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Abstract 

Influenza A virus remains a major global health threat, causing annual epidemics and 
occasional pandemics. Programmed cell death, including apoptosis, pyroptosis, and 
necroptosis, with emerging evidence for ferroptosis, plays a dual role in influenza patho-
genesis, both limiting viral replication and contributing to immunopathology. Most mech-
anistic insights have been derived from murine genetic models, which have been invalu-
able for establishing causal roles of these pathways. However, murine models and cancer-
derived cell lines differ significantly from human physiology. This review systematically 
compares influenza-induced programmed cell death across human-relevant platforms, 
including primary cells, immortalized non-cancerous lines, co-cultures, organoids, and 
precision-cut lung slices. The increasing complexity of these models reveals distinct as-
pects of pathway activation, bystander effects, cell-type vulnerability, and spatial dynam-
ics. We highlight critical divergences between model systems, identify gaps in compara-
tive analyses across viral strains and experimental platforms, and outline future directions 
leveraging advanced model systems, multi-omics, and functional genomics to enhance 
translational relevance and guide the development of host-directed therapies. 
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1. Introduction 
Influenza A virus (IAV) causes seasonal epidemics and occasional pandemics, result-

ing in substantial global morbidity and mortality. Seasonal influenza infects an estimated 
3–5 million people annually and causes up to 650,000 deaths from severe respiratory com-
plications (WHO) [1]. Despite the availability of vaccines and antiviral drugs, influenza 
remains a major health burden, particularly during seasons with vaccine mismatch or the 
emergence of antigenically distinct strains. 

Past pandemics illustrate the virus’s capacity for rapid evolution and cross-species 
transmission. The 1918 “Spanish flu” pandemic caused an estimated 50 million deaths, 
while later pandemics in 1957 (H2N2), 1968 (H3N2), and 2009 (H1N1) demonstrated how 
genetic reassortment can generate novel strains capable of efficient human-to-human 
transmission [2–4]. More recently, highly pathogenic avian influenza (HPAI; H5N1 and 
H7N9) has caused sporadic but severe human infections, raising concerns about future 
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pandemic potential [5,6]. The detection of H5N1 in dairy cattle in 2024 further underscores 
the unpredictability of influenza ecology and the need for sustained surveillance [7]. To-
gether, these events highlight the persistent pandemic threat posed by IAV and the limi-
tations of control strategies that rely exclusively on viral antigenic stability. 

While vaccines and antivirals remain cornerstones for influenza prevention and 
treatment, their effectiveness is constrained by antigenic drift, resistance, and narrow ther-
apeutic windows [8–10]. Moreover, these interventions primarily target viral replication 
and do not directly address host-driven immunopathology, which is a major contributor 
to severe disease. This gap is particularly consequential during pandemics, when strain-
specific pathogenicity and dysregulated immune responses amplify tissue injury and 
mortality. 

A central determinant of influenza pathogenesis is the induction of programmed cell 
death (PCD) in infected and bystander cells within the respiratory tract (reviewed in 
[11,12]). Apoptosis, pyroptosis, and necroptosis are increasingly recognized as central reg-
ulators of disease severity, influencing viral replication, inflammatory signaling, and epi-
thelial integrity. Apoptosis generally restricts viral spread with minimal inflammation, 
whereas lytic forms of PCD, pyroptosis and necroptosis, amplify inflammation and exac-
erbate lung injury [13]. More recently, ferroptosis has emerged as an additional contribu-
tor to influenza-driven inflammation and tissue damage [12,14]. Together, these observa-
tions position PCD as a critical interface between antiviral defenses and immunopathol-
ogy, and a promising but underexplored target for host-directed therapeutic intervention. 

Integrating murine in vivo models and human ex vivo and in vitro systems is essen-
tial for advancing such therapeutic strategies. Despite considerable progress, significant 
gaps remain. Many mechanistic studies rely on cancer-derived epithelial cell lines with 
altered immune signaling or on mouse-adapted viral strains that diverge from natural 
human infection dynamics [12]. Although these models are experimentally tractable and 
informative, they incompletely capture the complexity of human respiratory physiology. 
Comparative analyses across human-relevant systems, including primary epithelial cells, 
immortalized non-cancerous lines, and advanced models such as organoids and preci-
sion-cut lung slices, remain limited. Even fewer studies systematically assess influenza 
strain-specific differences in PCD responses, despite strong evidence that viral genotype 
profoundly influences host cell fate decisions. 

Although influenza B virus also contributes substantially to the annual disease bur-
den, mechanistic studies of PCD during influenza B infection are comparatively scarce. 
Accordingly, this review focuses primarily on IAV, which poses the greatest clinical and 
pandemic threat due to its antigenic diversity and propensity for reassortment. We syn-
thesize current understanding of how IAV engages distinct PCD pathways, their molecu-
lar crosstalk, and how pathway balance shapes disease severity. Critically, we compare 
findings across human-relevant experimental platforms and murine models to identify 
species-specific divergences and inform translational therapeutic strategies. 

2. Programmed Cell Death During IAV Infection 
IAV engages multiple PCD pathways in respiratory tissues, and the timing, magni-

tude, and balance among these pathways strongly influences viral fitness, inflammation, 
and tissue injury (reviewed in [12]). Rather than acting in isolation, these pathways oper-
ate within a dynamically regulated network that governs the transition from early viral 
containment to inflammatory epithelial damage. As illustrated in Figure 1, IAV can initi-
ate apoptosis through intrinsic (mitochondrial) and extrinsic (death receptor) routes; acti-
vate pyroptosis via inflammasome-dependent gasdermin D (GSDMD) or caspase-3-de-
pendent gasdermin E (GSDME); trigger necroptosis through a Z-DNA binding protein 1 
(ZBP1)–receptor-interacting protein kinase 3 (RIPK3)–mixed lineage kinase domain-like 
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pseudokinase (MLKL) signaling axis; and promote ferroptosis via iron-dependent lipid 
peroxidation. 

Mechanistic insights into these pathways derive from a combination of human cell 
culture systems and genetically modified murine models. Across these systems, apoptosis 
is non-lytic and typically protective, whereas pyroptosis, necroptosis, and ferroptosis are 
lytic, pro-inflammatory, and frequently associated with lung injury [12,13]. We next de-
scribe the core signaling mechanisms underlying each PCD pathway during IAV infection, 
followed by an integrated discussion of their crosstalk and context-dependent roles in vi-
ral control versus immunopathology. 

 

Figure 1. Interplay among programmed cell death pathways triggered by IAV infection. IAV en-
gages intrinsic and extrinsic apoptosis, necroptosis, pyroptosis, and ferroptosis through a network 
of viral-host interactions. Intrinsic apoptosis is initiated by cellular stressors, including IAV proteins 
NS1 and PB1-F2 interacting with mitochondrial voltage-dependent anion channel 1 (VDAC1) and 
adenine nucleotide translocase 3 (ANT3), respectively. NS1 also inhibits anti-apoptotic chaperones 
(heat shock protein (HSP)70/90), promoting mitochondrial dysfunction. Activation of Bax and Bak 
permeabilizes the outer mitochondrial membrane, enabling cytochrome c (Cyt. c) release and apop-
tosome formation with APAF-1, which activates caspase-9 and subsequently caspase-3/7 to execute 
apoptosis. ZBP1 senses viral Z-RNA and interacts with viral proteins PB1-F2 and NP, recruiting 
RIPK3 to form a multifaceted signaling platform that can induce extrinsic apoptosis, necroptosis, 
and pyroptosis in parallel. While cellular inhibitor of apoptosis protein 1/2 (cIAP1/2) promotes cell 
survival, IAV infection shifts this balance toward necroptosis, driven by RIPK3-mediated phosphor-
ylation and oligomerization of MLKL. NS1 enhances MLKL oligomerization, and in human cells, 
SIGLEC12 mediates terminal PMR downstream of MLKL. Extrinsic apoptosis is initiated by activa-
tion of death receptors (e.g., death receptor 4/5 (DR4/5)) by ligands such as TRAIL, leading to for-
mation of the FADD-caspase-8 complex. Caspase-8 undergoes autocleavage and activates caspase-
3/7, committing cells to apoptosis and providing crosstalk with intrinsic pathways via Bid cleavage. 
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Pyroptosis is executed through gasdermin-mediated pore formation via two principal routes. IAV 
components, including ssRNA and PB1-F2, activate the NLRP3 inflammasome, resulting in caspase-
1 activation and maturation of IL-1β and IL-18. Caspase-1 also cleaves full-length gasdermin D (FL-
GSDMD) to generate the pore-forming N-terminal fragment (NT-GSDMD). Alternatively, during 
apoptosis, caspase-3 cleaves full-length gasdermin E (FL-GSDME) into its active N-terminal frag-
ment (NT-GSDME) and simultaneously cleaves GSDMD into an inactive p43 fragment. Active 
GSDMD and GSDME oligomerize to form membrane pores that permit release of small damage-
associated molecular patterns (DAMPs) and cytokines. Accumulation of gasdermin pores ulti-
mately triggers NINJ1-mediated PMR, enabling release of large DAMPs, PAMPs, and lactate dehy-
drogenase (LDH). Ferroptosis, driven by iron-dependent lipid peroxidation and impaired GPX4, 
acts independently of caspases, gasdermins, and MLKL. Together, these integrated pathways shape 
the magnitude and inflammatory nature of cell death during IAV infection. 

2.1. Apoptosis: Intrinsic and Extrinsic Pathways 

Apoptosis is the most extensively characterized form of PCD during IAV infection 
and it is typically immunologically silent. It is characterized by cell shrinkage, chromatin 
condensation, DNA fragmentation, poly(ADP-ribose) polymerase (PARP) cleavage, and 
the formation of apoptotic bodies that are efficiently cleared by phagocytes [15]. Across in 
vitro and in vivo systems, including genetic knockouts, overexpression systems, and 
pharmacological inhibition, disruption of apoptotic signaling often enhances viral repli-
cation and worsens disease outcomes [16–18], supporting apoptosis as an important anti-
viral defense mechanism. However, the functional impact of apoptosis during IAV infec-
tion is highly dependent on pathway engagement, timing, and cellular context and certain 
apoptotic programs can contribute to immunopathology under specific conditions. 

2.1.1. Intrinsic (Mitochondrial) Pathway 

The intrinsic apoptotic pathway is activated by intracellular stress signals that arise 
during IAV infection, including viral protein accumulation, oxidative stress, and DNA 
damage (Figure 1) [19]. This pathway is regulated by the Bcl-2 family proteins, which in-
clude anti-apoptotic members (Bcl-2, Mcl-1, and Bcl-XL), BH3-only initiators (Bid and 
Bim), and pro-apoptotic executioners (BCL2-associated X (Bax) and BCL2 antago-
nist/killer (Bak)) [20]. Upon activation, Bax and Bak oligomerize at the mitochondrial 
outer membrane, inducing mitochondrial outer membrane permeabilization (MOMP) 
and releasing cytochrome c. Cytochrome c associated with apoptotic protease-activating 
factor 1 (APAF-1) to form the apoptosome, leading to caspase-9 activation and subsequent 
cleavage of executioner caspases-3, -6, and -7 [21]. 

IAV modulates intrinsic apoptosis in a temporally controlled manner. Early during 
infection, NS1 suppresses pro-apoptotic signaling to prolong host cell survival and max-
imize viral replication [22]. At later stages, apoptosis is facilitated as viral replication com-
pletes, with viral components, including PB1-F2, NS1, NP, and M1, contributing to mito-
chondrial dysfunction [22–27]. In particular, PB1-F2 directly interacts with mitochondrial 
proteins such as voltage-dependent anion channel 1 (VDAC1) and adenine nucleotide 
translocase 3 (ANT3), while other viral proteins antagonize host anti-apoptotic mecha-
nisms, including Hsp70 and Hsp90-mediated cryoprotection, thereby permitting caspase 
activation and apoptotic cell death. This temporal switch enables efficient viral replication 
while facilitating controlled cell death and viral dissemination. 

2.1.2. Extrinsic (Death Receptor) Pathway 

Extrinsic apoptosis is initiated by engagement of death receptors, including Fas, tu-
mor necrosis factor (TNF) receptor 1 (TNFR1), and death receptors 4 and 5 (DR4/DR5), by 
their respective ligands such as Fas ligand (FasL), TNF, and TRAIL (Figure 1) [28,29]. 
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Ligand binding induces receptor trimerization and recruitment of adaptor proteins, in-
cluding FADD and TRADD, leading to the assembly of death-inducing signaling com-
plexes (DISCs) and activation of initiator caspase-8. Active caspase-8 directly cleaves exe-
cutioner caspases and amplifies intrinsic apoptotic signaling through Bid cleavage [30,31], 
thereby linking extrinsic and intrinsic apoptotic pathways. 

TNFR1 signaling exemplifies the regulatory complexity of extrinsic apoptosis 
through the formation of spatially and compositionally distinct signaling complexes. Fol-
lowing TNF binding, membrane-associated Complex I, comprising TNFR1, TRADD, 
RIPK1, TRAF2, and the E3 ubiquitin ligases cIAP1/2 and LUBAC, promotes NF-κB and 
MAPK activation, driving pro-survival and inflammatory gene expression. In this context, 
K63- and Met1 (linear)-linked ubiquitination of RIPK1 stabilizes Complex I and prevents 
cell death signaling [32]. 

When RIPK1 ubiquitination is disrupted, through deubiquitination, loss of cIAP1/2 
or LUBAC activity, or cellular stress, RIPK1 dissociates from the receptor and assembles 
cytosolic death-inducing complexes. Formation of Complex IIa, consisting of RIPK1, 
TRADD, FADD, and caspase-8, leads to caspase-8 activation and execution of extrinsic 
apoptosis [31,33]. In parallel, under conditions where caspase-8 activity is inhibited or in-
sufficient, RIPK1 can associate with RIPK3 and MLKL to form Complex IIb (the ripopto-
some), diverting signaling toward necroptosis [29,34,35]. 

During IAV infection, infected epithelial and immune cells produce elevated levels 
of TNF and TRAIL, which can activate death receptor signaling in both infected and 
neighboring bystander cells [36,37]. In contrast to intrinsic apoptosis, excessive activation 
of death receptor-mediated pathways can exacerbate immunopathology. Blockage of 
TRAIL using neutralizing antibodies [38] or inhibition of Fas signaling with decoy recep-
tors [39] improves survival in mice infected with mouse-adapted PR8 H1N1, highlighting 
a pathological role for dysregulated extrinsic apoptotic signaling during severe influenza. 

2.2. Pyroptosis: Gasdermins D and E and NINJ1 

While apoptosis generally limits inflammation, IAV infection also engages pyropto-
sis, a lytic and highly inflammatory form of PCD characterized by plasma membrane rup-
ture (PMR) and release of intracellular contents, including damage-associated molecular 
patterns (DAMPs), pathogen-associated patterns (PAMPs), and inflammatory cytokines 
(Figure 1) [40,41]. Hallmarks of pyroptosis include secretion of IL-1β and IL-18 and release 
of cytosolic proteins such as lactate dehydrogenase (LDH) and HMGB1. Pyroptosis is ex-
ecuted by gasdermin family members, primarily GSDMD and GSDME [42]. Genetic abla-
tion of either GSDMD or GSDME improves survival, reduces lung pathology, and lowers 
viral burden during IAV infection [43–46], implicating pyroptosis in both immunopathol-
ogy and viral dissemination. 

2.2.1. GSDMD-Mediated Pyroptosis 

GSDMD is the most extensively studied pyroptotic effector [41]. It is activated down-
stream of inflammasomes. Upon activation of inflammasomes such as NLRP3, the adaptor 
ASC recruits and activates caspase-1, which cleaves GSDMD at Asp275 (human), releas-
ing its pore-forming N-terminal fragment (Figure 1) [47]. In addition, noncanonical in-
flammasome signaling via caspase-4 and caspase-5 can also cleave GSDMD [48]. Oli-
gomerized GSDMD inserts into the plasma membrane to form pores that permit cytokine 
release and ion influx, ultimately leading to PMR. Cleaved caspase-1 and GSDMD have 
been detected in IAV-infected epithelial cells [43,44,49], as discussed in more detail in later 
sections. 
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2.2.2. GSDME-Mediated Pyroptosis 

GSDME mediates an alternative pyroptotic pathway downstream of apoptosis. Ac-
tive caspase-3 cleaves GSDME at Asp270, generating an N-terminal fragment that forms 
membrane pores similar to those formed by GSDMD (Figure 1) [50]. In cells that express 
GSDME, apoptotic stimuli can therefore be converted into a lytic, inflammatory form of 
cell death. Caspase-3-dependent GSDME activation has been observed in IAV-infected 
bronchial epithelial cells [43,51]. 

2.2.3. Terminal Membrane Rupture: NINJ1 

Ninjurin-1 (NINJ1) mediates the terminal step of pyroptosis by driving catastrophic 
PMR following gasdermin pore formation (Figure 1) [52]. NINJ1 oligomerization enables 
the release of large DAMPs, PAMPs, and LDH, thereby amplifying inflammatory signal-
ing. NINJ1-dependent PMR has been implicated in lung injury during murine IAV infec-
tion [53]. 

2.3. Necroptosis: RIPK1/RIPK3/MLKL Signaling 

In parallel with pyroptosis, IAV activates necroptosis, a caspase-independent, lytic 
PCD pathway mediated by the RIPK1-RIPK3-MLKL axis (Figure 1). When caspase-8 ac-
tivity is inhibited or insufficient, RIPK3 phosphorylates MLKL, triggering MLKL oli-
gomerization and translocation to the plasma membrane, where it disrupts membrane 
integrity and causes cell rupture [54]. This lytic cell death releases nuclear and cytosolic 
DAMPs such as HMGB1, which trigger inflammation [55]. In human cells, phosphory-
lated MLKL further engages SIGLEC12 to promote PMR, a species-specific mechanism 
absent in mice [56]. 

ZBP1: The Necroptotic Trigger 

During IAV infection, necroptosis is predominately initiated by ZBP1, a nuclear in-
nate immune sensor that recognizes Z-RNA structures generated during viral replication 
(Figure 1) [57]. ZBP1 interacts with RIPK3 through RHIM-RHIM domain interactions, 
forming a signaling platform that can initiate both necroptosis and apoptosis [58]. This 
ZBP1-driven mechanism is distinctive of IAV which replicates in the nucleus and is asso-
ciated with nuclear envelope disruption and leakage of nuclear DNA into the cytosol. 

Although ZBP1 is the dominant trigger, alternative pathways can activate necropto-
sis under specific conditions. Signaling through TNFR1 and Toll-like receptor (TLR) 3 and 
4 can induce necroptosis when caspase-8 is inhibited or IAPs are depleted [59]. Viral pro-
teins further modulate these responses. NS1 enhances MLKL oligomerization and mem-
brane translocation and promotes NLRP3 inflammasome activation and IL-1β release [60]. 
In contrast, transforming growth factor-β-activated kinase 1 (TAK1) restrains premature 
necroptosis by suppressing RIPK1 activity through IκB kinase (IKK) signaling [61]. 

