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Abstract

Herpes simplex virus type 1 (HSV-1) is a widespread human pathogen that can
establish lifelong persistence after primary infection. Although antiviral drugs are
available, their efficacy is often limited by the emergence of resistant strains,
particularly in immunocompromised patients or in those undergoing prolonged
treatment. The absence of effective vaccines and the growing problem of resistance
underscore the need to better understand the molecular interplay between HSV-1
and host immunity, as well as to explore alternative antiviral strategies. During
HSV-1 infection, while epithelial cells can counteract pro-apoptotic signals through
the expression of viral proteins, immune cells such as monocytes and dendritic cells
(DCs) remain more susceptible to virus-induced apoptosis. In monocytic cells,
HSV-1 establishes a low-permissive infection, yet increasing evidence indicates
that death-related proteins may exert non-apoptotic functions during infection.
Among these, caspase-8, classically known as an initiator of extrinsic apoptosis,
has emerged as a versatile regulator implicated in necroptosis, autophagy,
inflammatory signaling, and viral replication.

This PhD project primarily investigated the role of caspase-8 in HSV-1 infection of
monocytic cells, with a focus on viral immune evasion and modulation of host
signaling pathways. Using CRISPR-Cas9-generated caspase-8-knockout THP-1
cells and wild-type or Us11/Usl2-deleted HSV-1 strains, this work demonstrates
that caspase-8 limits viral gene expression, restrains NF-«xB activation, and tempers
chemokine production, thereby contributing to the regulation of inflammatory
responses. In addition, RIPK1 expression was found to be downregulated in
caspase-8-deficient cells, further supporting its involvement in immune
modulation. Here, “immunomodulation” refers to cell-intrinsic regulation of innate
immune signaling in infected myeloid cells (captured by NF-kB activity,
chemokine transcription, and RIPK1 expression) under the influence of viral
immune-evasion factors (e.g., Us11) and caspase-8-dependent checkpoints.

The construction of recombinant HSV-1 viruses carrying fluorescent tags enabled
preliminary insights into virion trafficking and maturation, suggesting a potential

role of caspase-8 in late stages of the viral life cycle. Altogether, these findings
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highlight caspase-8 as an important regulator of molecular pathways at the interface
between HSV-1 and host immunity.

In addition to this central mechanistic investigation, the thesis includes
complementary studies exploring the antiviral activity of selected plant-derived
products. Hydroethanolic extracts from cultivated wild olive leaves exhibited
antiviral activity, with oleuropein identified as a major bioactive compound
associated with reduced HSV-1 gene expression and protein synthesis while
activating PKR and AP-1 signaling. Similarly, almond by-products, such as
blanching skin and blanching water, have been shown to exhibit antiviral properties.
These exploratory studies broaden the scope of the thesis by examining alternative
antiviral approaches, without extensive mechanistic dissection.

In conclusion, this work primarily advances the understanding of molecular
signaling pathways during HSV-1 infection, particularly the role of caspase-8 in
modulating viral replication and innate immune responses in monocytic cells, while
secondarily highlighting plant-derived compounds as complementary sources of
antiviral bioactivity. By combining mechanistic insights into caspase-8, NF-kB, and
chemokine regulation with exploratory studies of natural bioactive molecules, this

thesis contributes to a more comprehensive view of HSV-1-host interactions.
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Introduction

Chapter I
Herpes simplex type 1 (HSV-1)

Herpes simplex virus type 1 (HSV-1) is a DNA virus that belongs to the
Alphaherpesvirinae subfamily of the Herpesviridae, which also includes Herpes
simplex virus type 2 (HSV-2), cytomegalovirus (CMV), varicella zoster virus
(HSV-3), Epstein-Barr virus (HHV-4), HHV-6, HHV-7, and Kaposi's sarcoma-
associated herpesvirus (HHV-8) (Lehman and Boehmer, 1999). With infection rates
ranging from 45% to 98% among the world's population, including those in remote
areas, HSV-1 is widespread globally. It is a significant public health concern and
one of the most prevalent viral infections in humans (Fatahzadeh and Schwartz,
2007; Tyler, 2004).

Transmission typically occurs after mucosal contact with infected individuals,
primarily through the exchange of salivary secretions. HSV-1 pathogenicity is
linked to a wide range of clinical manifestations, including orofacial lesions
referred to as “cold sores”, keratitis, conjunctivitis, and mucocutaneous infections
(Boehmer and Nimonkar, 2003; Fatahzadeh and Schwartz, 2007; Tyler, 2004).
While HSV-related diseases are generally non-fatal, in immunocompromised
individuals, including transplant recipients, AIDS patients, and neonates,
disseminated infections can result in blindness and encephalitis, causing significant
morbidity and mortality (up to 70% if untreated) (Boehmer and Nimonkar, 2003;
Tyler, 2004).

HSV-1 displays a distinct cellular tropism. Epithelial cells represent the primary
sites of productive lytic replication, where the virus enters via glycoproteins such
as gB, gC, and gD, engaging receptors including nectin-1 and herpesvirus entry
mediator (HVEM) (Alandijany, 2019; Montgomery et al., 1996). In contrast,
monocytes and other leukocytes are less permissive, producing two distinct
populations: one productively infected and one resistant, reflecting the
heterogeneity of susceptibility in monocytes/macrophages, dendritic cells, and T
cells compared with epithelial cells (Bosnjak et al., 2005; Iannello et al., 2011;
Kather et al., 2010; Mastino et al., 1997; Musarra-Pizzo et al., 2022). This
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mechanism often results in restricted or abortive infection outcomes characterized
by cytokines induction or apoptosis rather than robust viral replication
(Melchjorsen et al., 2010, 2006; Musarra-Pizzo et al., 2022; Raftery et al., 1999).
This duality enables HSV-1 to both ensure efficient spread through epithelial
replication and modulate immune responses by targeting circulating immune cells
(Alandijany, 2019).

Primary HSV-1 infection occurs in epithelial cells of the oral, nasal, or ocular
mucosa. Productive replication within epithelial cells generates lesions evolving
from vesicles to superficial erythematous ulcerations, which represent a typical
cytopathic effect and lead to viral shedding at the site of infection for up to two
weeks (Arvin et al.,, 2007). Following this initial replication, HSV-1 causes a
lifelong infection due to its ability to infect sensory neurons that innervate the
affected tissues of the skin, oral mucosa, and ocular mucosa. After invading nerve
termini, virions are transported from the primary site of infection to neuronal axons,
where latency is established (Nicoll et al., 2016; Zerboni et al., 2013).

During latency, the viral genome persists in the nuclei of sensory neurons,
especially within the trigeminal ganglia (TG), as a circular episome of double-
stranded DNA (Kramer and Enquist, 2013; Pomeranz et al., 2005; Steiner et al.,
2007). Viral gene expression is silenced mainly during this phase, with the notable
exception of the latency-associated transcript (LAT), a non-coding RNA that
suppresses viral gene expression (Nicoll et al.,, 2016; Zerboni et al., 2013).
Reactivation can occur spontaneously or in response to various stimuli, including
stress or immune suppression. This process involves the renewed expression of lytic
genes, the DNA replication, and the production of infectious virions (Arvin et al.,
2007; Suzich and Cliffe, 2018).

Upon reactivation, viral progeny assemble within the nucleus, where gene
expression, DNA replication, capsid assembly, and genome packaging occur
(Ahmad and Wilson, 2020). Capsids then bud at the inner nuclear membrane and
transit into the cytoplasm, where they acquire an envelope and exit the cell,
completing the viral maturation process. From there, they are transported in an
anterograde direction along axonal microtubules, often in association with

cytoplasmic organelles as organelle-associated enveloped virions (OEVs), to reach
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neuronal termini, the plasma membrane, or cell-cell junctions. This facilitates viral
spread to neighboring uninfected epithelial tissues including ocular epithelia and
oral mucosa, where new lytic cycles can be initiated (Ahmad and Wilson, 2020;
Denes et al., 2018; Diwaker and Wilson, 2019; Knipe and Howley, 2013; Kramer
and Enquist, 2013; Smith, 2012; Steiner et al., 2007; Valerio and Lin, 2019) (Figure

1.
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Figure 1. Acute and latent HSV-1 infection. (1) When viral envelopes fuse with plasma
membranes, HSV-1 virions infiltrate epithelial cells and cause acute infection. The viral genome
enters the nucleus of the epithelial cell via the viral nucleocapsid. Viral genome replication and gene
expression in the nucleus result in the production of more infectious virions. Some newly produced
virus particles infect adjacent sensory neurons. (2) Retrograde trafficking brings HSV-1 capsids to
sensory ganglion neuronal cell bodies. The host cell silences viral genome transcription, except for
the latency-associated transcript (LAT) gene, in the neuronal nucleus because viral DNA
circularizes. Viral progeny in the central nervous system can cause herpes simplex encephalitis,
neuronal cell loss, and, recently, Multiple Sclerosis and Alzheimer's Disease. (3) Viral nucleocapsids
leave the neuronal nucleus and travel anterogradely to epithelial cells after reactivation. (4) Viral
replication and progeny release damage epithelial cells and cause orofacial sores (Verzosa et al.,
2021).
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Clinically, HSV-1 is a persistent and incurable pathogen that remains within the
host for the remainder of its life. Current therapeutic approaches for both primary
and recurrent infections rely on nucleoside analogues such as acyclovir,
valacyclovir, famciclovir, and ganciclovir (Sarisky et al., 2002; Whitley, 2006).
However, since over 40% of patients experience recurrent infections that require
repeated treatments, the emergence of drug-resistant HSV strains is becoming
increasingly common (Piret and Boivin, 2011). Therefore, the study of new
antiviral drugs poses a significant challenge in combating viral infections and
preventing the development of drug resistance. From this perspective, natural
products, such as crude extracts and bioactive molecules derived from plants, are
recognized as promising sources of new antiviral compounds, thanks to their lower
toxicity and alternative mechanisms of action compared to nucleoside analogues

(Bhaskarachary et al., 2015)
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1.1. HSV-1 virion structure, genome organization, and life cycle

The HSV-1 virion is a spherical particle, 150-225 nm in diameter, consisting of
three main compartments: a lipid envelope embedded with viral glycoproteins, a
proteinaceous tegument layer, and an icosahedral capsid enclosing the viral linear

double-stranded DNA (dsDNA) genome (Newcomb et al., 1993) (Figure 2).

Glycoproteins

Tegument

Envelope

Capsid

Figure 2. HSV-1 virion structure. The virion is composed of four main elements: the viral genome,
the capsid, the tegument, and the envelope. The genome consists of a linear double-stranded DNA
(dsDNA) packaged within the capsid. Surrounding the capsid lies the tegument, a protein-rich layer
that bridges the capsid and the envelope. The outermost envelope is a lipid bilayer derived from the
host cell membrane, in which viral glycoproteins are embedded as surface projections (Alandijany,
2019).

The viral envelope represents a lipid bilayer derived from the cellular membrane
that encloses the tegument and contains several glycoproteins, which are major
antigenic determinants involved in viral entry, intercellular spread, and immune
evasion (Haarr and Skulstad, 1994). In particular, glycoprotein H (gH), encoded by
the UL22 gene, together with its partner gL, is critical for efficient folding,
transport, and membrane fusion, playing a central role in viral infectivity, and cell-
to-cell transmission (Gillet et al., 2007; Hutchinson et al., 1992; Omerovi¢ et al.,

2005; Roop et al., 1993). The gH/gB complex is indispensable for nuclear egress,
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as the simultaneous deletion of these proteins results in the accumulation of virions
within the perinuclear space (Farnsworth et al., 2007).

The tegument, located between the capsid and the envelope, is an amorphous
structure composed of at least 11 viral proteins (Haarr and Skulstad, 1994). Among
these, VP16 (UL48 gene product) is a multifunctional 65 kDa protein essential for
productive infection. Although not directly required for DNA replication, HSV-1
recombinants lacking UL48 display defective DNA packaging, altered replication,
and an absence of infectious progeny (Weinheimer et al., 1992). VP16 functions as
a transcriptional activator of immediate-early (IE) genes by recruiting cellular
transcription factors and cooperating with Oct-1, thus initiating the viral gene
expression cascade (LaBoissiere and O’Hare, 2000). Additionally, VP16 interacts
with other tegument and envelope proteins, including the virion host shutoff (VHS)
protein, gB, gD, gH, UL47, and VP22, linking capsid-associated and envelope-
associated proteins and thereby contributing to virion assembly and egress (Elliott
et al., 1995; Fuchs et al., 2002; Smibert et al., 1994; Zhu and Courtney, 1994).

The capsid has an icosahedral architecture, ~125 nm in diameter, and consists of
162 capsomeres: 150 hexons and 12 pentons (Newcomb et al., 1993). Each hexon
is composed of six copies of VPS5, while eleven pentons contain five VPS5
molecules. The twelfth penton is replaced by the UL6 portal complex, a cylindrical
structure formed by 12 UL6 proteins that mediates DNA packaging (Newcomb et
al., 2001). VP23 and VP19c, in a 2:1 ratio, connect triplet capsomeres, maintaining
capsid integrity (Saad et al., 1999). Capsid maturation involves scaffold proteins
VP22a and VP21 (Davison et al., 1992; Person et al., 1993), as well as the serine
protease VP24, which is essential for DNA encapsidation (Cardone et al., 2012).
VP26, a 12 kDa capsid protein encoded by UL3J3, is located on the hexon tips
(McNabb and Courtney, 1992; Zhou et al., 1995). While dispensable for replication
in vitro, VP26 is essential for producing infectious virions in sensory ganglia and
accumulates in the nucleus through interactions with VP5 and VP22a (Chi and
Wilson, 2000; Desai et al., 1998; Rixon et al., 1996; Taylor et al., 2002).

The HSV-1 genome consists of a linear dsSDNA molecule of approximately 152-
153 kbp, encoding about 75 open reading frames. It is divided into two regions, the

unique long (UL, ~82%) and the unique short (US, ~18%)), each flanked by inverted
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repeats (a, b, ¢ sequences), which enable the genome to form four isomeric
conformation through recombination (Figure 3). After nuclear entry, the linear
genome circularizes to create an “endless” structure, which is essential for
replication (Boehmer and Nimonkar, 2003; Knipe and Howley, 2013; Lehman and
Boehmer, 1999; Strang and Stow, 2005).

TR, U, IR_IRg Ug TRg
a a, b ; b'a, .c' ca,
A e e e | | —_— —_—
UL5 UL8 UL9 UL29U UL30 UL42  UL52
orip orig orig
a

DR1-U,-(DR2),-DR3),-U,-DR1

Figure 3. HSV-1 genome organization. The illustration shows the HSV-1 genome, highlighting
the locations of the a, b, and c repeat regions within both the terminal repeats (TRL and TRS) and
the internal repeats (IRL and IRS). The origins of DNA replication (oriL and oriS) are also indicated.
Arrows mark the position and transcriptional orientation of the seven genes essential for viral DNA
replication (Lehman and Boehmer, 1999).

HSV-1 replication is highly regulated and proceeds through a cascade of
transcriptional events classified into immediate-early (IE, a), early (E, ), and late
(L, v) (Honess, 1975; Honess and Roizman, 1974) (Figure 4). HSV entry is a
process that varies depending on the host cell type and occurs through direct fusion
with the plasma membrane or by endocytosis. This step requires the participation
of at least four envelope glycoproteins (gB, gC, gD, gH, and gL) that interact with
specific cellular receptors (Gianni et al., 2010). Following entry, several tegument
proteins remain attached to the nucleocapsid, facilitating its transport across the
cytosol toward the nuclear pore complex (NPC). The microtubule network and the
dynein motor complex support this trafficking. At the nuclear membrane, the capsid
interacts with importin 3 (Ojala et al., 2000), enabling the viral DNA to be released
via the UL6 portal protein into the nucleus, where transcription of viral genes

proceeds in a regulated cascade (Newcomb et al., 2001).
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All viral transcripts are synthesized by host RNA polymerase II and undergo 5’
capping and 3’ polyadenylation. VP16 triggers the transcription of IE genes, whose
synthesis peaks at 2-4 hours post-infection (h.p.i.), including ICP0, ICP4, ICP22,
ICP27, and ICP47, which then drive the transcription of early genes. IE proteins
(i.e., ICP27) also act as suppressors of host transcription (Boehmer and Lehman,
1997; Campbell et al., 1984; Rice et al., 1989). Protein synthesis becomes
detectable as early as 3 h.p.i., reaching its maximum between 5 and 7 h.p.i. Among
the proteins expressed at this stage are key enzymes required for viral genome
replication, including the origin-binding protein, DNA polymerase, the single-
stranded DNA-binding protein, the helicase-primase complex, and several enzymes
involved in DNA repair and nucleotide metabolism (Boehmer and Lehman, 1997;

Knipe and Howley, 2013).
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Figure 4. HSV-1 life cycle. Viral entry begins with the attachment of HSV-1 glycoproteins to
specific cellular receptors, followed by entry through either the fusion of the viral envelope with the
plasma membrane or via endocytosis. Once de-enveloped, the nucleocapsid is transported to the
nuclear pore complexes, where the viral DNA (vVDNA) is delivered into the nucleus. Gene
expression occurs in a temporally regulated cascade comprising immediate-early (IE), early (E), and
late (L) proteins. The virion-associated protein VP16 initiates IE gene transcription, while
expression of E proteins depends on IE products and is essential for the onset of vDNA replication.
HSV-1 DNA replication goes through a theta mechanism and subsequently transitions into rolling-
circle replication. The production of L proteins is strictly dependent on prior vDNA synthesis and
provides the structural components for virion assembly. Capsid formation occurs adjacent to
replication compartments, enabling the packaging of vDNA into the capsid. The newly formed
nucleocapsids bud through the nuclear membrane, traverse the cytoplasm, and fuse with the plasma
membrane, acquiring tegument and envelope proteins. The release of mature progeny virions
enables infection of neighboring cells, perpetuating the viral life cycle (Alandijany, 2019).

