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The pathophysiology caused by nonlytic viral infections is complex, often driven by
macrophage-mediated immune responses that lead to hyperinflammation and collat-
eral tissue damage. To conceptualize this complexity, we propose a pathogenic cir-
cuit comprising three interconnected nodes: nonlytic infection, inflammation, and
immune-mediated cell death. To investigate this circuit, we combined hepatitis E virus
(HEV), a prototypical nonlytic RNA virus, and macrophage-augmented organoids
(MaugOs) as an innovative model. Here, we report successful recapitulation of the
pathogenic circuit induced by HEV infection in MaugOs. Nonlytic HEV infection
triggered robust inflammatory responses and subsequent cell death involving pyroptosis,
apoptosis, and necroptosis pathways. By pharmacologically targeting individual circuit
nodes as well as individual cell death pathways, we have dissected their interactions and
identified potential therapeutic targets. Finally, we developed multitarget strategies by
simultaneously targeting two or three nodes through rational drug combinations to effec-
tively disrupt the pathogenic loop. Collectively, these findings elucidate the architecture
of the pathogenic circuit underlying nonlytic HEV infection in MaugOs and inform
the development of innovative multitarget therapies for improved disease treatment.

hepatitis E virus | orgnaoids | macrophages | pathophysiology | therapeutic targeting

Viral infections in host cells generally follow two major patterns: lytic and nonlytic, which
are fundamental to viral life cycles and pathogenesis (1-3). In a lytic infection, the virus
rapidly replicates within the host cell, resulting in cell lysis and release of progeny virions.
In contrast, nonlytic infections initially preserve host cell integrity but exhibit more com-
plex pathophysiology, driven largely by immune-mediated processes. Diseases associated
with nonlytic infections often arise indirectly through dysregulated immune responses,
leading to pathological inflammation and tissue damage (1, 2).

Hepatitis E virus (HEV), a hepatotropic pathogen, is a typical nonlytic virus that does
not directly cause injury to infected liver epithelial cells (4-6). However, acute HEV
infection, particularly in pregnant women, can lead to severe complications such as acute
liver failure, miscarriage, preterm delivery, and stillbirth, even resulting in fatality (7).
Severe liver inflammation in acute HEV infection is closely linked to immune dysregu-
lation, with macrophages playing a central role. In pregnant women with acute hepatitis
E, macrophage frequency is elevated in blood (8), along with increased levels of proin-
flammatory cytokines such as IFN-y, TNF-a, IL-10, and IL-18, all associated with adverse
outcomes (9, 10). Based on a patient cohort with acute HEV infection, as well as animal
and cell culture models, we previously discovered that HEV robustly activates the NLRP3
inflammasome in macrophages (11, 12), which indirectly triggers injury of infected epi-
thelial cells (13), highlighting a potential mechanism of HEV-induced hyperinflammation
in severe cases.

This illustrates the complexity of pathophysiology caused by nonlytic viral infections
driven by immune cells, macrophages in particular. The pathological inflammation triggers
massive cell death, both of infected cells as well as noninfected bystander cells, thus causing
(collateral) tissue damage. This creates a vicious cycle of cell death and damage-associated
inflammation that can cause patient morbidity and mortality (14). Tissue damage impli-
cated in viral pathogenesis is mainly driven by regulated cell death including three major
pathways, pyroptosis, apoptosis, and necroptosis (15). Although early studies linked spe-
cific viral infections to distinct cell death mechanisms, accumulating evidence now indi-
cates that this view is overly simplistic (16). In fact, all three pathways can be activated in
parallel and may act coordinately during severe viral infections (17). This complex
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pathogenesis explains the ineffectiveness of current antiviral ther-
apies for severe viral diseases, which focus solely on the virus and
do not address hyperinflammation or resulting cell death causing
tissue injury (18).

To develop effective treatment for these patients requires a
deeper understanding of disease mechanisms and the development
of advanced therapeutic strategies. This in turn requires innovative
experimental models. Immortalized cell lines, though widely used,
have limitations that compromise their relevance for modeling
virus—host interactions (19). Organoid technology offers a more
physiologically relevant alternative, better replicating the archi-
tecture, diversity, and function of original tissues (20). However,
classical tissue-derived organoids do not fully capture all aspects
of disease seen in infected patients, particularly the inflammatory
responses driven by immune cells such as macrophages (14). We
recently have successfully established macrophage-augmented
organoids (MaugOs), that primary human epithelial organoids
are integrated with macrophages, to simultaneously model infec-
tion, the ensuing inflammatory response and injury (13, 21).

In this study, we aim to elucidate the pathogenic mechanisms of
nonlytic infections through a proposed “circuit” concept, which
proposes nonlytic infection, inflammatory response, and cell death
as interconnected, self-regulating nodes within a pathogenic loop.
Using HEV as a prototypical nonlytic virus and MaugOs as an
innovative model, we will dissect the interactions among these nodes
to uncover the mechanistic foundations of this circuit. We further
identify promising therapeutic targets within the loop, to develop
multitarget strategies for better treating nonlytic HEV infection.

Results

Recapitulating the Circuit of HEV Infection, Inflammatory
Response, and Cell Death in MaugOs. HEV primarily infects
hepatocytes (22), but can also target cholangiocytes in patients
(23). We previously established HEV infection in primary
organoids derived from the intrahepatic biliary compartment
of the human liver (4), known as intrahepatic cholangiocyte
organoids (ICOs) (24, 25). Because HEV is a nonlytic virus (5,
6), infection alone does not cause lysis of infected epithelial cells
(4). However, in MaugOs that are incorporated with macrophages,
we observed extensive induction of cell death (13). Building on
these observations, this study conceptualizes HEV infection,
inflammatory response, and cell death as three interconnected
nodes forming a pathogenic circuit, which will be systematically
investigated using the MaugO model (Fig. 1A4).