Consistent with this regulatory complexity, studies using MLKL-deficient mice or 
pharmacological inhibition of RIPK3 inhibitors during infection with mouse-adapted 
H1N1 PR8 have reported divergent outcomes [57,62,63]. In some models, Mlkl-/- mice chal-
lenged with sublethal, and to a lesser extent lethal, doses of PR8 exhibit improved survival 
and reduced lung injury, supporting a pathogenic contribution of necroptotic signaling 
during influenza infection [57]. In contrast, other studies report that Mlkl-/- animals display 
similar mortality to wild-type mice following sublethal infection, indicating that necrop-
tosis is dispensable for disease outcomes under certain conditions [64]. Importantly, mul-
tiple studies demonstrate that RIPK3 can mediate host protection through MLKL-inde-
pendent, caspase-8-dependent apoptotic signaling, explaining why disruption of RIPK3 
and MLKL can yield non-overlapping phenotypes during influenza infection [58,63]. 
These discrepancies likely reflect differences in viral dose and strain, genetic background, 
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redundancy with apoptotic pathways, and experimental endpoints assessed. Collectively, 
these findings underscore the context-dependent role of necroptosis during influenza in-
fection and highlight the need for caution when extrapolating murine genetic studies to 
therapeutic targeting of necroptotic pathways. 

2.4. Ferroptosis: An Emerging Contributor to IAV-Induced Lung Injury 

Beyond caspase- and MLKL-dependent pathways, ferroptosis has emerged as a met-
abolically distinct form of PCD characterized by iron-dependent lipid peroxidation of pol-
yunsaturated fatty acids (PUFAs), impaired glutathione peroxidase 4 (GPX4) activity, and 
excessive reactive oxygen species (ROS) generation (Figure 1). Ferroptosis is accompanied 
by unique mitochondrial ultrastructural changes, including mitochondrial shrinkage, in-
creased membrane density, and outer mitochondrial membrane rupture, in the absence of 
nuclear condensation or fragmentation [65]. 

Recent studies implicate ferroptosis in virus-induced lung injury, including during 
IAV infection. In murine models, IAV infection increases lipid peroxidation markers such 
as malondialdehyde while reducing expression or activity of ferroptosis-related antioxi-
dant defenses, most notably GPX4, in lung tissue [14]. Pharmacological inhibition of lipid 
peroxidation with ferrostatin-1 attenuates oxidative lung damage, reduces inflammatory 
cytokine production, and improves survival in models of severe influenza [14]. In addi-
tion, inhibition of indoleamine 2,3-dioxygenase 1 (IDO-1), a metabolic regulator linked to 
ferroptotic susceptibility, using 1-methyl-tryptophan ameliorates acute lung injury in 
IAV-infected mice. Collectively, these findings suggest that ferroptosis contributes to ep-
ithelial injury and disease severity during severe influenza. 

2.5. Crosstalk and Functional Implications 

Although individual PCD pathways are often studied in isolation, IAV infection re-
veals extensive functional overlap and regulatory interdependence among apoptotic and 
inflammatory cell death programs. Evidence from murine models indicates that apoptosis 
is generally protective [58,63], whereas pyroptosis, necroptosis, and ferroptosis are more 
frequently associated with immunopathology and severe disease outcomes [14,43–
45,62,66,67]. However, these distinctions are blurred by extensive pathway crosstalk. 

Caspase-3 exemplifies this interconnectivity by exerting opposing effects on pyrop-
totic execution (Figure 1). In specific contexts, caspase-3 cleaves GSDME to convert apop-
tosis into a lytic, inflammatory form of cell death, while simultaneously inactivating 
GSDMD through generation of an inhibitory p43 fragment [43,68]. Functional redundancy 
among gasdermins further complicates pathway assignment, as GSDME can compensate 
for loss of GSDMD [69], and conversely, GSDMD can partially substitute when GSDME 
is impaired [43]. 

Caspase-8 functions as a central regulatory node linking apoptotic and necroptotic 
pathways (Figure 1). Its inhibition diverts TNFR1 signaling toward RIPK3-dependent 
necroptosis, while its proteolytic activity blocks necroptosis by cleaving RIPK1 and RIPK3 
even when pro-necroptotic signals are present. During IAV infection, ZBP1 activation can 
initiate both apoptosis and necroptosis concurrently, with caspase-8 serving as the deci-
sive checkpoint. When caspase-8 is active, apoptosis predominates and when caspase-8 is 
inhibited, necroptosis ensues [57,58]. In murine macrophages, this interplay between 
caspase-8 and multiple death pathways contributes to the convergence of apoptotic, py-
roptotic, and necroptotic features that has been described as an integrated cell death pro-
gram termed PANoptosis [53,70]. However, evidence for PANoptosis during influenza 
infection derives predominately from mouse in vitro systems, and validation in human-
relevant models remains limited. 
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Ferroptosis also intersects with other PCD pathways at multiple mechanistic levels 
[71]. ROS and mitochondrial dysfunction are shared features of ferroptosis and intrinsic 
apoptosis, suggesting overlapping upstream stress responses. In addition, lipid peroxida-
tion products generated during ferroptosis can activate the NLRP3 inflammasome, 
providing a potential link between ferroptotic and pyroptotic signaling [72]. Whether fer-
roptosis operates sequentially, synergistically, or in parallel with other PCD programs 
during IAV infection remains unresolved. 

Collectively, these findings define a network of partially redundant and temporally 
dynamic PCD pathways. The pathway crosstalk described above is not only mechanistic 
but also temporal, with cells transitioning between different death modalities over the 
course of infection. Accumulating evidence suggests that infected cells do not commit ir-
reversibly to a single PCD pathway at the onset of IAV infection. Rather, the dominant 
pathway can shift as a function of viral burden, cellular stress thresholds, and the dynamic 
availability of pathway regulators. 

Early in infection, when viral PAMPs are limited and cellular homeostasis is rela-
tively intact, intrinsic apoptosis represents the predominant response, triggered by mito-
chondrial dysfunction and oxidative stress with minimal inflammatory consequences 
[23,73]. As infection progresses and viral replication intensifies, several factors drive tran-
sitions toward inflammatory PCD pathways. Cytosolic accumulation of viral Z-RNA spe-
cies recognized by ZBP1 promotes necroptotic signaling through RIPK3 and MLKL [57]. 
Concurrently, inflammasome activation thresholds may be exceeded through K+ efflux, 
lysosomal damage, and mitochondrial ROS accumulation, shifting the balance toward py-
roptosis [74,75]. 

The checkpoint function of caspase-8, described above, is central to this temporal 
transition. When caspase-8 activity is maintained, it blocks necroptosis even in the pres-
ence of ZBP1 activation by cleaving RIPK1 and RIPK3 [76]. However, as viral proteins 
accumulate and cellular stress intensifies, caspase-8 can be inhibited or degraded, thereby 
permitting necroptotic pathway engagement. Similarly, inflammasome priming and as-
sembly requires time-dependent accumulation of danger signals, explaining the delayed 
onset of pyroptosis relative to apoptosis observed in many experimental systems. 

This model of temporally dynamic pathway switching has important implications 
for therapeutic intervention. Early targeting of apoptosis may not prevent subsequent in-
flammatory PCD if viral replication continues unchecked. Conversely, interventions that 
prevent early apoptosis could paradoxically increase susceptibility to later necroptosis or 
pyroptosis. Understanding the kinetics and determinants of these pathway transitions 
will be essential for optimally timing host-directed therapies. 

3. Cell Death Responses During IAV Infection in Human Cells 
The PCD pathways described above have been identified predominately using can-

cer-derived human cell lines and murine models. Human respiratory tissues comprise di-
verse epithelial, myeloid, endothelial, and structural cell populations that differ markedly 
in susceptibility to IAV infection and in their preferential engagement of PCD pathways. 
However, cell-type-specific differences in viral tropism, baseline immune competence, 
and signaling thresholds strongly influence whether apoptosis, pyroptosis, or necroptosis 
predominates during infection. Moreover, in vitro human model systems vary widely in 
cellular origin, differentiation state, and expression of PCD machinery, all of which can 
profoundly shape experimental outcomes. Careful consideration of these model-specific 
features is therefore essential for accurate interpretation and translation to human disease. 

Murine models remain indispensable for studying integrated immune responses, vi-
ral clearance kinetics, and survival outcomes that cannot be recapitulated in vitro. As dis-
cussed in the previous section, genetic knockout studies targeting RIPK3, MLKL, 
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GSDMD, GSDME, and ZBP1 have been foundational for establishing causal roles for in-
dividual PCD pathways, experiments that are not currently feasible in human tissues. Ac-
cordingly, integrating murine in vivo systems with human ex vivo and in vitro models 
represents the most robust strategy for mechanistic insight and therapeutic development. 

In the sections below, we examine PCD responses across major human respiratory 
cell types, highlighting dominant death pathways, strain-specific effects, and unresolved 
questions within each cellular context. 

3.1. Cell Tropism and Receptor Distribution 

Influenza infection is largely confined to the respiratory tract, where interactions 
among multiple epithelial, stromal, and immune cell populations collectively shape anti-
viral defense and inflammatory pathology. Defining which cell types are infected, and 
how each executes PCD, is therefore fundamental for selecting physiologically relevant 
experimental models. 

3.1.1. Receptor Distribution and Viral Entry 

Viral entry is mediated by IAV hemagglutinin (HA) binding to sialic acid (SA) resi-
dues on the epithelial surface, and the receptor distribution of SA linkages strongly influ-
ences viral tropism and disease manifestation. Human-adapted influenza strains prefer-
entially bind α2,6-linked SAs, which are enriched on ciliated and goblet cells in the upper 
respiratory tract, whereas avian strains favor α2,3-linked SAs that are more prevalent in 
the lower respiratory tract [77]. In primary bronchial epithelial cell cultures grown at the 
air-liquid interface (ALI), α2,6-linked SA is predominantly expressed on the apical surface, 
while basal cells primarily express α2,3-linked SAs [78]. This spatial organization has im-
portant implications for strain-specific infection patterns: human strains efficiently infect 
both ciliated and goblet cells, whereas avian strains exhibit more restricted tropism in the 
lung. 

3.1.2. Key Cell Populations 

Epithelial cells lining the upper and lower airways are the principal site of viral rep-
lication. Alveolar macrophages (AMs) provide early sentinel defense within the airway 
lumen. Endothelial cells regulate vascular integrity, while fibroblasts coordinate tissue re-
pair and remodeling. Both structural cell types contribute to inflammatory signaling and 
systemic complications during severe disease. 

3.2. Epithelial Cells 

Epithelial cells constitute the primary barrier to influenza and are the dominant site 
of viral replication. Beyond their barrier function, epithelial cells actively shape immune 
responses through cytokine and chemokine secretion [79,80]. Their PCD responses criti-
cally shape viral fitness, tissue injury, and immune activation. In vitro studies of epithelial 
cell death have relied primarily on three model categories: cancer-derived cell lines, pri-
mary cultures, and immortalized non-cancerous cell lines. 

3.2.1. Cancer-Derived Epithelial Cell Lines 

Cancer-derived lung alveolar epithelial lines, particularly A549 and Calu-3, have 
been extensively used to study PCD mechanisms during IAV infection due their ease of 
culture and high transfection efficiency. However, their interpretive value is constrained 
by cancer-associated alterations, including impaired interferon signaling, altered meta-
bolic thresholds, and dysregulated inflammasome pathways [81–85], which collectively 
distort innate and cell death responses. Consequently, these models may not accurately 
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reflect either the magnitude or the inflammatory character of epithelial cell death during 
human infection (discussed further in Section 5.1). 

Across numerous studies, infection of A549 and Calu-3 cells with diverse IAV strains, 
including pandemic and mouse-adapted H1N1 and highly pathogenic H5N1, consistently 
induces apoptosis. This is supported by reduced cell viability, caspase-3 activation, PARP 
cleavage, TUNEL positivity, and chromatin condensation [27,73,86–88]. Mechanistic anal-
ysis demonstrate that viral proteins such as NS1, PB1-F2, PA, and NP modulate apoptotic 
signaling through interactions with mitochondrial regulators and suppressing host anti-
apoptotic pathways (Figure 1) [27,75,89,90]. Collectively, these findings establish apopto-
sis as a dominant outcome of IAV infection in cancer-derived epithelial cells. 

In contrast, evidence for robust activation of lytic inflammatory cell death pathways 
in these models is limited. Markers of pyroptosis, including gasdermin cleavage, LDH 
release, and inflammasome-driven cytokine secretion, are generally weak or absent [49]. 
As a result, cell death in cancer-derived lines is typically dominated by apoptotic features, 
with minimal engagement of membrane-disrupting execution programs. 

Emerging evidence also suggests that ferroptotic stress responses may occur in can-
cer-derived epithelial cells during IAV infection. In A549 cells, swine H1N1 infection in-
creases ROS production, depletes glutathione, and promotes lipid peroxidation; inhibition 
of this process with ferrostatin-1 impairs virus replication and release [91]. However, be-
cause malignant cells exhibit altered iron handling, lipid metabolism, and redox homeo-
stasis [92–94], these findings are difficult to interpret and require validation in physiolog-
ically normal human epithelial systems. 

3.2.2. Primary and Immortalized Non-Cancerous Epithelial Cells 

Primary bronchial epithelial (PBEC) cultures and immortalized non-cancerous lines 
such as HBEC3-KT more closely recapitulate normal epithelial physiology and are in-
creasingly recognized as superior models for studying influenza-induced PCD. These 
cells support robust replication of multiple IAV strains [43,51,80,95]. 

Recent studies using these systems reveal striking strain-specific differences in epi-
thelial cell death responses. Seasonal and pandemic H1N1 and H3N2 strains differ in their 
ability to activate GSDMD, GSDME, and downstream pyroptotic events, such as LDH and 
cytokine release [43,44]. Across these strains, GSDME-mediated pyroptosis predominates 
as the lytic pathway, driven by caspase-3 activation, whereas inflammasome-dependent 
GSDMD activation is comparatively weak [43,51]. 

This dominance is reflected in both the timing and magnitude of effector activation. 
Cleaved GSDME and caspase-3 fragments appear earlier and reach higher levels than ac-
tive caspase-1 or GSDMD fragments [43,51]. Notably, an inactive p43 GSDMD fragment 
(generated by caspase-3 cleavage) is also detectable early, further supporting caspase-3–
mediated suppression of canonical GSDMD-driven pyroptosis. Epithelial cells express 
higher basal levels of GSDME than macrophages [45]. This enables caspase-3-driven 
GSDME activation to function as a rapid route to lytic cell death. Together, these findings 
support a model in which apoptosis initiates epithelial cell death but rapidly transitions 
into GSDME-dependent pyroptosis. Simultaneously, caspase-3 suppresses canonical in-
flammasome-driven GSDMD activation. 

By contrast, necroptosis remains poorly defined in human epithelial cells. MLKL-de-
pendent death has not been conclusively demonstrated in primary or immortalized non-
cancerous human airway epithelium. This may reflect biological restriction of necroptosis 
in epithelial cells, higher activation thresholds relative to immune cells, or species-specific 
execution mechanisms (discussed in Section 5 and 6). Systematic interrogation of necrop-
totic signaling in primary epithelial systems is therefore needed. 
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Similarly, systematic evaluation of ferroptosis in human lung epithelial cells is lack-
ing. Preliminary studies in BEAS-2B cells show time-dependent induction of ferroptotic 
marker (GPX4, SLC7A11), lipid peroxidation, iron accumulation, and glutathione deple-
tion following mouse-adapted PR8 H1N1 infection [14]. Whether primary epithelial cells 
or HBEC3-KT undergo ferroptotic cell death, and whether ferroptosis contributes signifi-
cantly relative to GSDME-mediated pyroptosis remains unresolved. Given that physio-
logically normal epithelial models revealed dominant GSDME signaling largely undetect-
able in cancer-derived lines, prioritizing these systems is essential for defining the rele-
vance of ferroptosis to human influenza pathology. 

3.3. Myeloid Cells 

Beyond epithelial cells, myeloid populations, particularly AMs and infiltrating mon-
ocyte-derived macrophages, exhibit distinct PCD profiles that influence inflammatory 
outcomes. AMs are sentinel immune cells residing within the airway lumen and provide 
early defense against inhaled pathogens. Although human-adapted IAV strains can infect 
macrophages, they typically undergo abortive replication [79,96], rendering macrophages 
a functional dead end for viral spread. Nevertheless, AMs produce abundant cytokines 
[79,97] and eventually undergo cell death [98], contributing to the inflammatory response. 

Notably, certain highly pathogenic avian influenza (HPAI) H5N1 strains can produc-
tively replicate in monocyte-derived macrophages and AMs [99,100], underscoring strain-
specific differences in macrophage permissiveness and death responses. Although AMs 
comprise a relatively small fraction of total lung cells compared with epithelial popula-
tions, their loss may have disproportionately large consequences for immune regulation, 
viral clearance, and resolution of inflammation. In particular, inflammatory mediators 
and DAMPs released during lytic macrophage PCD may propagate epithelial injury 
through paracrine signaling, potentially exacerbating immunopathology. 

Cancer-Derived Myeloid Lines and Human Blood-Derived Macrophages 

Most in vitro studies of influenza-induced PCD in human myeloid cells rely heavily 
on peripheral blood mononuclear cells (PBMCs) [99,101–103] or the THP-1 monocytic leu-
kemia cell line [53,60,104,105]. THP-1 cells are typically differentiated with phorbol 12-
myristate 13-acetate (PMA) to generate macrophage-like cells for IAV infection. However, 
PMA concentration and exposure duration vary widely across studies, contributing to ex-
perimental heterogeneity [106]. 

Infection of macrophages with mouse-adapted PR8 H1N1 broadly induces mixed 
PCD, activating caspases-1/3/7/8; GSDMD, GSDME, and necroptotic mediators RIPK3 
and MLKL [60,102]. IL-1β secretion and LDH release in infected macrophages suggest 
engagement of pyroptotic mechanisms, while partial inhibition of lysis by necrostatin-1 
implicates necroptosis [101]. Avian H5N1 strains induce exaggerated cytokine production, 
variable inflammasome activation, and delayed apoptosis [37,104,107]. In contrast, studies 
of H3N2 strains largely emphasize apoptotic features, including ROS generation, and 
caspase-3 activation [99,105]. 

Despite this evidence, key questions remain unresolved. The relative contribution of 
individual PCD pathway to macrophage death, the temporal sequence of pathway acti-
vation, and the extent of compensatory signaling mechanisms when one pathway is in-
hibited are poorly defined. Moreover, whether primary human AMs isolated from bron-
choalveolar lavage samples recapitulate PBMC- or THP-1-derived macrophage responses 
remains largely unexplored. 

Direct comparisons across studies are further confounded by methodological varia-
bility in viral strain, multiplicity of infection, infection duration, and differentiation pro-
tocols influence cell death readouts. Standardized experimental frameworks and 
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systematic side-by-side infections across multiple strains within the same cellular system 
are urgently needed to resolve these discrepancies. 

3.4. Lung Structural Cells: Endothelial and Fibroblast Populations 

Unlike epithelial cells, endothelial cells are typically abortively infected with IAV 
[108], with the notable exception of certain H5N1 isolates [109]. Nevertheless, endothelial 
cell, as well as fibroblasts, play critical roles in disease progression by regulating barrier 
integrity, cytokine signaling, and tissue repair. 

3.4.1. Endothelial Cells 

Endothelial responses to IAV have been studied in a range of monoculture systems, 
including brain (HBMEC) [110], retinal (HRMEC) [111], umbilical vein (HUVEC) [111], 
and lung microvascular endothelial cells (HMVEC, HULEC) [109]. Most studies have re-
ported compromised barrier integrity and/or increased inflammatory cytokine produc-
tion following infection with H1N1 and avian H5N1 strains [110,112]. Endothelial dys-
function contributes to vascular leakage, pulmonary edema, and systemic inflammation, 
hallmarks of acute respiratory distress syndrome (ARDS) and fatal IAV infections (re-
viewed in [113]). During H5N1 infection, endothelial cells may contribute to hemorrhagic 
and systemic complications [109]. 