A
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Viral DNA synthesis begins shortly after the onset of protein expression, typically
between 3 and 15 h.p.i., with the bulk of replication occurring during the later phase
of this interval (Boehmer and Lehman, 1997; Knipe and Howley, 2013). Viral DNA
replication initiates at three origins: one oriL located within the UL region and two
copies of oriS located within the inverted repeats (Lehman and Boehmer, 1999).
Replication is initiated by the origin-binding protein UL9, which recognizes
palindromic A+T-rich motifs and unwinds DNA in cooperation with ICP8 (He and
Lehman, 2001; Olivo et al., 1988). UL9, containing ATP-binding and helicase
motifs, binds origins as a homodimer and interacts with ICP8 to stabilize unwinding
(Boehmer et al., 1993; Lee and Lehman, 1999). ICP8, encoded by ULZ29, is a
binding protein that binds cooperatively to single-stranded DNA (ssDNA) with
high affinity (Lee and Knipe, 1985; Makhov et al., 1996). Viral DNA polymerase,
encoded by UL30, functions as a heterodimer with its processivity factor UL42.
UL30 exhibits 3'—=5" exonuclease proofreading and RNase H activity, ensuring
high-fidelity replication and Okazaki fragment processing (Crute and Lehman,
1989; Gallo et al., 1989; Gottlieb et al., 1990; Hernandez and Lehman, 1990;
O’Donnell et al., 1987). DNA replication initiates through theta replication and then
switches to a rolling-circle mechanism, generating concatemers that are
subsequently cleaved and packaged into capsids (Boehmer and Lehman, 1997;
Weller and Coen, 2012).

The final phase of the temporal cascade of HSV-1 gene expression is characterized
by the synthesis of late proteins, which serve as structural components essential for
virion assembly (Boehmer and Lehman, 1997; Knipe and Howley, 2013). Within
the nucleus of infected cells, viral capsids accumulate and assemble, and then the
viral DNA is packaged inside them through an energy-dependent process.
Tegumentation occurs via Golgi-derived vesicles containing glycoproteins, which
subsequently fuse with the plasma membrane to release mature virions (Homa and

Brown, 1997).
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1.2. Host immune responses to HSV-1

The host innate immune system plays a crucial role in the initial control of HSV-1
infection, limiting viral spread and shaping subsequent adaptive responses. Pattern
recognition receptors (PRRs), such as Toll-like receptors (TLRs) and RIG-I-like
receptors (RLRs), as well as cytosolic DNA sensors including cGAS-STING, detect
viral nucleic acids and trigger signaling cascades that promote the secretion of type
I interferons (IFN-0/B) and proinflammatory cytokines (Alandijany, 2019). These
mediators activate interferon-stimulated genes (ISGs), which restrict viral
replication and alert surrounding cells. The antiviral activity of type I and type II
interferons (IFN-o/B and IFN-y) is exerted primarily through the JAK/STAT
pathway, leading to the induction of proteins such as double-stranded RNA-
activated protein kinase (PKR) and 2'-5' oligoadenylate synthetases (OAS), which
act as effectors to suppress viral replication (Levy and Garcia-Sastre, 2001). PKR,
which presents an amino-terminal regulatory domain and a carboxy-terminal
serine/threonine kinase domain, is activated by double-stranded RNA (dsRNA)
generated during viral infection (Balachandran et al., 2000). Autophosphorylation
of PKR leads to dimer formation and the phosphorylation of substrates, including
elF-2a and IkBa. The elF-2a phosphorylated protein is inactive and blocks protein
synthesis, thereby depriving the virus of its translational machinery. In contrast, the
phosphorylation of IkBa promotes the activation of NF-kB (Bonnet et al., 2000;
Gal-Ben-Ari et al., 2019). In addition, PKR can activate apoptotic responses by
engaging the FADD/caspase-8 pathway, a process further potentiated by type I
interferons, which sensitize infected cells to apoptosis through the activation of
caspase-8 (Balachandran et al., 2000). PKR has also been implicated in the
induction of autophagy, adding another layer of antiviral defense (Lussignol et al.,
2013).

Apoptosis indeed represents an essential antiviral mechanism. It can be triggered
through extrinsic signals, intrinsic stress, or a combination of both, culminating in
the activation of initiator caspase-8, which subsequently activates caspase-3 and -7
to drive cellular breakdown. This process contributes to the elimination of infected

cells and the degradation of viral components. HSV-1, however, modulates
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apoptosis in a cell-type-dependent manner. While it can both trigger and inhibit
apoptosis in epithelial cells during infection (Nguyen and Blaho, 2006), immune
cells, such as NK cells, macrophages, and monocytes, are more prone to HSV-1-
induced apoptosis (Raftery et al., 1999). Macrophages, dendritic cells, natural killer
(NK) cells, and monocytes are also key players in the antiviral defense against
HSV-1 (Alandijany, 2019; Levy and Garcia-Sastre, 2001). Activated macrophages
release cytokines such as TNF-a and type I interferons (Toews, 2009), which act
directly against the virus and simultaneously stimulate NK cells to release IFN-y,
thereby amplifying antiviral effector functions. This reciprocal feedback enhances
the production of nitric oxide (NO) and reactive oxygen species (ROS), establishing
a hostile intracellular environment that restricts viral replication. Monocytes
represent another critical component of the early antiviral response (Ellermann-
Eriksen, 2005). They produce a wide range of proinflammatory mediators,
including IL-1p, IL-6, TNF-a, and MCP-1, which not only shape the inflammatory
milieu but also promote the recruitment of additional immune cells to the site of
infection. Recruited monocytes can differentiate into macrophages or dendritic cells
depending on local cues, thereby expanding the effector network at mucosal and
peripheral sites of HSV-1 infection (Dash et al., 2024; Ellermann-Eriksen, 2005).
Chemokines secreted by both resident and infiltrating immune cells serve as
chemoattractants, coordinating leukocyte migration. During HSV-1 infection,
chemokines such as CCL2, CCL3, CCL4, CCL5, CXCL9, and CXCL10 are
induced in skin and mucosal tissues, where they recruit NK cells, T cells, and other
effector populations, ultimately bridging innate and adaptive immunity.
Importantly, in T cells, a phenomenon of “fratricide” has been described, whereby
infected T cells upregulate death ligands that promote apoptosis in neighboring T
cells (Raftery et al., 1999). Specifically, HSV-1 can productively infect activated
cytotoxic T lymphocytes (CTLs) through the interaction of viral glycoprotein D
(gD) with HVEM, a member of the TNF receptor family expressed on activated T
cells (Montgomery et al., 1996; Whitbeck et al., 1997). Unlike in fibroblasts, where
HSV-1 blocks antigen presentation by downregulating MHC class I, infected T
cells maintain surface MHC class I expression, thus efficiently presenting viral

peptides (Hill et al., 1994; York et al., 1994). This allows neighboring antiviral

24



CTLs to recognize viral antigens on infected T cells and to initiate apoptosis,
turning infected T cells into decoy targets (Raftery et al., 1999).

The balance between apoptotic induction and suppression has profound
implications for disease. For example, apoptotic cells are detectable in herpetic
lesions of keratitis and encephalitis, suggesting that HSV-1-dependent regulation
of cell death contributes not only to viral replication but also to tissue damage and
pathology (DeBiasi et al., 2002; Miles et al., 2003). Moreover, sensitivity to HSV-
I-induced apoptosis varies considerably among cell types: primary fibroblasts are
relatively resistant, whereas transformed and tumor cells display heightened
susceptibility, a phenomenon termed “viral oncoapoptosis”, which may have
therapeutic potential in cancer treatment (Aubert and Blaho, 2003; Nguyen et al.,
2005).

1.3. Mechanisms of HSV-1 immune evasion

During viral infection, host cells trigger a series of immune responses, beginning
with the initiation of apoptotic signaling. Apoptosis is typically triggered between
0 and 3 h.p.i. before early and late viral gene expression occurs. However, the virus
rapidly counteracts this process through the timely expression of anti-apoptotic
proteins, preventing premature cell death and ensuring its own replication. Once
immediate early and early proteins accumulate, apoptosis is efficiently blocked,
establishing a “prevention window” that safeguards viral replication (Aubert and
Blaho, 1999; Koyama and Adachi, 1997). HSV-1 expresses a wide range of gene
products that interfere with host innate immune responses, including both
interferon-mediated and apoptotic pathways. The ability of the virus to replicate
and reactivate from latency depends on these virulence factors, which collectively
ensure cell survival and viral persistence (You et al., 2017).

One primary strategy involves antagonism of the PKR pathway. The viral ICP34.5
protein antagonizes PKR by recruiting protein phosphatase 1a to dephosphorylate
elF-2a, thereby restoring protein synthesis (Chou et al., 1995; He et al., 1997).
Similarly, the Usl1 protein suppresses PKR activation by binding dsRNA and
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associating with ribosomes, preventing PKR dimerization and activation. Its C-
terminal proline-rich RN A-binding domain is sufficient to block PKR and sustain
protein synthesis even in the absence of /CP34.5 (Cassady and Gross, 2002; Peters
et al., 2002; Poppers et al., 2000). Usl1 also interacts with pattern recognition
receptor (PRR)-mediated pathways, inhibiting the signaling of RIG-1 and MDAS.
It represses 2’-5° oligoadenylate synthetase (OAS) activity, interfering with
FADD/caspase-8 signaling and autophagy (Balachandran et al., 2000; Sanchez and
Mohr, 2007; Xing et al., 2012).

Usl1l has been shown to play an additional role in modulating caspase-8. In
monocytes and in epithelial cells, HSV-1 induces the accumulation of the caspase-
8 p18 fragment through direct interaction of Usl1 with caspase-8, bypassing the
classical two-step cleavage pathway. The accumulation of p18 does not trigger
apoptosis, distinguishing it from canonical caspase-8 activation; instead, it
correlates with Atg3 cleavage, leading to the inhibition of autophagy and the
promotion of viral replication (Musarra-Pizzo et al., 2022).

Besides, HSV-1 proteins interfere with IFN induction and signaling. ICPO blocks
interferon regulatory factor IRF3- and IRF7-mediated activation of interferon-
stimulated genes (Eidson et al., 2002; Lin et al., 2004; Mossman et al., 2000). ICP27
prevents the phosphorylation, nuclear translocation, and transcriptional activity of
STAT]I, thereby blocking ISG activation downstream of type I IFN receptors
(Johnson et al., 2008).

Multiple viral gene products also contribute to the inhibition of apoptosis. ICP6
(R1) inhibits Fas- and TNF-mediated apoptosis by interacting with caspase-8 and
RIPK1, thereby preventing the formation of the death-inducing signaling complex
(DISC) and the activation of caspase-8. It also blocks poly(I:C)-induced apoptosis
by interfering with TRIF-RIP1-caspase-8 signaling and acts as a competitor to the
RIP homotypic interaction motif (RHIM) domain, thereby disrupting RIP1-RIP3
interactions and inhibiting necrosome formation and necroptosis (Dufour et al.,
2011a, 2011b; Guo et al., 2015). The serine/threonine kinase Us3 blocks apoptosis
at a pre-mitochondrial stage. It phosphorylates pro-apoptotic Bcl-2 family
members, including Bad and Bid, thereby preventing their activation, cytochrome

c release, and caspase activation (Munger et al., 2001; Munger and Roizman, 2001).
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Additionally, phosphorylation of Bid by Us3 prevents its cleavage by granzyme B,
protecting infected cells from CD8" T cell-mediated killing (Cartier et al., 2003).
Glycoproteins such as gD and gJ further inhibit Fas-mediated apoptosis, partly
through modulation of the NF-xkB pathway (Jerome et al., 1999; Medici et al.,
2003).

In addition, the latency-associated transcript (LAT) plays a crucial role in neuronal
survival. LAT inhibits caspase-8/9-dependent apoptosis and stabilizes
phosphorylated AKT, blocking caspase-3-mediated apoptosis and promoting the
maintenance of latency (Branco and Fraser, 2005; Carpenter et al., 2007; Henderson
et al., 2002; You et al., 2017).

Altogether, these mechanisms illustrate the multifaceted strategies by which HSV -
1 suppresses host cell death programs, ensuring efficient replication, long-term

persistence, and reactivation potential (You et al., 2017).
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1.4. Antiviral therapies against HSV-1

For decades, the clinical management of HSV-1 infections has relied on drugs that
inhibit viral DNA synthesis. The compounds currently in use can be grouped into
three major categories: acyclic guanosine analogues (e.g., Acyclovir, Ganciclovir,
Famciclovir), acyclic nucleotide analogues (e.g., Cidofovir), and pyrophosphate
analogues (e.g., Foscarnet) (Jiang et al., 2016; Reardon, 1989; Wagstaff and
Bryson, 1994). Their activity is based on interfering with viral DNA polymerase,
though they differ in activation and binding requirements. Acyclovir, the
prototypical guanosine analogue, requires phosphorylation by the viral thymidine
kinase (TK), which initiates a cascade of phosphorylation events by host kinases,
ultimately yielding the active triphosphate form. This metabolite competes with
deoxyguanosine triphosphate but, lacking a 3’-hydroxyl group, causes premature
chain termination. Ganciclovir follows a similar pathway but modifies polymerase
activity without strictly terminating DNA elongation (Reardon, 1989). Cidofovir,
activated solely by host kinases, maintains efficacy against HSV strains defective
in TK (Jiang et al., 2016; Safrin et al., 1999). Foscarnet (phosphonoformic acid,
PFA), in contrast, bypasses the phosphorylation requirement entirely. By binding
directly to the pyrophosphate-binding site of DNA polymerase, it prevents
pyrophosphate cleavage during nucleotide incorporation, thereby halting viral
DNA synthesis. Its independence from TK makes it particularly useful in infections
sustained by TK-mutant HSV-1 isolates (Jiang et al., 2016; Wagstaff and Bryson,
1994).

Nevertheless, extensive clinical use of these drugs, especially Acyclovir (ACV) and
its derivatives, has driven the emergence of resistant strains, a phenomenon
particularly evident among immunocompromised patients. The molecular basis of
resistance typically resides in mutations of UL23, which encodes TK, leading to
reduced or absent kinase activity, or in UL30, which encodes the viral polymerase,
altering substrate specificity. Resistance to ACV often extends to all TK-dependent
analogues, leaving only TK-independent drugs such as Cidofovir or Foscarnet as
effective options (Jiang et al., 2016; Morfin and Thouvenot, 2003). Due to these

limitations, there is considerable interest in exploring novel therapeutic avenues.
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One pharmacological approach under investigation is helicase-primase inhibition,
which disrupts viral DNA replication at a stage independent of polymerase or TK
function (Jiang et al., 2016).

Alongside these therapies, a growing amount of research has examined the antiviral
potential of natural bioactive compounds. Extracts from plants, seeds, and essential
oils are known not only for their antioxidant and immunomodulatory properties but
also for direct antiviral effects (Bhaskarachary et al., 2015; Jiang et al., 2016).
Among them, polyphenols stand out for their capacity to disrupt virus-cell
interactions. For instance, phenolic compounds have been shown to block HSV-1
glycoprotein binding to glycosaminoglycan (GAG) receptors on the host surface
(El-Toumy et al., 2018). Flavonoids, such as quercetin, illustrate this potential
clearly: they inhibit infection by HSV-1, including acyclovir-resistant strains.
Mechanistically, quercetin prevents viral entry at early stages and downregulates
NF-«B signaling, which is crucial for viral gene expression (Hung et al., 2015).
Curcumin, another well-studied polyphenol, inhibits HSV-1 differently. It
diminishes IE gene expression by acting on the VP16-dependent recruitment of
RNA polymerase II to viral promoters, thereby slowing the lytic cycle (Kutluay et
al., 2008).
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Chapter 11
Caspase-8 in viral infection: from apoptotic to non-

apoptotic functions

The previous chapter has outlined the structural, immunological, and therapeutic
aspects of HSV-1 infection. A recurrent theme, emerging from these sections, is the
virus’s ability to finely manipulate host cell fate decisions and inflammatory
signaling to ensure persistence and replication. HSV-1 targets host factors that
regulate programmed cell death and innate immune signaling, which are central to
balancing antiviral defense and viral fitness. In this context, caspase-8 has emerged
as a critical molecular hub at the crossroads of apoptosis, inflammatory cell death,
and pro-survival signaling pathways during viral infection.

