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Abstract

Background and Aims: HEV infection is the most common cause of liver in-
flammation, but the pathogenic mechanisms remain largely unclear. We aim
to explore whether HEV infection activates inflammasomes, crosstalk with
antiviral interferon response, and the potential of therapeutic targeting.
Approach and Results: We measured IL-1p secretion, the hallmark of in-
flammasome activation, in serum of HEV-infected patients and rabbits, and in
cultured macrophage cell lines and primary monocyte-derived macrophages.
We found that genotypes 3 and 4 HEV infection in rabbits elevated IL-1p pro-
duction. A profound increase of IL-1p secretion was further observed in HEV-
infected patients (1,733 £ 1,234 pg/mL; n = 70) compared to healthy persons
(731 £ 701 pg/mL; n = 70). Given that macrophages are the drivers of inflam-
matory response, we found that inoculation with infectious HEV particles ro-
bustly triggered NOD-like receptor family pyrin domain-containing 3 (NLRP3)

Abbreviations: ALP, alkaline phosphatase; Casp-1, caspase-1; gRNA, genomic RNA; GTs, genotypes; H&E, hematoxylin-eosin; IFIT1, IFN-induced protein
with tetratricopeptide repeats 1; IFN, interferon; ISG, IFN-stimulated gene; ISRE, interferon-stimulated response element; JAK, Janus kinase; LPS,
lipopolysaccharides; MX1, MX dynamin-like GTPase 1; NLRP3, NOD-like receptor family pyrin domain-containing 3; OASL, 2'-5"-oligoadenylate synthetase-
like; PBMCs, peripheral blood mononuclear cells; PMA, phorbol 12-myristate 13-acetate; RIG-I, retinoic-acid—inducible gene |; STAT1, signal transducer and
activator of transcription 1; UV, ultraviolet; wpi, weeks postinoculation.
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INTRODUCTION

HEV is a nonenveloped single-stranded RNA virus,
encoding three proteins, including ORF1, -2, and -3.
Although only one serotype, there are eight genotypes
(GTs) and at least GTs 1, 2, 3, 4, and 7 have been re-
ported to infect humans.! HEV infection is usually
asymptomatic and self-limiting in healthy persons.
However, acute infection with GT1 HEV in pregnant
women may lead to severe liver inflammation with high
mortality. In immunocompromised organ transplant re-
cipients, exposure to GT3 or -4 HEV bears the high
risk of developing chronic hepatitis E with accelerated
progression to liver fibrosis and cirrhosis.?

HEV-infection—caused liver diseases are intricately
related to dysregulation of immune responses.[3]
Hepatic macrophages, consisting of liver resident
Kupffer cells and monocyte-derived macrophages,
play a central role in immunosurveillance of the ho-
meostatic liver and in initiating inflammatory response
when encountering pathogen invasion. In acute
hepatitis E patients, the frequency of monocytes-
macrophages and dendritic cells are increased com-
pared to healthy controls. However, the phagocytic
activity of macrophages is significantly impaired in
HEV-infected pregnant women who develop acute
liver failure compared to those who do not. Moreover,
several proinflammatory cytokines, including inter-
feron (IFN)-y, TNF-qa, IL-10, and IL-18, have been re-
ported to be increased and associated with adverse
outcomes in HEV patients.[5'6]

Inflammasome activation is a hallmark for the
pathogenesis and progression of many inflammatory
diseases.[’! In human macrophages, inflammasomes
are cytosolic sensors that detect pathogens and
subsequently trigger maturation and release of sev-
eral proinflammatory cytokines, in particular IL-1[3.[8]

inflammasome activation in primary macrophages and macrophage cell lines.
We further revealed that the ORF2 capsid protein and the formed integral
viral particles are responsible for activating inflammasome response. We also
identified NF-kB signaling activation as a key upstream event of HEV-induced
NLRP3 inflammasome response. Interestingly, inflammasome activation an-
tagonizes interferon response to facilitate viral replication in macrophages.
Pharmacological inhibitors and clinically used steroids can effectively target
inflammasome activation. Combining steroids with ribavirin simultaneously
inhibits HEV and inflammasome response without cross-interference.
Conclusions: HEV infection strongly activates NLRP3 inflammasome activa-
tion in macrophages, which regulates host innate defense and pathogenesis.
Therapeutic targeting of NLRP3, in particular when combined with antiviral
agents, represents a viable option for treating severe HEV infection.

Currently, the best-characterized inflammasome is
the NOD-like receptor family pyrin domain-containing
3 (NLRP3) inflammasome. Full activation of the
NLRP3 inflammasome usually requires two signals.
The priming signal is triggered by various pathogen-
associated molecular patterns or damage-associated
molecular patterns, which induce the synthesis of
pro-IL-1p and NLRP3 through activation of NF-kB.
The second signal triggers assembly into the NLRP3
inflammasome complex, leading to caspase-1 auto-
activation, cleavage of pro-IL-1p, and release of the
mature IL-1[3.[9'10]

IFN and inflammatory responses constitute two major
arms of innate immunity. IFN response is the first line
of defense against many viral infections. Pathogens are
recognized by different pattern recognition receptors,
including Toll-like receptors and retinoic-acid—inducible
gene | (RIG-I)-like receptors, and subsequently trigger
IFN production. Secreted IFN binds to their cognate re-
ceptors on the membrane of cells to induce hundreds
of interferon-stimulated genes (ISGs) through the
Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway that eventually counteract
viral infections.'12l we previously have demonstrated
that HEV infection is capable of activating IFN re-
sponse in experimental models and in the liver of acute
HEV patients.'"®! However, the field remains open for
study on whether HEV infection activates the inflam-
masome and the possibility of interacting with antiviral
IFN response.