Evidence for influenza-induced PCD in endothelial cells remains limited. Annexin V 
positivity, TUNEL staining and caspase-3 cleavage indicate a capacity for apoptosis 
[114,115]. HMGB1 release [116] and transcriptomic signatures consistent with apoptotic 
or necroptotic activation [111,117] further suggest engagement of these pathways. These 
cells undergo PCD in response to viral components or inflammatory mediators, thereby 
exacerbating disease severity. However, direct demonstration of endothelial pyroptosis 
or necroptosis is lacking, identifying an important gap in current understanding. 

3.4.2. Fibroblasts 

Studies of influenza-induced PCD in fibroblasts are sparse but indicate activation of 
apoptotic and pyroptotic signaling. One report describes activation of caspases-3/7/8 and 
GSDME cleavage in primary lung fibroblasts infected with mouse-adapted PR8 H1N1, 
consistent with combined apoptotic and pyroptotic activity [102]. Other studies demon-
strate productive viral replication and inflammatory cytokine release in primary lung fi-
broblasts [80] and MRC-5 fetal lung fibroblasts [118] following H1N1 infection. 

Although direct evidence for lytic PCD in structural cells remains limited, defining 
death pathways in endothelial and fibroblast populations is essential for understanding 
vascular leakage, interstitial remodeling, and strain-specific pathogenicity during severe 
influenza. 

4. Advances In Vitro and Ex Vivo Models for Studying IAV-Induced 
Cell Death 

While monoculture systems have been instrumental in defining cell-autonomous 
PCD mechanisms, they cannot capture the multicellular interactions that shape influenza 
pathogenesis in vivo. In the lung, infected epithelial cells release virions, cytokines, chem-
okines, and DAMPs that act on neighboring epithelial, endothelial, stromal, and immune 
cells. These interactions generate complex paracrine signaling networks and spatially re-
stricted tissue injury that are absent in monoculture infections. 

To address these limitations, increasingly complex and physiologically relevant hu-
man model systems have been developed, including epithelial-endothelial co-cultures, 
lung-on-chip platforms, 3D lung organoids, and precision-cut lung slices (PCLS). Figure 
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2 illustrates the continuum of experimental complexity from 2D monocultures to intact 
human tissue, while Table 1 summarizes the structural features, advantages, and limita-
tions of each system. Collectively, these platforms preserve key elements of the human 
lung microenvironment and are well suited for examining strain-specific infection pat-
terns, paracrine signaling, and the spatial dynamics of cell death. 

However, as detailed in Table 1, relatively few influenza studies have leveraged these 
models to directly interrogate PCD pathways. Most investigations have prioritized viral 
replication kinetics and cytokine induction, rather than mechanistic dissection of PCD 
within intact tissue contexts. Expanding the application of these systems to examine PCD 
is therefore essential for understanding how cell death unfolds in situ and how epithelial, 
endothelial, and immune compartments collectively shape disease outcomes. 

 

Figure 2. Experimental models for studying influenza virus infections across increasing levels of 
physiological complexity. Models range from 2D monocultures for reductionist mechanistic studies 
to Transwell co-cultures enabling epithelial-endothelial interactions at an air–liquid interface, lung-
on-chip devices incorporating microfluidic flow and mechanical strain, 3D lung organoids recapit-
ulating tissue architecture and cell diversity, precision-cut lung slices preserving native lung struc-
ture, and animal models capturing whole-organism physiology. The gradient reflects increasing 
physiological relevance, complexity, and experimental cost. 

Table 1. Comparative analysis of experimental models for studying influenza-induced PCD. 

Model Cell Types 
Structural 

Aspects Advantages Disadvantages 
PCD 

Findings 

Cancer-derived 
cell lines 

A549, 
Calu-3.  

2D mono-
layer. 

• Ease of cul-
ture and ge-
netic manipu-
lation. 

• Low cost. 
• Scalable for 

high-through-
put screening. 

• Poor representa-
tion of normal air-
way physiology. 

• Altered cell death 
and innate im-
mune signaling. 

• Limited ability to 
model multicellu-
lar/tissue-levels 
responses. 

• Usually lacking 
mucus secretion 
and ciliary func-
tion. 

• Apoptosis via caspase-
3/8/9, PARP cleavage. 

• Human cancer lines are 
more severely impaired in 
the NLRP3/GSDMD sig-
naling axis. 

• Ferroptosis markers (ROS, 
lipid peroxidation, gluta-
thione depletion) in A549 
cells, but altered iron/lipid 
metabolism in cancer cells 
limits relevance. 

Primary/im-
mortalized non-
cancer 

PBECs, 
HBEC3-KT, 
BEAS2B. 

2D or ALI. 

• Physiologi-
cally normal. 

• Donor-spe-
cific studies. 

• More difficult and 
costly to culture. 

• Strain-specific apoptosis 
and pyroptosis. 

• GSDME-dominant over 
GSDMD. 
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• p43-GSDMD inactivation 
via caspase-3. 

• Temporal transition from 
apoptosis to pyroptosis. 

• Ferroptosis reported in 
BEAS-2B. 

Co-culture 
(Transwell) 

2D co-culture 
of epithelial, 
stromal, or 
immune cells 
separated by a 
synthetic 
membrane. 

• ALI. 
• Mucin 

produc-
tion. 

• Easy setup. 
• Partial inter-

cellular inter-
actions. 

• Measures bar-
rier integrity. 

• Moderate 
scalability. 

• Limited cellular 
heterogeneity. 

• Cannot model dy-
namic immune re-
cruitment. 

• Lacks full tissue 
complexity and 
dynamic mechan-
ical forces. 

• Epithelial PCD triggers 
paracrine endothelial acti-
vation and barrier dys-
function without direct en-
dothelial infection. 

• PCD mechanisms in by-
stander cells remain unde-
fined. 

Lung-on-Chip 

2D co-culture 
of epithelial, 
stromal, and 
immune cells 
in a microflu-
idic chip. 

• ALI 
• Mimics 

vascu-
lar flow 
and 
breath-
ing (cy-
clic 
stretch). 

• Mucin 
produc-
tion. 

• Integrates flu-
idic and me-
chanical fea-
tures. 

• Partial inter-
cellular inter-
actions. 

• Real-time 
analysis. 

• Simulates 
drug kinetics. 

• Supports 
long-term in-
fection. 

• Requires special-
ized equipment 
and expertise. 

• Limited through-
put. 

• High cost. 

• Mechanical stretch acti-
vates RAGE-dependent re-
striction of infection. 

• PCD pathways are not 
well characterized. 

Lung 
organoid 

3D culture of 
differentiated 
epithelial and 
stromal cells. 

• Polar-
ized ep-
ithe-
lium. 

• Cilia 
pulsa-
tion. 

• Mucin 
secre-
tion. 

• Mat-
rigel-
based 
ECM. 

• High cell het-
erogeneity. 

• Mimics lung 
architecture. 

• Derived from 
patient-spe-
cific iPSCs or 
tissues. 

• Suitable for 
long-term in-
fection. 

• Absence of im-
mune cells. 

• Inward-facing ap-
ical surface com-
plicates infection. 

• Batch variability. 
• High cost. 
• Suitable for long-

term infection. 

• Preferential AT1 cell loss 
post-H1N1 infection. 

• Robust cytokine re-
sponses. 

• Ferroptosis reported in hu-
man alveolar organoids. 

• Specific PCD mechanisms 
not defined. 

Ex vivo 
Lung slices 

Native tissue 
section con-
taining epi-
thelial, struc-
tural, immune 
cells. 

• Native 
ECM 
and cel-
lular 
spatial 
archi-
tecture. 

• Airway 
branch-
ing and 

• Preserves tis-
sue complex-
ity. 

• Spatial dy-
namics of in-
fection. 

• Donor-spe-
cific studies. 

• Needs fresh tissue 
and specialized 
preparation. 

• Low throughput. 
• Short-term viabil-

ity (7–14 days). 
• Donor and slice 

variability. 
• Ethical con-

straints. 

• LDH release indicates lytic 
death. 

• Focal infection patterns. 
• Age-dependent viral sus-

ceptibility. 
• PCD pathway analysis 

lacking. 
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vascu-
lar net-
works. 

• Physiologi-
cally relevant 
drug testing. 

• Adaptable 
across species. 

Murine 
Models 

Whole organ-
ism. 

• Native 
tissue. 

• Genetic ma-
nipulation. 

• Survival end-
points. 

• Disease corre-
lations. 

• Establishes 
causality that 
is impossible 
in humans. 

• Species differ-
ences in PCD ma-
chinery and IAV 
receptors. 

• Inbred strains 
lack genetic diver-
sity strains seen in 
humans. 

• Mouse-adapted IAV 
strains may not mimic hu-
man IAV. 

• Apoptosis is generally 
protective/anti-viral. 

• GSDMD/E knockout im-
proves survival. 

• Necroptosis dispensable 
or context dependent. 

• Ferroptosis inhibition im-
proves survival. 

4.1. Co-Culture Studies 

Dual-layer Transwell systems containing airway epithelial cells at the ALI and pri-
mary lung microvascular endothelial cells in the basolateral compartment emulate key 
features of the distal lung epithelium–vascular interface (Table 1). In these models, influ-
enza infection of the epithelial layer consistently results in robust apical viral replication 
accompanied by basolateral transmission of inflammatory signals, even in the absence of 
direct endothelial infection [119]. Most studies report pronounced endothelial cytokine 
production (e.g., IL-6, CXCL10) and barrier dysfunction, measured via increased FITC-
dextran permeability, despite abortive viral replication in endothelial cells [119,120]. 
These findings indicate that paracrine signaling, exposure to viral components, or epithe-
lial-derived DAMPs, rather than direct infection, can drive endothelial activation and in-
jury. 

Comparable outcomes have been observed co-cultures using cancer-derived epithe-
lial and endothelial cell lines infected with pandemic or mouse-adapted H1N1 strains and 
HPAI H5N1 viruses, including marked cytokine release and compromised epithelial bar-
rier integrity [120,121]. However, systematic analysis of epithelial and bystander-cell PCD 
pathways, including identity of released DAMPs and their signaling consequences, re-
main limited in these systems. 

Insights from SARS-CoV-2 co-culture models, including transcriptomic profiling has 
revealed epithelial apoptotic and mitochondrial stress signatures [122], suggest that simi-
lar multi-omic approaches could uncover previously unrecognized IAV-induced death 
pathways in co-culture contexts. 

4.2. Lung-on-Chip Technology 

Lung-on-chip platforms represent a substantial advance over static co-culture sys-
tems. These microfluidic devices recreate the epithelial ALI and vascular compartment 
using parallel channels separated by a porous, ECM-coated membrane (Figure 2 and Ta-
ble 1) [123]. Importantly, they can also incorporate physiological biomechanical forces, 
including vascular shear stress and cyclic stretch that mimics breathing [124], that are ab-
sent in conventional cultures but can critically influence immune activation and tissue 
injury. 

In influenza infection studies, lung-on-chip platforms co-culturing primary alveolar 
cells and pulmonary microvascular endothelial cells, when infected with H3N2 and H5N1, 
exhibit pronounced proinflammatory cytokine production and progressive loss of barrier 
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integrity in both channels [125]. Bulk RNA-sequencing reveals divergent transcriptional 
responses, with epithelial cells upregulating antiviral, proliferative, and DNA replication 
programs, while endothelial cells preferentially induce ion-channel regulators and inflam-
matory pathways. 

Notably, breathing-like cyclic stretch was shown to activate a receptor for advanced 
glycation end products (RAGE)-dependent innate immune pathway that restricts epithe-
lial infection [125]. This finding highlights the importance of mechanical cues in shaping 
antiviral defenses and suggests that biomechanical forces may also modulate PCD path-
way engagement, an underexplored area of influenza biology. 

Integration of circulating immune cells further enhances model complexity. During 
late-stage infection with mouse-adapted H1N1 infection, PBMCs migrate toward the epi-
thelial-vascular interface in parallel with peak cytokine production [126]. Such spatially 
organized immune-tissue interactions cannot be reproduced in static systems and under-
score the utility of lung-on-chip platforms for studying immune-driven cell death. 

More recently, fully immune-competent lung-on-chip models incorporating tissue-
resident macrophages, dendritic cells, and circulating granulocytes within a functional 
microvascular network have been developed [127]. These systems recapitulate key fea-
tures of severe influenza, including cytokine storm signatures that mirror those observed 
in hospitalized patient, and coordinated CXCL10 responses across epithelial and vascular 
compartments. Single-cell RNA sequencing identified stromal-immune CXCL12-CXCR4 
interactions that limit tissue damage, illustrating that immune competency can modulate 
structural injury. 

Lung-on-chip platforms have also enabled evaluation of antiviral drugs and CRISPR-
based influenza therapies [128]. However, high costs, technological complexity, and lim-
ited throughput remain significant barriers to widespread adoption. 

4.3. Lung Organoid Studies 

3D lung organoids have rapidly become indispensable tools for modeling respiratory 
virus infection. Derived from induced pluripotent stem cells (iPSC) or primary human 
airway and alveolar tissues, organoids recapitulate key features of lung epithelium, in-
cluding multicellular composition, ECM embedding, polarization, mucus secretion, and 
functional ciliation (Table 1) [129]. Relative to lung-on-chip platforms, organoid studies 
have focused primarily on cell-type vulnerability and cytokine responses rather than 
mechanistic analysis of PCD pathways. 

Organoids derived from alveolar or bronchiolar lineages express both α2,6- and α2,3-
linked SAs, permitting infection by human- and avian-adapted strains [130]. They also 
express ACE2 and TMPRSS2, enabling comparative studies across respiratory viruses 
such as SARS-CoV-2 [131]. Successful modeling of infection has been achieved with lucif-
erase-expressing pseudotyped influenza particles inducing productive infection over 72 
h [131], while mouse-adapted PR8 H1N1 infection caused delayed but sustained viral rep-
lication accompanied by robust cytokine induction [132]. Organoid infection with pan-
demic H1N1 (2009) achieves high viral titers (≥1000-fold increase) with strong type I and 
III interferon responses by 72 h post-infection [133]. 

A notable observation is the preferential loss of alveolar type I (AT1) cells following 
H1N1 infection [134]. Given that AT1 cells cover approximately 95% of the alveolar sur-
face [135], their selective vulnerability could critically impair gas exchange, although the 
underlying death mechanisms remain poorly defined. A recent study implicated ferrop-
tosis in primary human alveolar organoids following mouse-adapted H1N1 infection [14]. 

Emerging immune-competent organoid systems incorporating macrophages or 
iPSC-derived immune cells offer new opportunities to study multicellular interactions 
and immune-mediated epithelial injury [136,137]. Nevertheless, systematic mapping of 
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apoptosis, pyroptosis, necroptosis, and ferroptosis within organoid models remains 
largely unexplored. 

4.4. Precision-Cut Lung Slices 

Human PCLS represent the most physiologically relevant ex vivo platform for stud-
ying respiratory virus infection. PCLS preserve native lung architecture, epithelial–endo-
thelial interfaces, resident immune populations, and airway-alveolar organization (Figure 
2 and Table 1). Typically, 150–500 µm thick, slices remain viable for 7–14 days following 
agarose inflation and vibratome sectioning [138–140]. 

PCLS support productive infection with avian H5N1 and seasonal H3N2, as well as 
other human respiratory viruses such as parainfluenza virus, rhinovirus, and SARS-CoV-
2 [124,141–143]. Infection with IAV induces infectious virion release, robust cytokine pro-
duction (e.g., IFNγ and IL-6), and LDH release indicative of lytic cell death. Immunofluo-
rescence enables spatial characterization of infected foci and tissue-localized responses. 
Despite these advantages, detailed characterization of the specific PCD pathways engaged 
during influenza infection in PCLS remains scarce. 

One donor-stratified study found age-dependent reductions in viral susceptibility, 
with older donors exhibiting reduced viral RNA loads [124]. This highlights the unique 
value of PCLS for interrogating how age, smoking history, environmental exposures, or 
comorbidities shape infection outcomes and cell-death responses, variables that are 
largely inaccessible in conventional cell culture. 

5. Comparative Insights: PCD Profiling Across Human Model Systems 
Having described human model systems from monocultures to complex tissue plat-

forms, it is essential to directly compare how PCD responses differ across these platforms. 
Such comparisons reveal systematic differences in pathway engagement, kinetics, and 
magnitude that influence data interpretation and translational relevance. This section syn-
thesizes how key experimental variables, including model origin, cellular composition, 
dimensionality, tissue complexity, and temporal scope, shape observed PCD outcomes 
during IAV infection. By highlighting recurring patterns and interpretive caveats, it pro-
vides guiding principles for experimental design and cross-model integration. 

5.1. Model Origin: Cancer Versus Non-Cancer Monoculture 

A landmark comparative study by Lee et al. (2018) directly assessed IAV-induced 
cell death across cancer-derived epithelial lines (A549, Calu-3) and non-cancerous epithe-
lial models (BEAS-2B, NHBE) using mouse-adapted PR8 H1N1, revealing fundamental 
differences in both the magnitude and mode of cell death [49]. Under identical conditions, 
non-cancerous epithelial cells exhibited three- to five-fold greater cell death than A549 or 
Calu-3 cells. Moreover, the dominant death modality diverged markedly. Cancer-derived 
lines displayed predominantly apoptotic features, including caspase-3/7 activation and 
PARP cleavage, with minimal evidence of pyroptosis, whereas non-cancerous cells un-
derwent sequential cell death, with early apoptosis transitioning to pyroptosis within 24–
48 h, accompanied by IL-1β secretion and LDH release. 

Subsequent mechanistic studies in normal epithelial systems indicate that this in-
flammatory phase is driven by caspase-3-driven GSDME activation (see Section 3.2.2) 
[43,51]. This execution pathway is weakly detected or absent in cancer-derived epithelial 
lines, consistent with malignant alterations in innate immune and PCD signaling path-
ways. As a result, cancer models fail to capture the apoptosis-to-pyroptosis transition that 
characterizes influenza-induced epithelial injury in human airways. 

Comparable systematic comparisons between cancer-derived and primary endothe-
lial or myeloid cells remain limited. However, one study suggests that THP-1 leukemia-
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derived macrophages are permissive to pro-inflammatory (M1) polarization but deficient 
in anti-inflammatory (M2) differentiation relative to PBMC-derived macrophages [144]. 
Consequently, cancer lines likely underestimate both the magnitude and inflammatory 
nature of cell death during human influenza infection. 

5.2. Cellular Context: Monoculture Versus Multicellular Systems 

In addition to model origin, epithelial monoculture systems isolate cell-intrinsic PCD 
mechanisms but lack the multicellular context required to model paracrine signaling and 
bystander injury. In these systems, epithelial apoptosis and pyroptosis are closely coupled 
to viral replication, typically initiating between 12 and 24 h post-infection as viral titers 
rise [43,51]. These models therefore excel at defining epithelial-autonomous death path-
ways but provide limited insight into multicellular disease processes. 