Caspase-8 is a central decision-maker at the interface between host defense and
virus-host interaction, integrating signals from death receptors, pattern-recognition
receptors, and stress pathways to determine whether to select between apoptosis
(which can limit pathogen spread) and inflammatory cell deaths, such as
necroptosis and pyroptosis. Many viruses, including herpesviruses, have evolved
strategies to modulate caspase-8's catalytic and scaffold functions, favoring
replication, tuning NF-kB-dependent transcription, and restraining excessive
inflammation that would otherwise curb viral fitness. In HSV-1 infection, caspase-
8 also intersects with autophagy control and RIPKI1-dependent checkpoints,
shaping outcomes in epithelial and myeloid cells (Fritsch et al., 2019; Guo et al.,
2015; Han et al., 2021; Newton et al., 2019). Apoptosis is a physiological
mechanism to remove unwanted, damaged, or infected cells, and caspase-8 is its
key initiator in the extrinsic pathway (Tummers and Green, 2017). HSV-1 is adept
at modulating apoptosis to promote its replication via multiple virulence factors;
among them, the tegument protein Us11 protects cells from heat- and staurosporine-
induced apoptosis and counteracts host autophagy. In monocytic THP-1 cells,
HSV-1 induces an early wave of autophagy that likely facilitates viral
internalization. In contrast, late in infection, autophagy is inhibited or stabilized to

support efficient replication, highlighting a temporal rewiring of degradative
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pathways that converges on caspase-8-regulated checkpoints (Javouhey et al., 2008;
Lussignol et al., 2013; Siracusano et al., 2016). Building on this framework, prior
work on immune versus non-immune cells suggests that leukocytes (lymphocytes,
monocytes/macrophages, and dendritic cells) typically sustain low-productive
HSV-1 infections with apoptosis as a prominent cytopathic effect, whereas
epithelial cells support robust replication; however, the molecular logic that restricts
HSV-1 in immune cells remains incompletely defined. Given caspase-8’s dual roles
in apoptosis and non-apoptotic signaling (e.g., necroptosis control, autophagy
crosstalk), dissecting how HSV-1 virulence factors reprogram caspase-8 in these
distinct cellular contexts is essential to explain differential permissivity and
inflammatory outcomes (Fritsch et al., 2019; Newton et al., 2019). Canonically,
caspase-8 undergoes a two-step autoproteolytic processing in which the first
cleavage between p18 and p10 yields p43/p41 and p12, followed by processing to
the active p18/p10 heterotetramer (Kallenberger et al., 2014). An alternative route,
described upon CD95 stimulation, involves an initial cleavage between the
prodomain and p18, generating p26/p24 and p30 before the release of p18/p10
(Hoffmann et al., 2009). In THP-1 and epithelial models, Us11 can directly promote
a non-canonical caspase-8 cleavage that bypasses the first step and produces p18,
without engaging downstream apoptotic execution, implicating Us11-p18 interplay
in rewiring caspase-8 outputs away from apoptosis (Musarra-Pizzo et al., 2022).
Functionally, the absence of caspase-8 reduces HSV-1 protein/DNA accumulation
(Musarra-Pizzo et al., 2022) and infectious yield and perturbs late replication steps
linked to envelopment and egress (consistent with altered Rab5 and LAMP-1
distribution) (Raza et al., 2018; Torres et al., 2008), supporting a model in which
caspase-8, beyond apoptosis initiation, contributes to membrane trafficking events
that enable virion maturation and release. Together with the broader literature on
non-apoptotic roles of caspase-8 (cell adhesion/migration, monocyte
differentiation, lymphocyte activation, NF-kB signaling) (Fianco et al., 2018;
Shalini et al., 2015), caspase-8 is positioned as a context-dependent proviral factor
whose activity state and cleavage pattern tilt the balance between antiviral
restriction and efficient HSV-1 replication (Marino-Merlo et al., 2023; Musarra-

Pizzo et al., 2022).
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2.1. Caspase-8 structure, activation, and cleavage

Caspase-8 is a member of the cysteine-dependent aspartate-specific protease
family, synthesized as an inactive zymogen and localized in the cytosol. All
caspases share a conserved catalytic domain in which a cysteine side chain mediates
peptide bond hydrolysis specifically after aspartate residues in protein substrates.
This property is unusual among proteases, and underpins their role as signal
transducers rather than nonspecific degradative enzymes (Fuentes-Prior and
Salvesen, 2004; Pop and Salvesen, 2009; Thornberry, 1998).

Within the apoptotic subgroup, caspases are classified into initiator (or apical)
caspases (caspase-8, caspase-9, and caspase-10) that trigger the cascade, and
effector caspases (caspase-3, caspase-6, and caspase-7) that thereby trigger the
apoptotic program (Pop and Salvesen, 2009; Thornberry, 1998; Zhang et al., 2024).
Initiators are further divided between those acting in the extrinsic apoptotic pathway
(caspase-8, caspase-10) and those in the intrinsic pathway (caspase-9) (Pop and
Salvesen, 2009). Unlike effectors, which exist as inactive dimers that become
activated upon interdomain cleavage, initiators are inert monomers that require
dimerization at signaling platforms such as the death-inducing signaling complex
(DISC) (Chang, 2003; Fuentes-Prior and Salvesen, 2004).

The CASPS8 gene undergoes extensive alternative splicing, resulting in the
production of eight isoforms (a-h). Of these, only caspase-8/a (55 kDa) and caspase-
8/b (54 kDa) are consistently expressed across different cell types at detectable
levels. These two isoforms differ by only 15 amino acids in the linker region
between the prodomain and the catalytic domain, and both are recruited to the DISC
upon receptor stimulation with similar kinetics (Scaffidi et al., 1997). Additional
isoforms, such as caspase-8/c and caspase-8/d, have been proposed to modulate
apoptotic sensitivity, either by dampening or enhancing caspase-8 activity;
however, their physiological relevance remains uncertain due to their low
expression (Scaffidi et al., 1997). At the structural level, procaspase-8 consists of a
long N-terminal prodomain and a C-terminal catalytic domain. The prodomain
contains tandem death effector domains (DED1 and DED2), which mediate
interaction with FADD and allow recruitment to the DISC. The catalytic domain is

organized into a large subunit (~20 kDa, p20/p18) carrying the catalytic cysteine
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and histidine residues, and a small subunit (~10-12 kDa, p12/p10) that contributes
to the substrate-binding pocket (Fuentes-Prior and Salvesen, 2004; Kallenberger et
al., 2014; Zhang et al., 2024). Activation occurs when procaspase-8 molecules are
recruited to the DISC, leading to dimerization, a proximity-induced mechanism that
converts the zymogen into an active enzyme (Chang, 2003; Fuentes-Prior and
Salvesen, 2004). Once dimerized, caspase-8 undergoes autoproteolytic cleavage at
conserved aspartate residues. Cleavage within the enzymatic domain (Asp374,
Asp348) separates the large and small subunits, producing intermediates such as
p43/p41 and p10. In contrast, cleavage at the junction between the prodomain and
the catalytic domain (Asp220, Asp216) yields fragments p26/p24 and p30.
Subsequent processing results in the release of mature p18 and p10 subunits, which
assemble into a heterotetramer (p182-p102) that dissociates from the DISC and
functions in the cytosol (Kallenberger et al., 2014) (Figure. 5). Interestingly,
cleavage occurs via both intradimeric and interdimeric mechanisms: prodomain
cleavage sites are processed within the same dimer, whereas interactions between
separate DISC-associated dimers facilitate cleavage in the enzymatic domain. This
results in a temporal regulation in which sustained membrane-bound p43 activity is
followed by transient cytosolic p18/p10 activity, functioning as a molecular “timer”

for apoptotic signaling (Kallenberger et al., 2014).
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Figure 5. Schematic representation of procaspase-8 activation. Procaspase-8 (p55/p53) is an
inactive precursor composed of two death effector domains (DEDs), a large subunit (p18), and a
small subunit (p10). Its maturation depends on sequential autoproteolytic processing at conserved
aspartic residues. Cleavage between the large and small subunits at Asp374 (D374) and Asp348
(D348) produces the intermediates p43/p41 and p10. Additional cleavage between the prodomain
and the catalytic domain occurs at Asp220 (D220) and Asp216 (D216), resulting in the generation
of the fragments p26/p24 and p30. Further processing of either p43/41 or p30 results in the formation
of the mature p18 and p10 subunits, which assemble into a heterotetramer comprising two large and
two small subunits (Han et al., 2021).

Collectively, this multi-step maturation process highlights caspase-8 as a finely
tuned molecular switch. Depending on its processing state and interaction partners,
caspase-8 can either initiate apoptosis, or participate in alternative signaling
outcomes such as cell survival and inflammation (Newton et al., 2019; Pop and

Salvesen, 2009; Zhang et al., 2024).

2.1.1. Caspase-8 activity modulation by FLIP isoforms

Cellular FLICE-like inhibitory proteins (c-FLIP) represent central modulators of
caspase-8 activation at the death-inducing signaling complex (DISC). They are
structurally related to caspase-8, sharing the two N-terminal death effector domains
(DEDs), but lack proteolytic activity due to amino acid substitutions in the catalytic
domain (Tsuchiya et al., 2015). The human CASP8 and FADD-like apoptosis
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regulator (CFLAR gene), located on chromosome 2q33-34 adjacent to CASPS and
CASP10, encodes multiple isoforms through alternative splicing, primarily c-FLIPL
(55 kDa), c-FLIPs (27 kDa), and c-FLIPr (25 kDa) (Irmler et al., 1997; Tsuchiya et
al., 2015). The functional outcome of c-FLIP recruitment to the DISC depends on
the isoform and its relative abundance. c-FLIPs and c-FLIPL, which lack the
catalytic domain, act as dominant-negative inhibitors by competing with
procaspase-8 for binding to FADD and blocking its activation (Krueger et al., 2001;
Tsuchiya et al., 2015). While c-FLIPL forms heterodimers with procaspase-8, at low
concentrations, it can facilitate the initial processing of procaspase-8, generating
catalytically competent, though incompletely cleaved, caspase-8 intermediates
(Chang, 2002; Micheau et al., 2002; Tsuchiya et al., 2015). These DISC-tethered
heterodimers cleave specific proximal substrates such as RIPK1 or c-FLIP itself but
fail to release fully processed caspase-8 into the cytosol, thereby attenuating
apoptosis while sustaining non-apoptotic signaling. Cleavage of c-FLIPL generates
truncated forms such as p43-FLIP and p22-FLIP, which further modulate DISC
dynamics (Tsuchiya et al., 2015). The heterodimeric caspase-8-c-FLIPL complex
has been shown to exhibit substrate specificity comparable to caspase-8
homodimers, although subtle differences may favor distinct signaling outcomes
(Micheau et al., 2002). Mathematical modeling and quantitative studies confirmed
that the balance between procaspase-8 and c-FLIP isoforms is a decisive factor in
determining whether DISC signaling results in apoptosis, survival, or alternative

death pathways (Kallenberger et al., 2014; Tsuchiya et al., 2015) (Figure 6).
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Figure 6. Functional role of c-FLIP isoforms during death receptor-mediated apoptosis. Upon
ligand binding, death receptors trimerize and recruit the adaptor FADD via DD-DD interaction.
Through DED-DED interactions, procaspase-8 (blue) and c-FLIP isoforms (c-FLIPy, red; c-FLIPs,
orange) are assembled at the DISC. The functional outcome depends on the isoform and its
abundance. Procaspase-8 homodimers undergo complete processing, resulting in the generation of
active caspase-8, which activates effector caspases and induces apoptosis. c-FLIPs acts as a
dominant-negative inhibitor by competing with procaspase-8 for FADD binding, thereby blocking
caspase-8 activation and preventing apoptosis. In contrast, c-FLIP. forms heterodimers with
procaspase-8, promoting partial processing of procaspase-8 and producing catalytically active but
incompletely cleaved intermediates (p43-FLIP and p22-FLIP) that further modulate DISC
dynamics, thereby attenuating apoptosis and leading to cellular survival (Tsuchiya et al., 2015).

Notably, c-FLIP isoforms also regulate caspase-8 within death receptor-
independent complexes, such as the ripoptosome, thereby influencing the switch
between apoptosis and necroptosis. In this context, the presence of c-FLIPL
promotes limited caspase-8 activity, sufficient to cleave RIPK1 and dismantle the
complex, thereby favoring survival. In contrast, c-FLIPs incorporation fails to
activate caspase-8 and instead drives necroptosis via the RIPK1-RIPK3-MLKL axis
(Feoktistova et al., 2011; Tsuchiya et al., 2015). c-FLIP functions as a fine regulator
of caspase-8, with isoform-specific and concentration-dependent effects. This dual

capacity, to both suppress and enable caspase-8 activity, explains its pivotal role in
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regulating apoptosis, necroptosis, and non-apoptotic caspase-8 functions, ensuring

proper control of cell fate decisions (Tsuchiya et al., 2015).

2.1.2. Caspase-8 post-translational ubiquitination and phosphorylation

Ubiquitination events strongly influence the regulation of caspase-8 downstream of
death receptors. Upon stimulation of TNFR family receptors, caspase-8, recruited
to the DISC, can undergo polyubiquitination at distinct sites, resulting in divergent
functional outcomes (Jin et al.,, 2009). Jin et al., 2009 demonstrated that
ubiquitination of caspase-8 at its small catalytic subunit (p10) is mediated by a
CUL3-based E3 ligase. This modification allows the ubiquitin-binding protein
p62/sequestosome-1 to cluster polyubiquitinated caspase-8, thereby promoting its
proteolytic maturation into catalytically active heterotetramers. In contrast,
TRAF2-dependent ubiquitination of caspase-8 at its large catalytic subunit (p18)
facilitates proteasomal degradation after autoproteolytic release into the cytoplasm,
thereby reducing the apoptotic response (Gonzalvez et al., 2012). These apparently
opposing mechanisms demonstrate that ubiquitination functions as a dual
regulatory switch, promoting caspase-8 activation in a DISC-restricted context (via
the CUL3/p62 axis) or limiting its pro-apoptotic potential through cytosolic
degradation (via the TRAF2 axis) (Gonzalvez et al., 2012; Jin et al., 2009). Beyond
the DISC, ubiquitin-related modifications also modulate caspase-8 function in
alternative complexes such as the ripoptosome, influencing the switch between
apoptosis and necroptosis (Feoktistova et al., 2011; Tenev et al., 2011). Indeed,
caspase-8, together with FADD and c-FLIP, restrains RIPK1/RIPK3-driven
necroptosis during embryogenesis, highlighting that the roles of ubiquitination and
scaffolding converge to maintain homeostasis (Fritsch et al., 2019; Mocarski et al.,
2015).

Phosphorylation adds a further regulatory layer to caspase-8 activity, modulating
both apoptotic and non-apoptotic signaling. Cursi et al., 2006 first reported that Src
kinases phosphorylate Tyr380 in the intersubunit linker of caspase-8, thereby
preventing processing into the fully active enzyme and blocking Fas/CD95-induced

apoptosis. Tyr380 phosphorylation also enables binding of the Src Homology 2
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(SH2) domain containing p85a subunit, incorporating caspase-8 into multiprotein
complexes that regulate cytoskeletal remodeling, adhesion, and migration (Keller
et al., 2018). In cancer, this modification has been associated with pro-tumorigenic
roles. For instance, Finlay and Vuori, 2007 demonstrated that caspase-8 supports
cell adhesion via Src and Erk signaling independently of its proteolytic activity,
while Fianco et al., 2016 showed that aberrant Tyr380 phosphorylation promotes
anoikis resistance and tumor progression. Other residues further expand the
regulatory complexity of caspase-8. Alvarado-Kristensson et al., 2004 identified
phosphorylation on Ser364 (human neutrophils), mediated by the serine/threonine
mitogen-activated protein kinase p38-MAPK, which delays apoptosis during
inflammation. Additionally, phosphorylation of Ser387 by cyclin-dependent kinase
B1 (Cdk1) suppresses Fas/CD95-induced apoptosis in mitotic cells (Matthess et al.,
2010). Importantly, phosphorylation is not only inhibitory: it can reprogram
caspase-8 towards non-apoptotic scaffolding roles. Han et al., 2021 described that
caspase-8 regulates inflammasome responses, IL-1B production, and NF-«xB
activation, while Henry and Martin, 2017 showed that in response to TRAIL,
caspase-8 forms a “FADDosoma” complex with FADD and RIPK1 that triggers
NF-kB activation and cytokines expression independently of catalytic activity.

These non-apoptotic outcomes are tightly linked to post-translational regulation.
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2.2. Caspase-8 as a central regulator of programmed cell death

pathways

Caspase-8 has emerged as a pivotal molecular switch orchestrating the balance
between different forms of programmed cell death, including apoptosis,
necroptosis, pyroptosis, and autophagy. By integrating upstream signals from death
receptors, pattern-recognition receptors, and intracellular stress pathways, caspase-
8 determines whether a cell undergoes immunologically silent apoptosis or
inflammatory types of death. Its catalytic activity and scaffold functions are both
required to prevent aberrant inflammation and ensure organismal homeostasis
(Fritsch et al., 2019; Han et al., 2021; Mocarski et al., 2015; Newton et al., 2019;
Weinlich et al., 2017). Genetic inactivation of caspase-8 causes embryonic lethality
due to uncontrolled necroptosis and intestinal inflammation, underscoring its
essential role as a checkpoint in cell fate decisions (Fritsch et al., 2019; Kaiser et

al., 2011).

2.2.1. Apoptosis pathways: extrinsic and intrinsic mechanisms

Apoptosis represents a tightly regulated form of cell death crucial for development,
tissue homeostasis, and host defense against pathogens. By eliminating infected or
damaged cells in an immunologically silent manner, apoptosis restricts pathogen
replication and prevents inflammation. Morphologically, apoptosis is characterized
by plasma membrane blebbing, chromatin condensation, nuclear fragmentation,
and the packaging of cellular content into apoptotic bodies that are rapidly cleared
by phagocytes without triggering inflammation (Hécker, 2000).

Two main pathways converge to activate executioner caspases, orchestrating
apoptosis: the extrinsic and intrinsic pathways. The extrinsic pathway is triggered
by extracellular ligands such as Fas ligand (CD95L), TRAIL, or TNF-a binding to
their respective death receptors (DRs) (FAS/CD95, TRAIL-RI/DR4, TRAIL-
RII/DRS, and TNFRI1). Receptor trimerization recruits the adaptor protein Fas-

associated death domain (FADD) via death domain (DD) interactions, which in turn
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binds procaspase-8 through DED-DED interactions. This assembly results in the
formation of the DISC, where proximity-induced dimerization and autoproteolytic
processing convert procaspase-8 into its active form (Locksley et al., 2001; Shen et
al., 2018; Zhang et al., 2024).