We first inoculated ICOs with infectious HEV particles, a gen-
otype 3 strain produced from Huh?7 cells harboring the full-length
p6 infectious clone (26, 27), and subsequently integrated THP-1
monocyte-derived proinflammatory macrophages to establish
MaugOs. Visualization and quantification of cell death by propid-
ium iodide (PI) staining and lactate dehydrogenase (LDH) release
demonstrated that HEV infection in ICOs did not cause significant
cell death (Fig. 1 Band C), confirming features of nonlytic infection.
In contrast, HEV infection in MaugOs induced extensive cell death
(Fig. 1 Band (), affecting both the organoid and macrophage com-
partments (Fig. 1B). Further quantitative analyses at 24 and 36 h
after MaugO establishment revealed a time-dependent increase in
viral RNA level (Fig. 1D and SI Appendix, Fig. S1A4), and corre-
spondingly elevated release of LDH (Fig. 1£) and proinflammatory
cytokines (IL-1f and TNF-a) (Fig. 1 F and G), whereas such
time-dependent responses do not occur in uninfected MaugOs
(81 Appendix, Fig. S1 B and D).

These findings prompted us to examine three major forms of
programmed cell death: apoptosis, necroptosis, and pyroptosis (15).

https://doi.org/10.1073/pnas.2603870123

We assessed the hallmarks of these three types of cell death in both
HEV-infected (Fig. 1 H-K) and uninfected (S Appendix, Fig. S1
E-H) MaugOs at 24 and 36 h by western blot analysis. Caspase-3,
a key executor of apoptosis, was strongly and specifically activated
in HEV-infected MaugOs at 24 and 36 h through cleavage
(Fig. 1H). Pyroptosis, initiated by inflammasome activation and
gasdermin D (GSDMD) cleavage (28), was indicated by detection
of increased NLRP3 level (Fig. 1/) and GSDMD-N fragments
(Fig. 1)), a hallmark of pyroptosis, in HEV-infected MaugOs.
Necroptosis, mediated by receptor-interacting protein kinases
RIPKI and RIPK3 through phosphorylation of mixed lineage
kinase domain-like pseudokinase (MLKL), was evident by robust
MLKL phosphorylation (pMLKL) upon HEV infection (Fig. 1K).
Collectively, these results demonstrate that HEV infection specifi-
cally and concurrently activates all three programmed cell death
pathways in MaugOs.

To further refine the model, we constructed MaugOs using
macrophages differentiated from human induced pluripotent stem
cells (hiPSCs) (29), which express an H2B-GFP nuclear reporter
for real-time tracking and visualization within the MaugO struc-
ture (Fig. 1Z). Consistently, we confirmed HEV replication
(Fig. 1M), releases of cell death marker LDH (Fig. I1N), and
induction of proinflammatory cytokines IL-1f8 (Fig. 10) and
TNF-a (Fig. 1P) in these MaugOs. The presence of cleaved
caspase-3 (Fig. 1Q) and pMLKL (Fig. 1R) was further confirmed
by immunofluorescence staining. The infection and active repli-
cation of HEV were confirmed by detecting viral double-stranded
RNA (dsRNA), the replication intermediate (Fig. 1 Q and R).

To further dissect the interactions, we cocultured HEV-infected
organoids with macrophages in a trans-well system (S/ Appendix,
Fig. S2A). This resulted in significant increase of cell death in
HEV-infected compared to uninfected organoid compartment
(81 Appendix, Fig. S2 B—D), as well as viral transmission to mac-
rophages as shown by qRT-PCR quantification of viral RNA
(SI Appendix, Fig. S2E). HEV-infected organoids had altered
morphology as shown by phalloidin staining (S/ Appendix,
Fig. S2F), as well as the presence of cleaved caspase-3 (S/ Appendix,
Fig. S2G) and pMLKL (S Appendix, Fig. S2H) staining. In con-
trast, cleaved caspase-3 (SI Appendix, Fig. S2I) and pMLKL
(SI Appendix, Fig. S2]) were hardly detectable in HEV-infected
or uninfected macrophages.

Collectively, MaugOs are capable of recapitulating the circuit of
HEYV infection, inflammatory response, and cell death. Macrophages
play a key role in the pathogenesis of the nonlytic infection poten-
tially through both cell—cell contact and paracrine routes.

Targeting the Virus Node by Antiviral Drug. To further elucidate
complex interplay between infection, inflammatory response,
and cell death, and to define therapeutic targets, single-target
approaches were applied to inhibit individual nodes while
assessing their impact on the entire pathogenic circuit in HEV-
infected MaugOs.

Ribavirin is a classical antiviral drug that has demonstrated
anti-HEV activity in experimental models (30, 31) and clinical
efficacy in patients with chronic hepatitis E (32). Treatment with
ribavirin significantly and dose-dependently inhibits HEV repli-
cation in MaugOs (Fig. 24), whereas the effects on inflammatory
cytokine production (Fig. 2 Band C) and LDH release (Fig. 2D)
were mild.