This study explored in vivo evidence of inflam-
masome activation in HEV-infected rabbits and
patients by measuring IL-1p secretion in serum, a hall-
mark of inflammasome activation. We next investigated
the mechanism of action, crosstalk with antiviral IFN
response, and potential of therapeutic targeting in cul-
tured human macrophages.
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PATIENTS AND METHODS
Patient materials

Serum of HEV-infected patients (n = 70) and healthy
persons (n = 70) were retrieved at The Fifth Medical
Center of Chinese PLA General Hospital (Beijing,
China). Concentrations of IL-1p were measured by
ELISA. Four liver biopsies from patients diagnosed with
acute or chronic hepatitis E were stained with anti-HEV
ORF2 antibody and hematoxylin-eosin (H&E). One bi-
opsy from a hepatic hemangioma patient without HEV
infection served as a control. This study was approved
by the medical ethical committee of the Fifth Medical
Center of Chinese PLA General Hospital. Informed
consent was waived by IBR.

HEYV infection in rabbits

White rabbits were inoculated with GT3 (GenBank
Accession: JX109834) and GT4 (GenBank Accession:
MT993748) HEV as described.™ Blood samples were
collected preinoculation and every 2 weeks after for
measuring IL-1p. Viral titers were quantified in collected
fecal samples by qRT-PCR. Liver tissues were stained
with H&E. The animal study was approved by the
Committee of Laboratory Animal Welfare and Ethics,
Peking University Health Science Center, China.

Cell culture
Human monocytic cell lines (THP-1, HL60, and
U937) were cultured in RPMI 1640 medium

(ThermoFisherScientific, Waltham, MA, USA), comple-
mented with 10% (v/v) inactivated fetal bovine serum
(FBS) with 100 1U/mL of penicillin and 100 mg/mL of
streptomycin. For macrophage differentiation, THP-1
and HL60 cells were treated with 15 and 40 ng/mL of
phorbol 12-myristate 13-acetate (PMA) at 37°C for 48
hours, respectively. Then, cells were cultured for an-
other 24 hours without PMA.

Primary macrophages were differentiated from
monocytes as described.["®! Briefly, peripheral blood
mononuclear cells (PBMCs) were isolated from healthy
donors (Sanquin, The Netherlands) by Ficoll density
gradient centrifugation. Monocytes were isolated from
PBMCs through plastic adherence in Iscove’s modi-
fied Dulbecco’s medium (IMDM), supplemented with
2% human serum. Obtained monocytes were cultured
in IMDM (with ultraglutamine), complemented with
8% (v/v) inactivated FBS, 1% penicillin/streptomycin,
and 50 ng/mL of macrophage colony-stimulating fac-
tor, for 7 days to generate macrophages. Expression
of monocyte (day 0) markers and macrophage (day 7)
markers was analyzed by flow cytometry. All samples

were measured on a FACSCanto Il flow cytometer (BD
Biosciences) and analyzed using FlowJo software (ver-
sion 10.6.1; Tree Star, Inc.).

For the IFN-stimulated response element (ISRE) re-
porter model (Huh7-ISRE-Luc), human hepatic Huh7
cells were transduced with a lentiviral transcriptional
reporter system expressing the firefly luciferase gene
driven by a promoter containing multiple ISRE pro-
moter elements (SBI Systems Biosciences, Mountain
View, CA, USA). Luciferase activity represents ISRE
promoter activation. Huh7-HCV-luciferase cells con-
tained a subgenomic HCV bicistronic replicon (1389/
NS3-3V/LucUbiNeo-ET) and were maintained with 250
pg/mL of G418. All cells were maintained at 37°C in a
5% CO, atmosphere.

HEV models

GTs 1, 3, and 7 full-length, and GT3 subgenomic, HEV
genomic RNA (gRNA) were produced by using the
Ambion mMMESSAGE nMACHINE in vitro RNA tran-
scription kit. The p6 subgenomic HEV replicon (p6-Luc)
contains a Gaussia princeps luciferase reporter gene.

Viral replication was tested in THP-1 cells electro-
porated with full-length and subgenomic RNA. HL60
and U937 cells were electroporated with full-length
HEV gRNA or inoculated with infectious virus particles
to monitor the level of viral replication. Infectious HEV
particles were produced from Huh7 cells eletroporated
with GT3 HEV RNA.

Coculture of macrophages with Huh7 cells
harboring HEV

THP-1 cells were treated with 15 ng/mL of PMA at 37°C
for 48 hours. Then, cells were cultured for another 24
hours without PMA. Coculture of THP-1 macrophages
with Huh7-p6 or Huh7-p6-Luc cells was established
at a ratio of 1:4, mimicking the relative percentages of
these cell populations in the human liver.

Statistical analysis

GraphPad Prism software (version 7; GraphPad
Software Inc., La Jolla, CA) was used for data analy-
sis, using a Mann-Whitney U test. All results are pre-
sented as mean  SD. p values <0.05 (single asterisks
in figures) were considered statistically significant,
whereas p values <0.01 (double asterisks), 0.001 (tri-
ple asterisks), and 0.0001 (four asterisks) were consid-
ered highly significant. Correlation was evaluated using
Pearson’s correlation coefficient.

Additional materials and methods are presented in
the Supporting Information.
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RESULTS

HEV infection significantly elevates IL-1f
secretion, the hallmark of inflammasome
activation, in rabbits and patients

To search in vivo evidence on whether HEV infection
activates inflammasome response, we initially tested a
rabbit model inoculated with GT3 or -4 HEV (Figure 1A).
Successful infection was confirmed by virus shedding
in fecal samples (Figure 1B,D) and histology of liver tis-
sues showing evidence of inflammatory cells and lym-
phocytes infiltration (Figure 1A). The dynamics of IL-1p
secretion and HEV shedding were analyzed for each
inoculated rabbit over time (Figure S1A-D). IL-1B level in
the serum of rabbits inoculated with GT3 HEV peaked
at 6 weeks postinoculation (wpi), although it was not
statistically significant (Figure 1C). This was confirmed
in GT4 HEV-inoculated rabbits. In particular, at 4 wpi,
there was a significant elevation of IL-1p level in serum
(n=9; p<0.01; Figure 1E).

