K., Chawla, Y. & Ratho, R. K. Detailed investigation of ongoing subclinical hepatitis E virus 

infections; occurring in outbreak settings of North India. Liver Int. 35, 826–833 (2015).
	45.	 Liver, E. A. EASL clinical practice guidelines on hepatitis E virus infection. J. Hepatol. 68, 1256–1271 (2018).
	46.	 Choi, C. & Chae, C. Localization of swine hepatitis E virus in liver and extrahepatic tissues from naturally infected pigs by in situ 

hybridization. J. Hepatol. 38, 827–832 (2003).
	47.	 Geng, Y. et al. Detection and assessment of infectivity of hepatitis E virus in urine. J. Hepatol. 64, 37–43 (2016).
	48.	 Williams, T. P. E. et al. Evidence of extrahepatic sites of replication of the hepatitis E virus in a swine model. J. Clin. Microbiol. 39, 

3040–3046 (2001).
	49.	 Shi, R. et al. Evidence of hepatitis E virus breaking through the blood–brain barrier and replicating in the central nervous system. 

J. Viral Hepatitis 23, 930–939 (2016).
	50.	 Srivastava, R., Aggarwal, R., Bhagat, M., Chowdhury, A. & Naik, S. Alterations in natural killer cells and natural killer T cells during 

acute viral hepatitis E. J. Viral Hepatitis 15, 910–916 (2008).
	51.	 Oliviero, B. et al. Hepatitis C virus-induced NK cell activation causes metzincin-mediated CD16 cleavage and impaired antibody-

dependent cytotoxicity. J. Hepatol. 66, 1130–1137 (2017).
	52.	 Hodgkinson, C. P. & Ye, S. Statins inhibit toll-like receptor 4-mediated lipopolysaccharide signaling and cytokine expression. 

Pharmacogenet. Genom. 18, 803–813 (2008).
	53.	 Kim, Y. C., Kim, K. K. & Shevach, E. M. Simvastatin induces Foxp3+ T regulatory cells by modulation of transforming growth 

factor-β signal transduction. Immunology 130, 484–493 (2010).
	54.	 Youssef, S. et al. The HMG-CoA reductase inhibitor, atorvastatin, promotes a Th2 bias and reverses paralysis in central nervous 

system autoimmune disease. Nature 420, 78–84 (2002).
	55.	 Jung, K. et al. The effects of simvastatin or interferon-α on infectivity of human norovirus using a gnotobiotic pig model for the 

study of antivirals. PLoS ONE 7, e41619 (2012).

Acknowledgements
S. Jung was supported by National Research Foundation of Korea (NRF) grant funded by the Korean government 
(NRF-2019-Global Ph.D. Fellowship Programme). This research was supported by a grant from the Korea Health 
Technology R&D Project through the Korea Health Industry Development Institute, funded by the Ministry of 
Health & Welfare, Republic of Korea (Grant number: HI16C0973). This research was also supported by a Basic 
Science Research Programme through the National Research Foundation of Korea funded by the Ministry of 
Education (NRF-2018R1A6A1A03025159)



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:12022  | https://doi.org/10.1038/s41598-020-68959-3

www.nature.com/scientificreports/

Author contributions
S.J.: study design, acquisition, analysis, and interpretation of data, statistical analysis and drafting of the manu-
script. D.J.S., D.Y., Z.W., A.M., Z.Z., M.S.: acquisition of data. I.S.C., J.M.: study design, material support. C.C.: 
study design, critical revision of the manuscript for important intellectual content, study supervision.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-68959​-3.

Correspondence and requests for materials should be addressed to C.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-68959-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental infection of hepatitis E virus induces pancreatic necroptosis in miniature pigs
	Anchor 2
	Anchor 3
	Results
	Establishment of HEV gt3 infection in miniature pigs. 
	HEV infection leads to pancreatic injury as well as hepatitis with lymphocytic infiltration. 
	HEV enters various organs via infected immune cells. 
	HEV induces necroptosis, which is the major injury mechanism in the pancreas. 

	Discussion
	Materials and methods
	Virus inoculum. 
	Experimental design. 
	RT-qPCR. 
	Determination of ALT and AST concentrations. 
	ELISAs for evaluating IFN levels and seroconversion. 
	Histopathology and IHC. 
	TUNEL assay. 
	Statistical analysis. 

	References
	Acknowledgements