By contrast, epithelial-endothelial co-culture systems reveal substantial bystander in-
jury that is not apparent in monocultures. In Transwell models, apical infection of primary 
bronchial epithelial cells at ALI induces endothelial barrier dysfunction despite minimal 
or abortive endothelial infection [119]. Endothelial cells also exhibit increased permeabil-
ity, elevated inflammatory cytokine production, and transcriptional stress signatures 
[119,120]. However, whether this dysfunction reflects endothelial apoptosis, pyroptosis, 
necroptosis, or non-lethal inflammatory activation remains unresolved. 

However, systematic quantification of endothelial PCD pathways in co-culture stud-
ies remains limited. Most analyses focus on barrier integrity and cytokine output, with 
few studies directly assessing caspase activation, gasdermin cleavage, or MLKL phos-
phorylation in endothelial cells. This gap has important therapeutic implications, as inter-
ventions targeting epithelial PCD alone may fail to prevent vascular injury driven by para-
crine signaling rather than direct infection. 

5.3. Dimensionality: 2D Cultures Versus 3D Organoids 

Beyond cellular context, 3D lung organoids reveal cell-type-specific vulnerability to 
IAV infection that is largely obscured in conventional 2D cultures. In 2D monolayers, uni-
form exposure to viruses, nutrients, and oxygen produces relatively homogeneous infec-
tion kinetics and cell death profiles, masking subtype-specific susceptibility. Parallel stud-
ies of SARS-CoV-2-infected lung organoids demonstrate enhanced infectivity and differ-
ential cellular responses in 3D systems compared with organoid-derived monolayers 
[145]. 

Kumar et al. (2011) demonstrated preferential depletion of alveolar type 1 (AT1) cells 
following H1N1 infection [134]. Given their critical role in gas exchange and limited re-
generative capacity [135], selective AT1 loss likely has major functional consequences. The 
mechanisms underlying this vulnerability remain unclear and may involve differences in 
receptor distribution, baseline interferon signaling, antioxidant capacity, or cell-type-spe-
cific engagement of distinct PCD pathways. For example, whether AT1 cells are preferen-
tially susceptible to ferroptosis, given their high metabolic demands and oxidative stress 
exposure, or differentially activate other death modalities remains underexplored. 

Despite these advances, systematic mapping of PCD pathways within organoids re-
mains limited. Most studies quantify viral replication and cytokine output without resolv-
ing which death pathways are activated in specific epithelial subtypes. Emerging single-
cell, spatial transcriptomic, and proteomic approaches now make such analyses feasible 
but remain underutilized in influenza research. 

5.4. Tissue Complexity: Engineered Systems Versus Native Lung Tissue 

Complementing engineered systems, PCLS preserve native lung architecture and cel-
lular diversity, revealing infection dynamics that differ fundamentally from simplified 
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model systems. Whereas 2D cultures and organoids typically exhibit relatively uniform 
infection, PCLS develop spatially heterogeneous foci of infection interspersed with unin-
fected bystander regions [124,146]. These bystander regions may nonetheless exhibit in-
flammatory activation in the absence of productive infection. 

These spatial gradients likely reflect distinct PCD programs. Cells within heavily in-
fected foci may undergo rapid lytic cell death due to overwhelming viral burden, whereas 
peripheral cells may favor apoptosis in response to paracrine cytokines and DAMPs. More 
distant regions may experience inflammatory stress without overt cell death. However, 
these hypotheses remain untested and require direct experimental validation. Systematic 
spatial mapping of these responses using transcriptomic or proteomic approaches repre-
sents a largely unexplored area of influenza research with potential to redefine our under-
standing of tissue-level pathology. 

5.5. Temporal Scope: Short-Term Versus Extended Culture Models 

Independent of model complexity, the lifespan of experimental systems constrains 
the temporal phases of PCD that can be studied. Most cancer-derived and primary mon-
ocultures capture only early events (24–72 h post-infection), thereby missing later phases 
of sustained inflammation, tissue injury, and repair. In contrast, organoids and PCLS re-
main viable for 7–14 days, enabling interrogation of delayed, chronic, and resolution-
phase responses [129,132,138,140,147]. Lung-on-chip platforms maintained at ALI can also 
be sustained for extended periods (2–3 weeks), and one influenza study demonstrating 
potential for epithelial and endothelial barrier regeneration over time [125]. 

These temporal differences have important implications for PCD pathway detection. 
Early-phase models primarily capture virus-driven cell death tightly coupled to active 
replication, whereas extended-duration systems may reveal secondary waves driven by 
paracrine inflammatory mediators, oxidative stress, and metabolic exhaustion. For exam-
ple, pathways such as ferroptosis or delayed lytic death may only become prominent dur-
ing later infection phases. 

Extended-duration systems are therefore essential for capturing the full temporal 
evolution of epithelial injury and recovery. Emerging live-cell, spatial and longitudinal 
profiling technologies (see Section 7.2) further enhance the ability to resolve PCD dynam-
ics across the course of infection. 

6. Integrating Murine and Human Models: Divergences and 
Translation 

Comparative analysis across human model systems reveals that the dominant path-
ways and execution mechanisms of influenza-induced PCD differ substantially from 
those inferred from murine studies. These divergences are not merely quantitative but 
reflect species-specific hierarchies in effector usage, pathway coupling, and terminal exe-
cution that directly shape immunopathology and therapeutic efficacy. 

While murine models remain essential for causal genetic interrogation and whole-
organism outcome measures, human epithelial systems increasingly demonstrate alterna-
tive PCD dominance patterns, particularly in pyroptotic and necroptotic execution, that 
challenge assumptions derived from mouse genetics. This section synthesizes these mech-
anistic mismatches, focusing on how differences in gasdermin usage, necroptotic execu-
tion, ferroptotic susceptibility, and viral strain adaptation constrain direct translation and 
necessitate coordinated cross-species validation. Table 2 provides a summary of key spe-
cies-specific differences in PCD pathways, with detailed mechanistic discussion in the fol-
lowing subsections. 
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Table 2. Key species-specific differences in IAV-induced PCD. 

PCD Pathway Mouse Models Human Models Implication 

Apoptosis Caspase-3, mitochondrial path-
way conserved. 

Caspase-3, mitochondrial path-
way conserved. Likely translates well. 

Pyroptosis 
Strain-dependent: GSDMD 
(H1N1, H3N2), GSDME (H3N2, 
H7N9). 

GSDME dominant in epithelium 
(caspase-3-driven). 

GSDMD-targeted therapies may 
be less effective in human epi-
thelium. 

Necroptosis RIPK3 → MLKL → membrane 
rupture. 

RIPK3 → MLKL + SIGLEC12 → 
membrane rupture. 

MLKL inhibitors alone may be 
insufficient in humans. 

Ferroptosis Well-documented. Preliminary evidence in A549, 
BEAS-2B. 

Requires validation in human 
primary cells. 

PANoptosis Demonstrated in macrophages 
(high MOI). 

Multiple pathways activated; co-
ordinated execution unclear. 

Mechanism needs clarification 
in human cells. 

6.1. Pyroptosis: GSDMD vs. GSDME Dominance 

A major species divergence lies in the relative contributions of gasdermin effectors to 
pyroptosis. In murine influenza models, both GSDMD and GSDME contribute to im-
munopathology in a strain-dependent manner. Gsdmd-/- mice are protected against H1N1 
and H3N2 infection [44,51], whereas Gsdme-/- mice exhibit protection primarily against 
H3N2 and H7N9 [43,45,148]. Overall, GSDMD appears to be the more broadly engaged 
pyroptotic effector in mice, though GSDME plays important strain-specific roles. 

In contrast, human airway epithelial cells display clear GSDME dominance. Primary 
human bronchial epithelial cells and HBEC3-KT lines exhibit robust caspase-3-dependent 
GSDME activation with comparatively weak GSDMD cleavage [43,51], resulting in char-
acteristic apoptosis-to-pyroptosis transition (see Section 3.2.2). Available evidence sug-
gests that this transition is less pronounced in the murine epithelium. 

Additional species-specific differences in inflammasome activation are likely rele-
vant. For example, NLRP1 is expressed and functional in human airway epithelial cells 
but is structurally divergent and largely non-functional in mice [149], highlighting an in-
flammasome pathway that is poorly captured in murine models. Although NLRP1 can 
engage caspase-1 in human epithelial cells, inflammasome activation in this context does 
not uniformly culminate in canonical lytic pyroptosis, and functionally significant 
GSDMD-mediated membrane rupture appears to be tightly constrained. Whether NLRP1 
is engaged during influenza infection of human airway epithelial cells, and how any re-
sulting inflammasome signaling would intersect with the prominent caspase-3-mediated 
inactivation of GSDMD observed in these cells, remains unresolved and warrants system-
atic investigation. 

These species differences have important therapeutic implications. Strategies target-
ing NLRP3 or caspase-1 (described in Section 7) may demonstrate efficacy in murine mod-
els but be less impactful in humans, where GSDME predominates. Conversely, therapeu-
tic approaches targeting GSDME or downstream apoptotic–lytic conversion pathways 
will require validation in human-relevant in vivo or ex vivo models to establish efficacy, 
pharmacokinetics, and safety. 

6.2. Terminal Execution of Necroptosis 

Necroptosis illustrates an additional species divergence at the level of PMR. In mice, 
phosphorylated MLKL oligomerizes to execute necroptosis [54], and genetic or pharma-
cological inhibition yields strain- and dose-dependent effects during influenza infection 
[57,62]. 
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In humans, terminal necroptotic execution requires both MLKL and SIGLEC12, the 
latter of which is absent in mice [56]. This requirement suggests that human necroptosis 
is more tightly regulated and may not be effectively suppressed by MLKL-targeted ther-
apies alone. Although phosphorylated MLKL has been detected in lung tissue from fatal 
human H7N9 infections [150], systematic characterization of necroptotic signaling in pri-
mary human epithelial cells, organoids, or PCLS remains limited. 

6.3. Ferroptosis: An Emerging but Poorly Defined Pathway 

Ferroptosis represents one of the greatest uncertainties in cross-species comparison. 
In murine models, mouse-adapted H1N1 infection increases lipid peroxidation, reduces 
GPX4 expression [14,151]. Pharmacologic inhibition of ferroptosis attenuates oxidative 
lung damage, reduces inflammatory cytokine production, and improves survival [14]. 

Human evidence remains sparse. A549 cells show oxidative stress, glutathione de-
pletion, and lipid peroxidation during swine H1N1 infection, with partial rescue by fer-
rostatin-1 [91]. However, the interpretive value of these findings is limited by the cancer-
derived nature of this model (see Sections 3.2.1 and 5.1). Preliminary data from BEAS-2B 
cells and primary human alveolar organoids [14] show time-dependent lipid peroxidation, 
iron accumulation, and glutathione depletion following mouse-adapted PR8 H1N1 infec-
tion. However, systematic validation in primary bronchial epithelial cells, HBEC3-KT 
lines, or PCLS is lacking. 

Single-cell RNA sequencing of nasal wash samples from IAV-infected individuals 
identified ferroptosis-associated gene signatures [14], and identified ferroptosis-related 
genes whose expression associated with severe disease [152]. Whether ferroptosis repre-
sents a dominant death pathway in humans, a secondary amplifier of injury, or strain-
specific phenomenon remains unresolved. 

6.4. PANoptosis and Pathway Redundancy 

Crosstalk among PCD pathways can lead to PANoptosis, defined by the coordinated 
activation of apoptosis, pyroptosis, and necroptosis. In murine macrophages, PANoptosis 
is observed during experimental high-dose mouse-adapted influenza infection in the con-
text of inflammasome priming [53]. In human macrophages, multiple PCD components, 
including caspases-1/3/7/8, GSDMD/E, RIPK3, MLKL, can be activated [102,105,107], 
though coordinated execution within individual cells has not been conclusively demon-
strated. 

Both species exhibit pathway redundancy, but compensatory routes differ. In human 
epithelial cells, loss of GSDME can promote compensatory GSDMD activation [43], while 
necroptosis inhibition can shift toward apoptosis [60,63]. Viral strain-specific flexibility 
further complicates therapeutic targeting, as inhibition of one pathway may redirect, ra-
ther than prevent, tissue injury. 

6.5. Strain-Specific Responses: Divergent Patterns Across Species 

Viral genetics and host receptor distribution strongly influence PCD responses, but 
experimental systems reveal species-specific patterns. Human airway epithelium pre-
dominantly expresses α2,6-linked SAs apically, whereas mice express both α2,6- and α2,3-
linked receptors throughout the respiratory tract [77]. This difference shapes viral tropism: 
mouse-adapted strains, such as PR8 H1N1 acquired mutations that enhance replication in 
murine cells [79] and may consequently activate host signaling pathways absent during 
natural human infection, which limits direct translation. 

In murine models, PR8 H1N1 causes severe disease and heightened inflammatory 
signaling, while seasonal strains induce mild pathology [79,153]. Genetic studies show 
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strain-dependent reliance on individual PCD pathways, including differential engage-
ment of pyroptotic effectors (see Section 6.1). 

In human epithelial cells, seasonal and pandemic H1N1 and H3N2 isolates display 
pronounced strain-specific PCD profiles. Strains differ in their ability to activate GSDME 
and GSDME, induce LDH release, and drive inflammatory cytokine secretion [43,44]. The 
viral determinants underlying these differences remain incompletely defined. Specific 
mutations in NS1 or other gene segments may contribute, while variation in PB1-F2 is 
particularly complex given that some strains have truncated or absent PB1-F2 due to 
premature stop codons. These genetic differences likely contribute to strain-specific PCD 
pathway engagement [154,155], though the precise mechanisms remain to be fully eluci-
dated. 

Human tissue studies further reveal strain-dependent endothelial involvement. 
HPAI H5N1 can productively infect lung microvascular endothelial cells, which is not 
observed during infection with seasonal H1N1 and H3N2 viruses [109]. This tropism 
aligns with the vascular leakage and systemic complications observed clinically and is not 
captured by epithelial monoculture systems. 

No single model captures the full spectrum of strain-specific PCD responses. Cancer 
lines obscure inflammatory cell death, primary epithelial cultures lack vascular context, 
and PCLS remain low throughput. Comprehensive profiling therefore requires parallel, 
multi-platform approaches. 

6.6. Temporal Dynamics 

Infection kinetics differ substantially between species and experimental systems, 
shaping both the timing and apparent dominance of PCD pathways. In murine models 
infected with lethal doses of mouse-adapted H1N1 and H3N2, peak viral titers and lung 
pathology typically occur at 3–5 days post-infection, coinciding with maximal inflamma-
tory signal and immune-mediated tissue injury [79,156]. These kinetics compress early 
antiviral, inflammatory, and lethal phases into a narrow temporal window. 

In contrast, human epithelial cell culture systems exhibit accelerated replication cy-
cles, with productive infection peaking within 24–48 h [80], and apoptosis signaling often 
preceding overt inflammation. In human bronchial epithelial cells, apoptosis can transi-
tion into lytic, GSDME-mediated pyroptosis by 12–24 h, reflecting a rapid shift from non-
inflammatory to inflammatory cell death that is less apparent in murine epithelium [43]. 

Extended human platforms, including organoids, lung-on-chip systems, and PCLS, 
may reveal additional temporal layers of pathology that are difficult to resolve in murine 
models. These include delayed epithelial and endothelial dysfunction, sustained cytokine 
production, secondary waves of bystander injury, and early reparative responses. Such 
systems also permit assessment of whether pathways such as ferroptosis or necroptosis 
emerge preferentially during prolonged inflammatory or oxidative stress phases rather 
than during peak viral replication. 

These temporal and species-specific differences underscore the importance of using 
complementary model systems. Extended-duration human platforms can capture late-
phase PCD events and pathway crosstalk that are compressed or absent in murine models, 
providing critical context for pathway-targeted therapeutic strategies. Integrating these 
insights with murine genetics and in vivo studies ensures both mechanistic understanding 
and translational relevance. 

6.7. Translational and Therapeutic Implications 

Effective translation of influenza-induced PCD biology requires integration of ad-
vanced human model systems with murine validation Human platforms (PCLS, organ-
oids, co-cultures, lung-on-chip) resolve cell-type-specific and spatiotemporal features of 



Viruses 2026, 18, 246 23 of 37 
 

https://doi.org/10.3390/v18020246 

PCD, whereas murine genetics enable causal dissection and evaluation of systemic out-
comes. 

The priority moving forward is to progress beyond descriptive infection and cytokine 
measurements toward quantitative, pathway-resolved mapping of apoptosis, pyroptosis, 
necroptosis, ferroptosis, and their crosstalk in physiologically relevant systems, followed 
by targeted in vivo validation. 

6.7.1. Clinical Insights from Human Models 

Severe influenza-associated ARDS is characterized by extensive epithelial injury and 
barrier failure [157,158]. Human epithelial models demonstrate that apoptotic signaling 
can rapidly transition into GSDME-dependent pyroptosis (see Section 6.1), suggesting 
that the inflammatory phase of ARDS is driven by progression from apoptosis to lytic 
pyroptosis. Therapies that modulate downstream pyroptotic execution (e.g., GSDME-
linked mechanisms) may therefore be more effective than upstream inflammasome block-
ade. 

6.7.2. Species-Specific Considerations 

The species-specific differences summarized in Table 2 and detailed in Sections 6.1–
6.5 necessitate a strategic approach to therapeutic development. Therapies targeting path-
ways that differ substantially between species, particularly GSDME-mediated pyroptosis 
and SIGLEC12-dependent necroptosis, require extensive validation in human primary 
cells, organoids, or PCLS using human-adapted viral strains before advancing to clinical 
development. In contrast, interventions targeting conserved pathways (e.g., core apop-
totic machinery) may translate more directly from murine efficacy studies. Optimal ther-
apeutic pipelines should integrate murine models for causal validation of pathway func-
tion with human-relevant platforms to confirm molecular targets, pathway regulation, 
and phenotypic outcomes match expectations. This integrated cross-species approach 
maximizes the strengths of each system while minimizing translation failures. 

6.7.3. Emerging Role of Ferroptosis 

Murine studies support a pathogenic role for ferroptosis and demonstrate benefit 
from ferroptosis inhibition (see Section 2.4). In humans, evidence remains preliminary. 
Rigorous evaluation of ferroptotic biomarkers and functional readouts in primary human 
epithelial systems and PCLS is needed to determine whether ferroptosis acts as a primary 
driver or a secondary amplifier of injury. Given that GSDME-mediated pyroptosis was 
underappreciated in cancer lines and murine systems but dominant in human epithelium. 
Similarly, ferroptosis may exhibit species-specific prominence driven by differences in 
iron handling, lipid composition, and antioxidant capacity [159]. 

7. Therapeutic Development: Validation Framework and Therapeutic 
Development 

Translating mechanistic insights into effective influenza therapies requires a struc-
tured validation pipeline. Candidate interventions are first evaluated in advanced human 
platforms, primary epithelial cultures, organoids, co-culture models, and PCLS, to map 
apoptosis, pyroptosis, necroptosis, and ferroptosis with temporal and cell-type resolution. 
Murine models then provide in vivo validation of causal pathways, systemic outcomes, 
and pharmacokinetics. Iterative integration of these systems ensures that mechanistic dis-
coveries are both biologically meaningful and therapeutically actionable. 
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7.1. Limitations of Current Pharmacological Modulators 

Current pharmacological modulators of PCD pathways outlined in Table 3, face sig-
nificant limitations, including poor target specificity, off-target effects, pleiotropic im-
munomodulatory activity, and poor solubility that limits lung delivery, which collectively 
constrain clinical translation. With the exception of inflammasome inhibitors, which have 
been evaluated in influenza models [160–163], most of these compounds have not been 
systematically tested in the context of influenza infection in human-relevant models. 
Compounds targeting PCD pathways often lack validation in human-relevant lung mod-
els, to ensure efficacy and safety. 