Targeting Inflammatory Response. Building on the critical
role of NLRP3 inflammasome activation in HEV-driven
inflammatory responses (11, 12), we employed MCC950 (Fig. 2E),
a well-characterized pharmacological inhibitor of the NLRP3
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Fig. 1. Recapitulating the circuit of HEV infection, inflammatory response, and cell death in MaugOs. (A) Schematic illustration of the circuit of HEV infection,
inflammation, cell death circuit in MaugOs. (B and C) Visualization and quantification of cell death in organoids (O; n = 4) and MaugOs (n = 4) using Propidium
lodide (PI; red) staining marking dead or dying cells, and CFSE prelabeled THP-1 macrophages (M, green), at 36 h after MaugO assembly. White arrows indicate
dying macrophages (yellow), whereas yellow arrows indicate dying organoid cells (red). (D) Quantification of HEV viral RNA in MaugOs at 24 and 36 h (n = 4).
MaugOs with HEV infection at 24 h served as control (normalized as 1). (E) Quantification of the cell death marker lactate dehydrogenase (LDH) release in HEV-
infected MaugOs 24 and 36 h after MaugO assembly (n = 4). MaugOs without infection and cultured for 24 h served as control (CTR, normalized as 1). (F and
G) Quantification of IL-1p and TNF-a cytokine production in supernatant by ELISA (n = 4). (H) Western blotting analysis detecting the total and cleaved caspase
3 in HEV-infected MaugOs. MaugOs without infection and cultured for 24 h served as control (CTR). (/ and /) Western blot analysis detecting the components
of pyroptosis including NLRP3, GSDMD, and N-GSDMD. (K) Western blot analysis of key necroptosis components, including phosphorylated RIPK1 (pRIPK1),
phosphorylated RIPK3 (pRIPK3), MLKL, and phosphorylated MLKL (pMLKL). (L and M) Visualization and quantification of cell death in HEV-infected MaugOs
integrated with hiPSC-derived macrophages using Propidium lodide (PI; red) staining marking dead or dying cells (n = 4). These MaugOs are cultured for 36
h and used throughout the following experiments (N-R). (N) Measurement of LDH levels in HEV-infected MaugOs (n = 4). MaugOs without infection served as
control (normalized as 1). (O and P) Quantification of IL-18 and TNF-a cytokine production by ELISA (n = 4). (Q) Immunofluorescence staining images of HEV
by detecting the replication intermediate double-stranded RNA (dsRNA), and cleaved caspase3 (cCasp3). White arrows indicate apoptotic (cleaved caspase3-
positive), whereas yellow arrows indicate HEV dsRNA signals. (R) Immunofluorescence staining images of HEV dsRNA, phosphorylated MLKL (pMLKL). White
arrows indicate necroptotic cells (1R, pMLKL-positive), whereas yellow arrows indicate HEV dsRNA signals. Data are mean + SD. *P < 0.05; **P < 0.01; ***p <
0.001; Mann-Whitney U test. “n” denotes the number of biological replicates.
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Fig. 2. Pharmacological targeting of HEV or inflammatory response. (A) Quantification of viral RNA in HEV-infected MaugOs (integrated with THP-1 macrophages)
treated with 50 pM or 100 pM of the antiviral drug ribavirin (RBV) (n = 6). Viral RNA levels were quantified at 36 h after MaugO establishment. The infected
but untreated MaugOs served as control (normalized as 1). (B and C) Quantification of IL-1p and TNF-a production in HEV-infected MaugOs treated with RBV
(n = 6). (D) Quantification of lactate dehydrogenase (LDH) release in HEV-infected MaugOs treated with RBV (n = 6). (£) Schematic illustration of the NLRP3
inflammasome pathway and pharmacological targeting by the NLRP3 inhibitor (MCC950; MCC). The experiments were performed in parallel with Fig. 1M,
and thus the CTR and HEV groups are shared with the groups of CTR and HEV in Fig. 1M. (F) The effects of NLRP3 inhibitor (MCC950; MCC) on HEV RNA level
quantified by qRT-PCR in infected MaugOs (n = 6). The infected but untreated MaugOs served as control (normalized as 1). (G and H) Quantification of IL-1p
and TNF-a production in HEV-infected MaugOs treated with MCC (n = 5). (/) Measurement of LDH release in HEV-infected MaugOs treated with MCC (n = 5).
The infected but untreated MaugOs served as control (normalized as 1). The experiments shown in Fig. 2 F-/ were performed in parallel with those in Fig. 2
A-D, and thus the CTR and HEV groups are shared. (/) Schematic illustration of anti-inflammatory drug dexamethasone (Dex). (K) Quantification of HEV viral
RNA in HEV-infected MaugOs treated with Dex (n = 7). Viral RNA levels were quantified at 36 h after MaugO establishment. The infected but untreated MaugOs
served as control (normalized as 1). (L and M) Quantification of IL-18 and TNF-a production in HEV-infected MaugOs treated with Dex (n = 4). (N) Measurement
of LDH release in HEV-infected MaugOs treated with the Dex (n = 4). The infected but untreated MaugOs served as control (normalized as 1). (O) Visualization
of cell death treated with RBV, MCC, and Dex using Propidium lodide (PI; red) staining marking dead or dying cells. (P-R) The effects of the RBV, MCC, and Dex
on cleaved caspase3 (cCasp3), phosphorylated MLKL (pMLKL), N-GSDMD in infected MaugOs. Data are mean + SD. *P < 0.05; **P < 0.01; ns: not significant;
Mann-Whitney U test. n denotes the number of biological replicates.
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inflammasome (33). Treatment of HEV-infected MaugOs with
MCC950 did not affect viral replication (Fig. 2F) but significantly
suppressed IL-1p production (Fig. 2G), a hallmark of inflammasome
activation. TNF-a levels remained largely unchanged (Fig. 2H),
whereas LDH release showed moderate reduction (Fig. 21).
Considering that inflammasome activation may not be the sole
driver of inflammation and aiming for clinical relevance, we next
tested dexamethasone (Fig. 2/), a clinically approved
anti-inflammatory drug (34). Unexpectedly, dexamethasone treat-
ment significantly enhanced HEV replication in MaugOs
(Fig. 2K). In contrast, it strongly suppressed the production of
proinflammatory cytokines IL-1p (Fig. 2Z) and TNF-a (Fig. 2M).
Dexamethasone also markedly reduced cell death, as indicated by
decreased LDH release (Fig. 2V) and PI staining (Fig. 20).
Western blot analysis of apoptosis, necroptosis, and pyroptosis
markers revealed that treatment with ribavirin, MCC950, or dex-
amethasone lowered cleaved caspase-3 levels, while dexamethasone
exerted the most pronounced inhibitory effect on pyroptosis, evi-

denced by reduced GSDMD-N levels (Fig. 2 P-R).