Next, we evaluated an HEV patient cohort who were
admitted to the hospital because of complications and
matched with healthy controls. Immunohistochemical
staining showed positivity of HEV ORF2 expression in
hepatocytes, and histology showed evidence of liver
inflammation (Figure 1F). Stratifying by anti-HEV IgM
status, we found significantly higher levels of IL-1p in
the serum of HEV-infected patients (1,733 + 1,234 pg/
mL; n =70) compared to healthy persons (731 + 701 pg/
mL; n = 70; Figure 1G). We further divided healthy per-
sons into two groups: never encountered HEV (IgM™/
IgG~; n = 51) or historically exposed to HEV (IgM/1gG™;
n = 19). We found no significant difference in IL-1§ level
between these two subgroups, further supporting that
only ongoing HEV infection elevated IL-13 secretion
(Figure 1H). In addition, IL-1f level in serum was not
affected by sex and age (Figure S1E,F).

We next analyzed the potential association of HEV-
induced IL-1p secretion with biomarkers related to liver
functions and diseases (Table S1). We found that al-
kaline phosphatase (ALP) was positively (Figure 1),
whereas prealbumin was negatively (Figure 1J), cor-
related with IL-1p production. Taken together, our
results from rabbits and patients strongly indicated
inflammasome activation triggered by HEV infection,
which provoked us to further study the mechanism.

Inoculation of HEV activates NLRP3
inflammasome in human primary
macrophages and macrophage cell lines

Monocytes and macrophages are the key drivers of
pathological inflammation. A recent study has reported
that HEV is capable of infecting human monocytes and
macrophages.'® We found that the undifferentiated

human THP-1 monocyte cell line supports the repli-
cation of HEV by using the GT3 subgenomic (p6-luc)
and full-length HEV (p6) models (Figure S2A-C). Naive
Huh? cells inoculated with conditioned cell-culture me-
dium from HEV-infected THP-1 cells resulted in active
infection shown at viral RNA and protein levels (Figure
S2D,E). Infection was also reached in other myeloid
cell lines, including HL60 and U937 cells (Figure S2F-
H). IFN-a treatment inhibited HEV infection in THP-1
and HL60 cells (Figure S2I-M), but appeared to have
facilitated viral replication in U937 cells with different
patterns of downstream ISG induction (Figure S2N,O).

We next tested THP-1 and HL60 macrophages
differentiated by PMA treatment and confirmed their
susceptibility to HEV infection (Figure S2P,Q). We
further established that primary human macrophages
differentiated from monocytes using isolated PBMCs
(Figure 2A). We have characterized their phenotype
by flow cytometry analysis of surface marker expres-
sion (Figure S2R). Consistently, human primary macro-
phages also moderately supported viral replication upon
inoculation of HEV particles (Figure S2S). Collectively,
human monocytes and macrophages appear to sup-
port the full life cycle of HEV infection, although at a
low level of viral replication. However, inoculation of
HEV failed to induce IL-1f secretion in undifferentiated
THP-1 monocytes (Figure S2T,U).

We thus investigated whether HEV can activate in-
flammasome response in monocyte-derived human
primary macrophages (Figure 2A). We found that HEV
inoculation significantly activated IL-13 mRNA expres-
sion (Figure 2B) and protein secretion (Figure 2C), al-
though to a substantially lower level, as compared to
the positive control treated with lipopolysaccharides
(LPS) together with ATP. Effective activation of IL-1p
MRNA expression (Figure 2D) and protein secretion
(Figure 2E) were observed in the HL60 macrophage
cell line. Finally, we demonstrated a robust induction
of IL-1p mRNA expression (Figure 2F) and IL-1p pro-
duction (Figure 2G) in THP-1 macrophages upon HEV
inoculation, comparable to that of LPS stimulation.
Activation of both IL-1p mRNA and protein was rapid
and reached a plateau at 12 hours postinoculation.
Concentrations of released IL-14 in the supernatant
of THP-1 macrophages were 378 + 285 pg/mL at 12
hours, 294 + 179 pg/mL 24 hours, and 369 + 225 pg/
mL at 48 hours (Figure 2G). Western blotting confirmed
the secretion of matured IL-1p into cell supernatant
(Figure 2H). Intracellular protein expression of the in-
flammasome effector, caspase-1 (Casp-1), was dramat-
ically activated by HEV infection, and cleaved Casp-1
protein was detected in cell supernatant (Figure 2H).
Importantly, we observed NLRP3 inflammasome as-
sembly triggered by HEV (Figure 2I). This activation
by LPS or HEV could be specifically and profoundly
blocked by treatment with MCC950 (NLRP3 inhibitor)
or VX-765 (Casp-1 inhibitor; Figure 2J,K).
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Taken together, both monocytes and macrophages
moderately supported HEV infection, but macrophage
is likely a key cell type for HEV-targeted NLRP3 inflam-
masome activation.

HEV gRNA only moderately activates
inflammasome response

To dissect which viral components are responsible for
inflammasome response, we initially tested whether
HEV gRNA is a potential inflammasome stimulus. RNA
was produced by in vitro transcription of linearized HEV
plasmid constructs. Transfection of GT3 HEV RNA into
THP-1 macrophages significantly induced IL-1 mRNA
transcription (Figure 3A) and secretion of mature IL-1p
(Figure 3B,C). This was further confirmed by transfec-
tion of GT1 and -7 HEV RNA (Figure 3D-F), suggest-
ing a pangenotype effect (Figure 3G). Consistently, all
three genotypes of HEV RNA induced the expression
of several proinflammatory cytokines in THP-1 cells
(Figure S3A-C). In addition, inoculation of primary
macrophages with HEV particles also induced the ex-
pression of proinflammatory cytokines (Figure S3D).
However, level of IL-1p production was much lower by
HEV-RNA transfection (30-60 pg/mL) compared to that
of inoculating HEV particles (300-500 pg/mL; Figures
2G and 3H), suggesting that HEV genome per se is
likely not the main activator of inflammasome response.

The ORF2 capsid protein and the integral
HEV particle in particular robustly activate
inflammasome response

We explored whether ultraviolet (UV)-inactivated HEV
particles that have lost infectivity in macrophages
(Figure S3E) can trigger inflammasome response.
Surprisingly, exposure of UV-inactivated HEV largely
retained the capacity of inducing IL-1p production in
THP-1 macrophages, comparable to that of inoculat-
ing infectious HEV particles (Figure 3H,I). UV irradia-
tion damages viral RNA to prevent viral replication, but
preserves the integrity of the immunological epitopes.
In contrast, heat treatment can inactivate viruses by de-
naturing the secondary structures of proteins and thus
is expected to disrupt the integrity of HEV particles.