Intracellular stress, including DNA damage, cytotoxic stress, or the withdrawal of
growth factors, triggers the activation of the intrinsic pathway. Members of the
BCL-2 family tightly control this pathway as pro-apoptotic proteins (BAX, BAK,
and BH3-only proteins). Caspase-8 provides a critical link between extrinsic and
intrinsic apoptosis by cleaving the BH3-only protein Bid. Truncated Bid (tBid)
translocates to the mitochondria. It promotes BAX/BAK oligomerization, thereby
amplifying apoptotic signaling through the mitochondrial outer membranes
permeabilization (MOMP) and release of mitochondrial pro-apoptotic factors into
the cytosol: cytochrome c, second mitochondria-derived activator of caspase
Smac/DIABLO, and apoptosis-inducing factor (AIF) (Wang and Tjandra, 2013;
Zhang et al., 2024; Zou et al., 2003). Cytochrome ¢ forms a complex with Apaf-1
and procaspase-9, known as the apoptosome, which serves as a platform for the
activation of caspase-9. Activated caspase-9 subsequently cleaves and activates
caspase-3 and -7, orchestrating the execution phase of apoptosis (Delbridge et al.,

2016; Zhang et al., 2024) (Figure 7).

2.2.2. Necroptosis and its suppression by caspase-8

The engagement of death receptors triggers a complex signaling cascade that can
culminate in apoptosis, necroptosis, or cell survival, depending on the specific
molecular context. At the molecular level, the sequence of events begins with
TNFR1 activation by TNF, leading to the assembly of the TNFRI1 signaling
complex (Complex I), which is composed of TRADD, RIPK1, TRAF2, cIAP1/2,
and the linear ubiquitin chain assembly complex (LUBAC). Ubiquitination of
RIPK1 and NEMO within this platform activates TAK1- and IKK-dependent NF-
kB signaling, driving expression of pro-survival genes and cytokines such as TNF

and IL-6 (Iwai et al., 2014; Micheau and Tschopp, 2003; Sedger and McDermott,
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2014) (Figure 7). When ubiquitination or phosphorylation of RIPK1 is impaired,
RIPK1 dissociates from Complex I and interacts with FADD and procaspase-8,
forming Complex Ila, also known as the ripoptosome. Through RHIM-mediated
interactions, this complex recruits RIPK3, establishing a hub that determines
whether the outcome will be apoptosis or necroptosis (Feng et al., 2007; Feoktistova
et al., 2011). Other studies have shown that caspase-8 activity within the
ripoptosome not only controls the decision between apoptosis and necroptosis but
also influences inflammatory signaling. Amaral and Bortoluci, 2020; Han et al.,
2021 demonstrated that caspase-8, in cooperation with FADD, can regulate
inflammasome activation and IL-1f maturation, underscoring its role as a broader
regulator of inflammation beyond cell death. Similarly, Keller et al., 2018
highlighted that the balance between caspase-8 and c-FLIP at the ripoptosome is
decisive, showing that minimal caspase-8 activity at the DISC or ripoptosome is
sufficient to prevent necroptosis while avoiding complete apoptotic execution,
indicating that caspase-8 acts in a graded rather than binary manner (Schilling et
al., 2014). Conversely, excess c-FLIPs or pharmacological inhibition of caspase-8
(e.g., zZVAD-fmk) or downregulation of FADD prevents caspase-8 activity,
favoring the formation of the necroptosome (Complex IIb). Within this complex,
RIPK1 and RIPK3 wundergo reciprocal phosphorylation, leading to RIPK3
oligomerization and recruitment of the mixed lineage kinase domain-like (MLKL)
protein, which is phosphorylated and activated (Sun et al., 2012) and then
translocated to the plasma membrane, where it forms disruptive pores, culminating
in necroptotic cell death accompanied by the release of host-derived factors and
damage associated molecular pattern (DAMPs) and inflammatory mediators (Cai
et al., 2014). Post-translational modifications, such as phosphorylation and
ubiquitination, also fine-tune caspase-8’s function, with reports indicating that these
modifications modulate both apoptotic suppression and non-apoptotic roles,
including migration and NF-kB signaling (Keller et al., 2018).

Necroptosis is a caspase-independent but genetically programmed form of cell
death that plays a crucial role in infection, cancer, neurodegeneration, and
inflammatory disorders. Morphologically, necroptosis is characterized by cell

swelling, loss of plasma membrane integrity, and release of pro-inflammatory
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intracellular contents. It can be triggered by ligands of TNFRs, Toll-like receptors
(TLRs), or interferon receptors (IFNRs), all of which converge on the RHIM-
dependent assembly of RIPK1-RIPK3 complexes (Cao and Mu, 2021). Caspase-8
serves as the physiological suppressor of this pathway. By cleaving RIPK1 and
RIPK3, active caspase-8 prevents necrosome formation and thus blocks necroptosis
(Fritsch et al., 2019; Mocarski et al., 2015). Inhibition of caspase-8 by pathogens,
mammalian inhibitors, or chemical caspase inhibitors (e.g., zZVAD-fmk) promotes
necroptosis downstream of DR or TLR stimulation (Newton et al., 2019; Sun et al.,
2012). Genetic evidence highlights the pivotal role of caspase-8 in regulating
necroptosis. Mice lacking caspase-8, FADD, or CFLAR (c-FLIP) genes die during
embryogenesis due to uncontrolled RIPK3/MLKL-driven necroptosis and
associated inflammation (Kaiser et al., 2011; Mocarski et al., 2015). Remarkably,
this lethal phenotype is completely rescued in double-knockout mice lacking both
caspase-8 and RIPK3 or MLKL, as well as in Fadd/~ Ripkl /- mice, which are
viable and healthy (Fritsch et al., 2019; Kaiser et al., 2011). These findings clearly
demonstrate that the caspase-8-FADD-c-FLIP complex is indispensable for
maintaining the balance between apoptosis and necroptosis, functioning as a
checkpoint to prevent excessive inflammatory cell death (Fritsch et al., 2019;

Newton et al., 2019).

2.2.3. PANoptosis and pyroptosis

Beyond its well-characterized roles in apoptosis and necroptosis, caspase-8 also
interfaces with pyroptotic and inflammatory pathways, positioning itself as a central
coordinator of multiple death programs. Pyroptosis is an inflammatory form of
programmed cell death mediated by inflammasomes, which activate caspase-1 and
caspase-11/4/5 to cleave gasdermin D (GSDMD), thereby forming plasma
membrane pores that allow the release of pro-inflammatory cytokines such as IL-
1B and IL-18 (Figure 7). Caspase-8, while not a canonical pyroptotic protease, has
been shown to regulate inflammasome activity and intersect with this pathway in

several contexts (Han et al., 2021; Jiang et al., 2021). One key mechanism is the
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direct modulation of the NLRP3 inflammasome. In the absence of caspase-8,
dendritic cells exposed to lipopolysaccharide (LPS) exhibit hyperactivation of the
NLRP3 inflammasome, resulting in excessive IL-1f secretion. This effect depends
on RIPK1, RIPK3, and MLKL, suggesting that caspase-8 restrains inflammasome
activation by limiting the necroptotic machinery (Kang et al., 2013). In addition,
caspase-8 can act in parallel with caspase-1 to process pro-IL-1p and pro-IL-18,
contributing to cytokines maturation even when canonical inflammasome caspases
are absent or insufficient (Han et al., 2021). Han et al., 2021 demonstrated that
caspase-8 cleavage activity can substitute for caspase-1 in specific settings,
highlighting its non-redundant role in inflammatory cytokines production.
Furthermore, through interactions with FADD and RIPKI, caspase-8 can also
regulate gasdermin-mediated pore formation, thereby linking death receptor
signaling to pyroptotic outcomes. The integration of apoptosis, necroptosis, and
pyroptosis into a unified cell death program has led to the definition of PANoptosis.
This concept reflects the existence of higher-order protein complexes, termed
PANoptosome, in which caspase-8 collaborates with RIPK1, RIPK3, FADD, and
apoptosis-associated speck-like protein containing CARD (ASC) aggregation, as
well as inflammasome components, to orchestrate multiple death modalities
simultaneously (Jiang et al., 2021). In this context, caspase-8 functions as both a
protease and a scaffold: its catalytic activity ensures cleavage of apoptotic and
necroptotic substrates, while its structural role facilitates the recruitment of
inflammasome components and gasdermins. Importantly, catalytically inactive
caspase-8 mutants (e.g., C362S) cause embryonic lethality in mice, accompanied
by uncontrolled necroptosis and pyroptosis, further underlining its central role in
preventing inflammatory pathology (Fritsch et al., 2019; Jiang et al., 2021; Newton
et al., 2019). Together, these findings establish caspase-8 as a master regulator of
PANoptosis. By coordinating apoptotic, necroptotic, and pyroptotic pathways,
caspase-8 safeguards tissue homeostasis and immune balance. Its dysregulation,
whether by genetic deficiency, pathogen inhibition, or excessive inflammasome
activation, results in hyperinflammation and tissue damage (Han et al., 2021; Jiang

et al., 2021; Weinlich et al., 2017).
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Figure 7. Caspase-8 plays a central role in controlling inflammation by promoting apoptosis,
suppressing necroptosis, and restraining proinflammatory signaling pathways. Following
activation of death receptors such as TNFR1, caspase-8 is recruited into a complex with FADD,
RIPK1, and the TNFR1-associated death domain protein (TRADD), where it becomes activated.
Once active, caspase-8 initiates apoptotic cell death by processing effector caspases, including
caspase-3, -6, and -7. In parallel, caspase-8 prevents necroptosis (proinflammatory form of cell
death) by cleaving and inactivating pro-necroptotic mediators such as RIPK1, RIPK3, and CYLD.
Furthermore, caspase-8 is necessary to block Toll-like receptor (TLR)-driven, MLKL-dependent
inflammasome activation. Its cleavage of RIPK1 also contributes to dampening the production of
proinflammatory cytokines mediated by NF-kB or IRF3 in response to TNF or Sendai virus. In
schematic representations, blue arrows denote activation events, red blunt-ended arrows indicate
inhibition, and blue dotted arrows represent molecular release (Han et al., 2021).

2.2.4. Caspase-8 as a molecular switch between autophagy and apoptosis

Autophagy is a conserved catabolic pathway that maintains cellular homeostasis by
degrading cytoplasmic material through lysosomal activity. It is orchestrated by
autophagy-related (Atg) proteins, among which Beclin-1 provides a central scaffold
for autophagosome formation by binding cofactors, while p62/sequestosome-1
functions as an adaptor that delivers ubiquitinated proteins to autophagosomes

(Furuya et al., 2005; Huang et al., 2013; Tanida, 2011). Under basal conditions,
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autophagy promotes survival; however, accumulating evidence has revealed an
intricate reciprocal regulation between autophagy and apoptosis, with caspase-8
acting as a molecular switch that determines cell fate (Yu et al., 2004). Caspase-8
exerts this role through multiple mechanisms. Active caspase-8 can cleave
autophagy proteins, establishing a negative feedback loop that suppresses excessive
autophagy and reinforces apoptosis. For instance, caspase-8 directly cleaves Atg3,
thereby impairing autophagosome formation (Oral et al., 2012), and Beclin-1,
which reduces its pro-autophagic functions and enhances apoptotic signaling
(Wirawan et al., 2010). Conversely, autophagosomes themselves have been shown
to serve as platforms for intracellular DISC assembly, which is necessary for
procaspase-8 cleavage and activation (Young et al., 2012). The adaptor protein p62
is critical in this process, as it facilitates the recruitment of caspase-8 to
autophagosomal membranes. When autophagy is inhibited, p62 accumulates,
thereby promoting caspase-8-dependent apoptosis (Huang et al., 2013). On the
other hand, autophagic degradation of caspase-8 has been reported to restrain
apoptosis, indicating a bidirectional regulatory loop between the two pathways
(Hou et al., 2010). This crosstalk is also evident in specialized contexts such as T
cell proliferation. During clonal expansion, caspase-8 is recruited to FADD-Atg5-
Atgl2 complexes, where it prevents hyperactive autophagy and thereby limits
RIPK 1-dependent necroptosis, ensuring controlled T cell survival and expansion
(Bell et al., 2008). Similarly, in the context of viral infection, caspase-8 cleavage of
Beclin-1 supports efficient HSV-1 egress by preventing virion entrapment in
autophagic vesicles, underscoring its role in fine-tuning the balance between
autophagy and apoptosis during host-pathogen interactions (Marino-Merlo et al.,

2023; Wirawan et al., 2010).
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2.3. Caspase-8 pro-survival functions

Although caspase-8 is classically known as an initiator caspase driving apoptosis,
a large body of evidence demonstrates that it also exerts crucial pro-survival
functions. While its canonical role is to initiate apoptosis, caspase-8 also performs
a wide array of pro-survival functions, including the promotion of embryonic
development, regulation of cell adhesion and migration, facilitation of monocyte
differentiation, and support of T and B cell proliferation. It also contributes to NF-
kB activation and tumorigenesis, depending on cellular context (Fianco et al., 2018;
Kang et al., 2004; Shalini et al., 2015; Sordet et al., 2002). These functions are
mediated through both its enzymatic activity and non-catalytic scaffolding
properties, highlighting caspase-8 as a versatile regulator of cell fate and immune
homeostasis (Fritsch et al., 2019; Han et al., 2021; Mocarski et al., 2015).

Genetic studies have demonstrated the essential role of caspase-8 in embryogenesis,
as knockout mice die in utero around day 10.5 with severe cardiac malformations
and defective yolk sac vascularization (Sakamaki et al., 2002; Varfolomeev et al.,
1998; Yeh et al., 1998). Partial knockout experiments, where only the DED domain
was expressed, indicated that neural and cardiac defects arise secondarily from
impaired yolk sac angiogenesis (Sakamaki et al., 2002), a finding confirmed by
endothelial-specific deletion of caspase-8 using Cre/loxP technology, which
resulted in circulatory failure and embryonic lethality (Kang et al., 2004). This
embryonic lethality is not rescued by ablation of downstream apoptotic caspases.
Still, it is completely prevented by the simultaneous deletion of RIPK3 or MLKL,
key effectors of necroptosis, indicating that the primary role of caspase-8 in
development is to suppress necroptotic cell death (Fritsch et al., 2019; Kaiser et al.,
2011; Mocarski et al., 2015). Interestingly, human caspase-8 deficiency is not
universally lethal. Patients with inherited caspase-8 deficiency present with
immune defects but survive postnatally, likely because caspase-10, a paralog absent
in mice, can partially compensate for the deficiency. This highlights both conserved
and species-specific roles of caspase-8 in development (Chun et al., 2002).

The role of caspase-8 in cancer is complex, as it functions at the crossroads of

apoptosis induction and cell survival. The loss or silencing of CASPS has been
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described in several malignancies, including neuroblastoma and small-cell lung
carcinoma, often correlating with resistance to apoptosis and a poor prognosis
(Fulda et al., 2001; Hopkins-Donaldson et al., 2003; Teitz et al., 2000).
Phosphorylation at Tyr380 by Src kinases suppresses apoptosis and enhances
tumorigenic traits, including migration, adhesion, and anoikis resistance in
glioblastoma cell lines (Cursi et al., 2006; Fianco et al., 2018, 2016). High caspase-
8 expression correlates with a poor prognosis in glioblastoma, sustaining NF-kB
activation, cytokines secretion, and neo-angiogenesis in the tumor
microenvironment (Fianco et al., 2017; Henry and Martin, 2017; Rébé et al., 2006).
Thus, caspase-8 can function both as a tumor suppressor, when its apoptotic activity
is intact, and as a tumor promoter, when rewired towards non-apoptotic pathways
(Stupack, 2013). In addition, dominant-negative isoforms, such as caspase-8L
(long), generated by alternative splicing, lack the protease domain but retain DEDs.
These isoforms are recruited to the DISC, where they competitively inhibit wild-
type caspase-8, preventing apoptotic signaling (Himeji et al., 2002; Mohr et al.,
2005). Furthermore, caspase-8 has been linked to therapeutic resistance. In
glioblastoma and colorectal cancer models, caspase-8 expression sustains NF-kB
and MAPK signaling, conferring resistance to chemotherapy and promoting
survival under stress (Fianco et al., 2018, 2017; Kim et al., 2003).

Caspase-8 activity is essential for monocyte-to-macrophage differentiation.
Circulating monocytes, produced daily, either infiltrate tissues to differentiate into
macrophages or dendritic cells or undergo Fas-dependent apoptosis when in excess
(Sordet et al., 2002). Studies using primary human monocytes have demonstrated
that inhibition of caspase-8 activity or its genetic silencing blocks macrophage
differentiation, instead triggering RIPK1/RIPK3-dependent necroptosis (Cathelin
et al., 2006; Kang et al., 2013). Evidence from human monocytes stimulated with
macrophage colony-stimulating factor (M-CSF) revealed limited caspase-8
activation that did not trigger apoptosis but was required for macrophage
maturation. Inhibition of caspase-8 by z-VAD-fmk abrogated macrophage
differentiation (Sordet et al., 2002). During this process, caspase-8 cleaves
substrates involved in cytoskeletal reorganization, adhesion, and transcription,

including the plasminogen activator inhibitor-2 (PAI-2), the serine/threonine-
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protein kinase PAK-2, a-tubulin, and vinculin-a (Cathelin et al., 2006; Solier et al.,
2017). M-CSF stimulation drives the formation of a molecular platform comprising
FADD, RIPK1, FLIP, and procaspase-8, which resembles, but is distinct from, the
canonical DISC (Jacquel et al., 2009; Rébé et al., 2006). Here, caspase-8 selectively
cleaves RIPK1, preventing sustained NF-kB activation and favoring differentiation
over inflammation (Rébé et al., 2006). Importantly, typical apoptotic substrates
such as PARP and lamin B remain uncleaved, indicating a selective use of caspase-
8 proteolysis in differentiation rather than apoptosis (Cathelin et al., 2006).
Autophagy also participates in this process. M-CSF induces autophagy, and key
proteins involved in autophagy, such as ATGS5 and p62, colocalize with caspase-
8/FADD/FLIP/RIPK1 complexes, linking autophagy to caspase-8 activation during
differentiation (Jacquel et al., 2012a, 2012b; Obba et al., 2015).