Targeting Cell Death Pathways. To target apoptosis, we treated
HEV-infected MaugOs with Z-DEVD-FMK (Fig. 34), an
irreversible caspase-3 inhibitor. Unexpectedly, this treatment
enhanced HEV replication (Fig. 3B) without producing clear
effects on proinflammatory cytokine secretion (Fig. 3C) or LDH
release (Fig. 3D). To inhibit pyroptosis, we employed VX765
(Fig. 3E), a selective caspase-1 inhibitor. VX765 treatment did
not alter viral replication (Fig. 3F) but strongly suppressed IL-
1P production (Fig. 3G), while leaving TNF-a levels unchanged
(Fig. 3H) with moderately reduced LDH release (Fig. 3/). These
results are consistent with those observed following treatment with
the NLRP3 inhibitor MCC950 (Fig. 2 E-1).

To target necroptosis, we employed necrostatin-1, a RIPK1
inhibitor, and UH15-38, a RIPK3 inhibitor (Fig. 3/). Neither
compound significantly affected viral replication (Fig. 3K); how-
ever, both profoundly suppressed TNF-at secretion while leaving
IL-1B levels unchanged (Fig. 3L). Treatment also moderately
reduced cell death, as indicated by decreased LDH release
(Fig. 3M). Comparative analysis of these pharmacological inhib-
itors across the three programmed cell death pathways confirmed
their specificity for their respective targets (Fig. 3 N-Q).

Multitarget Strategies to Disrupt the Pathogenic Circuit. As
demonstrated above, single-target approaches, whether directed at
the virus, the inflammatory response, or cell death, are insufficient
to effectively control the pathogenic circuit of HEV infection. To
overcome these limitations, we adopted a multinode targeting
strategy designed to comprehensively block this circuit. This
approach prioritizes the virus as the central node, given that viral
replication is the primary initiating event. Building on the insights
obtained, we developed rational drug combinations anchored
by the antiviral agent ribavirin, complemented by additional
interventions targeting inflammatory and cell-death pathways.

To simultaneously target viral replication and the inflammatory
response, we tested a combination of ribavirin and dexamethasone.
Ribavirin alone inhibited viral replication only, whereas dexameth-
asone alone promoted viral replication but suppressed cytokine
production and LDH release. Importantly, only the combination
treatment achieved concurrent inhibition of viral replication,
inflammatory cytokine secretion, and cell death (Fig. 4 A-C).
Similar response patterns were observed when ribavirin was com-
bined with the pyroptosis inhibitor VX765 (Fig. 4 D—F) or the
necroptosis inhibitor UH15-38 (Fig. 4 G-1).

PNAS 2026 Vol.123 No.20 2603870123

Targeting all three nodes simultaneously requires more complex
drug combinations. To provide proof-of-concept, we tested a com-
bination of ribavirin, dexamethasone, and UH15-38 (Fig. 5A4).
In MaugOs integrated with THP-1 macrophages, this regimen
achieved robust and concurrent inhibition of cell death (Fig. 5
B-D), HEV replication (Fig. 5E), and proinflammatory cytokine
production (IL-1p and TNF-a; Fig. 5F). Western blot analysis
confirmed suppression of hallmarks for apoptosis (cleaved
caspase-3; Fig. 5G), necroptosis (pMLKL; Fig. 5H), and pyrop-
tosis (N-GSDMD; Fig. 51). We further validated this approach
in MaugOs integrated with hiPSC-derived macrophages, where
the combination consistently induced potent inhibition of cell
death (Fig. 5 /~L), viral replication (Fig. 5M4), and cytokine pro-
duction (Fig. 5 Nand O). Immunofluorescence staining visualized
HEYV infection (viral dsRNA; Fig. 5 Pand Q), as well as reduced
expression of apoptosis (cleaved caspase-3; Fig. 5P) and necrop-
tosis (pMLKL; Fig. 5Q) markers.

Taken together, these findings demonstrate that rational drug
combinations targeting two or three nodes of the circuit can effec-
tively disrupt the pathogenic circuit of HEV infection (Fig. 6).

Discussion

This study frames infection, inflammatory response, and cell death
as interconnected nodes forming a pathogenic circuit (Fig. 6). We
focused on nonlytic infection and prioritized HEV as a model
virus. However, this framework likely has broader implications
for other nonlytic infections and potentially even certain lytic
infections, which are interesting avenues for further investigation.
Many viral diseases, in particular severe acute infections caused
by lytic or nonlytic viruses, are critically shaped by hyperinflam-
mation and tissue damage, in addition to the pathogen itself (35).
Nevertheless, the exact features of this circuit are likely context-
dependent, varying with virus type (RNA vs. DNA) and infection
pattern (lytic vs. nonlytic). Future research expanding represent-
ative virus models will help comprehensively decipher this path-
ogenic circuit, offering a distinct perspective and foundation for
developing advanced therapeutic strategies.