Next, we perfumed heat inactivation of cell-culture—
produced infectious HEV particles and confirmed the
loss of their infectivity (Figure S3F). We found that heat-
inactivated HEV remained capable of inducing IL-1p
production, but had lost >50% of potency (Figure 3J,K).
These results suggest that integrity of the physical
structure of the HEV particle is essential, but the dis-
rupted capsid proteins may retain some activity in trig-
gering inflammasome activation.

Finally, we used purified recombinant ORF2 protein
produced by yeast.[m Incubation of THP-1 macrophages
with ORF2 protein effectively triggered IL-1f mRNA
expression (Figure S3G) and IL-1p protein secretion
(Figure 3L). These results collectively indicate that the
ORF2 capsid protein and the integral HEV particle in par-
ticular are robust activators of inflammasome response.

NF-xB signaling activation by HEV is
essential for NLRP3 inflammasome
response

NF-kB, a family of inducible transcription factors, regu-
lates a large number of genes involved in immune and
inflammatory responses. To determine whether the
NF-xB pathway is activated by HEV infection, THP-1
macrophages were inoculated with HEV particles. HEV
infection induced nuclear translocation of RelA, a hall-
mark of NF-kB activation, comparable to the positive
control of TNF-a treatment (Figure 4A). In general, IL-1f
activation is regulated by two signals, including pro-I1L-1p
mRNA transcription regulated by NF-xkB and the pro-
cessing of IL-1p mediated by NLRP3 inflammasome.'®!
We have confirmed that HEV triggers NLRP3 inflamma-
some assembly in human macrophages (Figure 2I,K).
To assess the biological functions of NF-xB on HEV-
induced NLRP3 inflammasome response, we used a
pharmacological inhibitor of NF-xB (BAY11 7085). In the
positive control treated with LPS, the induction of IL-1p
production, IL-14 maturation, and Casp-1 cleavage were
effectively blocked by this inhibitor (Figure 4B,D). Similar
effects were observed in THP-1 macrophages infected
with HEV (Figure 4C,E). For example, the concentration
of IL-1p in supernatant treated with BAY11 7085 was sig-
nificantly reduced to 124 + 15 pg/mL, compared to 422
+ 84 pg/mL in HEV-infected cells without BAY11 7085
treatment (Figure 4C). Overall, the potency of the NF-xB
inhibitor in inhibiting NLRP3 inflammasome activation
is comparable to that of MCC950 or VX-765 (Figures
2J,K and 4B-E). Of note, these inhibitors alone did not
affect the basal level of IL-1p secretion and cell viability
(Figure S4A-C). These results collectively suggest that
NF-xB activation is likely a key upstream event priming
HEV-triggered NLRP3 inflammasome response.

HEV RNA triggers robust antiviral IFN
response in macrophages

Inflammasome activation and IFN response have been
reported to cooperatively orchestrate viral and bacterial
infections.l'®2% We have previously demonstrated that
HEV potently induces IFN response in hepatocytes of
the patient liver, and viral RNA is the main inducer of
IFN response.m] It is interesting to investigate whether
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HEYV infection significantly elevates IL-1p secretion, the hallmark of inflammasome activation, in rabbits and patients. (A)

Rabbits were inoculated with GT3 and -4 HEV. Histology showing liver inflammation in infected, but not in the control, animals.

(B,C) Shedding of GT3 HEV into feces and secretion of IL-1p into blood were measured at 0, 2, 4, 6, or 8 wpi. (D,E) Shedding of GT4 HEV
and secretion of IL-1p were measured at 0, 2, and 4 wpi. (F) i is control tissue, which was derived from a hepatic hemangioma patient
without HEV infection. i showed no clear liver injury. ii, iii, iv, and v tissues were from 4 different HEV-infected patients, respectively,
showing different histological/pathological features. ii shows apparent cholestasis in hepatic bile capillary with pigment-containing
granulocytophagous cells. iii shows infiltration of inflammatory cells in the portal area. iv shows an enlarged portal area with abundant
inflammatory cells with a tendency of fibrosis. v shows some punctate necrosis and infiltration of a small amount of inflammatory cells in
the portal area. (G) IL-1p levels in serum of patients (IgM positive; n = 70) and healthy persons (IgM negative; n = 70) were determined by
ELISA. (H) IL-1p levels in serum of patients (IgM positive; n = 70) and in healthy controls who never encountered HEV (IgM~/IgG™~; n = 19) or
who were historically exposed to HEV (IgM™/IgG"; n = 51). Correlations between ALP (1) or prealbumin (J) and IL-1p were analyzed. Data are
means * SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Abbreviations: CTR, control; NS, not significant (Mann-Whitney U test); P,

patient
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FIGURE 2

Inoculation of HEV activates NLRP3 inflammasome in human primary macrophages and macrophage cell lines. (A)