Caspase-8 also plays a pivotal role in adaptive immunity, particularly in regulating
T cell activation and expansion (Bell et al., 2008). Apoptosis ensures the
homeostatic balance of lymphocyte populations, preventing autoimmunity.
Mutations in Fas, FasL, or caspase-8 cause pleiotropic defects in lymphocyte
activation, leading to combined immunodeficiency in humans (Chun et al., 2002;
Fisher et al., 1995; Wu et al., 1996). Homozygous CASPS§ deficiency results in
defective apoptosis during the thymic selection of autoreactive T cells, leading to
an autoimmune lymphoproliferative syndrome (ALPS), characterized by
lymphadenopathy, splenomegaly, and autoimmunity (Chun et al., 2002). Unlike
ALPS linked to Fas or caspase-10 mutations, caspase-8 deficiency is uniquely
associated with impaired activation of T, B, and NK cells, recurrent HSV infections,
and defective responses to immunization (Chun et al., 2002; Rager-Zisman et al.,
1987). Mice with T cell-specific deletion of caspase-8 display profound
immunodeficiency due to impaired proliferation and survival of activated T cells
(Salmena et al., 2003). At the mechanistic level, T cell receptors (TCR) engagement
induces caspase-8 activation, promoting T cell proliferation and IL-2 production.
Inhibition with caspase blockers, such as z-VAD-fmk or z-IETD-fmk, reduces
proliferation and cytokines release (Alam et al., 1999; Kennedy et al., 1999).
Deficiency of FADD or FLIP yields similar phenotypes, confirming that this DISC-
like machinery supports T cell activation rather than apoptosis (Walsh et al., 1998;
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Yeh et al., 2000). Additionally, caspase-8 N-terminal DEDs mediate NF-xB
activation downstream of TNFRs independently of enzymatic activity (Chaudhary
et al., 2000; Hu et al., 2000). Caspase-8 forms complexes with the T cell signaling
molecules, B cell leukemia/lymphoma 10 (Bcl10) and the paracaspase mucosa-
associated lymphoid tissue lymphoma translocation 1 (MALT1), recruiting the [xB
kinase (IKK) to the TCR signaling platform to induce NF-xB activation (Su et al.,
2005). TRAF®6 also interacts with caspase-8, facilitating its translocation to lipid
rafts where NF-kB substrates are cleaved (Bideére et al., 2006).

Collectively, these findings establish caspase-8 as a master regulator of T cell
activation, integrating apoptotic suppression, NF-xB signaling, autophagy control,

and cell cycle regulation.

2.3.1. Caspase-8 and chemokine regulation

One important non-apoptotic role of caspase-8 is its ability to act as a scaffold
protein. In response to death receptor engagement, caspase-8 forms complexes with
FADD and RIPK1, termed FADDosoma, which activate NF-kB and drive the
transcription of pro-inflammatory mediators, including chemokines. This function
does not require proteolytic activity, highlighting the dual nature of caspase-8 in
signaling outcomes (Henry and Martin, 2017). Consistently, Newton et al., 2019
reported that catalytically inactive caspase-8 mutants can still promote NF-xB
activation, suggesting that scaffold functions are sufficient to trigger pro-
inflammatory signaling in some contexts. Feltham et al., 2017 demonstrated that
deletion of caspase-8 in dendritic cells leads to heightened inflammatory cytokine
and chemokine responses, in part dependent on RIPK1 and MyD88, thereby
indicating that caspase-8 actively modulates TLR-driven transcriptional programs.
Tummers and Green, 2017 similarly highlighted that ligation of CD95, TRAILR,
or TLR4 can induce NF-kB-dependent pro-inflammatory gene expression in a
caspase-8-dependent manner. Moreover, Hu et al., 2000 showed that procaspase-8
itself contributes to NF-kB activation, while its active form can cleave signaling

intermediates such as RIP and NF-kB-inducing kinase (NIK). Caspase-8 also
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contributes to inflammasome regulation (Kang et al., 2013) Han and collaborators
showed that caspase-8 can either limit or promote inflammasome-dependent IL-1f3
maturation depending on cellular context, thereby indirectly influencing
downstream chemokine induction (Han et al., 2021).

In caspase-8-knockout dendritic cells, NLRP3 inflammasomes are hyperactivated,
leading to increased IL-1B production and exacerbated inflammatory responses
(Kang et al., 2013). Similarly, Han et al., 2021 and Orning and Lien, 2021
highlighted that caspase-8 can substitute for caspase-1 under certain conditions to
drive inflammasome-dependent cytokines production, reinforcing its role at the
interface of cell death and inflammatory signaling. In the context of PANoptosis,
Jiang et al., 2021 and Newton et al., 2019 reported that caspase-8 loss or catalytic
inactivation leads to uncontrolled necroptosis and pyroptosis, resulting in excessive
IL-1B and chemokine production, which can drive pathological inflammation.
Mechanistic studies further connect caspase-8 activity to antiviral responses. For
example, Wang et al., 2022, p. 2 and Yu et al., 2024 showed that caspase-8 cleavage
of RIPK1 and other regulators can restrain excessive NF-kB and IRF3 activation.
By integrating death receptor signaling, TLR pathways, inflammasome activity,
and transcriptional programs such as NF-kB and IRF3, caspase-8 indirectly ensures
that chemokine production is appropriately balanced between host defense and the
prevention of immunopathology (Feltham et al., 2017; Han et al., 2021; Henry and
Martin, 2017; Newton et al., 2019; Orning and Lien, 2021; Zhang et al., 2024).
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2.4. NF-kB pathway and its function during HSV-1 infection

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is one
of the most conserved and versatile transcription factor families in mammalian
cells, coordinating responses to infections, inflammation, stress, and tissue injury
(Figure 8). The family includes five members (RelA (p65), RelB, c-Rel, NF-xB1
(p50), and NF-«kB2 (p52)) which can form various homo- or heterodimers, and all
share a Rel homology domain (RHD) that mediates DNA binding, dimerization,
and interaction with inhibitory IxB proteins (Hayden and Ghosh, 2011; Zhang et
al., 2017). Under basal conditions, NF-kB dimers are retained in the cytoplasm
through association with IkBs (IkBa, IkBf, IkBe, among others). Upon stimulation
by a wide variety of triggers, including cytokines, microbial products, growth
factors, and cellular stress, these IxkBs are phosphorylated by the IKK complex
(composed of IKKa, IKKp, and the regulatory subunit NEMO), leading to their
ubiquitination and degradation by the proteasome. This event liberates NF-«kB
dimers, enabling their nuclear translocation and subsequent activation of target
genes (Bonizzi and Karin, 2004; Hayden and Ghosh, 2011). There are two major
NF-«xB activation routes: the canonical pathway and the non-canonical pathway.
The canonical pathway is typically triggered by pro-inflammatory cytokines (e.g.,
TNF-a, IL-1B), TLR ligands, or antigen receptors, leading to the rapid
phosphorylation and degradation of IkBa through IKKB/NEMO-dependent
mechanisms. This allows nuclear translocation of p50/RelA or p50/c-Rel dimers.
In contrast, the non-canonical pathway is activated by certain TNFR superfamily
members (e.g., CD40, BAFFR, LTBR) and involves NF-kB-inducing kinase (NIK)
and IKKa homodimers. These mediate the phosphorylation and processing of p100
into p52, which then forms heterodimers with RelB and enters the nucleus to drive
gene transcription linked to lymphoid organogenesis and adaptive immunity
(Hayden and Ghosh, 2011; Zhang et al., 2017). NF-«xB activity is finely regulated
through multiple mechanisms, including post-translational modifications (such as
phosphorylation and ubiquitination) and autoregulatory feedback loops. One
example is the NF-kB-induced transcription of IxBa, which re-sequesters active
dimers in the cytoplasm, ensuring timely signal resolution (Hayden and Ghosh,

2011). The relevance of this pathway is underscored by its involvement in
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numerous diseases and disorders. Dysregulation of NF-kB has been implicated in
autoimmune disorders, chronic inflammation, immunodeficiencies, and various
forms of cancer. Loss-of-function mutations in core components (e.g., IKK},
NEMO, and RelB) can lead to severe immunological defects such as ectodermal
dysplasia or combined immunodeficiency (Bonizzi and Karin, 2004; Zhang et al.,

2017).
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Figure 8. Canonical and non-canonical NF-kB signaling pathways. (a) Various inflammatory
stimuli, including proinflammatory cytokines such as IL-1$ and TNF-a, trigger the canonical NF-
kB pathway. Upon activation, this pathway leads to the coordinated transcription of numerous genes
involved in inflammation and innate immunity. Notably, IL-1B and TNF-a are both upstream
activators and downstream targets of NF-kB, establishing a self-amplifying positive feedback loop.
(b) The non-canonical NF-«kB pathway is activated by specific signals, including the lymphotoxin-
B receptor (LTPR), B-cell activating factor (BAFF), and CD40 ligand (CD40L). It is dependent on
NF-kB-inducing kinase (NIK) and IKKo homodimers. This pathway culminates in the nuclear
translocation of p52/RelB heterodimers and is primarily involved in regulating genes required for
the development and maintenance of secondary lymphoid tissues. Abbreviations: BAFF, B-cell-
activating factor; BLC, B-lymphocyte chemoattractant; CD40L, CD40 ligand; COX-2,
cyclooxygenase-2; ELC, Epstein-Barr virus-induced ligand chemokine; GM-CSF, granulocyte-
macrophage colony-stimulating factor; ICAM-1, intercellular adhesion molecule-1; IKK, IkB
kinase; IL-1pB, interleukin-1B; iNOS, inducible nitric oxide synthase; LT, lymphotoxin; MCP-1,
monocyte chemoattractant protein-1; MIP-1a, macrophage inflammatory protein-1a; NIK, NF-«xB-
inducing kinase; PLA2, phospholipase A2; SDF-1, stromal cell-derived factor-1a; SLC, secondary
lymphoid tissue chemokine; TLRs, Toll-like receptors; TNF-a, tumor necrosis factor-o; VCAM-1,
vascular cell adhesion molecule-1 (Bonizzi and Karin, 2004).

In the context of viral infection, NF-xkB functions as a central hub in innate
immunity, promoting the transcription of pro-inflammatory cytokines, chemokines,

and interferon-stimulated genes. However, it can also be subverted by viruses to
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promote their own replication and persistence (Hayden and Ghosh, 2011). A
hallmark of HSV-1 infection is its ability to activate the NF-xB pathway in host
cells, particularly in monocytes and other myeloid cells. In these cell types, a
biphasic activation of NF-«B has been described: an early wave triggered
independently of viral gene expression, and a second wave dependent on de novo
synthesis of viral proteins (Marino-Merlo et al., 2016; Santoro et al., 2003). The
first phase of NF-kB activation is initiated by viral glycoprotein D (gD), which
interacts with herpesvirus entry mediator A (HveA), a member of the TNF receptor
family expressed on monocytes. This interaction is sufficient to induce NF-xB
activation, even in the absence of viral replication, as demonstrated using UV-
inactivated HSV-1 or mutated gD protein (Santoro et al., 2003; Sciortino et al.,
2007). These observations are consistent with earlier findings showing that other
herpesviruses also activate host signaling through envelope-receptor interactions
(Smith and Helenius, 2004). In U937 and THP-1 cells, NF-kB activation could be
induced by soluble gD and was abolished by monoclonal antibodies that block the
gD-HveA interaction. Furthermore, cells lacking HveA expression, such as HEp-2,
did not respond to gD or UV-inactivated HSV-1, confirming the receptor-specific
nature of this replication-independent pathway (Sciortino et al., 2007). The second
phase of NF-«B activation occurs 3-4 hours post-infection and is dependent on the
expression of viral genes (Santoro et al., 2003). In THP-1 cells infected with HSV-
1EGFP, p65 phosphorylation was detected only in cells expressing the viral
fluorescent protein, indicating that active viral replication is required to sustain NF-
kB signaling (Venuti et al., 2019). Functionally, NF-kB activation in monocytic
cells serves a protective role. Inhibition of the pathway via a dominant-negative
form of IxBa enhances viral replication and late protein expression in U937 cells,
suggesting that NF-«xB activation imposes a block on HSV-1 progression (Marino-
Merlo et al., 2016). Additionally, NF-kB helps prevent HSV-1-induced apoptosis
by limiting lysosomal membrane permeabilization and subsequent caspase-3
activation. Importantly, apoptosis and productive infection rarely co-occurred in the
same cell, suggesting a protective bifurcation of cell fate regulated by NF-xB
(Galluzzi et al., 2008; Marino-Merlo et al., 2016). NF-kB also regulates miRNA

expression during HSV-1 infection. Specifically, miR-146a is upregulated in an
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NF-kB-dependent manner in THP-1 cells, targeting interleukin-1 receptor-
associated kinase 1 (IRAK1) and forming a feedback loop that modulates
inflammatory signaling (Venuti et al., 2019). Altogether, these findings highlight a
dual role for NF-xB in monocytic cells infected with HSV-1: it restricts viral
replication and supports cell survival, while simultaneously initiating a tightly
controlled inflammatory response. This contrasts with its function in epithelial
cells, where HSV-1 exploits NF-kB to promote replication and delay apoptosis
(Marino-Merlo et al., 2016).
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2.5. Chemokines in HSV-1 infection

Chemokines are a subclass of cytokines that play a crucial role in the trafficking of
immune cells. They orchestrate leukocyte migration through interactions with
transmembrane G protein-coupled receptors (GPCRs), contributing to tissue
homeostasis and inflammation (Matsushima et al., 2011). Chemokines are
classified into four major families, CC, CXC, CX3C, and XC, based on the
arrangement of conserved cysteine residues. CC chemokines attract monocytes,
dendritic cells (DCs), NK cells, and T lymphocytes, while CXC chemokines mainly
recruit neutrophils (Palomino and Marti, 2015). In the context of HSV-1 infection,
chemokines orchestrate the recruitment of innate and adaptive immune cells to
infected tissues. However, their activity may also contribute to immunopathology
(Azher et al., 2017; Carr and Tomanek, 2006) (Figure 9).

HSV-1 modulates the chemokine environment to favor its replication and
persistence. During primary infection, the virus triggers a strong inflammatory
response characterized by the upregulation of several chemokines (Pontejo et al.,
2018), including CXCL10, CXCL9, CCL2, CCL3, and CCLS5, which are implicated
in both protective immunity and tissue damage (Azher et al., 2017; Carr and
Tomanek, 2006; Smith et al., 2022). Experimental models of HSV keratitis and
encephalitis demonstrate that chemokines are involved in neutrophil recruitment,
Th1 polarization, and the trafficking of cytotoxic T cells (Azher et al., 2017; Smith
etal., 2022). However, HSV-1 also subverts chemokine signaling through multiple
viral proteins (both viral chemokines (vCK) and viral chemokine receptors
(vCKR)) that either mimic, neutralize, or degrade host chemokines (Pontejo et al.,
2018). This subversion blunts immune clearance, facilitating viral latency and

reactivation (Martinez-Martin et al., 2015).
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Figure 9. Chemokine-mediated orchestration of innate and adaptive immune responses to
tissue stress. Extrinsic and intrinsic stresses induce localized inflammation, resulting in the release
of cytokines, chemokines, and growth factors by injured epithelial cells. Chemokines attract
neutrophils, monocytes, and dendritic cell precursors to inflamed tissue, thereby establishing the
primary line of host defense (innate immunity). Immature dendritic cells penetrate the tissue, acquire
antigens, mature, and move to draining lymph nodes through afferent lymphatics. There, they
stimulate antigen-specific naive and memory T cells, which subsequently migrate back to the site of
inflammation to facilitate the secondary defense mechanism (adaptive immunity) (Matsushima et
al., 2011).

2.5.1. CC family

The CC family is important in HSV-1 immunity, with CCL2 (MCP-1), CCL3 (MIP-
la), CCL4 (MIP-1B), and CCL5 (RANTES) playing significant roles. These
chemokines primarily recruit, through receptors such as CCR2 and CCRS,
monocytes, macrophages, DCs, and activated T cells to infected sites, supporting
both innate and adaptive responses (Azher et al., 2017; Palomino and Marti, 2015).
CCL2 is upregulated in HSV-1-infected tissues, thereby promoting the infiltration
of monocytes and macrophages. Although this response supports viral clearance, it
may also amplify inflammatory damage (Lai et al., 2017; Wang et al., 2024). In

cancer models using oncolytic HSVs engineered to express CCL2, this chemokine
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enhanced the infiltration of CD4+ and CD8+ T cells and increased the secretion of
IL-1, IL-6, and TNF-a (Wang et al., 2024). CCL3 and CCL4 are also elevated
during HSV infection, contributing to the recruitment of neutrophils and CD4+ T
cells. These chemokines are associated with the development of HSV-induced
corneal immunopathology. Mice lacking CCL3 exhibit increased corneal disease,
suggesting a protective role (Azher et al., 2017; Smith et al., 2022). Infected
macrophages and epithelial cells express CCL5S (RANTES), which mediates the
recruitment of T cells and NK cells (Melchjorsen et al., 2002). However,
Alphaherpesviruses can encode chemokine-binding proteins that can neutralize
CCL5 and interfere with its signaling, highlighting its relevance in host-virus

interactions (Pontejo et al., 2018).