A unique strength of this study is the use of MaugOs, which
allow a more physiologically relevant modeling of patient-like
infections. Within MaugOs, HEV initially targets the epithelial
compartment with productive infection and subsequently spreads
to macrophages (4, 13), faithfully recapitulating the infection
cascade and the associated inflammatory response and cell death.
This level of complexity is not achievable with traditional
single-cell-type models. By pharmacologically perturbing individ-
ual circuit nodes using antiviral drugs, anti-inflammatory agents,
and cell death inhibitors, we dissected their interactions and iden-
tified promising therapeutic targets. Our primary focus was on
macrophages, more specially representing macrophages derived
from infiltrating monocytes, since these innate immune cells have
been recognized as key drivers of hyperinflammation during severe
viral infections (14). Liver-resident macrophages, mainly Kupffer
cells, perform critical homeostatic and immunological functions,
particularly in capturing circulating pathogens, most notably bac-
teria (36). It would be valuable to investigate whether Kupffer
cells exhibit similar or distinct responses during viral infection,
given their different developmental origin and functional profile
compared to monocyte-derived macrophages. However, obtaining
primary Kupffer cells from healthy human liver tissue is logically
and ethically challenging, which limits their routine use in exper-
imental virology studies. Future work using hiPSC-derived
Kupffer cell models may help address this important question.
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Fig. 3. Pharmacological targeting of cell death pathways. (A) Schematic illustration of the caspase-3-dependent apoptosis pathway and pharmacological
targeting by Z-DEVD-FMK (DEVD). (B) Quantification of HEV viral RNA in HEV-infected MaugOs (integrated with THP-1 macrophages) treated with 10 pM or 50
uM DEVD (n = 4). Viral RNA levels were quantified at 36 h after MaugO establishment. The infected but untreated MaugOs served as control (normalized as 1).
(0) Quantification of IL-18 and TNF-a production in HEV-infected MaugOs treated with DEVD (n = 4). (D) Quantification of lactate dehydrogenase (LDH) release
in HEV-infected MaugOs treated with DEVD (n = 4). (E) Schematic illustration of the caspase-1-dependent pyroptosis pathway and pharmacological targeting by
VX-765 (VX). (F) The effects of VX765 (VX) on HEV RNA level quantified by gRT-PCR in infected MaugOs (n = 5). Viral RNA levels were quantified at 36 h after MaugO
establishment. The infected but untreated MaugOs served as control (normalized as 1). (G and H) Quantification of IL-1p and TNF-a production in HEV-infected
MaugOs treated with VX (n = 5). (/) Measurement of LDH release in HEV-infected MaugOs treated with VX (n = 5). The infected but untreated MaugOs served as
control (normalized as 1). The experiments shown in Fig. 3 F-/ were performed in parallel with those in Fig. 2 F-/, and thus the CTR and HEV groups are shared.
(/) Schematic illustration of the necroptosis pathway and pharmacological targeting by the RIPK1 inhibitor Necrostatin-1 (Nec-1) or the RIPK3 inhibitor UH15-38
(UH). (K) Quantification of HEV viral RNA in HEV infected-MaugOs treated with Nec-1 20 uM or UH 1 uM (n = 6). Viral RNA levels were quantified at 36 h after
MaugO establishment. The infected but untreated MaugOs served as control (normalized as 1). (L) Quantification of IL-18 and TNF-a production in HEV-infected
MaugOs treated with Nec-1 or UH (n = 4). (M) Measurement of LDH release in HEV-infected MaugOs treated with Nec-1 or UH (n = 6). The infected but untreated
MaugOs served as control (normalized as 1). The experiments shown in Fig. 3 K-M were partially performed in parallel with those in Fig. 2 K-N, and thus some
CTR and HEV groups are partially shared. (N) Visualization of cell death treated with DEVD, VX, or UH on using Propidium lodide (PI; red) staining marking dead
or dying cells. (0-Q) The effects of the DEVD, VX, or UH on cleaved caspase3 (cCasp3), phosphorylated MLKL (pMLKL), N-GSDMD in HEV-infected MaugOs. Data
are mean + SD. *P < 0.05; **P < 0.01; ns: not significant; Mann-Whitney U test. n denotes the number of biological replicates.
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Fig. 4. Simultaneously targeting two nodes of the circuit. (A-C) Quantification of HEV viral RNA, IL-1B, TNF-a production, and lactate dehydrogenase (LDH) release
in HEV-infected MaugOs (integrated with THP-1 macrophages) treated with the antiviral drug ribavirin (RBV), the anti-inflammatory drug dexamethasone (Dex)
or the combination (n = 4). (A and C) Quantifications were performed 36 h after MaugO establishment. The infected but untreated MaugOs served as control
(normalized as 1). The experiments shown in Fig. 4B were performed in parallel with Fig. 3C, and thus CTR groups are shared. (D-F) Quantification of HEV viral
RNA (n = 4), IL-1p, TNF-a production, and LDH release in HEV-infected MaugOs treated with the antiviral drug ribavirin (RBV), the caspase-1 inhibitor (VX), or the
combination (n = 4). (D and F) The infected but untreated MaugOs served as control (normalized as 1). (G-/) Quantification of HEV viral RNA (n = 4), IL-1p, TNF-«
production (n = 4), and LDH release (n = 6) in HEV-infected MaugOs treated with the antiviral drug ribavirin (RBV), the RIPK3 inhibitor (UH), or the combination.
(G and /) The infected but untreated MaugOs served as control (normalized as 1). Data are mean + SD. *P < 0.05; **P < 0.01; ns: not significant; Mann-Whitney

U test. n denotes the number of biological replicates.

Other immune cell types, such as T and B lymphocytes of the
adaptive immune system, also play critical roles in viral pathogen-
esis. However, integrating adaptive immune cells into organoid
systems and eliciting appropriate responses remains technically
challenging. Recent advances have demonstrated the feasibility of
integrating adaptive immune cells, such as the construction of
human intestinal immuno-organoids incorporating autologous T
cells (37). Furthermore, immune organoids derived from human
lymphoid tissues exhibit hallmark features of adaptive immunity,
including antibody responses to viral antigens (38, 39). Continued
development of immune-competent organoids will enable more
comprehensive modeling of complex virus—host interactions and
elucidation of pathogenic mechanisms. These innovations position
organoids as a transformative component of New Approach
Methodologies, offering animal-free experimentation with high
physiological relevance (40).