For example, RIPK3 inhibitors such as GSK’872 can induce cytotoxicity at higher con-
centrations due to on-target effect that paradoxically induce cytotoxicity via apoptosis, 
which has driven efforts to design safer, more selective compounds [164]. Similarly, 
gasdermin-targeting inhibitors, including disulfiram and dimethyl fumarate, act via non-
selective cysteine modification and exhibit poor solubility that limits lung delivery, 
thereby constraining their clinical applicability [165–167]. Ferroptosis inhibitors, such as 
Ferrostatin-1, are hampered by limited bioavailability and poor solubility [168] and have 
been primarily validated in preclinical murine studies or cancer-derived systems rather 
than in primary human epithelium. 

Table 3. Pharmacological Modulators of PCD Pathways. 

Pathway Inhibitor Target Status Key Limitations 

Necroptosis Necrostatin-1 [169] RIPK1 Preclinical Off-target effects, limited specificity, poor solu-
bility. 

Necroptosis UH15-38 [62] 
RIPK3 ki-
nase activ-
ity 

Preclinical May incompletely inhibit necroptosis, limited 
validation in human models. 

Necroptosis GSK-872 [59] RIPK3 Preclinical Cytotoxicity at higher concentrations; incom-
plete specificity. 

Pyroptosis Disulfiram [170] GSDMD FDA-approved (al-
coholism) 

Poor target selectivity, pleiotropic effects, poor 
solubility. 

Pyroptosis Dimethyl fumarate 
[165] GSDMD/E FDA-approved 

(multiple sclerosis) 
Non-selective cysteine modification, pleiotropic 
immunomodulatory effects, poor solubility. 

Pyroptosis Necrosulfonamide 
[171] GSDMD Preclinical Experimental tool compound, not clinically via-

ble, poor solubility. 
Inflammasome MCC950 [172] NLRP3 Preclinical Liver toxicity, limited clinical translation. 
Inflammasome ADS032 [160] NLRP1/3 Preclinical Early-stage development. 

Ferroptosis Ferrostatin-1 [173] Lipid pe-
roxidation 

Preclinical Limited bioavailability, poor solubility. 

7.2. Emerging Technologies for PCD Pathway Mapping 

Recent technological advances address these challenges by enabling high-resolution 
mapping of PCD dynamics in human-relevant systems. Spatial transcriptomics preserves 
tissue architecture and identifies infected foci versus bystander regions with distinct PCD 
profiles [136,174]. Single-cell multi-omics, including RNA sequencing, proteomics, and 
epigenomics, captures heterogeneity in antiviral responses and identifies regulators of 
apoptosis, pyroptosis, necroptosis, and ferroptosis [175]. High-content live-cell imaging 
tracks caspase activation, membrane permeabilization, and mitochondrial stress over time 
in 2D cultures, organoids, co-cultures, and PCLS [176–179]. Functional genomics ap-
proaches, including CRISPR or RNAi in iPSC-derived epithelial and immune cells, pro-
vide causal evidence for regulators of influenza-induced cell death [180]. 
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Combining these tools allows identification of which cells die, through which path-
ways, at what time points, and in response to which viral strains or paracrine signals. This 
informs biomarker development, patient stratification, and rational therapeutic design. 

7.3. Integrated Validation Pipeline and Therapeutic Strategy 

The pipeline begins with discovery in human-relevant systems, focusing on interven-
tions that modulate pathway-specific PCD mechanisms, such as GSDME-dependent py-
roptosis, SIGLEC12-dependent necroptosis, and ferroptotic stress. Promising candidates 
are then tested in murine models to assess in vivo efficacy, systemic pharmacokinetics, 
pharmacodynamics, and impact on survival and viral clearance. Iterative refinement be-
tween human and murine models optimizes dosing, timing, and combination strategies. 

Clinical translation also requires consideration of pathway kinetics, though optimal 
therapeutic windows will vary by viral strain, inoculum-dose, and patient immune status. 
During early infection (approximately days 0–3), antiviral therapy may be prioritized 
while preserving beneficial apoptotic responses. In the peak inflammatory phase (approx-
imately days 3–5), targeted inhibition of lytic PCD programs, such as GSDME-mediated 
pyroptosis [43,44], may be advantageous. During the resolution phase (days 7–14), inter-
ventions should support epithelial repair [158] without broadly suppressing PCD. 

Proposed biomarkers, including GSDME N-terminal fragments, cell-free DNA, and 
emerging ferroptosis-associated signatures [152], can guide patient stratification and de-
fine optimal therapeutic windows. This integrated framework links mechanistic insights 
to actionable therapies, enabling selective limitation of inflammatory cell death while pre-
serving protective antiviral functions. 

8. Concluding Remarks 
This review synthesizes evidence from human and murine systems to define how 

influenza virus infection engages PCD pathways, with important consequences for un-
derstanding disease pathogenesis and therapeutic translation. A central conclusion is that 
both the hierarchy and execution of PCD differ substantially across species and experi-
mental models, necessitating careful consideration when extrapolating mechanistic find-
ings. 

In human airway epithelium, influenza infection preferentially engages caspase-3-
driven, GSDME-mediated pyroptosis, in contrast to the canonical NLRP3-caspase-1-
GSDMD axis that predominates in murine studies. Consequently, apoptotic signaling in 
human epithelial cells rapidly transitions into inflammatory lytic death, a process un-
derrepresented in cancer-derived cell lines and is less well-documented in murine epithe-
lium. 

Human necroptosis also exhibits distinct regulatory features, including dependence 
on SIGLEC12 for terminal execution, further limiting direct translation from murine mod-
els. Ferroptosis has emerged as a potential contributor to influenza-associated lung injury; 
however, its quantitative importance relative to inflammatory pyroptosis in human air-
way epithelium remains unresolved. 

Model selection strongly shapes observed PCD outcomes. Cancer-derived epithelial 
lines attenuate inflammatory cell death and obscure key transitions characteristic of phys-
iologically normal epithelium. Primary human airway epithelial cells and non-cancerous 
immortalized lines reveal strain-specific PCD hierarchies and temporal dynamics not cap-
tured in transformed models. Increasing system complexity provides additional resolu-
tion: co-culture platforms uncover epithelial–endothelial paracrine injury, organoids ena-
ble cell-type-specific vulnerability analyses, and patient-derived lung slices preserve na-
tive architecture and donor-specific responses essential for translational validation. 
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Despite these advances, critical gaps remain. Necroptosis in human epithelial cells is 
incompletely defined, ferroptosis requires systematic validation in primary human air-
way models, and spatially resolved mapping of PCD within intact tissue contexts remains 
limited. Strain-comparative studies are scarce, and influenza B virus remains notably un-
derstudied across PCD pathways. Addressing these gaps is essential for predicting path-
ogenicity and guiding host-directed therapeutic development. 

Effective translation therefore depends on bidirectional validation. Murine models 
remain indispensable for establishing causality and assessing systemic outcomes, but spe-
cies-specific execution mechanisms require confirmation in human-relevant platforms 
prior to clinical application. Current pharmacological modulators of PCD pathways ex-
hibit limited specificity and substantial off-target effects, underscoring the need for next-
generation inhibitors evaluated in physiologically relevant human systems. Successful 
host-directed therapies must preserve protective apoptosis while selectively limiting in-
flammatory cell death, align with disease-phase-specific kinetics, and account for the hu-
man-specific apoptosis-to-pyroptosis transition mediated by GSDME. 

Emerging technologies, including spatial transcriptomics, multiplexed imaging, live-
cell reporters, and functional genomics, now enable precise mapping of when, where, and 
how distinct PCD pathways are engaged during influenza infection. Explicitly accounting 
for species differences and model-specific constraints will be critical for translating mech-
anistic insight into therapies that reduce immunopathology while preserving antiviral de-
fense, thereby improving preparedness for both seasonal and pandemic influenza. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

ALI Air–liquid interface 
AM Alveolar macrophage 
APAF1 Apoptotic protease-activating factor 1 
ARDS Acute respiratory distress syndrome 
AT1/2 Alveolar type 1/type 2 cells 
CRISPR Clustered regularly interspaced short palindromic repeats 
DAMP Damage-associated molecular pattern 
DISC Death-inducing signaling complexes 
ECM Extracellular matrix 
FADD Fas-associated death domain protein 
FasL Fas ligand 
GPX4 Glutathione peroxidase 4 
GSDMD Gasdermin D 
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GSDME Gasdermin E 
HA Hemagglutinin 
HPAI Highly pathogenic avian influenza 
HSP70/90 Heat shock proteins 70/90 
IAP Inhibitor of apoptosis 
IAV Influenza A virus 
IDO1 Indoleamine 2,3-dioxygenase 1 
iPSC Induced pluripotent stem cells 
LDH Lactate dehydrogenase 
LUBAC Linear ubiquitin chain assembly complex 
M1 Matrix protein 1 
MLKL Mixed lineage kinase domain-like protein 
NA Neuraminidase 
NINJ1 Ninjurin-1 
NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3 
NP Nuclear protein 
NS1 Nonstructural protein 1 
PAMP Pathogen-associated molecular pattern 
PARP poly(ADP-ribose) polymerase 
PB1-F2 Polymerase basic protein 1 frame 2 
PBEC Primary bronchial epithelial cell 
PBMC Peripheral blood mononuclear cells 
PCD Programmed cell death 
PCLS Precision-cut lung slice 
PMR Plasma membrane rupture 
PR8 Mouse-adapted A/Puerto Rico/8/1934 (H1N1) strain 
RAGE Receptor for advanced glycation end products 
RHIM RIP homotypic interaction motif 
RIPK Receptor-interacting protein kinase 
ROS Reactive oxygen species 
SA Sialic acid 
SIGLEC12 Sialic acid-binding immunoglobulin-like lectin 12 
ssRNA Single-stranded ribonucleic acid 
TRADD TNFR1-associated death domain protein 
TRAIL TNF-related apoptosis-inducing ligand 
ZBP1 Z-DNA binding protein 1 

References 
1. Organization, W.H. Global Influenza Strategy 2019–2030. 2019. Available online: https://www.who.int/publications/i/item

/9789241515320 (accessed on 12th February 2026). 
2. Glaser, L.; Stevens, J.; Zamarin, D.; Wilson, I.A.; Garcia-Sastre, A.; Tumpey, T.M.; Basler, C.F.; Taubenberger, J.K.; Palese, P. A 

single amino acid substitution in 1918 influenza virus hemagglutinin changes receptor binding specificity. J. Virol. 2005, 79, 
11533–11536. https://doi.org/10.1128/JVI.79.17.11533-11536.2005. 

3. Scholtissek, C.; Rohde, W.; Von Hoyningen, V.; Rott, R. On the origin of the human influenza virus subtypes H2N2 and H3N2. 
Virology 1978, 87, 13–20. https://doi.org/10.1016/0042-6822(78)90153-8. 

4. Christman, M.C.; Kedwaii, A.; Xu, J.; Donis, R.O.; Lu, G. Pandemic (H1N1) 2009 virus revisited: An evolutionary retrospective. 
Infect. Genet. Evol. 2011, 11, 803–811. https://doi.org/10.1016/j.meegid.2011.02.021. 

5. Blais-Savoie, J.; Halajian, E.; Nirmalarajah, K.; Banete, A.; Corredor, J.C.; Kotwa, J.D.; Lee, Y.; Raj, S.; Sharif, S.; Mideo, N.; et al. 
Examining the Threat of H5N1 Highly Pathogenic Avian Influenza to Human Health. Chest 2025, in press. 
https://doi.org/10.1016/j.chest.2025.10.030. 

6. Granata, G.; Simonsen, L.; Petrosillo, N.; Petersen, E. Mortality of H5N1 human infections might be due to H5N1 virus 
pneumonia and could decrease by switching receptor. Lancet Infect. Dis. 2024, 24, e544–e545. https://doi.org/10.1016/S1473-
3099(24)00460-2. 



Viruses 2026, 18, 246 28 of 37 
 

https://doi.org/10.3390/v18020246 

7. Caserta, L.C.; Frye, E.A.; Butt, S.L.; Laverack, M.; Nooruzzaman, M.; Covaleda, L.M.; Thompson, A.C.; Koscielny, M.P.; Cronk, 
B.; Johnson, A.; et al. Spillover of highly pathogenic avian influenza H5N1 virus to dairy cattle. Nature 2024, 634, 669–676. 
https://doi.org/10.1038/s41586-024-07849-4. 

8. Mokalla, V.R.; Gundarapu, S.; Kaushik, R.S.; Rajput, M.; Tummala, H. Influenza Vaccines: Current Status, Adjuvant Strategies, 
and Efficacy. Vaccines 2025, 13, 962. https://doi.org/10.3390/vaccines13090962. 

9. Hui, D.S.; Lee, N. Adjunctive therapies and immunomodulating agents for severe influenza. Influenza Other Respir. Viruses 2013, 
7, 52–59. https://doi.org/10.1111/irv.12171. 

10. Gao, Y.; Guyatt, G.; Uyeki, T.M.; Liu, M.; Chen, Y.; Zhao, Y.; Shen, Y.; Xu, J.; Zheng, Q.; Li, Z.; et al. Antivirals for treatment of 
severe influenza: A systematic review and network meta-analysis of randomised controlled trials. Lancet 2024, 404, 753–763. 
https://doi.org/10.1016/S0140-6736(24)01307-2. 

11. Atkin-Smith, G.K.; Duan, M.; Chen, W.; Poon, I.K.H. The induction and consequences of Influenza A virus-induced cell death. 
Cell Death Dis. 2018, 9, 1002. https://doi.org/10.1038/s41419-018-1035-6. 

12. Laghlali, G.; Lawlor, K.E.; Tate, M.D. Die Another Way: Interplay between Influenza A Virus, Inflammation and Cell Death. 
Viruses 2020, 12, 401. https://doi.org/10.3390/v12040401. 

13. Sun, Y.; Liu, K. Mechanistic Insights into Influenza A Virus-Induced Cell Death and Emerging Treatment Strategies. Vet. Sci. 
2024, 11, 555. https://doi.org/10.3390/vetsci11110555. 

14. Zheng, Y.; Zhang, Y.; Chen, Y.; Deng, X.; Liu, B.; Xu, Q.; Qian, C.; Zhang, Z.; Wang, K.; Zeng, Y.; et al. Indoleamine 2,3-
dioxygenase 1 drives epithelial cells ferroptosis in influenza-induced acute lung injury. Redox Biol. 2025, 81, 103572. 
https://doi.org/10.1016/j.redox.2025.103572. 

15. Zhirnov, O.P.; Klenk, H.D. Control of apoptosis in influenza virus-infected cells by up-regulation of Akt and p53 signaling. 
Apoptosis 2007, 12, 1419–1432. https://doi.org/10.1007/s10495-007-0071-y. 

16. Yu, H.; Sun, Y.; Zhang, J.; Zhang, W.; Liu, W.; Liu, P.; Liu, K.; Sun, J.; Liang, H.; Zhang, P.; et al. Influenza A virus infection 
activates caspase-8 to enhance innate antiviral immunity by cleaving CYLD and blocking TAK1 and RIG-I deubiquitination. 
Cell Mol. Life Sci. 2024, 81, 355. https://doi.org/10.1007/s00018-024-05392-z. 

17. Oltean, T.; Van San, E.; Divert, T.; Vanden Berghe, T.; Saelens, X.; Maelfait, J.; Takahashi, N.; Vandenabeele, P. Viral dosing of 
influenza A infection reveals involvement of RIPK3 and FADD, but not MLKL. Cell Death Dis. 2021, 12, 471. 
https://doi.org/10.1038/s41419-021-03746-0. 

18. Ishikawa, E.; Nakazawa, M.; Yoshinari, M.; Minami, M. Role of tumor necrosis factor-related apoptosis-inducing ligand in 
immune response to influenza virus infection in mice. J. Virol. 2005, 79, 7658–7663. https://doi.org/10.1128/JVI.79.12.7658-
7663.2005. 

19. Ghavami, S.; Kerkhoff, C.; Los, M.; Hashemi, M.; Sorg, C.; Karami-Tehrani, F. Mechanism of apoptosis induced by S100A8/A9 
in colon cancer cell lines: The role of ROS and the effect of metal ions. J. Leukoc. Biol. 2004, 76, 169–175. 
https://doi.org/10.1189/jlb.0903435. 

20. Vogler, M.; Braun, Y.; Smith, V.M.; Westhoff, M.A.; Pereira, R.S.; Pieper, N.M.; Anders, M.; Callens, M.; Vervliet, T.; Abbas, M.; 
et al. The BCL2 family: From apoptosis mechanisms to new advances in targeted therapy. Signal Transduct. Target. Ther. 2025, 
10, 91. https://doi.org/10.1038/s41392-025-02176-0. 

21. Riedl, S.J.; Salvesen, G.S. The apoptosome: Signalling platform of cell death. Nat. Rev. Mol. Cell Biol. 2007, 8, 405–413. 
https://doi.org/10.1038/nrm2153. 

22. Liu, H.; Golebiewski, L.; Dow, E.C.; Krug, R.M.; Javier, R.T.; Rice, A.P. The ESEV PDZ-binding motif of the avian influenza A 
virus NS1 protein protects infected cells from apoptosis by directly targeting Scribble. J. Virol. 2010, 84, 11164–11174. 
https://doi.org/10.1128/JVI.01278-10. 

23. Zamarin, D.; Garcia-Sastre, A.; Xiao, X.; Wang, R.; Palese, P. Influenza virus PB1-F2 protein induces cell death through 
mitochondrial ANT3 and VDAC1. PLoS Pathog. 2005, 1, e4. https://doi.org/10.1371/journal.ppat.0010004. 

24. Halder, U.C.; Bagchi, P.; Chattopadhyay, S.; Dutta, D.; Chawla-Sarkar, M. Cell death regulation during influenza A virus 
infection by matrix (M1) protein: A model of viral control over the cellular survival pathway. Cell Death Dis. 2011, 2, e197. 
https://doi.org/10.1038/cddis.2011.75. 

25. Tripathi, S.; Batra, J.; Cao, W.; Sharma, K.; Patel, J.R.; Ranjan, P.; Kumar, A.; Katz, J.M.; Cox, N.J.; Lal, R.B.; et al. Influenza A 
virus nucleoprotein induces apoptosis in human airway epithelial cells: Implications of a novel interaction between 
nucleoprotein and host protein Clusterin. Cell Death Dis. 2013, 4, e562. https://doi.org/10.1038/cddis.2013.89. 



Viruses 2026, 18, 246 29 of 37 
 

https://doi.org/10.3390/v18020246 

26. Zhang, C.; Yang, Y.; Zhou, X.; Yang, Z.; Liu, X.; Cao, Z.; Song, H.; He, Y.; Huang, P. The NS1 protein of influenza A virus 
interacts with heat shock protein Hsp90 in human alveolar basal epithelial cells: Implication for virus-induced apoptosis. Virol. 
J. 2011, 8, 181. https://doi.org/10.1186/1743-422X-8-181. 