2.5.2. CXC family

Among the CXC chemokines, CXCL10 (IP-10) and CXCL9 (MIG) play crucial
roles in HSV-1 immune responses. These chemokines are induced by type I and II
interferons and act through the CXCR3 receptor, which is expressed on activated T
cells, NK cells, and dendritic cells (Elemam et al., 2022; McKimmie and
Michlmayr, 2014). Their expression is upregulated in multiple tissues during HSV
infection, including the brain, cornea, and retina, where they support the recruitment
of effector T cells to sites of viral replication (Carr et al., 2003; Thapa et al., 2008).
Neutralization of CXCL10 in murine models leads to impaired CD4+ and CD8+ T
cell infiltration, increased viral load, and enhanced retinal damage, supporting a
protective role for this chemokine (Carr et al., 2003). Similarly, mice deficient in
CXCLI10 or its receptor CXCR3 show increased susceptibility to HSV infection of
the genital tract and brain, further underscoring its role in antiviral immunity
(McKimmie and Michlmayr, 2014; Thapa et al., 2008). However, excessive or
prolonged CXCL10 expression in the CNS may contribute to inflammation-
associated damage (McKimmie and Michlmayr, 2014). In addition to CXCL10 and
CXCL9, CXCLA4 (PF4) has been studied in the context of cytokine-armed oncolytic
HSVs (oHSVs). Engineered oHSVs expressing CXCL4 have been shown to

57



enhance dendritic cell activation and T cell responses in tumor models, although
direct evidence of its role during wild-type HSV-1 infection is lacking (Wang et al.,
2024).

2.5.3. Chemokine receptors

Chemokine function depends on its interaction with specific receptors expressed on
the surface of immune cells. CXCR3 is the shared receptor for CXCL9, CXCL10,
and CXCLI11. It is highly expressed on Thl cells, NK cells, and activated CD8+ T
cells and plays a central role in directing their migration to inflamed tissues. In HSV
infection, CXCR3-mediated recruitment of T cells is essential for viral control in
the CNS and genital mucosa (McKimmie and Michlmayr, 2014; Thapa et al., 2008).
CCRS, which binds CCL3, CCL4, and CCLS5, is involved in the recruitment of
monocytes, macrophages, and T cells during infection. Its role has been well
documented in the context of HSV-induced corneal inflammation and viral
clearance (Carr and Tomanek, 2006). CMKLR1 (Chemokine-like receptor 1), the
receptor for chemerin, is expressed by monocyte-derived dendritic cells,
macrophages, and NK cells. CMKLR1 is involved in the resolution of inflammation
and the regulation of innate responses. Its expression on mucosal immune cells
suggests a potential role in viral infections at epithelial surfaces (Yoshimura and

Oppenheim, 2011).
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2.6. Aim of the study

During viral infection, host cells initiate programmed cell death mechanisms,
primarily apoptosis, to limit viral replication and dissemination. HSV-1, however,
has evolved complex strategies to subvert these responses and ensure its own
survival. In epithelial cells, HSV-1 induces pro-apoptotic signals upon entry, which
are subsequently counteracted by the expression of specific viral proteins (Dufour
etal.,2011a; Musarra-Pizzo et al., 2022). Unlike epithelial cells, immune cells such
as monocytes and dendritic cells are more prone to HSV-1-induced apoptosis
(Bosnjak et al., 2005; Kather et al., 2010; Mastino et al., 1997). In THP-1 monocytic
cells, HSV-1 establishes a low-permissive infection often associated with cell
death. However, recent evidence suggests that death-related proteins may be
repurposed for non-apoptotic functions. Among these, caspase-8, traditionally
recognized as an initiator of extrinsic apoptosis, has been implicated in alternative
processes, including necroptosis, autophagy, and immune signaling. Recent studies
have reported that the HSV-1 late protein Us11 promotes non-canonical activation
of caspase-8. Specifically, Us11 binds to procaspase-8 and induces its cleavage into
the p18 subunit, without triggering downstream apoptotic events, such as caspase-
3 or PARP activation, a phenomenon observed in both THP-1 and HEp-2 cells.
Infection with the Us11/Usl2-deleted mutant virus (R3630) confirmed that p18
accumulation is Usl1-dependent, and that its absence correlates with reduced
cleavage and preserved apoptotic susceptibility (Musarra-Pizzo et al., 2022). These
findings support a model in which caspase-8 may play a non-apoptotic role in viral
immune evasion and replication.

Moreover, HSV-1 infection has been shown to activate the NF-kB pathway in
monocytoid cells with a biphasic kinetic profile: an early wave triggered by viral
receptor interaction (e.g., gD-HVEM) and a later wave dependent on viral gene
expression. Notably, phosphorylation of the NF-kB p65 subunit was restricted to
cells actively expressing viral genes, suggesting a correlation between productive
infection and inflammatory signaling (Venuti et al., 2019). Furthermore, during
HSV-1 replication, caspase-8 has been implicated in the inhibition of autophagy
through cleavage of Atg3 (Musarra-Pizzo et al., 2022), supporting the idea that in
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HSV-1-infected immune cells, caspase-8 may contribute to inflammatory rather
than apoptotic responses.

On this basis, the first aim of this study was to investigate the role of caspase-8 in
the inflammatory response during HSV-1 infection in monocytic cells. This was
achieved by generating a caspase-8 knockout model in THP-1 monocytic cells
using CRISPR-Cas9 technology. Specifically, the first objective was to determine
whether caspase-8 regulates the expression of inflammatory chemokines in
response to HSV-1 infection, potentially through the NF-«xB pathway. Since
chemokine transcription is known to increase during HSV-1 infection, we
quantified chemokine mRNA levels in wild-type (CASP8*) and caspase-8-
knockout (CASP8”") THP-1 cells infected with either HSV-1 wild-type or R3630
virus. This approach aimed to clarify the potential role of caspase-8 in regulating
chemokines and its interaction with inflammatory signaling pathways.
Subsequently, we aimed to elucidate the interplay between caspase-8 and RIPK 1
during HSV-1 infection. Given that caspase-8 and RIPK 1 form a signaling scaffold
that tunes NF-«B activation and cell-death checkpoints (Fritsch et al., 2019; Newton
et al., 2019), we asked whether caspase-8 supports RIPK1 induction in infected
cells and whether this depends on viral immune-evasion genes. To this end, we
compared RIPK1 mRNA and protein levels in CASP8"* and CASP8”- THP-1 and
HEp-2 cells infected with HSV-1 wild-type or the Usl1/Usl2-deleted mutant
R3630, and related RIPK1 abundance to viral transcripts/proteins and chemokine
expression, as well as to NF-kB readouts. Moreover, previous data suggested a role
for caspase-8 in viral egress. In permissive CASP8-HEp-2 cells, Musarra-Pizzo e
collaborators have observed impaired release of HSV-1 particles, delayed
accumulation of viral proteins such as ICP8 and UL42, and reduced viral DNA
load, indicating that caspase-8 may facilitate viral replication and egress through
non-apoptotic mechanisms.

Therefore, the third aim of this study was to investigate the involvement of caspase-
8 in HSV-1 maturation and spread. To achieve this, recombinant HSV-1 viruses
expressing two fluorescent tags (one (mNeonGreen) linked to the capsidic VP26,
and the other (mScarlet) to the envelope glycoprotein gH) were constructed. The

fluorescent virus enabled the visualization and analysis of viral particle trafficking
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and release in CASP8"" and CASP8 HEp-2 cells. The construction of these
fluorescent HSV-1 recombinants provided preliminary insights into virion
trafficking and maturation, highlighting a potential role for caspase-8 in viral

egress.
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2.7. Materials and Methods

Cell lines

VERO (African green monkey kidney), HEK-293T (human embryonic kidney cells
transformed with SV40 T-antigen), HEp-2 (human HeLa contaminant carcinoma),
and THP-1 (human acute monocytic leukemia) cells were obtained from ATCC
(https://www.atcc.org/). VERO cells were maintained in Dulbecco’s Modified
Eagle’s High Glucose Medium (DMEM) (Euroclone) supplemented with 6% fetal
bovine serum (FBS) (Euroclone). HEK-293T cells were maintained in DMEM
supplemented with 10 % FBS. HEp-2 cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Euroclone) supplemented with 10 % FBS.
CASP8"* and CASP8~ THP-1 cells were cultured in RPMI-1640 medium
supplemented with 10 % FBS, 4.5 g/L. D-glucose (Sigma-Aldrich), I mM sodium
pyruvate (Sigma-Aldrich), and 10 mM Hepes buffer (Sigma-Aldrich). DN IkxBa

THP-1 cells, stably transfected with a dominant negative mutant IxBo, were
cultured in RPMI-1640 medium supplemented with 10 % FBS, 4.5 g/L. D-glucose
(Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), and 10 mM Hepes
buffer (Sigma-Aldrich), and maintained under selection with 400 pg/mL of
Geneticin (Gibco). All culture media were supplemented with a mixture of 100
U/mL penicillin and 100 pg/mL streptomycin (Lonza, Belgium). All cell lines were
incubated at 37 °C and 5 % CO..

Viruses

The wild-type herpes simplex virus type 1 (HSV-1) and the recombinant R3630
were kindly provided by Professor Dr. Bernard Roizman (University of Chicago).
HSV-1 (F) is the prototype HSV-1 strain F, whereas the recombinant R3630 virus
lacks the Us// and UsI2 genes. Viral stocks were propagated and then titrated in
VERO cells.

Other viruses employed in this study are pYEbac102Y, from Yasushi Kawaguchi,
kindly provided by Martin Messerle, a BAC-derived clone of HSV-1 strain F that
harbors a chloramphenicol resistance gene; HSV-1 gH-mScarlet (produced in this
study), a BAC-derived clone of HSV-1 strain F expressing the red fluorescent
(mScarlet)-tagged gH protein; HSV-1 VP26-mNeonGreen (produced in this study),
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a BAC-derived clone of HSV-1 strain F expressing a green fluorescent protein
(mNeonGreen)-tagged VP26 protein; and HSV-1 gH-mScarlet-VP26-
mNeonGreen (produced in this study), a BAC-derived clone of HSV-1 strain F
expressing both the red fluorescent (mScarlet)-tagged gH protein and the green
fluorescent protein (mNeonGreen)-tagged VP26 protein.

For experimental infection, HSV-1, R3630, HSV-1 gH-mScarlet, HSV-1 VP26-
mNeonGreen, and HSV-1 gH-mScarlet-VP26-mNeonGreen, diluted in medium or
medium alone (mock-infected), were adsorbed onto cells for 1 hour at 37 °Cin 5 %
CO: with gentle shaking, at different multiplicities of infection (MOI). The
inoculum was then removed and replaced with fresh medium. Cells were
maintained at 37 °C in 5% CO: and harvested at the indicated times post-infection

(t.p.1.) to perform experiments.

Bacteria

E. coli DH10B strain (Life Technologies) was grown in Luria Bertani (LB) broth
in the presence of selection at 37 °C overnight.

E. coli GS1783 strain, a derivative of EL250, but with an I-arabinose inducible I-
scel expression cassette, was grown in Luria Bertani (LB) broth in the presence of

chloramphenicol 1:2500 at 30 °C overnight.

Plasmids

pcDNA-mScarlet and pcDNA-mNeonGreen are plasmids constructed by Gibson
assembly and obtained from pEPkan-S, a template plasmid for En passant
mutagenesis, containing the [-Sce-aphA1 cassette and kanR with the insertion of
mScarlet and mNeonGreen sequences.

pSico-CRISPR/Cas9 is a vector containing fusion gRNA-tracrRNA, encoding for
S. pyogenes Cas9 enzyme, amp, and puro resistance. pMD2.G is a packaging
vector, a lentiviral gag, pol, rev encoding vector, with an amp resistance.
pCMVR&8.91 is an envelope vector, encoding the VSV-G protein, with an amp
resistance. The pSico-CRISPR/Cas9 and the two helper plasmids, pMD2.G and
pCMVR8.91, were kindly provided by Robert Jan Lebbink.
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Primers

Table 1.

BAC mutagenesis primers

Name Sequence (5°-3’) Application
Seq UL35
CTATTTGGTGGGTGGTTGGTG
FWD
To sequence verify UL35
Seq UL35
ACGACATTAAACGCAAGGCT
REV
mNeon GACACCCCCATATCGCTTCCCGACCTCCG
UL35 HR GTCCCGATGGCCGTCCCGCAAGTGAGCAA
To insert mNeon in UL35
FWD GGGCGAGGA
of HSV-1 BAC
mNeon ATGCCAAGCGCCCGGACGCTATCGGTGGT
UL35 HR AACGGTGCTGGGGCGGTGAAACTTGTACA
REV GCTCGTCCATGC
mScarlet ACGGGCCCCGTGGGTTAGGGACGGGGTCC
UL22 HR CCCATGGGGAATGGTTTATGGGTGAGCAA
To insert mScarlet in UL22
FWD GGGCGAGGC
of HSV-1 BAC
mScarlet CAGTCGTGGACCTGACCCCACGCAACGCC
UL22 HR CAAAATAATAACCCCCACGAACTTGTACA
REV GCTCGTCCATGCC
Seq UL22
GGCCCAGGGCTCGCAGCCAA
FWD
Seq UL22 )
REV TTATTCGCGTCTCCAAAAAA To sequence verify UL22
Seq UL22
internal GGCACCCTGATCTACAAGGT
primer REV
Table 2.
qPCR primers
Name Sequence (5°-3°) Application
ICPO FWD TCTGCATCCCGTGCATGAAAAC To PCR amplify ICPO
ICPO REV CTGATTGCCCGTCCAGATAAAG
UL42 FWD CTCCCTCCTGAGCGTGTTTC To PCR amplify UL42
UL42 REV CACAAAGCTCGTCAGTTCGC
Usll FWD GGCTTCAGATGGCTTCGAG To PCR amplify Usl1
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Usll REV GGGCGACCCAGATGTTTAC
NF-KB FWD TAAAGCCCCCAATGCATCCAAC To PCR amplify NF-KB
NF-KB REV CCAAATCCTTCCCAGACTCCAC
VHS FWD ACATAACTGCGGTGCTCTTC To PCR amplify VHS
VHS REV CCGAAATTCTAACCCAACAG
GAPDH FWD ACATCATCCCTGCCTCTAC

To PCR amplify GAPDH
GAPDH REV CTGCTTCACCACCTTCTTG
CCL2 FWD ATCAATGCCCCAGTCACCTG

To PCR amplify CCL2
CCL2 REV TCTCCTTGGCCACAATGGTC
CCL4 FWD GCTTCCTCGCAACTTTGTGG

To PCR amplify CCL4
CCL4 REV TCACTGGGATCAGCACAGAC
CCL13 FWD AGCCAGATGCACTCAACGTC

To PCR amplify CCL13
CCL13 REV TCTCCTTGCCCAGTTTGGTT
CXCL10 FWD GCCATTCTGATTTGCTGCCT

To PCR amplify CXCL10
CXCL10 REV ATGCTGATGCAGGTACAGCG
CXCL11 FWD ACTTGGGTACATTATGGAGGCT

To PCR amplify CXCLI11
CXCL11 REV TGTCTTTGCATAGGCCCTGG

Table 3.

Name Sequence (5’-3’) Application

SEQ pSicoR TGCAGGGGAAAGAATAGTAGAC To sequence verify gRNA cloning

Generation of electrocompetent bacteria

A single colony of E. coli DH10B and GS1783 was inoculated into 10 mL of pre-
warmed LB medium and cultured overnight at 37 °C and 30 °C, respectively, with
continuous shaking. The following day, 5 mL of the bacteria pre-culture was added
to 200 mL of LB medium and incubated at 37 °C (DH10B) and 30 °C (GS1783,
with 15 pg/mL chloramphenicol) with continuous shaking. Once the OD600
reached 0.5-0.6, the DH10B strain cultures were immediately cooled on ice for 20
minutes. Meanwhile, the cultures of the GS1783 strain were incubated at 42 °C for
15 minutes to induce recombinase expression, and then cooled down, as was the
DH10B strain. Bacteria were further pelleted by centrifugation at 5,000 x g for 10
minutes at 4 °C. The pellet was then washed twice with 100 mL of ice-cold sterile

water and resuspended in 10 mL of 10% (v/v) ice-cold glycerol and pelleted again.
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Lastly, the bacterial pellet was dissolved in 1 mL of 10% (v/v) ice-cold glycerol,
immediately aliquoted, and stored at -80 °C.

Transformation of bacteria

Electrocompetent bacteria were transformed by electroporation. 50 pL of frozen
bacteria were thawed on ice and mixed with either 150 ng of purified PCR-
amplified DNA fragment (E. coli GS1783), 1-10 ng of plasmids, or 4 uL of ligation
product (E. coli DH10B). After 10-15 minutes of incubation on ice, the mixture was
transferred into pre-chilled 2 mm electroporation cuvettes and pulsed using the
Gene Pulser XCell (Bio-Rad) with the settings of 2,500 V, 25 uF, and 200 Q.
Immediately after electroporation, 900 pL of warm LB medium was added to the
bacteria, which were then transferred into a microcentrifuge tube. Bacteria were
then incubated for 1 hour at 30 °C (E. coli GS1783) or 37 °C (E. coli DH10B).
Next, the bacteria were pelleted by centrifugation at 500 x g for 5 minutes. The
bacterial pellet was resuspended and plated on LB agar plates containing the
corresponding antibiotics, and then incubated overnight at the appropriate

temperature in a bacterial incubator.