Schematic illustration of generating primary macrophages from PBMC-derived monocytes. Primary macrophages and HL60 macrophages
were inoculated with HEV for 24 hours or treated with LPS (400 ng/mL) for 6 hours, followed by ATP (5 mM) for 40 minutes. IL-13 mRNA
(B,D) and protein (C,E) levels were quantified by qRT-PCR (n = 4-6) and ELISA (n = 4-6), respectively. THP-1 macrophages were inoculated
with HEV for 12, 24, or 48 hours or treated with LPS (400 ng/mL) for 6 hours, followed by ATP (5 mM) for 40 minutes. IL-1p mRNA (F) and
protein (G) levels were quantified by gqRT-PCR (n = 8) and ELISA (n = 4), respectively. (H) Mature IL-1p and cleaved Casp-1 in supernatant
or pro-IL-1p, pro-Casp-1, and NLRP3 in lysates were determined by western blotting. (I) THP-1 macrophages were inoculated with HEV for
24 hours or treated with LPS (400 ng/mL) for 6 hours, followed by ATP (5 mM) for 40 minutes. Subcellular localizations of NLRP3 (green)
and the nucleus marker, DAPI (blue), were examined under confocal microscopy. (J) THP-1 macrophages were pretreated with 50 uM of
Casp-1 inhibitor (VX-765) or 10 uM of NLRP3 inhibitor (MCC950) for 2 hours and then were treated with LPS (400 ng/mL) or LPS (400 ng/
mL) plus 50 pM of Casp-1 inhibitor (VX-765) or 10 uM of NLRP3 inhibitor (MCC950) for 6 hours, followed by ATP (5 mM) for 40 minutes.
IL-1B level in supernatant was quantified by ELISA (n = 4). (K) THP-1 macrophages were pretreated with 50 uyM of Casp-1 inhibitor (VX-
765) or 10 uM of NLRP3 inhibitor (MCC950) for 2 hours and then were incubated with HEV plus 50 yM of Casp-1 inhibitor (VX-765) or 10
UM of NLRP3 inhibitor (MCC950) for 24 hours. IL-1f level in supernatant was quantified by ELISA (n = 4). NLRP3 inflammasome is marked
by an arrow. Data were normalized to the control (CTR; set as 1). Data are means = SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Abbreviations: NS, not significant (Mann-Whitney U test); Super, supernatant

HEV also activates IFN response in macrophages and
whether there is crosstalk with inflammasome response.

We found that inoculation of primary macrophages
with HEV particles significantly, but moderately, in-
duced the expression of IFN-f (Figure 5A) and down-
stream several antiviral ISGs (e.g., STAT1, IFN-induced
protein with tetratricopeptide repeats 1 [IFIT1], and
2'-5'-oligoadenylate synthetase-like [OASL]; Figure 5B).
In contrast, transfection of in vitro transcribed GT3 HEV
RNA in THP-1 macrophages resulted in a robust induc-
tion of type 1 (IFN-a and IFN-B) and type 3 IFN (IFN-
M and IFN-A2) genes (Figure 5C and Figure S5A) and
ISG expression, including STAT1, IFIT1, myxovirus re-
sistance gene A, melanoma differentiation-associated
gene 5 (MDA5), and RIG-I (Figure 5C and Figure
S5A,B).

To examine whether functional IFNs are produced,
we collected conditioned medium from the transfected
cells (supernatant; Figure S5C) and performed an ISRE-
based IFN reporter assay and a highly IFN-sensitive
HCV replicon. We found that conditioned medium
treatment strongly increased ISRE luciferase activity
(Figure 5D) and inhibited HCV replication (Figure 5E).
Similar results were observed in HL60 macrophages
(Figure 5F-H). Furthermore, GT1 and -7 HEV RNA also
effectively triggered IFN response (Figure 5I-N). These
results demonstrated that HEV gRNA, irrespective of
genotype, can robustly trigger antiviral IFN response in
macrophages.

Reciprocal antagonism between HEV-
induced inflammasome activation and
antiviral IFN response

Given that the JAK-STAT pathway mediates IFN re-
sponse to induce ISG expression,[zﬂ treatment with
JAK inhibitor 1 almost completely blocked HEV-induced
STAT1 phosphorylation (Figure 6A) and ISG expres-
sion (Figure 6A,B and Figure S6A) in THP-1 mac-
rophages. Expression of IFN genes was also largely
demolished (Figure 6C and Figure S6B). Treatment

with the recombinant viral 136R/Y136 protein, an IFN
receptor inhibitor, also profoundly inhibited the expres-
sion of HEV-induced IFNs and ISGs (Figure 6D,E and
Figure S6C,D).

Interestingly, blocking IFN response enhanced HEV-
induced IL-1p production and activation (Figure 6F,G).
Conversely, blocking inflammasome response by Casp-1
inhibitor (VX-765) and NLRP3 inhibitor (MCC950) signifi-
cantly increased HEV-induced type 1 (IFN-a and IFN-f)
and type 3 (IFN-A1 and IFN-A2) IFN gene expression
in THP-1 macrophages (Figure 6H and Figure S6E).
Consistently, the induction of ISGs, including IFIT1, MX
dynamin-like GTPase 1 (MX1), and OASL, was also
markedly augmented (Figure 61 and Figure S6F). This
may explain why treatment with inflammasome inhibi-
tors significantly (although moderately) inhibited HEV
replication in THP-1 macrophages (Figure 6J). These
results suggest an active crosstalk between the HEV-
induced inflammasome and IFN response, showing re-
ciprocal antagonism.

Therapeutic targeting NLRP3
inflammasome and combining with
antiviral therapy

Because of pathological hyperinflammation in severe
acute HEV infection, we hypothesize that antiviral
therapy alone is insufficient, whereas combining tar-
geted anti-inflammatory treatment may be necessary.
We demonstrated that a preclinical pharmacological
inhibitor effectively inhibited HEV-induced NLRP3 in-
flammasome activation (Figure 2K). However, iden-
tifying inflammasome inhibitors from U.S. Food and
Drug Administration—approved medications would
facilitate expedited clinical application. Steroids, the
classical anti-inflammatory drugs, have been shown to
exert clinical benefits in severe COVID-19 patients.??
Interestingly, we found that both dexamethasone and
prednisone significantly attenuated HEV-induced IL-1p
production and secretion in macrophages (Figure 7A-
C), suggesting targeting of inflammasome activation.
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Given that hepatocytes are the primary targets of
HEV infection, we investigated the effects of steroids in
two Huh7-based HEV models: the subgenomic replicon
and infectious model (Figure 7D). Overall, treatment with
dexamethasone or prednisone had minimal effects on

HEV replication and did not interfere with the antiviral ac-
tivity of ribavirin (Figure 7E-G), supporting the applicability
of combing inflammasome inhibitor with antiviral therapy.
Finally, we established a coculture system of Huh7 with
THP-1 macrophages for assessing combination therapy
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FIGURE 3 Integrity of HEV particle and ORF2 protein, but not HEV gRNA, potently activates inflammasome response. THP-1
macrophages were transfected with GT3 HEV for 24 hours, and IL-1p mRNA (A) was quantified by qRT-PCR (n = 4). IL-1p protein level