27. Mayank, A.K.; Sharma, S.; Nailwal, H.; Lal, S.K. Nucleoprotein of influenza A virus negatively impacts antiapoptotic protein 
API5 to enhance E2F1-dependent apoptosis and virus replication. Cell Death Dis. 2015, 6, e2018. 
https://doi.org/10.1038/cddis.2015.360. 

28. Micheau, O.; Tschopp, J. Induction of TNF receptor I-mediated apoptosis via two sequential signaling complexes. Cell 2003, 114, 
181–190. https://doi.org/10.1016/s0092-8674(03)00521-x. 

29. Fullsack, S.; Rosenthal, A.; Wajant, H.; Siegmund, D. Redundant and receptor-specific activities of TRADD, RIPK1 and FADD 
in death receptor signaling. Cell Death Dis. 2019, 10, 122. https://doi.org/10.1038/s41419-019-1396-5. 

30. Li, H.; Zhu, H.; Xu, C.J.; Yuan, J. Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas pathway of 
apoptosis. Cell 1998, 94, 491–501. https://doi.org/10.1016/s0092-8674(00)81590-1. 

31. Micheau, O.; Thome, M.; Schneider, P.; Holler, N.; Tschopp, J.; Nicholson, D.W.; Briand, C.; Grutter, M.G. The long form of FLIP 
is an activator of caspase-8 at the Fas death-inducing signaling complex. J. Biol. Chem. 2002, 277, 45162–45171. 
https://doi.org/10.1074/jbc.M206882200. 

32. Haas, T.L.; Emmerich, C.H.; Gerlach, B.; Schmukle, A.C.; Cordier, S.M.; Rieser, E.; Feltham, R.; Vince, J.; Warnken, U.; Wenger, 
T.; et al. Recruitment of the linear ubiquitin chain assembly complex stabilizes the TNF-R1 signaling complex and is required 
for TNF-mediated gene induction. Mol. Cell 2009, 36, 831–844. https://doi.org/10.1016/j.molcel.2009.10.013. 

33. Geng, J.; Ito, Y.; Shi, L.; Amin, P.; Chu, J.; Ouchida, A.T.; Mookhtiar, A.K.; Zhao, H.; Xu, D.; Shan, B.; et al. Regulation of RIPK1 
activation by TAK1-mediated phosphorylation dictates apoptosis and necroptosis. Nat. Commun. 2017, 8, 359. 
https://doi.org/10.1038/s41467-017-00406-w. 

34. Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320. 
https://doi.org/10.1038/nature14191. 

35. Tenev, T.; Bianchi, K.; Darding, M.; Broemer, M.; Langlais, C.; Wallberg, F.; Zachariou, A.; Lopez, J.; MacFarlane, M.; Cain, K.; 
et al. The Ripoptosome, a signaling platform that assembles in response to genotoxic stress and loss of IAPs. Mol. Cell 2011, 43, 
432–448. https://doi.org/10.1016/j.molcel.2011.06.006. 

36. Brincks, E.L.; Kucaba, T.A.; Legge, K.L.; Griffith, T.S. Influenza-induced expression of functional tumor necrosis factor-related 
apoptosis-inducing ligand on human peripheral blood mononuclear cells. Hum. Immunol. 2008, 69, 634–646. 
https://doi.org/10.1016/j.humimm.2008.07.012. 

37. Nelli, R.K.; Dunham, S.P.; Kuchipudi, S.V.; White, G.A.; Baquero-Perez, B.; Chang, P.; Ghaemmaghami, A.; Brookes, S.M.; 
Brown, I.H.; Chang, K.C. Mammalian innate resistance to highly pathogenic avian influenza H5N1 virus infection is mediated 
through reduced proinflammation and infectious virus release. J. Virol. 2012, 86, 9201–9210. https://doi.org/10.1128/JVI.00244-
12. 

38. Herold, S.; Steinmueller, M.; von Wulffen, W.; Cakarova, L.; Pinto, R.; Pleschka, S.; Mack, M.; Kuziel, W.A.; Corazza, N.; 
Brunner, T.; et al. Lung epithelial apoptosis in influenza virus pneumonia: The role of macrophage-expressed TNF-related 
apoptosis-inducing ligand. J. Exp. Med. 2008, 205, 3065–3077. https://doi.org/10.1084/jem.20080201. 

39. Fujikura, D.; Chiba, S.; Muramatsu, D.; Kazumata, M.; Nakayama, Y.; Kawai, T.; Akira, S.; Kida, H.; Miyazaki, T. Type-I 
interferon is critical for FasL expression on lung cells to determine the severity of influenza. PLoS ONE 2013, 8, e55321. 
https://doi.org/10.1371/journal.pone.0055321. 

40. Bergsbaken, T.; Fink, S.L.; Cookson, B.T. Pyroptosis: Host cell death and inflammation. Nat. Rev. Microbiol. 2009, 7, 99–109. 
https://doi.org/10.1038/nrmicro2070. 

41. Newton, K.; Dixit, V.M.; Kayagaki, N. Dying cells fan the flames of inflammation. Science 2021, 374, 1076–1080. 
https://doi.org/10.1126/science.abi5934. 

42. Huston, H.C.; Anderson, M.J.; Fink, S.L. Pyroptosis and the cellular consequences of gasdermin pores. Semin. Immunol. 2023, 
69, 101803. https://doi.org/10.1016/j.smim.2023.101803. 

43. Rosli, S.; Ambrose, R.L.; Harpur, C.M.; Lam, M.; Hodges, C.; Barry, K.T.; West, A.C.; Mansell, A.; Lawlor, K.E.; Tate, M.D. 
Gasdermin E deficiency limits inflammation and lung damage during influenza virus infection. Cell Death Dis. 2025, 16, 440. 
https://doi.org/10.1038/s41419-025-07748-0. 

44. Rosli, S.; Harpur, C.M.; Lam, M.; West, A.C.; Hodges, C.; Mansell, A.; Lawlor, K.E.; Tate, M.D. Gasdermin D promotes 
hyperinflammation and immunopathology during severe influenza A virus infection. Cell Death Dis. 2023, 14, 727. 
https://doi.org/10.1038/s41419-023-06258-1. 



Viruses 2026, 18, 246 30 of 37 
 

https://doi.org/10.3390/v18020246 

45. Wan, X.; Li, J.; Wang, Y.; Yu, X.; He, X.; Shi, J.; Deng, G.; Zeng, X.; Tian, G.; Li, Y.; et al. H7N9 virus infection triggers lethal 
cytokine storm by activating gasdermin E-mediated pyroptosis of lung alveolar epithelial cells. Natl. Sci. Rev. 2022, 9, nwab137. 
https://doi.org/10.1093/nsr/nwab137. 

46. Speaks, S.; McFadden, M.I.; Zani, A.; Solstad, A.; Leumi, S.; Roettger, J.E.; Kenney, A.D.; Bone, H.; Zhang, L.; Denz, P.J.; et al. 
Gasdermin D promotes influenza virus-induced mortality through neutrophil amplification of inflammation. Nat. Commun. 
2024, 15, 2751. https://doi.org/10.1038/s41467-024-47067-0. 

47. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by 
inflammatory caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. https://doi.org/10.1038/nature15514. 

48. Kayagaki, N.; Stowe, I.B.; Lee, B.L.; O’Rourke, K.; Anderson, K.; Warming, S.; Cuellar, T.; Haley, B.; Roose-Girma, M.; Phung, 
Q.T.; et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature 2015, 526, 666–671. 
https://doi.org/10.1038/nature15541. 

49. Lee, S.; Hirohama, M.; Noguchi, M.; Nagata, K.; Kawaguchi, A. Influenza A Virus Infection Triggers Pyroptosis and Apoptosis 
of Respiratory Epithelial Cells through the Type I Interferon Signaling Pathway in a Mutually Exclusive Manner. J. Virol. 2018, 
92, e00396-18. https://doi.org/10.1128/JVI.00396-18. 

50. Rogers, C.; Fernandes-Alnemri, T.; Mayes, L.; Alnemri, D.; Cingolani, G.; Alnemri, E.S. Cleavage of DFNA5 by caspase-3 during 
apoptosis mediates progression to secondary necrotic/pyroptotic cell death. Nat. Commun. 2017, 8, 14128. 
https://doi.org/10.1038/ncomms14128. 

51. Guy, C.; Baran, M.; Ribo-Molina, P.; van den Hoogen, B.G.; Bowie, A.G. Viral sensing by epithelial cells involves PKR- and 
caspase-3-dependent generation of gasdermin E pores. iScience 2023, 26, 107698. https://doi.org/10.1016/j.isci.2023.107698. 

52. Kayagaki, N.; Kornfeld, O.S.; Lee, B.L.; Stowe, I.B.; O’Rourke, K.; Li, Q.; Sandoval, W.; Yan, D.; Kang, J.; Xu, M.; et al. NINJ1 
mediates plasma membrane rupture during lytic cell death. Nature 2021, 591, 131–136. https://doi.org/10.1038/s41586-021-03218-
7. 

53. Xu, Y.; Zheng, Y.; Liu, Y.; Wei, C.; Ren, J.; Zuo, W.; Gu, R.; Liu, H.; Deng, X.; Liu, Y.; et al. Ninjurin-1 mediates cell lysis and 
detrimental inflammation of PANoptosis during influenza A virus infection. Signal Transduct. Target. Ther. 2025, 10, 307. 
https://doi.org/10.1038/s41392-025-02391-9. 

54. Johnston, A.; Wang, Z. Necroptosis: MLKL Polymerization. J. Nat. Sci. 2018, 4, e513. 
55. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2002, 

418, 191–195. https://doi.org/10.1038/nature00858. 
56. Noh, H.; Hashem, Z.; Boms, E.; Najafov, A. SIGLEC12 mediates plasma membrane rupture during necroptotic cell death. Nature 

2025, 649, 460–466. https://doi.org/10.1038/s41586-025-09741-1. 
57. Zhang, T.; Yin, C.; Boyd, D.F.; Quarato, G.; Ingram, J.P.; Shubina, M.; Ragan, K.B.; Ishizuka, T.; Crawford, J.C.; Tummers, B.; et 

al. Influenza Virus Z-RNAs Induce ZBP1-Mediated Necroptosis. Cell 2020, 180, 1115–1129 e13. 
https://doi.org/10.1016/j.cell.2020.02.050. 

58. Thapa, R.J.; Ingram, J.P.; Ragan, K.B.; Nogusa, S.; Boyd, D.F.; Benitez, A.A.; Sridharan, H.; Kosoff, R.; Shubina, M.; Landsteiner, 
V.J.; et al. DAI Senses Influenza A Virus Genomic RNA and Activates RIPK3-Dependent Cell Death. Cell Host Microbe 2016, 20, 
674–681. https://doi.org/10.1016/j.chom.2016.09.014. 

59. Kaiser, W.J.; Sridharan, H.; Huang, C.; Mandal, P.; Upton, J.W.; Gough, P.J.; Sehon, C.A.; Marquis, R.W.; Bertin, J.; Mocarski, 
E.S. Toll-like receptor 3-mediated necrosis via TRIF, RIP3, and MLKL. J. Biol. Chem. 2013, 288, 31268–31279. 
https://doi.org/10.1074/jbc.M113.462341. 

60. Gaba, A.; Xu, F.; Lu, Y.; Park, H.S.; Liu, G.; Zhou, Y. The NS1 Protein of Influenza A Virus Participates in Necroptosis by 
Interacting with MLKL and Increasing Its Oligomerization and Membrane Translocation. J. Virol. 2019, 93, e01835-18. 
https://doi.org/10.1128/JVI.01835-18. 

61. Sun, Y.; Ji, L.; Liu, W.; Sun, J.; Liu, P.; Wang, X.; Liu, X.; Xu, X. Influenza virus infection activates TAK1 to suppress RIPK3-
independent apoptosis and RIPK1-dependent necroptosis. Cell Commun. Signal 2024, 22, 372. https://doi.org/10.1186/s12964-024-
01727-2. 

62. Gautam, A.; Boyd, D.F.; Nikhar, S.; Zhang, T.; Siokas, I.; Van de Velde, L.A.; Gaevert, J.; Meliopoulos, V.; Thapa, B.; Rodriguez, 
D.A.; et al. Necroptosis blockade prevents lung injury in severe influenza. Nature 2024, 628, 835–843. 
https://doi.org/10.1038/s41586-024-07265-8. 

63. Nogusa, S.; Thapa, R.J.; Dillon, C.P.; Liedmann, S.; Oguin, T.H., 3rd; Ingram, J.P.; Rodriguez, D.A.; Kosoff, R.; Sharma, S.; Sturm, 
O.; et al. RIPK3 Activates Parallel Pathways of MLKL-Driven Necroptosis and FADD-Mediated Apoptosis to Protect against 
Influenza A Virus. Cell Host Microbe 2016, 20, 13–24. https://doi.org/10.1016/j.chom.2016.05.011. 



Viruses 2026, 18, 246 31 of 37 
 

https://doi.org/10.3390/v18020246 

64. Shubina, M.; Tummers, B.; Boyd, D.F.; Zhang, T.; Yin, C.; Gautam, A.; Guo, X.J.; Rodriguez, D.A.; Kaiser, W.J.; Vogel, P.; et al. 
Necroptosis restricts influenza A virus as a stand-alone cell death mechanism. J. Exp. Med. 2020, 217, e20191259. 
https://doi.org/10.1084/jem.20191259. 

65. Tang, D.; Chen, X.; Kang, R.; Kroemer, G. Ferroptosis: Molecular mechanisms and health implications. Cell Res. 2021, 31, 107–
125. https://doi.org/10.1038/s41422-020-00441-1. 

66. Ren, R.; Wu, S.; Cai, J.; Yang, Y.; Ren, X.; Feng, Y.; Chen, L.; Qin, B.; Xu, C.; Yang, H.; et al. The H7N9 influenza A virus infection 
results in lethal inflammation in the mammalian host via the NLRP3-caspase-1 inflammasome. Sci. Rep. 2017, 7, 7625. 
https://doi.org/10.1038/s41598-017-07384-5. 

67. Rodrigue-Gervais, I.G.; Labbe, K.; Dagenais, M.; Dupaul-Chicoine, J.; Champagne, C.; Morizot, A.; Skeldon, A.; Brincks, E.L.; 
Vidal, S.M.; Griffith, T.S.; et al. Cellular inhibitor of apoptosis protein cIAP2 protects against pulmonary tissue necrosis during 
influenza virus infection to promote host survival. Cell Host Microbe 2014, 15, 23–35. https://doi.org/10.1016/j.chom.2013.12.003. 

68. Taabazuing, C.Y.; Okondo, M.C.; Bachovchin, D.A. Pyroptosis and Apoptosis Pathways Engage in Bidirectional Crosstalk in 
Monocytes and Macrophages. Cell Chem. Biol. 2017, 24, 507–514 e4. https://doi.org/10.1016/j.chembiol.2017.03.009. 

69. Zhou, B.; Abbott, D.W. Gasdermin E permits interleukin-1 beta release in distinct sublytic and pyroptotic phases. Cell Rep. 2021, 
35, 108998. https://doi.org/10.1016/j.celrep.2021.108998. 

70. Malireddi, R.K.S.; Kanneganti, T.D. Three decades of caspases and RIPKs in life and death. Hum. Mol. Genet. 2025, 34, R121–
R136. https://doi.org/10.1093/hmg/ddaf106. 

71. Eskander, G.; Abdelhamid, S.G.; Wahdan, S.A.; Radwan, S.M. Insights on the crosstalk among different cell death mechanisms. 
Cell Death Discov. 2025, 11, 56. https://doi.org/10.1038/s41420-025-02328-9. 

72. Liang, J.J.; Fraser, I.D.C.; Bryant, C.E. Lipid regulation of NLRP3 inflammasome activity through organelle stress. Trends 
Immunol. 2021, 42, 807–823. https://doi.org/10.1016/j.it.2021.07.005. 

73. Lin, X.; Wang, R.; Zou, W.; Sun, X.; Liu, X.; Zhao, L.; Wang, S.; Jin, M. The Influenza Virus H5N1 Infection Can Induce ROS 
Production for Viral Replication and Host Cell Death in A549 Cells Modulated by Human Cu/Zn Superoxide Dismutase (SOD1) 
Overexpression. Viruses 2016, 8, 13. https://doi.org/10.3390/v8010013. 

74. Fernandez, M.V.; Miller, E.; Krammer, F.; Gopal, R.; Greenbaum, B.D.; Bhardwaj, N. Ion efflux and influenza infection trigger 
NLRP3 inflammasome signaling in human dendritic cells. J. Leukoc. Biol. 2016, 99, 723–734. https://doi.org/10.1189/jlb.3A0614-
313RRR. 

75. Ju, X.; Yan, Y.; Liu, Q.; Li, N.; Sheng, M.; Zhang, L.; Li, X.; Liang, Z.; Huang, F.; Liu, K.; et al. Neuraminidase of Influenza A 
Virus Binds Lysosome-Associated Membrane Proteins Directly and Induces Lysosome Rupture. J. Virol. 2015, 89, 10347–10358. 
https://doi.org/10.1128/JVI.01411-15. 

76. Oberst, A.; Dillon, C.P.; Weinlich, R.; McCormick, L.L.; Fitzgerald, P.; Pop, C.; Hakem, R.; Salvesen, G.S.; Green, D.R. Catalytic 
activity of the caspase-8-FLIP(L) complex inhibits RIPK3-dependent necrosis. Nature 2011, 471, 363–367. 
https://doi.org/10.1038/nature09852. 

77. Rogers, G.N.; Paulson, J.C. Receptor determinants of human and animal influenza virus isolates: Differences in receptor 
specificity of the H3 hemagglutinin based on species of origin. Virology 1983, 127, 361–373. https://doi.org/10.1016/0042-
6822(83)90150-2. 

78. Praena, B.; Wan, X.F. Influenza Virus Infections in Polarized Cells. Viruses 2022, 14, 1307. https://doi.org/10.3390/v14061307. 
79. Tate, M.D.; Schilter, H.C.; Brooks, A.G.; Reading, P.C. Responses of mouse airway epithelial cells and alveolar macrophages to 

virulent and avirulent strains of influenza A virus. Viral Immunol. 2011, 24, 77–88. https://doi.org/10.1089/vim.2010.0118. 
80. Thomas, B.J.; Porritt, R.A.; Hertzog, P.J.; Bardin, P.G.; Tate, M.D. Glucocorticosteroids enhance replication of respiratory viruses: 

Effect of adjuvant interferon. Sci. Rep. 2014, 4, 7176. https://doi.org/10.1038/srep07176. 
81. Bodnar-Wachtel, M.; Huber, A.L.; Gorry, J.; Hacot, S.; Burlet, D.; Gerossier, L.; Guey, B.; Goutagny, N.; Bartosch, B.; Ballot, E.; 

et al. Inflammasome-independent NLRP3 function enforces ATM activity in response to genotoxic stress. Life Sci. Alliance 2023, 
6, e202201494. https://doi.org/10.26508/lsa.202201494. 

82. Gao, J.; Qiu, X.; Xi, G.; Liu, H.; Zhang, F.; Lv, T.; Song, Y. Downregulation of GSDMD attenuates tumor proliferation via the 
intrinsic mitochondrial apoptotic pathway and inhibition of EGFR/Akt signaling and predicts a good prognosis in non-small 
cell lung cancer. Oncol. Rep. 2018, 40, 1971–1984. https://doi.org/10.3892/or.2018.6634. 