PNAS 2026 Vol.123 No.20 2603870123

In HEV-infected MaugOs, treatment with the NLRP3 inhib-
itor or dexamethasone potently suppressed IL-1p production, a
hallmark of inflammasome activation. Interestingly, notable dif-
ferences were observed. For example, dexamethasone, but not the
NLRP3 inhibitor, inhibited TNF-at production and promoted
HEV replication. These disparities suggest that HEV-induced
inflammation involves mechanisms beyond inflammasome acti-
vation, as the broad-spectrum anti-inflammatory effects of dexa-
methasone extend to multiple pathways. The distinct mechanisms
driving viral inflammation warrant further investigation (41).

We observed activation of three major programmed cell death
pathways, namely pyroptosis, apoptosis, and necroptosis, in
HEV-infected MaugOs. This observation aligns with the emerging
concept of PANoptosis, an inflammatory programmed cell death
pathway characterized by coordinated crosstalk among pyroptosis
(P), apoptosis (A), and necroptosis (N) (42, 43). PANoptosis has

https://doi.org/10.1073/pnas.2603870123 7 of 11
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Fig. 5. Simultaneously targeting all three nodes of the circuit. (A) Schematic illustration of the combination therapy using ribavirin (RBV), dexamethasone (Dex),
and UH15-38 (UH) targeting viral infection, inflammatory responses, and cell death. Quantifications were performed 36 h after MaugO establishment. (B and ()
Visualization and quantification of cell death in MaugOs (integrated with THP-1 macrophages) treated with the RBV, Dex, and UH combination using Propidium
lodide (PI; red) staining to label dead or dying cells (n = 4), The experiments were performed in parallel with Fig. 1C, and thus the CTR and HEV groups are
shared with the groups of MaugOs with or without HEV in Fig. 1C. (D-F) Quantification of HEV viral RNA, IL-1B, TNF-a production, and lactate dehydrogenase
(LDH) release in HEV infected MaugOs treated with the RBV, Dex, and UH combination (n = 4). (D and E) The infected but untreated MaugOs served as control
(normalized as 1). (G-/) The effects of RBV, Dex, and UH combination on cleaved caspase3 (cCasp3), phosphorylated MLKL (pMLKL), N-GSDMD in HEV-infected
MaugOs. Fig. 5 G and H show different target proteins detected on the same membrane and share the same g-actin. (/ and K) Visualization and quantification of
cell death in MaugOs integrated with hiPSC-derived macrophages (GFP marked; green) by PI staining (red) to label dead or dying cells (n = 4). The experiments
were performed in parallel with Fig. 1M, and thus the CTR and HEV groups are shared with the groups of CTR and HEV in Fig. TM. These MaugOs are used
throughout the following experiments (L-Q). (L-0) Quantification of HEV viral RNA, IL-1B, TNF-a production, and LDH release in HEV-infected MaugOs treated
with the combination (n = 4). (L and M) The infected but untreated MaugOs served as control (normalized as 1). (P) Immunofluorescence staining images of
HEV dsRNA, and cleaved caspase3 (cCasp3). (Q) Immunofluorescence staining images of HEV dsRNA, and phosphorylated MLKL (pMLKL). White arrows indicate
apoptotic (5P, cleaved caspase3-positive) or necroptotic cells (5Q, pMLKL-positive), whereas yellow arrows indicate HEV dsRNA signals. (C-F and K-0) Data are
mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001; Mann-Whitney U test. n denotes the number of biological replicates.
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Fig. 6. Schematic illustration of the pathogenic circuit underlying nonlytic viral infections. The circuit defines infection, inflammation, and cell death as three
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response, which then causes cell death, release of DAMPs (Damage-Associated Molecular Patterns), and tissue damage. Therapeutic interventions can be
designed to target any single node of the circuit or to simultaneously modulate two or all three nodes to achieve improved outcomes.

been shown to play a critical role in macrophages during influenza
A virus infection (43). A notable distinction, however, is that
PANoptosis has primarily been defined within a single cell type,
whereas our MaugO model captures coordinated cell death involv-
ing both epithelial and immune cells. These processes may occur
in parallel or partially overlap with the evolving concept of
PANoptosis, suggesting a broader, multicellular dimension to
inflammarory cell death in organ systems.

Ribavirin, a broad-spectrum antiviral drug, has been widely
used off-label for chronic hepatitis E treatment (32). However, its
clinical efficacy in severe acute HEV infection remains uncertain
(44, 45). Anti-inflammatory corticosteroids such as dexametha-
sone have shown benefit in hospitalized COVID-19 patients with
acute SARS-CoV-2 infection (34). Nevertheless, such treatment
can enhance viral replication (46), a phenomenon we also observed
in HEV-infected MaugOs. Recently, the RIPK3-targeting cell
death inhibitor UH15-38 was reported to partially reduce lung
inflammation and prevent mortality following influenza A virus
infection, although it did not inhibit viral replication (47). These
findings are largely in line with the single-target approaches that
we tested in HEV-infected MaugOs. To overcome the limitations
of single-target approaches, we demonstrate the advantages of
multitarget strategies to effectively disrupt the pathogenic circuit
underlying HEV infection. This was achieved by rational drug
combinations that simultaneously target multiple nodes, using
ribavirin as the backbone since viral replication represents the
primary initiating event.