(B) in supernatant was quantified by ELISA (n = 4), and (C) mature IL-1p and cleaved Casp-1 in supernatant were determined by western
blotting. THP-1 macrophages were transfected with GT1 and -7 HEV for 24 hours. IL-18 mRNA (D) was quantified by gRT-PCR (n = 6), and
IL-1p protein in supernatant (E) was quantified by ELISA (n = 6). (F) Mature IL-1p in supernatant or pro-IL-1p in lysates were determined

by western blotting. (G) Phylogenetic tree of HEV complete genome sequences. Three representative HEV strains (GenBank Accession
Numbers: AF444002, JQ679013, and KJ496144) used in this study are indicated. THP-1 macrophages were inoculated with infectious HEV
and UV- and heat-inactivated HEV. (H,J) IL-1p protein in supernatant was quantified by ELISA (n = 6). (I,K) Mature IL-1p in supernatant and
pro-IL-1f in lysates were determined by western blotting. (L) THP-1 macrophages were incubated with 50 ug/mL of purified recombinant
ORF2 protein, and IL-13 was measured by ELISA after 24 hours (n = 6). Data were normalized to the control (CTR; set as 1). Data are
means * SD. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations: NS, not significant (Mann-Whitney U test); Super, supernatant
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FIGURE 4 NF-kB signaling activation by HEV is essential for NLRP3 inflammasome response. (A) THP-1 macrophages were
inoculated with HEV or treated with TNF-a (100 ng/mL) for 24 hours. Subcellular localizations of NF-kB (green) and the nucleus marker,
DAPI (blue), were examined under confocal microscopy. (B) THP-1 macrophages were pretreated with 10 uM of NF-xB inhibitor (BAY11
7085) for 2 hours and then treated with LPS (400 ng/ml) or LPS (400 ng/mL) plus 10 uM of NF-kB inhibitor (BAY11 7085) for 6 hours,
followed by ATP (5 mM) for 40 minutes. IL-1p level in supernatant was quantified by ELISA (n = 4). (C) THP-1 macrophages were pretreated
with 10 uM of NF-kB inhibitor (BAY11 7085) for 2 hours and then inoculated with HEV plus 10 uM of NF-xB inhibitor (BAY11 7085) for 24
hours. IL-1p level in supernatant was quantified by ELISA (n = 4). (D) Mature IL-1f and cleaved Casp-1 in supernatant or pro-IL-1p and
NLRP3 in lysates were determined after LPS plus NF-«xB inhibitor treatment by western blotting. (E) Mature IL-1p and cleaved Casp-1

in supernatant or pro-IL-1p and NLRP3 in lysates were determined after HEV infection plus NF-xB inhibitor by western blotting. NF-xB
activation is marked by an arrow. Data were normalized to the control (CTR; set as 1). Data are means + SD. *p < 0.05; **p < 0.01;

***p < 0.001; Abbreviations: NS, not significant (Mann-Whitney U test); Super, supernatant

(Figure 7H). In this system, the combination of dexa- affecting the steroid-mediated inhibition of IL-1p produc-
methasone or prednisone with ribavirin simultaneously tion (Figure 7K). Conversely, steroids did not compromise
inhibited viral replication (Figure 71,J) and HEV-induced the anti-HEV activity of ribavirin (Figure 71,J). These re-
IL-1p production (Figure 7K), without evidence of cross- sults demonstrated a proof of concept of combining an
interference or affecting cell viability (Figure S7). Ribavirin antiviral agent with an inflammasome inhibitor to simulta-
significantly inhibited HEV replication (Figure 71,J) without neously inhibit infection and inflammation.
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FIGURE 5 HEV RNA triggers robust antiviral IFN response in macrophages. Primary macrophages were inoculated with HEV for

24 hours. IFN-B (A) and ISG (B) gene expression was quantified by gqRT-PCR (n = 4-6). THP-1 macrophage cells were transfected with
GT3 HEV RNA (50 or 200 ng/well in 48-well plates). Expression levels of IFNs and ISGs (C) were quantified at 48 hours (n = 4). (D) ISRE
luciferase value and (E) HCV luciferase value were measured at 48 hours after the treatment of conditioned medium from THP-1 cells
transfected with GT3 HEV RNA (n = 6). HL60 macrophage cells were transfected with GT3 HEV RNA. Expression levels of ISGs (F)

and IFNs (G) were quantified at 48 hours (n = 5). (H) HCV luciferase value was measured at 48 hours after the treatment of conditioned
medium from HL60 cells transfected with GT3 HEV RNA (n = 7). THP-1 macrophage cells were transfected with and GT1 or -7 HEV RNA.
Expression levels of IFNs (I,L) and ISGs (J,M) were quantified at 48 hours (n = 8). HCV luciferase value was measured at 48 hours after
the treatment of conditioned medium from THP-1 cells transfected with GT1 (K) or GT7 (N) HEV RNA (n = 4). Data were normalized to the
control (CTR; set as 1). Data are means + SD. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations: NS, not significant (Mann-Whitney U test);

OAS3, 2'-5'-oligoadenylate synthetase 3

DISCUSSION

This study has provided compelling evidence that HEV
infection, in rabbits and patients, activates inflamma-
some response. We further demonstrated macrophage
as a key cell type in initiating the NLRP3 inflammasome
in response to HEV infection. We detailed and char-
acterized the mechanism of actions and demonstrated
a proof of concept of therapeutic targeting of HEV-
triggered inflammasome activation.