83. Rao, X.; Zhou, D.; Deng, H.; Chen, Y.; Wang, J.; Zhou, X.; Jie, X.; Xu, Y.; Wu, Z.; Wang, G.; et al. Activation of NLRP3 
inflammasome in lung epithelial cells triggers radiation-induced lung injury. Respir. Res. 2023, 24, 25. 
https://doi.org/10.1186/s12931-023-02331-7. 



Viruses 2026, 18, 246 32 of 37 
 

https://doi.org/10.3390/v18020246 

84. Al Heialy, S.; Hachim, M.Y.; Hachim, I.Y.; Hamoudi, R.; Hamid, Q. Identification of unique immune response expression 
profiles to SARS-CoV-2 in non-small cell lung cancer using systems immunology approach. Adv. Biomed. Health Sci. 2022, 1, 79–
91. https://doi.org/10.4103/abhs.abhs_12_22. 

85. Thomas, K.J.; Jacobson, M.R. Defects in mitochondrial fission protein dynamin-related protein 1 are linked to apoptotic 
resistance and autophagy in a lung cancer model. PLoS ONE 2012, 7, e45319. https://doi.org/10.1371/journal.pone.0045319. 

86. Li, M.; Li, A.; Huang, H.; Munson, J.; Obadan, A.; Fuller, D.H.; Adams Waldorf, K.M. Impact of progesterone on innate 
immunity and cell death after influenza A virus H1N1 2009 infection of lung and placental cells in vitro. Front. Virol. 2022, 2, 
953208. https://doi.org/10.3389/fviro.2022.953208. 

87. Yang, N.; Hong, X.; Yang, P.; Ju, X.; Wang, Y.; Tang, J.; Li, C.; Fan, Q.; Zhang, F.; Chen, Z.; et al. The 2009 pandemic 
A/Wenshan/01/2009 H1N1 induces apoptotic cell death in human airway epithelial cells. J. Mol. Cell Biol. 2011, 3, 221–229. 
https://doi.org/10.1093/jmcb/mjr017. 

88. Yeganeh, B.; Ghavami, S.; Rahim, M.N.; Klonisch, T.; Halayko, A.J.; Coombs, K.M. Autophagy activation is required for 
influenza A virus-induced apoptosis and replication. Biochim. Biophys. Acta Mol. Cell Res. 2018, 1865, 364–378. 
https://doi.org/10.1016/j.bbamcr.2017.10.014. 

89. Vidic, J.; Richard, C.A.; Pechoux, C.; Da Costa, B.; Bertho, N.; Mazerat, S.; Delmas, B.; Chevalier, C. Amyloid Assemblies of 
Influenza A Virus PB1-F2 Protein Damage Membrane and Induce Cytotoxicity. J. Biol. Chem. 2016, 291, 739–751. 
https://doi.org/10.1074/jbc.M115.652917. 

90. Lam, W.Y.; Tang, J.W.; Yeung, A.C.; Chiu, L.C.; Sung, J.J.; Chan, P.K. Avian influenza virus A/HK/483/97(H5N1) NS1 protein 
induces apoptosis in human airway epithelial cells. J. Virol. 2008, 82, 2741–2751. https://doi.org/10.1128/JVI.01712-07. 

91. Cheng, J.; Tao, J.; Li, B.; Shi, Y.; Liu, H. Swine influenza virus triggers ferroptosis in A549 cells to enhance virus replication. Virol. 
J. 2022, 19, 104. https://doi.org/10.1186/s12985-022-01825-y. 

92. Liu, W.; Chakraborty, B.; Safi, R.; Kazmin, D.; Chang, C.Y.; McDonnell, D.P. Dysregulated cholesterol homeostasis results in 
resistance to ferroptosis increasing tumorigenicity and metastasis in cancer. Nat. Commun. 2021, 12, 5103. 
https://doi.org/10.1038/s41467-021-25354-4. 

93. Saydam, N.; Kirb, A.; Demir, O.; Hazan, E.; Oto, O.; Saydam, O.; Guner, G. Determination of glutathione, glutathione reductase, 
glutathione peroxidase and glutathione S-transferase levels in human lung cancer tissues. Cancer Lett. 1997, 119, 13–19. 
https://doi.org/10.1016/s0304-3835(97)00245-0. 

94. Vilaplana-Lopera, N.; Kim, J.; Nam, G.; Tullis, I.D.C.; Paillas, S.; Ruan, J.L.; Lee, P.J.; Jiang, Y.; Park, S.; Hou, T.; et al. Tissue-
specific iron levels modulate lipid peroxidation and the FLASH radiotherapy effect. Cell Death Dis. 2025, 16, 668. 
https://doi.org/10.1038/s41419-025-07988-0. 

95. Harpur, C.M.; West, A.C.; Le Page, M.A.; Lam, M.; Hodges, C.; Oseghale, O.; Gearing, A.J.; Tate, M.D. Naturally derived 
cytokine peptides limit virus replication and severe disease during influenza A virus infection. Clin. Transl. Immunol. 2023, 12, 
e1443. https://doi.org/10.1002/cti2.1443. 

96. Londrigan, S.L.; Short, K.R.; Ma, J.; Gillespie, L.; Rockman, S.P.; Brooks, A.G.; Reading, P.C. Infection of Mouse Macrophages 
by Seasonal Influenza Viruses Can Be Restricted at the Level of Virus Entry and at a Late Stage in the Virus Life Cycle. J. Virol. 
2015, 89, 12319–12329. https://doi.org/10.1128/JVI.01455-15. 

97. David, C.; Verney, C.; Si-Tahar, M.; Guillon, A. The deadly dance of alveolar macrophages and influenza virus. Eur. Respir. Rev. 
2024, 33, 240132. https://doi.org/10.1183/16000617.0132-2024. 

98. Short, K.R.; Brooks, A.G.; Reading, P.C.; Londrigan, S.L. The fate of influenza A virus after infection of human macrophages 
and dendritic cells. J. Gen. Virol. 2012, 93, 2315–2325. https://doi.org/10.1099/vir.0.045021-0. 

99. Hoeve, M.A.; Nash, A.A.; Jackson, D.; Randall, R.E.; Dransfield, I. Influenza virus A infection of human monocyte and 
macrophage subpopulations reveals increased susceptibility associated with cell differentiation. PLoS ONE 2012, 7, e29443. 
https://doi.org/10.1371/journal.pone.0029443. 

100. Yu, W.C.; Chan, R.W.; Wang, J.; Travanty, E.A.; Nicholls, J.M.; Peiris, J.S.; Mason, R.J.; Chan, M.C. Viral replication and innate 
host responses in primary human alveolar epithelial cells and alveolar macrophages infected with influenza H5N1 and H1N1 
viruses. J. Virol. 2011, 85, 6844–6855. https://doi.org/10.1128/JVI.02200-10. 

101. Ferreira, A.C.; Sacramento, C.Q.; Pereira-Dutra, F.S.; Fintelman-Rodrigues, N.; Silva, P.P.; Mattos, M.; de Freitas, C.S.; 
Marttorelli, A.; de Melo, G.R.; Campos, M.M.; et al. Severe influenza infection is associated with inflammatory programmed 
cell death in infected macrophages. Front. Cell. Infect. Microbiol. 2023, 13, 1067285. https://doi.org/10.3389/fcimb.2023.1067285. 

102. Choudhury, S.M.; Sarkar, R.; Karki, R.; Kanneganti, T.D. A comparative study of apoptosis, pyroptosis, necroptosis, and 
PANoptosis components in mouse and human cells. PLoS ONE 2024, 19, e0299577. https://doi.org/10.1371/journal.pone.0299577. 



Viruses 2026, 18, 246 33 of 37 
 

https://doi.org/10.3390/v18020246 

103. Boal-Carvalho, I.; Mazel-Sanchez, B.; Silva, F.; Garnier, L.; Yildiz, S.; Bonifacio, J.P.; Niu, C.; Williams, N.; Francois, P.; Schwerk, 
N.; et al. Influenza A viruses limit NLRP3-NEK7-complex formation and pyroptosis in human macrophages. EMBO Rep. 2020, 
21, e50421. https://doi.org/10.15252/embr.202050421. 

104. Sokolova, T.M.; Poloskov, V.V.; Shuvalov, A.N.; Rudneva, I.A.; Timofeeva, T.A. Signal Immune Reactions of Macrophages 
Differentiated from THP-1 Monocytes to Infection with Pandemic H1N1PDM09 Virus and H5N2 and H9N2 Avian Influenza A 
Virus. Bull. Exp. Biol. Med. 2018, 164, 636–640. https://doi.org/10.1007/s10517-018-4048-3. 

105. De La Cruz, J.A.; Ganesh, T.; Diebold, B.A.; Cao, W.; Hofstetter, A.; Singh, N.; Kumar, A.; McCoy, J.; Ranjan, P.; Smith, S.M.E.; 
et al. Quinazolin-derived myeloperoxidase inhibitor suppresses influenza A virus-induced reactive oxygen species, pro-
inflammatory mediators and improves cell survival. PLoS ONE 2021, 16, e0254632. https://doi.org/10.1371/journal.pone.0254632. 

106. Daigneault, M.; Preston, J.A.; Marriott, H.M.; Whyte, M.K.; Dockrell, D.H. The identification of markers of macrophage 
differentiation in PMA-stimulated THP-1 cells and monocyte-derived macrophages. PLoS ONE 2010, 5, e8668. 
https://doi.org/10.1371/journal.pone.0008668. 

107. Lee, D.C.; Law, A.H.; Hui, K.; Tam, A.H.; Peiris, J.S.; Lau, A.S. Interferon dysregulation and virus-induced cell death in avian 
influenza H5N1 virus infections. Hong Kong Med. J. 2012, 18, 12–16. 

108. Armstrong, S.M.; Darwish, I.; Lee, W.L. Endothelial activation and dysfunction in the pathogenesis of influenza A virus 
infection. Virulence 2013, 4, 537–542. https://doi.org/10.4161/viru.25779. 

109. Zeng, H.; Pappas, C.; Belser, J.A.; Houser, K.V.; Zhong, W.; Wadford, D.A.; Stevens, T.; Balczon, R.; Katz, J.M.; Tumpey, T.M. 
Human pulmonary microvascular endothelial cells support productive replication of highly pathogenic avian influenza viruses: 
Possible involvement in the pathogenesis of human H5N1 virus infection. J. Virol. 2012, 86, 667–678. 
https://doi.org/10.1128/JVI.06348-11. 

110. Higazy, D.; Lin, X.; Xie, T.; Wang, K.; Gao, X.; Cui, M. Altered gene expression in human brain microvascular endothelial cells 
in response to the infection of influenza H1N1 virus. Anim. Dis. 2022, 2, 25. https://doi.org/10.1186/s44149-022-00053-9. 

111. Yang, S.; Fan, Z.; Lu, X.; Liu, H.; Zhou, Z.; Qi, H.; Zeng, J.; Zheng, M.; Zou, X.; Fang, S.; et al. Response of Human Retinal 
Microvascular Endothelial Cells to Influenza A (H1N1) Infection and the Underlying Molecular Mechanism. Invest. Ophthalmol. 
Vis. Sci. 2024, 65, 38. https://doi.org/10.1167/iovs.65.1.38. 

112. Zeng, H.; Belser, J.A.; Goldsmith, C.S.; Gustin, K.M.; Veguilla, V.; Katz, J.M.; Tumpey, T.M. A(H7N9) virus results in early 
induction of proinflammatory cytokine responses in both human lung epithelial and endothelial cells and shows increased 
human adaptation compared with avian H5N1 virus. J. Virol. 2015, 89, 4655–4667. https://doi.org/10.1128/JVI.03095-14. 

113. Xu, X.; Zhang, Q.; Lv, Z.; Cheng, C.; Zha, J.; Shu, H.; Xiao, H.; Pan, S. Unraveling the deadly dance: Endothelial cells and 
neutrophils in sepsis-induced acute lung injury/acute respiratory distress syndrome. Front. Cell Dev. Biol. 2025, 13, 1551138. 
https://doi.org/10.3389/fcell.2025.1551138. 

114. Armstrong, S.M.; Wang, C.; Tigdi, J.; Si, X.; Dumpit, C.; Charles, S.; Gamage, A.; Moraes, T.J.; Lee, W.L. Influenza infects lung 
microvascular endothelium leading to microvascular leak: Role of apoptosis and claudin-5. PLoS ONE 2012, 7, e47323. 
https://doi.org/10.1371/journal.pone.0047323. 

115. Sumikoshi, M.; Hashimoto, K.; Kawasaki, Y.; Sakuma, H.; Suzutani, T.; Suzuki, H.; Hosoya, M. Human influenza virus infection 
and apoptosis induction in human vascular endothelial cells. J. Med. Virol. 2008, 80, 1072–1078. 
https://doi.org/10.1002/jmv.21185. 

116. Namba, T.; Tsuge, M.; Yashiro, M.; Saito, Y.; Liu, K.; Nishibori, M.; Morishima, T.; Tsukahara, H. Anti-high mobility group box 
1 monoclonal antibody suppressed hyper-permeability and cytokine production in human pulmonary endothelial cells infected 
with influenza A virus. Inflamm. Res. 2021, 70, 1101–1111. https://doi.org/10.1007/s00011-021-01496-5. 

117. Han, T.; Lai, Y.; Jiang, Y.; Liu, X.; Li, D. Influenza A virus infects pulmonary microvascular endothelial cells leading to 
microvascular leakage and release of pro-inflammatory cytokines. PeerJ 2021, 9, e11892. https://doi.org/10.7717/peerj.11892. 

118. Kim, H.S.; Lee, H.; Kim, H.S.; Won, S.; Lee, E.K.; Bang, K.; Chun, Y.H.; Yoon, J.S.; Kim, H.H.; Kim, J.T. Effect of Influenza Virus 
Infection in a Murine Model of Asthma. Iran. J. Allergy Asthma Immunol. 2015, 14, 392–401. 

119. Bauer, L.; Rijsbergen, L.C.; Leijten, L.; Benavides, F.F.; Noack, D.; Lamers, M.M.; Haagmans, B.L.; de Vries, R.D.; de Swart, R.L.; 
van Riel, D. The pro-inflammatory response to influenza A virus infection is fueled by endothelial cells. Life Sci. Alliance 2023, 
6, e202201837. https://doi.org/10.26508/lsa.202201837. 

120. Short, K.R.; Kasper, J.; van der Aa, S.; Andeweg, A.C.; Zaaraoui-Boutahar, F.; Goeijenbier, M.; Richard, M.; Herold, S.; Becker, 
C.; Scott, D.P.; et al. Influenza virus damages the alveolar barrier by disrupting epithelial cell tight junctions. Eur. Respir. J. 2016, 
47, 954–966. https://doi.org/10.1183/13993003.01282-2015. 



Viruses 2026, 18, 246 34 of 37 
 

https://doi.org/10.3390/v18020246 

121. Marshall, R.J.; Armart, P.; Hulme, K.D.; Chew, K.Y.; Brown, A.C.; Hansbro, P.M.; Bloxham, C.J.; Flint, M.; Ronacher, K.; 
Bielefeldt-Ohmann, H.; et al. Glycemic Variability in Diabetes Increases the Severity of Influenza. mBio 2020, 11, e02841-19. 
https://doi.org/10.1128/mBio.02841-19. 

122. Wang, P.; Luo, R.; Zhang, M.; Wang, Y.; Song, T.; Tao, T.; Li, Z.; Jin, L.; Zheng, H.; Chen, W.; et al. A cross-talk between 
epithelium and endothelium mediates human alveolar-capillary injury during SARS-CoV-2 infection. Cell Death Dis. 2020, 11, 
1042. https://doi.org/10.1038/s41419-020-03252-9. 

123. Srivastava, S.K.; Foo, G.W.; Aggarwal, N.; Chang, M.W. Organ-on-chip technology: Opportunities and challenges. Biotechnol. 
Notes 2024, 5, 8–12. https://doi.org/10.1016/j.biotno.2024.01.001. 

124. Brugger, M.; Machahua, C.; Zumkehr, T.; Cismaru, C.; Jandrasits, D.; Trueb, B.; Ezzat, S.; Oliveira Esteves, B.I.; Dorn, P.; Marti, 
T.M.; et al. Aging shapes infection profiles of influenza A virus and SARS-CoV-2 in human precision-cut lung slices. Respir. Res. 
2025, 26, 112. https://doi.org/10.1186/s12931-025-03190-0. 

125. Bai, H.; Si, L.; Jiang, A.; Belgur, C.; Zhai, Y.; Plebani, R.; Oh, C.Y.; Rodas, M.; Patil, A.; Nurani, A.; et al. Mechanical control of 
innate immune responses against viral infection revealed in a human lung alveolus chip. Nat. Commun. 2022, 13, 1928. 
https://doi.org/10.1038/s41467-022-29562-4. 

126. Gu, S.; Pan, P.; Wang, J.; Shi, Y.; Shi, F.; Zhang, Y.; Guan, W.; Cao, Y.; Qin, H.; Wang, Q.; et al. Exploring Influenza A Virus-
Induced Lung Injury and Immune Response Based on Humanized Lung-on-Chip. Discov. Med. 2023, 35, 539–552. 
https://doi.org/10.24976/Discov.Med.202335177.55. 

127. Ringquist, R.; Bhatia, E.; Chatterjee, P.; Maniar, D.; Fang, Z.; Franz, P.; Kramer, L.; Ghoshal, D.; Sonthi, N.; Downey, E.; et al. An 
immune-competent lung-on-a-chip for modelling the human severe influenza infection response. Nat. Biomed. Eng. 2025. 
https://doi.org/10.1038/s41551-025-01491-9. 

128. Man, Y.; Posey, R.R.; Bai, H.; Jiang, A.; Dosta, P.; Ocampo-Alvarado, D.; Plebani, R.; Ji, J.; Belgur, C.; Artzi, N.; et al. Preclinical 
assessment of pan-influenza A virus CRISPR RNA therapeutics in a human lung alveolus chip. Lab Chip 2025, 25, 5240–5254. 
https://doi.org/10.1039/d5lc00156k. 

129. Li, J.; Yang, W.; Liu, X.; Yang, K.; Zhou, J.; Yang, X. Research progress of lung organoids in infectious respiratory diseases. Eur. 
J. Pharmacol. 2025, 1006, 178201. https://doi.org/10.1016/j.ejphar.2025.178201. 

130. Kim, M.J.; Kim, S.; Kim, H.; Gil, D.; Han, H.J.; Thimmulappa, R.K.; Choi, J.H.; Kim, J.H. Reciprocal enhancement of SARS-CoV-
2 and influenza virus replication in human pluripotent stem cell-derived lung organoids. Emerg. Microbes Infect. 2023, 12, 
2211685. https://doi.org/10.1080/22221751.2023.2211685. 

131. Ekanger, C.T.; Zhou, F.; Bohan, D.; Lotsberg, M.L.; Ramnefjell, M.; Hoareau, L.; Rosland, G.V.; Lu, N.; Aanerud, M.; Gartner, F.; 
et al. Human Organotypic Airway and Lung Organoid Cells of Bronchiolar and Alveolar Differentiation Are Permissive to 
Infection by Influenza and SARS-CoV-2 Respiratory Virus. Front. Cell Infect. Microbiol. 2022, 12, 841447. 
https://doi.org/10.3389/fcimb.2022.841447. 