Isolation of plasmid DNA and BAC DNA (Mini Prep)

Single-clone bacteria containing plasmid or BAC of interest were inoculated in 5
mL of LB medium supplemented with the required antibiotics and incubated
overnight under proper conditions. Plasmid DNA was extracted from E. coli
DH10B bacteria using the Mi-Plasmid MiniPrep Kit according to the
manufacturer’s protocol. BAC DNA was extracted from E. coli GS1783 as follows:
10 mL of the overnight culture was centrifuged at 11,000 x g for 1 minute at 4 °C,
and the pellet was resuspended in 400 pL of ice-cold S1 buffer. 400 pL of ice-cold
S2 buffer was then added to the mixture and gently mixed by inversion three times.
After 4 minutes of incubation at RT, 400 pL of ice-cold S3 buffer was added, and
the tubes were gently inverted five times. The samples were incubated on ice for 7
minutes and then centrifuged at 11,000 x g for 20 minutes at 4 °C. The clear
supernatant was transferred into a new tube and mixed with 0.8X the volume of

isopropanol by inverting the tube three times. The tube was centrifuged at 11,000
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x g for 30 minutes at 4 °C. The pellet was then washed with 500 puL of 70 % (v/v)
ethanol and centrifuged again at 11,000 x g for 5 minutes at 4 °C. The DNA pellet
was dried and then dissolved in 25 pL of 10 mM Tris-HCI (pH 8.0). To facilitate
the resuspension of the DNA pellet, the tubes were incubated at 37 °C with

continuous shaking for 1 hour.

Isolation of plasmid DNA and BAC DNA (Midi Prep)

Bacteria were incubated in 200 mL of LB medium supplemented with the required
antibiotics overnight at the appropriate temperature. The DNA was extracted using
the NucleoBond Midi Xtra Kit according to the manufacturer’s protocol. The high-
copy protocol was used for plasmid DNA extraction, while the low-copy protocol
was used for the extraction of BAC DNA. The plasmid DNA pellet was dissolved
using 200-400 pL of Tris-HCI buffer (pH 8.0), while BAC DNA was dissolved
using 50-150 pL of Tris-HCI buffer (pH 8.0).

Polymerase chain reaction (PCR)

PCR was performed by using DreamTaq (Thermo Fisher Scientific) or Q5 (NEB)
High-Fidelity DNA polymerases according to the manufacturer’s protocol.
DreamTaq polymerase was used for colony PCR. Q5 polymerase was used for

sequencing purposes.

Restriction enzyme digestion of DNA

DNA restriction digestion was performed using FastDigest restriction enzymes
(Thermo Fisher Scientific) according to the manufacturer’s protocol. 1 pg of
plasmid DNA was used for analytical plasmid restriction, and 2 pg of plasmid DNA
were used for cloning procedures. Plasmid DNA was digested at 37 °C for 20
minutes using the reaction setup according to the manufacturer’s instructions. For

analytical BAC restriction, 1-3 pg of BAC DNA were digested at 37 °C for 1 hour.
Agarose gel electrophoresis

PCR products and plasmid fragments were analyzed on 1 % (w/v) TAE agarose

gels and run at 120 V for 30-60 minutes. BAC DNA fragments were analyzed on
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0.6 % (w/v) TBE agarose gels and run at 50 V overnight, followed by 100 V for 4
hours. All gels contained 0.5 pg/mL of ethidium bromide. The O’GeneRuler
(Thermo Fisher Scientific) was used as a DNA size ladder. DNA bands were
visualised with GelDoc XR+ (Bio-Rad) and analysed with Image Lab software.

Purification of DNA fragments

DNA bands of interest were excised from TAE agarose gels, and the DNA
fragments were then purified from the agarose gel using a NucleoSpin Gel and PCR
cleanup kit according to the manufacturer’s protocol. Purified DNA was quantified
by a NanoDrop-1000 (Peqlab) photometer. DNA was stored at 4 °C for short-term

use and at -20 °C for long-term storage.

RNA extraction, Reverse transcription

Total RNA was extracted using TRIzol® (Life Technologies), according to the
manufacturer’s instructions, and DNase-treated before cDNA transcription as
follows: 1 pg of RNA was incubated at 37 °C for 2 hours with 5 uLL of 10X DNase
I Buffer, 2 uL of Recombinant RNase-free DNase I (10U) (2270A TaKaRa), and
RNase inhibitor (20U) (N251A Promega). The concentration of extracted RNA was
determined using the Qubit™ RNA HS Assay (Invitrogen). Total RNA (0.5 ug)
was reverse transcribed using avian myeloblastosis virus reverse transcriptase
(Promega, Madison, WI) under the following conditions: denaturation at 70 °C for
10 min, followed by 42 °C for 45 min, 52 °C for 45 min, and 95 °C for 5 min.

Quantitative polymerase chain reaction (qPCR)

The cDNAs were used for quantitative real-time PCR using the QuantiNova SYBR
Green PCR Kit (Qiagen) and specific primers (10 pM each). Quantitative
polymerase chain reaction (QPCR) was performed in the Qiagen QIAquant 96 2plex
PCR Thermal Cycler machine. The thermal profile consists of a 2-minute
incubation at 95 °C, followed by 40 cycles of 5 seconds of denaturation at 95 °C
and 10 seconds of annealing/extension at 60 °C. The cDNA copy numbers were

quantified using the AACt method and normalised to the GAPDH housekeeping
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gene. The analytic primers for RT-PCR are reported in Table 2. Each quantitative

real-time PCR experiment includes a minus-reverse transcriptase control.

DNA sequencing

PCR products and plasmid DNA were sequenced by SEQLAB (Sequence
Laboratories, Gottingen, Germany). HSV-1 genome sequences were determined
using Illumina sequencing and Nanopore sequencing at the Next-Generation

Sequencing facility of the Leibniz-Institut fiir Virologie (LIV, Hamburg, Germany).

En passant BAC mutagenesis

Mutation of BACs using en passant was performed as previously described by
Tischer et al., 2010, and as illustrated by De Oliveira et al., 2008. Shortly, a linear
DNA fragment containing the I-Scel-aphAl-cassette and a duplicate of the region
of interest with the desired mutation was generated by PCR using the pEP-Kan-S
plasmid as a template. Alternatively, a plasmid shuttle was used. After purification,
150 ng of the PCR product was used to transform GS1783, which carries the HSV-
1 F strain BAC. Transformed bacteria were then spread on LB agar plates
containing chloramphenicol and or kanamycin and incubated overnight at 30 °C.
The resulting bacterial clones were checked using enzyme restriction digestion,
analytical PCR, colony PCR, and sequencing. Positive clones were then used for
the second recombination procedure. Second recombination requires the expression
of recombinases, such as [-Scel, which is induced by the addition of 2 % (w/v) L-
arabinose and incubation at 42 °C (Figure 10). Recombinant bacteria were then
plated on LB agar containing 1 % L-arabinose and chloramphenicol. The resulting
bacterial clones were also checked for loss of kanamycin resistance using enzyme
restriction digestion, analytical PCR, and sequencing. Positive clones were grown

out in 200 mL liquid culture for BAC Midi Prep.
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Figure 10. En passant mutagenesis. Generation of point mutations. I - target sequence; II - PCR
product of a marker cassette recombines with target sequences; I1I - co-integrate; IV - in vivo I-Scel
cleavage results in a new substrate for second Red recombination between duplicated sequences; V
- final mutant sequences; a-d - identical sequences of approx. 20 bp each, also represented by bars
with identical shape and shading; sm-positive selection marker (e.g., kanamycin resistance gene
aphAl); - I-Scel restriction site; - sequence to be modified; - modified sequence (may also be
insertions that can be fitted into primers such as small epitope tags) (Tischer et al., 2010).

Transfection of plasmid DNA

Plasmid DNA was transfected into HEK-293T cells using polyethylenimine (PEI).
4 x 10% 293T cells were seeded in a 10 cm? dish and transfected using 8 pg of
plasmid DNA. The plasmid and PEI (32 pL, considering a ratio with the DNA of
1:4) were first resuspended in separate tubes in 100 uL of DMEM without
supplements. After 5 minutes of incubation, they were mixed by vortexing,
incubated for 15 minutes at RT, and delivered to the cells. The medium was changed
6-8 hours post-transfection. The supernatant was collected at 48 and 72 hours post-

transfection for further use.
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Transfection of BAC DNA

HSV-1 BAC DNA was transfected into eukaryotic cells to reconstitute the virus.

The HSV-1 reconstitution was performed in VERO cells. 1 x 10° cells were seeded
in a 6-well plate, and after overnight incubation, they were transfected using 3 pg
of DNA and 10 pL of Polyfectamine. The DNA and the polyfectamine were
resuspended separately in 100 pL DMEM without supplements. After 5 minutes of
incubation at RT, they were mixed by using a pipette and incubated for 15 minutes
at RT. Afterwards, 500 pL of complete media was added to the mix, and the DNA
with the transfection reagent was delivered to the cells. When the cells reached 90%
confluence, they were transferred into a 15 cm? dish, and the reconstitution of HSV-

1 was monitored and documented by fluorescence microscopy.

Production of lentivirus

Briefly, 293T cells were seeded at a density of 4 x 10° cells per 100 mm dish one
day before transfection. On the second day, 4 pg pSicoR-CRISPR-PuroR was
mixed with 3 ug of the packaging plasmid pCMVdR®8.91 and 1 pug of the envelope
plasmid pMD2.G in 1 mL of DMEM medium without serum and antibiotics for
lentivirus production. After vortexing, 32 ul of PEI was added to the DNA solution.
The mixture was incubated for 15 minutes at room temperature (RT) after
thoroughly mixing. Then, it was loaded onto the cells drop by drop. The medium
was changed after 6-8 hours of transfection. After 48 and 72 hours of transfection,
supernatants containing the virus were harvested and sterilized using a 0.45 pum
filter. They were either directly used to infect target cells for transduction or stored

at -80 °C for later use.

Transduction of cells

To transduce cells in suspension, THP-1 cells were diluted to 5 x 103 cells in 1 mL
of medium and mixed with 500 pL of the filtered supernatant containing lentivirus
into a 2 mL Eppendorf tube. Polybrene was added to the mixture at a final
concentration of 8 pg/mL and incubated for 6 hours at 37 °C. The mixture was then

centrifuged at 250 x g for 7 minutes at RT, and the cell pellet was resuspended in 3
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mL of complete growth medium. Cells were transferred into a 6-well plate and
incubated for 48 hours at 37 °C. The transduced cells were finally selected using
1.5 pg/mL of puromycin, applied every third day, until complete selection was

achieved.

Generation of knockouts using the CRISPR/Cas9 system

The lentiviral CRISPR/Cas9 vector pSicoR-CRISPR-PuroR was used to generate
CASP8 knockout THP-1 clones, essentially as described by van Diemen et al.,
2016. The gRNAs that target genes of interest were designed using the online tool
E-CRISP (http://www.e-crisp.org/E-CRISP/designcrispr.html).

Three guide RNAs were synthesized and cloned individually in the lentiviral vector
(performed by Jiajia Tang, Leibniz-Institut fiir Virologie (LIV, Hamburg,
Germany)), and verified by sequencing:

gl, 5'-ACC GGAACTTCAGACACCAGGCA-3"

g2, 5'-ACC GCGGAATGTAGTCCAGGCTC-3"

g3, 5'-ACC GATGGAGAAGAGGGTCATCC-3'

Lentiviruses were generated using standard second-generation packaging vectors in
HEK-293T cells. Wild-type THP-1 cells were transduced with CASP8-targeting or
empty lentiviral CRISPR/Cas9 vectors in the presence of polybrene. The cells were
selected with 1 pg/mL puromycin. Polyclonal cultures were subcultured to obtain
single-cell clones (Figure 11), and caspase-8 protein expression was evaluated for

each clone by immunoblot analysis.
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Figure 11. Workflow for the generation of CRISPR/Cas9-mediated knockout cell lines. The
procedure includes: (1) design and cloning of dual sgRNAs targeting the gene of interest; (2)
transfection of cells with sgRNAs; (3) isolation of single-cell clones; and (4) validation of gene
knockout by next-generation sequencing (NGS) (Hong et al., 2024).

Viral infections

Cells were seeded in appropriate culture flasks and maintained under standard
conditions. Cells were infected with the HSV-1 virus at a multiplicity of infection
(MOI) based on the plaque-forming units (PFU) per milliliter (mL) of the virus
stock. Infection was allowed to proceed for 1 hour at 37 °C. After the infection
period, the viral inoculum was carefully removed, and the cells were washed with
growth medium to eliminate residual unbound viruses. Fresh growth medium was
then added to the cells. The samples were incubated for an additional time post-
infection and then collected and processed for subsequent analyses, depending on
the objectives of each experimental condition (e.g., plaque reduction assay, gene

expression analysis, or protein quantification).

Plaque assay
Plaque assay was carried out in VERO cells. Supernatants were subjected to three
freeze-thaw cycles. After overnight incubation, cells were infected with serial

dilutions of log10 (10~* to 10”7) in DMEM containing 1% FBS. Each dilution was
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done in triplicate. The infection was conducted for 1 hour at 37 °C on a shaker;
afterwards, the viral inoculum was removed and replaced with culture medium
containing 0.8% methylcellulose, which was added to each well to prevent the
formation of a secondary plaque. After 72 h.p.i., the methylcellulose was removed
from the wells, and the plaques were visualized by crystal violet staining and

counted under an inverted light microscope.

Cell lysis and immunoblotting

For protein analysis of the whole cell lysates, cell pellets were collected at the
indicated time after infection, washed in 1X phosphate-buffered saline (PBS), and
lysed in 1X SDS sample buffer. The cleared extracts were sonicated and then boiled
at 95 °C for 5 minutes.

Proteins were separated according to their molecular weight into a polyacrylamide
gel formed by two different phases: stacking gel (loading gel) containing 5 % of
acrylamide and resolving gel (separation gel) containing various percentages of
SDS-polyacrylamide. Then, the proteins were transferred to a nitrocellulose
membrane by wet transfer, which was performed by applying 100 V for 60 minutes
or 35 mA overnight. Afterwards, the transfer efficiency was quickly evaluated using
a Ponceau S staining solution. Then the membranes were blocked using 5 % (w/v)
non-fat milk powder in TBS-T buffer for 60 minutes at RT on a shaking platform.
Membranes with specific primary antibodies were incubated overnight at 4 °C on a
shaking platform. The following day, the membranes were washed three times for
5 minutes each with TBS-T buffer and incubated with secondary antibodies coupled
with Horseradish peroxidase (HRP) for 1 hour at RT on a shaking platform. Primary
and secondary antibodies were diluted in 5 % (w/v) BSA and non-fat milk powder
in TBS-T buffer, respectively. Afterwards, the membranes were washed three times
for 5 minutes each in TBS-T buffer and incubated with LiteUP WB
Chemiluminescent Substrate (Euroclone) for 5 minutes in the dark. The
chemiluminescent signal was detected and imaged using X-ray films or Fusion
Capture Advance FX7 16.15 (Peqlab) device or ChemiDoc Touch Imaging System

(Bio-Rad). Quantitative densitometry analysis of immunoblot band intensities was
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performed using ImageJ Software or Bio-Rad Image Lab 6 Software. Target protein

levels were normalized to those of the housekeeping gene.

Antibodies and reagents

Primary antibodies used included anti-GAPDH (sc-32233), anti-HSV-1 UL42 (sc-
53333), RIPK1 (sc-133102), anti-HSV-1 gD (sc-21719) were purchased from Santa
Cruz Biotechnology; anti-Bactin (ab8226) from Abcam; monoclonal anti-ICP0 was
kindly provided by Professor Bernard Roizman; anti-phospho-NF-kB p65 (Ser536)
(#3033) from Cell Signaling Technology; anti-Caspase-8 (human) monoclonal
antibody (12F5; ALX-804-242) directed against the p55 unit was purchased from
Enzo Life Sciences. HRP-conjugated goat anti-mouse and anti-rabbit IgG
secondary antibodies were obtained from Merck Millipore.

Phosphonoacetic acid (PAA), from Sigma-Aldrich, was used as an inhibitor of
DNA synthesis in HSV-infected cells and was dissolved in the medium at a
concentration of 300 pg/mL during and after HSV-1 adsorption (Honess and
Watson, 1976).

Live cell imaging

1 x10° HEp-2 cells were cultured in a p-Dish 35 mm Quad (ibidi) and imaged with
a Spinning Disk Nikon TI2 (Yokogawa W2 and Andor iXON 888 cameras)
equipped with a controlled environment incubator (37 °C, 5% CO2, constant
humidity) and with the Perfect Focus System for continuous maintenance of focus,
using a Plan Apo TIRF 100x (oil immersion) objective. Time-lapse experiments
were performed overnight, and images were collected with acquisitions of at least
3 focal planes every 15 minutes, using an exposure time of 500 ms, with
illumination light shuttered between acquisitions. ZGamma, brightness, and
contrast were adjusted on displayed images (identically for compared image sets)

using NIS-Elements software.
Image manipulation

All of the microscopy data was handled with FIJI (Fiji Is Just IMAGEJ). All images

from the same experiment were acquired using the same microscope.
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Quantification and statistical analysis

Data are expressed as the mean + SD of three independent experiments. For data
analysis, the Graphpad Prism 9 Software (GraphPad Software, San Diego, CA,
USA) was used. Student's t-test and One-way ANOVA were used for statistical
analysis to compare different conditions. The asterisks (*, **, and ***) indicate the
significance of p-values less than 0.05, 0.01, and 0.001, respectively. For qPCR
analysis, means + standard deviations were calculated from two biological

replicates and three technical replicates.
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2.8. Results

2.8.1. HSV-1 replication in CASP8"* and CASP8-- THP-1 cells

To investigate the role of caspase-8 deficiency during HSV-1-infected monocytic
cells, we generated Caspase8-knockout (CASP8”-) THP-1 cells using CRISPR-
Cas9. Briefly, THP-1 cells were transduced with lentiviral CRISPR/Cas9 vectors
encoding sgRNAs targeting CASPS, followed by puromycin selection and isolation
of single-cell clones, as described in Materials and Methods. Gene disruption was
verified by sequencing and confirmed by immunoblotting for caspase-8 protein
expression (Figure 12a). Previous studies have demonstrated that Us11 can directly
interact with procaspase-8, promoting its cleavage into the p18 subunit through a
non-canonical mechanism that bypasses the initial autoproteolytic steps and does
not trigger apoptosis. This cleavage has been observed in both THP-1 and epithelial
cells and is thought to be involved in a pro-viral functions (Musarra-Pizzo et al.,
2022). Therefore, to assess whether the absence of Usll affects viral protein
expression in CASP8/~ THP-1 cells, and to determine whether this modulation
affects viral replication dynamics, we included in our experimental design the
recombinant R3630 virus, which lacks both Us// and Us12.