This study has several limitations. First, only one viral model
was used; future research should extend these findings to other
pathogenic viruses. Second, macrophages were the only immune
cell type incorporated into the organoids. The inclusion of addi-
tional immune cell types and investigation of their roles in viral
pathogenesis remain important next steps. Third, in addition to
western blot analysis demonstrating three types of cell death in
HEV-infected MaugOs, immunostaining provided robust visu-
alization of apoptosis and necroptosis using antibodies against
cleaved caspase-3 and pMLKL. Unfortunately, the antibody
against N-GSDMD remains technically challenging for staining
to visualize pyroptosis. Finally, many of the pharmacological
inhibitors employed in this study are not yet clinically applicable,
and quantitatively comparing numerous drug combinations poses
technical challenges, in addition to the limitation posed by the
lack of in vivo validation. Therefore, the emphasis of this work is
on overarching strategies that simultaneously inhibit infection,
inflammatory responses, and cell death, rather than on defining
specific therapeutic regimens.

PNAS 2026 Vol.123 No.20 2603870123

Collectively, by employing innovative experimental models, this
study elucidated the dynamic interactions among three intercon-
nected nodes within the pathogenic circuit of HEV infection,
suggesting a perspective that shifts from a virus-centric view
toward an integrated host—pathogen framework for understanding
viral diseases. Furthermore, it highlights the therapeutic potential
of multitarget strategies, demonstrating proof-of-concept for their
superiority over single-target approaches in developing
next-generation treatments for severe viral infections, thereby
warranting further investigation.

Methods

Virus. Plasmid construct containing the full-length HEV genome (Kernow-C1 p6
clone; GenBank Accession Number JQ679013) was transcribed into genomic RNA
by enzyme-digested and linearized plasmid DNA using mMessage mMachine
T7 RNA kits (Invitrogen) (27). Next, genomic RNA was introduced into Huh7 by
electroporation as previously described to produce infectious HEVs in vitro (4, 11).

Organoid Culture. Tissue specimens (<0.5 cm®) were obtained from donor
liver biopsies during liver transplantation procedures performed at the Erasmus
Medical Center Rotterdam and were used for subsequent organoid isolation and
culture. The study was approved by the Medical Ethical Council of Erasmus MC
(MEC-2014-060), and written informed consent was obtained from all participants.
Human primary organoids, namely ICOs, were isolated and cultured accord-
ing to previously established protocols (24). In brief, organoids were cultured
in expansion medium (EM) based on advanced DMEM/F12 (Invitrogen), sup-
plemented with 100 pg/mL primocin (Life Technologies), 0.01 M HEPES (Life
Technologies), 200 mM ultraglutamine (Life Technologies), 1% (v/v) of N2 (Gibco),
2% (v/v) of B27 (Gibco), T mM N-acetylcysteine (Sigma-Aldrich), 10 mM nico-
tinamide (Sigma-Aldrich), 5 M A83.01 (Tocris), 10 uM forskolin (Tocris), 10 nM
gastrin (Sigma-Aldrich), epidermal growth factor (EGF) at 50 ng/mL (PeproTech),
10% (v/v) of R-spondin-1 (conditioned medium), fibroblast growth factor 10
(FGF10) at 100 ng/mL (PeproTech), hepatocyte growth factor (HGF) at 25 ng/mL
(PeproTech). Detailed information is provided in S/ Appendix, Table S1.

Macrophage Generation. Human monocytic THP-1 cells were cultured in RPMI
1640 medium supplemented with 15 ng/mL phorbol 12-myristate 13-acetate
(PMA) at 37 °C for 48 h to induce macrophage differentiation. After washing with
PBS, macrophages were stimulated with 100 ng/mL lipopolysaccharide (LPS) and
25 ng/mL interferon-y (IFN-y) for an additional 48 h to generate proinflammatory
macrophages.

Generation of macrophages from hiPSCs was based on protocols estab-
lished from a previous study (29). Briefly, monocytes were generated from a
GFP-tagged hiPSCline obtained from the Allen Cell Collection. For macrophage
differentiation, 0.75 x 10° monocytes were seeded onto FBS-coated wells and
cultured in IMDM/F12 medium supplemented with nine factors (IF9S). IF9S
consisted of IMDM (Invitrogen) supplemented with 50% F12 Nutrient Mix
(Invitrogen), 10 ng/mL polyvinyl alcohol (Sigma), 0.1% chemically defined lipids
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(Invitrogen), 2% insulin-transferrin-selenium-X (Invitrogen), 40 uL/L monothio-
glycerol solution (Sigma), 64 mg/L L-ascorbic acid 2-phosphate (Sigma), 2 mM
GlutaMAX (Invitrogen), 1% nonessential amino acids (Invitrogen), and 0.5%
penicillin-streptomycin.

The medium was supplemented with 80 ng/mL macrophage colony-
stimulating factor (M-CSF; Sigma) and refreshed every 1 to 2 d. After 5 d of
differentiation, macrophages were further stimulated with 10 ng/mL lipopol-
ysaccharide (LPS) and 20 ng/mL interferon-y (IFN-y) for an additional 2 d to
induce a proinflammatory macrophage phenotype. The medium was replaced
to remove LPS and IFN-y before assembling the macrophages with organoids
to generate MaugOs.

Establishment of MaugOs and Virus Inoculation. Organoids were mechani-
cally fragmented and incubated with cell culture-derived HEV particles (107 cop-
ies/mL) for 6 h at 37 °C. During the inoculation period, organoids were gently
resuspended every 30 min. Following inoculation, organoids were centrifuged
at300x g for 5 min at 4 °C and the supernatant was removed. Organoids were
subsequently washed three times with advanced DMEM/F12 to remove resid-
ual virus and embedded in Matrigel for culture at 37 °C with 5% CO2 for 24
h. Uninfected organoids cultured under identical conditions served as controls.