In healthy persons, HEV infection is usually asymp-
tomatic and self-limiting without evidence of causing
inflammation. In contrast, acute hepatitis E in pregnant
women can manifest severe liver diseases featured
by massive inflammatory response. In HEV-infected
pregnant women, higher levels of proinflammatory cy-
tokines, including TNF-a, IL-6, and IFN-y, are associ-
ated with adverse pregnancy outcome.?? In this study,
we observed histological evidence of liver inflammation
in HEV-infected rabbits and hospitalized HEV patients.
Importantly, HEV infection resulted in a dramatic eleva-
tion of IL-1p, particularly in HEV patients. In these pa-
tients, IL-1p level was positively corrected with ALP, but
negatively associated with prealbumin, suggesting that
inflammasome activation may contribute to poor liver
functions and more-advanced disease stages. Our pa-
tients, although not pregnant women, have developed
complications by the infection. The disease severity of
our patients is likely very mild compared to that in HEV-
infected pregnant women. We thus speculate that the
level of inflammasome activation in HEV-infected preg-
nant women could be much more robust.

Monocytes and macrophages in the liver play a key
role in inflammasome-mediated defense against viral
or bacterial infections.?% Macrophages are the major
cell type initiating inflammasome response in the liver.
Gram-negative bacteria and their products and LPS
entering into the liver by the gut-liver axis can trigger
macrophage activation, leading to the production of
a large amount of inflammatory cytokines through in-
flammasome activation. In HCV-infected patients, IL-1p
production by macrophages confers liver inflamma-
tion through HCV-induced inflammasome signaling.
The production of a variety of cytokines, such as IL-
6, IL-8, and IL-1p, in particular is associated with HCV

infection and liver disease severity.[zs] Although mac-
rophages are not permissible to HCV infection, HCV
can indirectly trigger NLRP3 inflammasome response
and IL-1p production in human macrophages.[%] This
is mainly through the phagocytosis of HCV particles
or viral components by macrophages.[26'27] In HEV-
infected pregnant women, increased frequencies of
monocytes-macrophages and dendritic cells have
been observed.”! We and others have shown that both
human monocytes and macrophages are permissive to
HEYV infection.['® We found that HEV infection robustly
activates NLRP3 inflammasome in human primary
macrophages and macrophage cell lines. Because of
the distinct susceptibility to HCV and HEV infections,
the mechanisms in activating the inflammasome in
macrophages could be very different by these two hep-
atotropic viruses.

Upon entry into host cells, HEV particles release
their viral genome to initiate the replication process.
In this study, we demonstrated that direct transfection
of HEV gRNA, irrespective of genotypes, can mod-
erately activate the inflammasome in macrophages.
HCV gRNA has also been reported to activate NLRP3
inflammasome in human myeloid cells, 28 despite
that HCV RNA is not capable of replicating in these
cells. Although both HCV and Zika virus are from the
Flaviviridae viral family, Zika virus RNA is not involved
in NLRP3 inflammasome activation and IL-1p secre-
tion.’®! We think HEV RNA is not the main activator
of the inflammasome, because inoculation of infectious
virus particles elicited much stronger activation.

More interestingly, inoculation with UV-inactivated
HEV particles exerted a comparable level of inflam-
masome activation. UV irradiation damages the HEV
genome to prevent replication, but preserves the integ-
rity of viral particles. This suggests that exposure to the
viral particle rather than active infection is required for
inflammasome activation in macrophages. When the
viral structure was damaged by heat inactivation, we
found a dramatic reduction, but a retained ~45% ac-
tivity, in triggering IL-1p production. This indicates that
the disrupted capsid proteins are likely also capable
of activating the inflammasome. Indeed, incubation of
macrophages with recombinant ORF2 protein effec-
tively activates IL-1p gene transcription and protein
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FIGURE 6 Crosstalk between HEV-induced inflammasome activation and antiviral IFN response. (A) THP-1 macrophage cells

were transfected with GT3 HEV RNA or GT3 HEV RNA plus JAK inhibitor 1 for 24 hours. Protein expression of STAT1 and p-STAT1

was determined by western blotting. THP-1 macrophages were transfected with GT3 HEV RNA or GT3 HEV RNA plus JAK inhibitor 1

for 24 hours, and expression levels of ISGs (B) and IFNs (C) were quantified at 24 hours by qRT-PCR (n = 4). THP-1 macrophages were
transfected with GT3 HEV RNA or GT3 HEV RNA plus recombinant viral 136R/Y136 for 24 hours, and expression levels of IFNs (D)

and ISGs (E) were quantified at 24 hours (n = 4). THP-1 macrophages were infected with HEV or HEV plus JAK inhibitor 1 (10 M) or
recombinant viral 136R/Y136 (1,000 ng/mL) for 24 hours. IL-1p level in supernatant was quantified by ELISA (n = 4) (F), and mature IL-1p
in supernatant and pro-IL-1f in cell lysates were quantified by western blotting (G). THP-1 macrophages were inoculated with HEV or HEV
with 50 uM of Casp-1 inhibitor (VX-765) or 10 uM of NLRP3 inhibitor (MCC950) for 24 hours. Expression levels of IFNs (H) and ISGs (1)
were quantified by gRT-PCR (n = 4). (J) HEV-RNA levels were quantified by gqRT-PCR (n = 18). Data were normalized to the control (CTR;
set as 1). Data are means + SD. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations: NS, not significant (Mann-Whitney U test); p-STAT1,
phosphorylated STAT1; Super, supernatant
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FIGURE 7 Therapeutic targeting NLRP3 inflammasome and combining with ribavirin treatment. (A) Schematic illustration of
differentiation of THP-1 monocytes to macrophages and drug treatment. THP-1 macrophages were incubated with HEV particles and 1 or
10 uM of dexamethasone (DEX) or 1 or 10 uM of prednisone (PRE) for 24 hours. (B) IL-1p protein levels were quantified by ELISA (n = 6),
and (C) mature IL-1p in supernatant and pro-IL-1p in lysates were measured by western blotting. (D) Schematic illustration of DEX or PRE
treatment in Huh7-p6 and Huh7-p6-luc HEV models. Huh7-p6-luc or Huh7-p6 cells were treated with 10 uM of DEX, 10 uM of PRE, 100 yM
of ribavirin, 10 uM of DEX plus 100 yM of ribavirin, or 10 yM of PRE plus 100 uM of ribavirin for 24, 48, and 72 hours. (E) HEV luciferase
values were measured. HEV-RNA levels were quantified at 48 (F) and 72 (G) hours by qRT-PCR (n = 6-8). (H) Schematic illustration of the
coculture system of Huh7-based HEV cells with THP-1 macrophages. The coculture was treated with 10 yM of DEX, 10 uM of PRE, 100
MM of ribavirin, 10 uM of DEX plus 100 uM of ribavirin, or 10 uM of PRE plus 100 uM of ribavirin for 24, 48, and 72 hours. (I) HEV luciferase
values were measured. HEV-RNA levels were quantified at 48 hours (J) by gqRT-PCR (n = 4-6), and IL-1p levels (K) were measured by
ELISA (n = 4). Data were normalized to the control (CTR; set as 1). Data are means + SD. *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations:

NS, not significant (Mann-Whitney U test); Super, supernatant

secretion. These findings indicate that the ORF2 cap-
sid protein and especially the integrity of HEV particles
are the main stimulus of inflammasome response in
macrophages.