132. Salgueiro, L.; Kummer, S.; Sonntag-Buck, V.; Weiss, A.; Schneider, M.A.; Krausslich, H.G.; Sotillo, R. Generation of Human 
Lung Organoid Cultures from Healthy and Tumor Tissue to Study Infectious Diseases. J. Virol. 2022, 96, e0009822. 
https://doi.org/10.1128/jvi.00098-22. 

133. Ekanger, C.T.; Dinesh Kumar, N.; Koutstaal, R.W.; Zhou, F.; Beukema, M.; Waldock, J.; Jochems, S.P.; Mulder, N.; van Els, C.; 
Engelhardt, O.G.; et al. Comparison of air-liquid interface transwell and airway organoid models for human respiratory virus 
infection studies. Front. Immunol. 2025, 16, 1532144. https://doi.org/10.3389/fimmu.2025.1532144. 

134. Kumar, P.A.; Hu, Y.; Yamamoto, Y.; Hoe, N.B.; Wei, T.S.; Mu, D.; Sun, Y.; Joo, L.S.; Dagher, R.; Zielonka, E.M.; et al. Distal 
airway stem cells yield alveoli in vitro and during lung regeneration following H1N1 influenza infection. Cell 2011, 147, 525–
538. https://doi.org/10.1016/j.cell.2011.10.001. 

135. Yang, J.; Hernandez, B.J.; Martinez Alanis, D.; Narvaez del Pilar, O.; Vila-Ellis, L.; Akiyama, H.; Evans, S.E.; Ostrin, E.J.; Chen, 
J. The development and plasticity of alveolar type 1 cells. Development 2016, 143, 54–65. https://doi.org/10.1242/dev.130005. 

136. Han, Y.; Leng, D.; Zhang, T.; Ge, J.; Fang, Y.; Lu, T.; Dong, X.; Nair, M.S.; de Silva, N.; Han, Z.; et al. A Human Immuno-Lung 
Organoid Model to Study Macrophage-Mediated Lung Cell Senescence Upon SARS-CoV-2 Infection. Adv. Sci. 2025, 12, e03932. 
https://doi.org/10.1002/advs.202503932. 

137. Li, T.; Peng, D.; Yao, M.; Li, M.; Wang, Y.; Li, S.; Zhang, D.; Yang, B.; Qiu, H.J.; Li, L.F. Immune organoids: Emerging platforms 
for modeling and analyzing human adaptive immunity. Front. Immunol. 2025, 16, 1632117. 
https://doi.org/10.3389/fimmu.2025.1632117. 



Viruses 2026, 18, 246 35 of 37 
 

https://doi.org/10.3390/v18020246 

138. Koziol-White, C.; Gebski, E.; Cao, G.; Panettieri, R.A., Jr. Precision cut lung slices: An integrated ex vivo model for studying 
lung physiology, pharmacology, disease pathogenesis and drug discovery. Respir. Res. 2024, 25, 231. 
https://doi.org/10.1186/s12931-024-02855-6. 

139. Lehmann, M.; Krishnan, R.; Sucre, J.; Kulkarni, H.S.; Pineda, R.H.; Anderson, C.; Banovich, N.E.; Behrsing, H.P.; Dean, C.H.; 
Haak, A.; et al. Precision Cut Lung Slices: Emerging Tools for Preclinical and Translational Lung Research. An Official American 
Thoracic Society Workshop Report. Am. J. Respir. Cell Mol. Biol. 2024, 72, 16–31. https://doi.org/10.1165/rcmb.2024-0479ST. 

140. Temann, A.; Golovina, T.; Neuhaus, V.; Thompson, C.; Chichester, J.A.; Braun, A.; Yusibov, V. Evaluation of inflammatory and 
immune responses in long-term cultured human precision-cut lung slices. Hum. Vaccin. Immunother. 2017, 13, 351–358. 
https://doi.org/10.1080/21645515.2017.1264794. 

141. Danov, O.; Vollmer Barbosa, P.; Obernolte, H.; Fuchs, M.; Guillon, P.; Dirr, L.; El-Deeb, I.; Kunz, M.; Hose, L.; Martin, G.; et al. 
Leveraging human precision cut lung slices for the study of human parainfluenza virus 3 infection. Respir. Res. 2025, 26, 315. 
https://doi.org/10.1186/s12931-025-03335-1. 

142. Naumann, M.; Hornung, F.; Eiserloh, S.; Tannert, A.; Hader, A.; Guliev, R.R.; Sandhaus, T.; Deinhardt-Emmer, S.; Neugebauer, 
U. Investigating alveolar macrophages in an human ex vivo precision-cut lung slice model of SARS-CoV-2 infection using 
Raman spectroscopy-A case study. Clin. Transl. Med. 2025, 15, e70453. https://doi.org/10.1002/ctm2.70453. 

143. Parikh, V.; Scala, J.; Patel, R.; Corbi, C.; Lo, D.; Bochkov, Y.A.; Kennedy, J.L.; Kurten, R.C.; Liggett, S.B.; Gern, J.E.; et al. 
Rhinovirus C15 Induces Airway Hyperresponsiveness via Calcium Mobilization in Airway Smooth Muscle. Am. J. Respir. Cell 
Mol. Biol. 2020, 62, 310–318. https://doi.org/10.1165/rcmb.2019-0004OC. 

144. Shiratori, H.; Feinweber, C.; Luckhardt, S.; Linke, B.; Resch, E.; Geisslinger, G.; Weigert, A.; Parnham, M.J. THP-1 and human 
peripheral blood mononuclear cell-derived macrophages differ in their capacity to polarize in vitro. Mol. Immunol. 2017, 88, 58–
68. https://doi.org/10.1016/j.molimm.2017.05.027. 

145. Chiok, K.L.; Jenik, K.; Fenton, M.; Falzarano, D.; Dhar, N.; Banerjee, A. MERS-CoV and SARS-CoV-2 infection in diverse human 
lung organoid-derived cultures. J. Virol. 2025, 99, e0109825. https://doi.org/10.1128/jvi.01098-25. 

146. Bryson, K.J.; Garrido, D.; Esposito, M.; McLachlan, G.; Digard, P.; Schouler, C.; Guabiraba, R.; Trapp, S.; Vervelde, L. Precision 
cut lung slices: A novel versatile tool to examine host-pathogen interaction in the chicken lung. Vet. Res. 2020, 51, 2. 
https://doi.org/10.1186/s13567-019-0733-0. 

147. Neuhaus, V.; Danov, O.; Konzok, S.; Obernolte, H.; Dehmel, S.; Braubach, P.; Jonigk, D.; Fieguth, H.G.; Zardo, P.; Warnecke, G.; 
et al. Assessment of the Cytotoxic and Immunomodulatory Effects of Substances in Human Precision-cut Lung Slices. J. Vis. 
Exp. 2018, 135, e57042. https://doi.org/10.3791/57042. 

148. Speaks, S.; Papa, J.; McFadden, M.; Roettger, J.E.; Liu, B.D.; Mohan, S.; Reznik, B.M.; Leumi, S.; Cable, J.M.; Forero, A.; et al. 
Gasdermin E is Dispensable for H1N1 Influenza Virus Pathogenesis in Mice. bioRxiv 2025, 
https://doi.org/10.1101/2025.07.29.667514. 

149. Barry, K.; Murphy, C.; Mansell, A. NLRP1- A CINDERELLA STORY: A perspective of recent advances in NLRP1 and the 
questions they raise. Commun. Biol. 2023, 6, 1274. https://doi.org/10.1038/s42003-023-05684-3. 

150. Qin, C.; Sai, X.Y.; Qian, X.F.; Wu, Y.; Zou, L.F.; Wang, H.M.; Bian, T.; Yan, Z. Close Relationship between cIAP2 and Human 
ARDS Induced by Severe H7N9 Infection. Biomed. Res. Int. 2019, 2019, 2121357. https://doi.org/10.1155/2019/2121357. 

151. Lv, Y.W.; Du, Y.; Ma, S.S.; Shi, Y.C.; Xu, H.C.; Deng, L.; Chen, X.Y. Proanthocyanidins attenuates ferroptosis against influenza-
induced acute lung injury in mice by reducing IFN-gamma. Life Sci. 2023, 314, 121279. https://doi.org/10.1016/j.lfs.2022.121279. 

152. Mei, X.; Hua, J.; Chen, L. Ferroptosis-associated genes as candidate biomarkers for the identification of patients with severe 
influenza necessitating mechanical ventilation. BMJ Open Respir. Res. 2025, 12, e002557. https://doi.org/10.1136/bmjresp-2024-
002557. 

153. Tate, M.D.; Brooks, A.G.; Reading, P.C. Inhibition of lectin-mediated innate host defences in vivo modulates disease severity 
during influenza virus infection. Immunol. Cell Biol. 2011, 89, 482–491. https://doi.org/10.1038/icb.2010.113. 

154. McAuley, J.L.; Tate, M.D.; MacKenzie-Kludas, C.J.; Pinar, A.; Zeng, W.; Stutz, A.; Latz, E.; Brown, L.E.; Mansell, A. Activation 
of the NLRP3 inflammasome by IAV virulence protein PB1-F2 contributes to severe pathophysiology and disease. PLoS Pathog. 
2013, 9, e1003392. https://doi.org/10.1371/journal.ppat.1003392. 

155. Pinar, A.; Dowling, J.K.; Bitto, N.J.; Robertson, A.A.; Latz, E.; Stewart, C.R.; Drummond, G.R.; Cooper, M.A.; McAuley, J.L.; 
Tate, M.D.; et al. PB1-F2 Peptide Derived from Avian Influenza A Virus H7N9 Induces Inflammation via Activation of the 
NLRP3 Inflammasome. J. Biol. Chem. 2017, 292, 826–836. https://doi.org/10.1074/jbc.M116.756379. 

156. Tate, M.D.; Pickett, D.L.; van Rooijen, N.; Brooks, A.G.; Reading, P.C. Critical role of airway macrophages in modulating disease 
severity during influenza virus infection of mice. J. Virol. 2010, 84, 7569–7580. https://doi.org/10.1128/JVI.00291-10. 



Viruses 2026, 18, 246 36 of 37 
 

https://doi.org/10.3390/v18020246 

157. Short, K.R.; Kroeze, E.; Fouchier, R.A.M.; Kuiken, T. Pathogenesis of influenza-induced acute respiratory distress syndrome. 
Lancet Infect. Dis. 2014, 14, 57–69. https://doi.org/10.1016/S1473-3099(13)70286-X. 

158. West, A.C.; Harpur, C.M.; Le Page, M.A.; Lam, M.; Hodges, C.; Ely, L.K.; Gearing, A.J.; Tate, M.D. Harnessing Endogenous 
Peptide Compounds as Potential Therapeutics for Severe Influenza. J. Infect. Dis. 2024, 230, e384–e394. 
https://doi.org/10.1093/infdis/jiad566. 

159. Perlman, R.L. Mouse models of human disease: An evolutionary perspective. Evol. Med. Public Health 2016, 2016, 170–176. 
https://doi.org/10.1093/emph/eow014. 

160. Docherty, C.A.; Fernando, A.J.; Rosli, S.; Lam, M.; Dolle, R.E.; Navia, M.A.; Farquhar, R.; La France, D.; Tate, M.D.; Murphy, 
C.K.; et al. A novel dual NLRP1 and NLRP3 inflammasome inhibitor for the treatment of inflammatory diseases. Clin. Transl. 
Immunology 2023, 12, e1455. https://doi.org/10.1002/cti2.1455. 

161. Bawazeer, A.O.; Rosli, S.; Harpur, C.M.; Docherty, C.A.; Mansell, A.; Tate, M.D. Interleukin-1beta exacerbates disease and is a 
potential therapeutic target to reduce pulmonary inflammation during severe influenza A virus infection. Immunol. Cell Biol. 
2021, 99, 737–748. https://doi.org/10.1111/imcb.12459. 

162. Rosli, S.; Kirby, F.J.; Lawlor, K.E.; Rainczuk, K.; Drummond, G.R.; Mansell, A.; Tate, M.D. Repurposing drugs targeting the 
P2X7 receptor to limit hyperinflammation and disease during influenza virus infection. Br. J. Pharmacol. 2019, 176, 3834–3844. 
https://doi.org/10.1111/bph.14787. 

163. Tate, M.D.; Ong, J.D.H.; Dowling, J.K.; McAuley, J.L.; Robertson, A.B.; Latz, E.; Drummond, G.R.; Cooper, M.A.; Hertzog, P.J.; 
Mansell, A. Reassessing the role of the NLRP3 inflammasome during pathogenic influenza A virus infection via temporal 
inhibition. Sci. Rep. 2016, 6, 27912. https://doi.org/10.1038/srep27912. 

164. Su, H.; Chen, G.; Xie, H.; Li, W.; Xiong, M.; He, J.; Hu, H.; Zhao, W.; Shao, Q.; Li, M.; et al. Structure-based design of potent and 
selective inhibitors targeting RIPK3 for eliminating on-target toxicity in vitro. Nat. Commun. 2025, 16, 4288. 
https://doi.org/10.1038/s41467-025-59432-8. 

165. Humphries, F.; Shmuel-Galia, L.; Ketelut-Carneiro, N.; Li, S.; Wang, B.; Nemmara, V.V.; Wilson, R.; Jiang, Z.; Khalighinejad, F.; 
Muneeruddin, K.; et al. Succination inactivates gasdermin D and blocks pyroptosis. Science 2020, 369, 1633–1637. 
https://doi.org/10.1126/science.abb9818. 

166. Kastrati, I.; Siklos, M.I.; Calderon-Gierszal, E.L.; El-Shennawy, L.; Georgieva, G.; Thayer, E.N.; Thatcher, G.R.; Frasor, J. 
Dimethyl Fumarate Inhibits the Nuclear Factor kappaB Pathway in Breast Cancer Cells by Covalent Modification of p65 Protein. 
J. Biol. Chem. 2016, 291, 3639–3647. https://doi.org/10.1074/jbc.M115.679704. 

167. Shi, F.L.; Yuan, L.S.; Wong, T.S.; Li, Q.; Li, Y.P.; Xu, R.; You, Y.P.; Yuan, T.; Zhang, H.R.; Shi, Z.J.; et al. Dimethyl fumarate 
inhibits necroptosis and alleviates systemic inflammatory response syndrome by blocking the RIPK1-RIPK3-MLKL axis. 
Pharmacol. Res. 2023, 189, 106697. https://doi.org/10.1016/j.phrs.2023.106697. 

168. Scarpellini, C.; Klejborowska, G.; Lanthier, C.; Hassannia, B.; Vanden Berghe, T.; Augustyns, K. Beyond ferrostatin-1: A 
comprehensive review of ferroptosis inhibitors. Trends Pharmacol. Sci. 2023, 44, 902–916. 
https://doi.org/10.1016/j.tips.2023.08.012. 

169. Degterev, A.; Hitomi, J.; Germscheid, M.; Ch’en, I.L.; Korkina, O.; Teng, X.; Abbott, D.; Cuny, G.D.; Yuan, C.; Wagner, G.; et al. 
Identification of RIP1 kinase as a specific cellular target of necrostatins. Nat. Chem. Biol. 2008, 4, 313–321. 
https://doi.org/10.1038/nchembio.83. 

170. Hu, J.J.; Liu, X.; Xia, S.; Zhang, Z.; Zhang, Y.; Zhao, J.; Ruan, J.; Luo, X.; Lou, X.; Bai, Y.; et al. FDA-approved disulfiram inhibits 
pyroptosis by blocking gasdermin D pore formation. Nat. Immunol. 2020, 21, 736–745. https://doi.org/10.1038/s41590-020-0669-
6. 

171. Rathkey, J.K.; Zhao, J.; Liu, Z.; Chen, Y.; Yang, J.; Kondolf, H.C.; Benson, B.L.; Chirieleison, S.M.; Huang, A.Y.; Dubyak, G.R.; et 
al. Chemical disruption of the pyroptotic pore-forming protein gasdermin D inhibits inflammatory cell death and sepsis. Sci. 
Immunol. 2018, 3, eaat2738. https://doi.org/10.1126/sciimmunol.aat2738. 

172. Coll, R.C.; Robertson, A.A.; Chae, J.J.; Higgins, S.C.; Munoz-Planillo, R.; Inserra, M.C.; Vetter, I.; Dungan, L.S.; Monks, B.G.; 
Stutz, A.; et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases. Nat. Med. 
2015, 21, 248–255. https://doi.org/10.1038/nm.3806. 

173. Skouta, R.; Dixon, S.J.; Wang, J.; Dunn, D.E.; Orman, M.; Shimada, K.; Rosenberg, P.A.; Lo, D.C.; Weinberg, J.M.; Linkermann, 
A.; et al. Ferrostatins inhibit oxidative lipid damage and cell death in diverse disease models. J. Am. Chem. Soc. 2014, 136, 4551–
4556. https://doi.org/10.1021/ja411006a. 

174. Lim, H.J.; Wang, Y.; Buzdin, A.; Li, X. A practical guide for choosing an optimal spatial transcriptomics technology from seven 
major commercially available options. BMC Genom. 2025, 26, 47. https://doi.org/10.1186/s12864-025-11235-3. 



Viruses 2026, 18, 246 37 of 37 
 

https://doi.org/10.3390/v18020246 

175. Chang, J.T.; Liu, L.B.; Wang, P.G.; An, J. Single-cell RNA sequencing to understand host-virus interactions. Virol. Sin. 2024, 39, 
1–8. https://doi.org/10.1016/j.virs.2023.11.009. 

176. Gupta, S.; Chan, D.W.; Zaal, K.J.; Kaplan, M.J. A High-Throughput Real-Time Imaging Technique To Quantify NETosis and 
Distinguish Mechanisms of Cell Death in Human Neutrophils. J. Immunol. 2018, 200, 869–879. 
https://doi.org/10.4049/jimmunol.1700905. 

177. Lanigan, T.M.; Rasmussen, S.M.; Weber, D.P.; Athukorala, K.S.; Campbell, P.L.; Fox, D.A.; Ruth, J.H. Real time visualization of 
cancer cell death, survival and proliferation using fluorochrome-transfected cells in an IncuCyte® imaging system. J. Biol. 
Methods 2020, 7, e133. https://doi.org/10.14440/jbm.2020.323. 

178. Selcen, S.; Wieland, L.; De Oliveira, T.; Ghadimi, M.; Conradi, L.C.; Schneider, G.; Witte, L.; Wirth, M. Integrated real-time 
imaging of executioner caspase dynamics, apoptosis-induced proliferation, and immunogenic cell death using a stable 
fluorescent reporter platform. Cell Death Discov. 2025, 11, 368. https://doi.org/10.1038/s41420-025-02662-y. 

179. Wang, W.; Huang, G.; Zhou, Y.; Wang, Y.; Wu, L.; James, T.D.; Wang, W.; Wang, Y. Design and optimization of caspase-1-
responsive fluorescent probes for pyroptosis imaging and anti-pyroptosis drug screening. Chem. Sci. 2025, 17, 585–596 
https://doi.org/10.1039/d5sc07690k. 

180. Niwa, R.; Sakai, K.; Lung, M.S.Y.; Matsumoto, T.; Mikawa, R.; Maehana, S.; Suzuki, M.; Yamamoto, Y.; Maurissen, T.L.; 
Hirabayashi, A.; et al. ACE2 knockout hinders SARS-CoV-2 propagation in iPS cell-derived airway and alveolar epithelial cells. 
Front. Cell Dev. Biol. 2023, 11, 1290876. https://doi.org/10.3389/fcell.2023.1290876. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