After incubation, HEV-infected or uninfected organoids were mechanically
fragmented into small pieces and integrated with macrophages in Matrigel-
precoated culture wells to generate MaugOs. MaugOs were collected at the
indicated time points after establishment for subsequent analyses.

Transwell Coculture of Organoids and Macrophages. Following a 6-h inocu-
lation with HEV particles, organoids were embedded in Matrigel and maintained
inthe lower compartment of a transwell system. Macrophages were seeded onto
0.4 pm semipermeable transwell inserts (Corning BV) and cocultured with orga-
noids for 24 or 48 h. Control groups were processed in parallel under identical
conditions without viral exposure.

RNAwas isolated from macrophages collected from the transwell inserts. For
immunofluorescence analysis, macrophages or organoids were fixed and stained
for phosphorylated MLKL (p-MLKL) or cleaved caspase-3 in combination with
double-stranded RNA (dsRNA), detecting the HEV replication intermediate.

Enzyme-Linked Immunosorbent Assay (ELISA). The concentrations of [L-1p
and TNF-a in the culture supernatants of MaugOs were quantified using com-
mercially available ELISA kits according to the instructions of manufacturers. IL-
1B levels were measured using an ELISA kit from BD Biosciences, while TNF-o
concentrations were determined using a TNF-a ELISA kit from Thermo Fisher
Scientific (Cat# 88-7346-88).

LDH Release Measurement. The release of LDH into cell culture supernatant
was assessed using the CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit
(Promega), following the manufacturer's recommended protocols. In brief, the
supernatants of MaugOs were collected. The LDH activity in the culture superna-
tant was then measured at a 490 nm wavelength.

qRT-PCR Analysis of Gene Expression. Total RNA was isolated using the
NucleoSpin RNA 11 Kit (Macherey-Nagel; Bioke, Leiden, the Netherlands). RNA
concentration and purity were assessed with a NanoDrop ND-1000 spectropho-
tometer (Wilmington, DE, USA). qRT-PCR was performed using SYBR Green
chemistry with the Applied Biosystems SYBR Green PCR Master Mix (Thermo
Fisher Scientific Life Sciences) on a QuantStudio3 Real-Time PCR System (Thermo
Fisher Scientific Life Sciences).

Gene expression levels were normalized to the housekeeping gene glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) and calculated using the 2~
method (AACt = ACt_sample — ACt_control). Primer sequences are provided
in S/ Appendix, Table S2.

Immunoblot Analysis. Sample lysates were heated at 95 °C for 5 min and
resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis

1. N.Altan-Bonnet, M. Panigrahi, Nonlytic egress and transmission in the virus world. Annu. Rev.
Biochem. 94, 531-560 (2025).

2. D.Wodarz, J. P. Christensen, A. R. Thomsen, The importance of lytic and nonlyticimmune responses
in viral infections. Trends Immunol. 23, 194-200 (2002).
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(SDS-PAGE) at 90 V for 120 min. Proteins were then electrophoretically trans-
ferred onto polyvinylidene difluoride (PVDF) membranes (0.45 pm pore size;
Thermo Fisher Scientific Life Sciences) at 250 mAfor 120 min. Membranes were
blocked with blocking buffer (LI-COR Biosciences) and incubated with primary
antibodies overnight at 4 °C.

The following primary antibodies were used: anti-NLRP3 (1:1,000, rabbit),
anti-IL-1p (1:1,000, rabbit), anti-gasdermin D (GSDMD; 1:1,000, rabbit), anti-
cleaved gasdermin D (N-GSDMD; 1:1,000, rabbit), anti-MLKL(1:1,000, rabbit),
anti-phospho-MLKL (pMLKL; 1:1,000, rabbit), anti-caspase-3 (1:1,000, rabbit),
anti-cleaved caspase-3(1:1,000, rabbit), anti-phospho-RIPKT (pRIPK1; 1:1,000,
rabbit), anti-phospho-RIPK3 (pRIPK3; 1:1,000, rabbit), and anti--actin (1:1,000,
mouse). Detailed information is provided in S/ Appendix, Table S1.

After three washes, membranes were incubated with IRDye-conjugated anti-
rabbit or anti-mouse secondary antibodies (1:5,000; LI-COR Biosciences) for 1
h at room temperature. Following three additional washes, protein bands were
visualized using Odyssey 3.0 software.

Immunofluorescence Staining and Confocal Imaging. MaugOs were seeded
into Matrigel-precoated p-Slide 8 Well chambers (ibidi GmbH, 80826). Samples
were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature,
washed with PBS, and permeabilized with 0.2% Triton X-100 in PBS for 5 min.
After blocking with 1% bovine serum albumin (BSA) in PBS for 1 h at room tem-
perature, samples were incubated with primary antibodies diluted in 1% BSA
overnight at 4 °C.

Primary antibodies used included anti-CK7 (1:300, mouse), anti-dsRNA
(1:500, mouse), anti-active caspase-3(1:50, rabbit) and anti-pMLKL(1:200, rab-
bit). Samples were then incubated with appropriate secondary antibodies for 1h
atroom temperature, followed by nuclear counterstaining with DAPI (Invitrogen).
Confocal images were acquired using a Leica SP5 confocal microscope with a 40x
oil-immersion objective.

Statistics. Statistical analyses were performed using a nonparametric, unpaired
Mann-Whitney U test with GraphPad Prism 8.0 software. Data are presented as
mean = SD. Numbers of biological replicates are indicated in the figure legends.
Statistical significance was defined as P < 0.05*, P < 0.01**,and P < 0.001***.

Data, Materials, and Software Availability. Study data are included in the
article and/or supporting information.
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