In the canonical model of inflammasome response,
two distinct signals are required for activation and re-
lease of IL-1B.[18] The first signal triggered by patho-
gens drives translocation of NF-xB into the nucleus
to induce production of pro-IL-13. The second signal
subsequently activates NLRP3, the adapter molecule
apoptosis-associated speck-like protein containing
a C-terminal caspase recruitment domain, and pro-
caspase-1 inflammasome assembly to promote cleav-
age of procaspase-1 and secretion of IL-1p. We found

that HEV infection in macrophages induced NF-kB acti-
vation. Importantly, IL-1p maturation and production in-
duced by HEV infection can be effectively blocked by a
pharmacological NF-kB inhibitor (Figure 4), suggesting
that NF-kB activation likely acts as an upstream event in
HEV-induced NLRP3 inflammasome activation. NF-xB
has been long proposed as a target for treating many
diseases.FY A variety of preclinical compounds are
being explored for targeting this pathway, which may
bear relevance in treating pathological inflammation for
HEYV patients based on findings in this study, but future
research is required to further explore this approach.
Concurrent activation of inflammasome and IFN re-
sponses has been reported during viral infection.B we
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previously have reported evidence of IFN response in
hepatocytes of HE V-infected patients.I"®! Consistent with
our previous findings in liver cell lines,™ we found that
HEV gRNA robustly activates antiviral IFN response,
whereas activation by inoculation of HEV particles is
very moderate. In contrast, the HEV particle compared
to gRNA is highly potent in activating the NLRP3 in-
flammasome. Thus, different viral components appear
to be responsible for activating IFN and inflammasome
responses, respectively, although simultaneously.
Crosstalk between inflammasome and IFN re-
sponses has been described in many diseases.??
We here revealed mutual antagonism between inflam-
masome and IFN response during HEV infection. This
likely explains why treatment with inhibitors targeting
the NLRP3 inflammasome machinery significantly, al-
though moderately, inhibited HEV replication in macro-
phages. A suppressive effect of IFN on IL-1f production
has been reported in Mycobacterium tuberculosis—
infected macrophages.[33] In multiple sclerosis patients
treated with IFN-p, monocytes produced much less IL-
1B compared to that from healthy donors.B¥ Thus, our
results largely agree with previous evidence that inflam-
masome and IFN responses mutually counteract, %!
but this is likely pathogen and context dependent.
Therapeutic development has primarily focused on
treating chronic hepatitis E by inhibiting the virus with
antiviral agent, such as ribavirin,® which is very effec-
tive in the majority of patients. However, treating severe
acute HEV infection (e.g., in pregnant women) remains
an unexplored territory. We hypothesize that an antiviral
agent alone is insufficient for these patients, because
of massive inflammatory response. There is an inter-
esting lesson learned from treating severe COVID-19
patients with steroids, which significantly reduce mor-
tality.?? The pathology of severe COVID-19 is closely
related to intense, rapid activation of the NLRP3 inflam-
masome pathway in monocytes and macrophages.[37]
We therefore repurposed steroids, and, excitingly, both
dexamethasone or prednisone significantly inhibited
HEV-induced inflammasome response. A previous
study has demonstrated that dexamethasone can in-
hibit pro-IL-1p translation.®® This appears to support
our results, but the detailed mechanisms of how steroids
inhibit inflammasome remain to be further clarified. We
think that treating with an inflammasome inhibitor alone
is not sufficient, given that it does not inhibit, but may
even promote, viral replication, thus bearing the risk of
developing chronic infection as observed in organ trans-
plant patients receiving immunosuppressants.[39] In this
study, by using a coculture model of HEV-infected liver
cells with macrophages, we demonstrated a proof of
concept of combing steroids with ribavirin to simultane-
ously inhibit viral replication and inflammasome activa-
tion without cross-interference. Our approach appears
to be supported by a recent case who developed severe
neurological complications with multiple disseminated

inflammatory lesions in the central nervous system by
acute HEV infection. Interestingly, this patient was re-
covered by a combination of anti-inflammatory (methyl-
prednisolone) and antiviral (ribavirin) treatment.*%!

The potency of steroids in inhibiting the inflam-
masome is rather suboptimal, as shown in our ex-
perimental models, urging the need of developing
more specific and potent inflammasome inhibitors. A
recent study has discovered that nucleoside reverse-
transcriptase inhibitors, which are widely used for
treating HIV-1 or hepatitis B, have anti-inflammasome
properties.[‘”] Several biologicals and many small mol-
ecules targeting the inflammasome are at preclinical
and clinical evaluation. We thus expect that effective
anti-inflammasome medications could soon be avail-
able in the clinic.

In summary, this study convincingly demonstrated
activation of the NLRP3 inflammasome in macrophages
upon HEV infection. We comprehensively character-
ized the mode of action and crosstalk between inflam-
masome and IFN response, and explored the potential
of therapeutic targeting. These findings are essential
for a better understanding HEV-host interactions and
the pathogenic mechanisms of HEV infection. Our pro-
posed strategy of combining an inflammasome inhibitor
with an antiviral agent provides a viable option for treat-
ing severe HEV infections (e.g., in pregnant women),
as well as many other severe viral infections such as
COVID-19.
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