Therefore, the impact of caspase-8 deficiency on both HSV-1 and the recombinant
R3630 replication was evaluated by infecting both wild-type (CASP8*/*) and
CASP8/~ THP-1 cells. Representative viral proteins and gene expression were
assessed 24 h.p.i. (Figure 12b, c, d, e). Immunoblotting for the immediate-early
protein ICPO and the envelope glycoprotein gD revealed increased accumulation of
both viral proteins in CASP8”- THP-1 cells compared to wild-type THP-1 cells.
Densitometric analysis normalized to GAPDH confirmed a significant increase in
ICPO and gD expression in CASP8~~ THP-1 cells (Figure 12c, 12d). Additionally,
we assessed the accumulation of the representative viral gene VHS in CASP8"
THP-1 cells compared to wild-type cells during HSV-1 replication using qPCR.
Significantly higher levels of VHS transcripts were observed in CASP8”- THP-1
cells at 24 h.p.i. compared to CASP8"* cells (Fig. 12e VII, VIII). The increase in

VHS transcripts in caspase-8-deficient cells indicated that caspase-8 activity could
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restrict viral gene expression or replication. This restriction may limit the
progression of efficient viral replication. Moreover, at 24 h.p.i., a reduction in VHS
transcripts was observed in both CASP8"* and CASP”- THP-1 cells infected with
the R3630 mutant compared to wild-type HSV-1 (Fig. 12e IV, VIII). The significant
differences detected between HSV-1 and R3630 infections support the conclusion
that deletion of Us11/Us12 alters viral gene expression dynamics and/or replication

kinetics in this cellular system.
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CASP8** THP-1 cells and CASP”- THP-1 cells for the accumulation of the knocked-out gene.
GAPDH was used as a loading control. (b) Western blot analysis of viral proteins in CASP8** and
CASP8" THP-1 cells infected or not with HSV-1 and R3630 (AUs11/Us12) viruses at MOI 50 and
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collected at 24 h.p.i. (c) (d) The graphs represent the relative fold change of ICPO (o)) and gD (y)
bands’ intensity over the GAPDH band intensity. The membranes were probed with antibodies
directed against the viral proteins ICPO and gD. Quantitative densitometry analysis of immunoblot
band intensities was performed using ImageLab Bio-Rad software, and the results are expressed as
the fold change over the housekeeping gene. (¢) qPCR time-course analysis of VHS viral gene in
CASP8""" and CASP8”- THP-1 cells infected or not with HSV-1 and R3630 (AUs11/Us12) viruses
at MOI 50 and collected at 9 and 24 h.p.i. Asterisks (¥, **, ***_ ***%) indicate the significance of
p-values less than 0.05, 0.01, 0.001, and 0,0001, respectively.

To investigate the impact of caspase-8 deficiency on the production of new viral
particles, wild-type and CASP87/~ THP-1 cells were infected with either HSV-1 or
the mutant strain R3630 at MOI of 50. Cells were incubated for 9, 24, and 48 h.p.i.,
and cytopathic effects were monitored by inverted light microscopy. At the same
time points (9, 24, and 48 h.p.i.), samples were collected for viral titration by plaque
assay on VERO cells. At MOI 50, cytopathic effect (CPE) was evident by 24 h.p.i.
and became more pronounced by 48 h.p.i. in both CASP8** and CASP8~- THP-1
cells, with no substantial differences in CPE patterns between the two cell lines
(Figure 13a).

Quantification of viral particles at 9, 24, and 48 h.p.i. revealed a modest but
statistically significant difference in total virus production between CASP8** and
CASP8 7~ THP-1 cells, with the knockout cells displaying approximately a half-log

increase in viral titers, irrespective of the viral strain used (Figure 13b).
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Figure 13. Evaluation of HSV-1 replication efficiency in CASP8** and CASP8" THP-1 cells
at MOI 50. Comparison of HSV-1 replication efficiency in CASP8"* and CASP8”- THP-1 cells
infected or not with HSV-1 and R3630 (AUs11/Us12) viruses at MOI 50 and harvested at different
times p.i. (a) The cytopathic effect was observed under an inverted light microscope (magnification
x 20) at 9, 24, and 48 h.p.i. (b) Samples were harvested at 9, 24, and 48 h.p.i., and viral yield was
assessed by titration of total viral particles. Data are expressed as mean (£ SD) of triplicates.

Since infection at MOI of 50 revealed a small but statistically significant difference
(half a logarithmic unit) in viral titers between CASP8** and CASP8~~ THP-1
cells, we next sought to assess whether caspase-8 deficiency might exert a more
pronounced effect under conditions of lower viral input. Therefore, we repeated the

experiment at MOI of 10 to allow a more gradual progression of infection, thereby
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facilitating the detection of subtle differences in viral spread and HSV-1-induced

cytopathic effects that may be less evident at high MOI.
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Figure 14. Evaluation of HSV-1 replication efficiency in CASP8** and CASP8” THP-1 cells
at MOI 10. Comparison of HSV-1 replication efficiency in CASP8** and CASP8”* THP-1 cells
infected or not with HSV-1 and R3630 (AUs11/Us12) viruses at MOI 10 and harvested at different
times p.i. (@) The cytopathic effect was observed under an inverted light microscope (magnification
x 20) at 9, 24, and 48 h.p.i. (b) Samples were harvested at 9, 24, and 48 h.p.i., and viral yield was
assessed by titration of total viral particles. Data are expressed as mean (= SD) of triplicates.
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Wild-type and CASP8”- THP-1 cells were infected with HSV-1 or the mutant strain
R3630 at MOI of 10. Cytopathic effects were monitored up to 48 h.p.i., and viral
titers were determined at 9, 24, and 48 h.p.i. by plaque assay on VERO cells, as
described in the Materials and Methods section.

Similarly to what was observed at a MOI of 50, infection at MOI 10 resulted in a
reproducible difference in viral titers between CASP8™* and CASP8 ™ cells, with
the knockout cells showing approximately a half-log increase in viral production.
Although this difference was statistically significant, it was not substantial in
magnitude, indicating that caspase-8 deficiency exerts only a limited effect on the
overall production of infectious viral particles under these conditions (Figure 14a
and b).

Together, these results demonstrate that while the absence of caspase-8 does not
markedly influence viral particle production, it promotes the intracellular
accumulation of viral proteins and transcripts during HSV-1 infection, supporting
a potential role for caspase-8 in the intrinsic antiviral defense of monocytic THP-1

cells by modulating viral gene expression.

2.8.2. Caspase-8 deficiency enhances chemokine expression during HSV-1

infection

It is well established that HSV-1 infection leads to the activation of caspase-8 in
various cell types without necessarily triggering apoptosis. However, a previous
analysis in THP-1 cells indicated that in both wild-type HSV-1 and R3630-infected
cells, the cleavage of caspase-3 and PARP, a downstream effector of caspase-8,
occurred at a later point post-infection. This finding confirms the activation of the
apoptotic pathway in a portion of the infected cell population (Musarra-Pizzo et al.,
2022). However, this still allows productive viral replication.

Since there is no clear role for caspase-8, a protein involved in cell death, during
HSV-1 infection in THP-1 cells, we next investigated whether caspase-8 influences
the inflammatory response during HSV-1 infection. We focused on changes in

chemokine expression, which are small signaling proteins that attract immune cells.
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Chemokines are critical mediators of leukocyte recruitment and tissue inflammation
during viral infections. HSV-1 has been shown to trigger a robust chemokine
response through the activation of pattern recognition receptors and downstream
signaling pathways such as NF-xB and IRF3 (Alandijany, 2019; Melchjorsen et al.,
2006). Specifically, upregulation of RANTES/CCLS has been observed in the
murine macrophage-like cell line J774A.1 (Melchjorsen et al., 2002), as well as in
human monocyte-derived macrophages and dendritic cells (Melchjorsen et al.,
2006). Moreover, increased expression of CXCL10, CCL2, and CCL3 has been
reported in human primary macrophages (Melchjorsen et al., 2010, 2006),
suggesting an important role for these chemokines in the antiviral response to HSV -
1 infection.

Caspase-8 has been shown to regulate inflammatory signaling beyond its canonical
role in cell death, acting both enzymatically and as a scaffolding protein that
promotes cytokines production and inflammatory gene transcription through the
recruitment of RIPK1 and activation of NF-«B, as well as through its interplay with
RIPK3 signaling pathways (Fritsch et al., 2019; Henry and Martin, 2017; Pang and
Vince, 2023; Simpson et al., 2021; Su et al., 2005). On this basis, we hypothesized
that chemokine expression might be altered in the absence of caspase-8. To address
this question, we measured the mRNA levels of five representative chemokines
(CCL2, CCL4, CCL13, CXCL10, and CXCLI11) by qPCR in CASP8+/+ and
CASPS8-/- THP-1 cells. Cells were infected at MOI of 50 with either HSV-1 or
R3630. Samples were harvested at 9 and 24 h.p.i. (Figure 15a-¢)
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Figure 15. qPCR analysis of chemokine gene expression in CASP8** and CASP8"- THP-1 cells
upon HSV-1 infection. Expression profile of chemokines in CASP8*"* and CASP8”- THP-1 cells
infected or not with HSV-1 and R3630 (AUs11/Us12) viruses at MOI 50. Total RNA was collected
at 9 and 24 h.p.i. (a-e) Chemokine gene expression was analyzed by using qPCR. Asterisks (¥, **,
wA% k% E) indicate the significance of p-values less than 0.05, 0.01, 0.001, and 0,0001, respectively.

Given that primary HSV-1 infection consistently elicits a robust chemokine surge
(including CXCL10, CXCL9, CCL2, CCL3, and CCLY5) across tissues and immune
contexts (Azher et al., 2017; Carr and Tomanek, 2006; Pontejo et al., 2018; Smith
et al., 2022), we expected an overall increase in these transcripts upon infection, in
fact all chemokines were found to be more highly expressed following viral

infection. Still, more interestingly, all five chemokines were expressed at higher
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levels in CASP8”- THP-1 cells compared to CASP8** THP-1 controls, both at 9
and 24 h.p.i., suggesting that caspase-8 may exert a dampening effect on HSV-1-
induced inflammatory responses. This chemokine “overload” in the absence of
caspase-8 indicates that their transcriptional activation is not dependent on caspase-
8, but rather that caspase-8 may act to limit or resolve the inflammatory cascade
triggered by HSV-1 infection. This aligns with findings highlighting the dual roles
of caspase-8 in both promoting and restraining inflammation, depending on the
context and interaction with signaling adaptors such as RIPK1, FLIP, and FADD
(Fritsch et al., 2019; Kaiser et al., 2011). Furthermore, no significant differences
were observed in chemokine expression between infections with wild-type HSV-1
and the R3630 mutant, supporting the conclusion that Usll and Usl12 do not
significantly regulate chemokine expression in this model. Together, these data
indicate that caspase-8 is dispensable for the induction of chemokines during HSV-
1 infection of THP-1 cells. However, the higher chemokine levels observed in
CASP8 " cells may be an indirect consequence of greater viral burden (consistent
with the enhanced intracellular accumulation of viral transcripts and proteins in the
knockout), rather than evidence of a direct caspase-8-mediated brake on chemokine
signaling. Thus, caspase-8 presence may indirectly limit excessive chemokine
expression, thereby contributing to the fine-tuning of the inflammatory response

during viral infection.

2.8.3. Caspase-8 deficiency enhances NF-kB activation during HSV-1 infection

Given the increased chemokine expression observed in HSV-1-infected CASP8
THP-1 cells, we next investigated whether this inflammatory amplification could
be attributed to upstream changes in the NF-«kB pathway. NF-xB is a key
transcriptional regulator of innate immune responses, and its activation is known to
be triggered by HSV-1 infection in various cell types, including monocytes and
dendritic cells (Alandijany, 2019). In the context of viral infections, caspase-8 has

been reported to act both as a modulator and amplifier of NF-kB signaling,
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depending on its interaction with adaptor proteins such as RIPK1 and FADD
(Fritsch et al., 2019; Kaiser et al., 2011).
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Figure 16. Analysis of NF-kB activation in CASP8"* and CASP8"- THP-1 cells during HSV-1
infection. (a) NF-kB levels were measured by qPCR in CASP8"* and CASP8” THP-1 cells
infected or not with HSV-1 virus at MOI 50. Total RNA was collected at 24 and 48 h.p.i. Asterisks
(%, **, *x*kx%k¥) ndicate the significance of p-values less than 0.05, 0.01, 0.001, and 0,0001,
respectively. (b) Western blot analysis of phospho-P65 in CASP8"* and CASP8” THP-1 cells
infected or not with HSV -1 virus at MOI 50 and collected at 24 h.p.i. GAPDH and B-actin were used
as loading controls. (¢) The graph represents the relative fold change of phospho-P65 band intensity
over the housekeeping band intensity. The membranes were probed with antibodies directed to
phospho-P65 protein. The band intensity of phospho-P65 was determined using ImageLab Bio-Rad

software, expressed as a fold change relative to the housekeeping gene.

To assess NF-«B activation at the transcriptional level, we measured NFKB1
mRNA expression by gPCR in CASP8"* and CASP8” THP-1 cells infected at MOI
50 with HSV-1, at 24 and 48 h.p.i. (Figure 16a). Infection induced an evident
upregulation of NFKBI transcripts in both cell lines, with a notably more

substantial increase in CASP8”- THP-1 cells at 24 h.p.i. Collectively, these data
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confirm that HSV-1 elicits a robust NF-kB response in THP-1 cells and indicate
that caspase-8 loss further amplifies this response, as reflected by the stronger
induction of NFKBI1 transcripts (particularly at 24 h.p.i.) in CASP8~ cells. This
enhanced NF-«xB transcriptional activity aligns with the exaggerated chemokine
output observed in the knockouts. These findings support a model in which caspase-
8 1s not required for NF-kB/chemokine induction. The amplified response in
CASP8 " cells is compatible with indirect effects of altered infection dynamics and
greater viral burden that secondarily enhance NF-kB-dependent transcription.

To determine whether this transcriptional upregulation correlated with enhanced
NF-«B signaling activity, we analyzed the phosphorylation status of the NF-xB p65
subunit by Western blot. Protein lysates from HSV-1-infected (MOI 50) and mock-
infected CASP8"*and CASP8”- THP-1 cells were probed with an antibody specific
for phospho-p65 (Figure 16b). Densitometric analysis normalized to GAPDH and
B-actin showed a similar accumulation of phosphorylated p65 in CASP8 cells and
wild-type THP-1 cells upon infection with HSV-1 (Figure 16c).

These findings indicate that in THP-1 cell caspase-8 deficiency enhances NF-xB
transcriptional activation in response to HSV-1 infection, as reflected by the
stronger upregulation of NFKB1 mRNA in CASP8’ THP-1 cells. However, this
effect does not appear to be mediated by increased p65 phosphorylation, suggesting
that caspase-8 primarily influences NF-kB activity at the transcriptional rather than
the post-translational level, pointing to a regulatory role of caspase-8 in restraining

NF-kB-driven inflammatory gene expression during HSV-1 infection.

2.8.4. NF-kB pathway is required for chemokine induction during HSV-1

infection in THP-1 cells

To validate the involvement of NF-kB signaling in chemokine regulation during
HSV-1 infection, we employed a genetic approach using THP-1 cells stably
expressing a dominant-negative mutant of IxBa (DN IkBa). IkBa is a central
inhibitor of NF-kB: under basal conditions, it binds the NF-kB p65/p50 heterodimer

in the cytoplasm and prevents its nuclear translocation. Upon stimulation, including
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viral infection, the IKK complex phosphorylates IkBa at Ser32 and Ser36, marking
it for ubiquitination and proteasomal degradation. This degradation allows NF-xB
to enter the nucleus and initiate the transcription of proinflammatory genes (Bonizzi
and Karin, 2004; Hayden and Ghosh, 2011; Liu et al., 2017). The DN IxBa variant
harbors point mutations at critical phosphorylation sites, rendering it resistant to
degradation. As a result, NF-kB remains sequestered in the cytoplasm even upon
stimulation, and downstream gene expression is strongly impaired (Venuti et al.,
2019). This system enables a direct assessment of the dependency of chemokine
induction on NF-«B activation.

THP-1 wild-type and DN IxBa cells were infected with HSV-1 at MOI 50 at 37 °C,
at 24 h.p.i., samples were collected, and total-RNA was processed for gene
expression analysis using qPCR. We analyzed the mRNA levels of five chemokines
known to be responsive to HSV-1 infection and to NF-«xB activity: CCL4, CCL2,
CCL13, CXCL10, and CXCL11.

a) b) c)
ccL2 CcCL4 CcCL13
T ****
é Sk E Fokkk E
g Kokokok ok & Fokkk Fokkk g Fokkk ****
o
2 2000 2 2500 2 2000 P—
£ 1000 £ 1500 £ 1000
5 ‘= 500 5 3 HsV-1
1 5 1 1
@? @ a
g 100 T T £ 200 T
£ g | | | | g | | £ 100
N < 20 © 7]
g + a 1 m a1 ™
S 27 g 27 3 27
: | I | I | | : | | | | I | | : |
] o ®
g 0 T g 0 T T g’ 0
] z nIKBa 5 THP-1 dnlKBa £ THP-1 anKBu
S THP-1 dnlKB: 5 s
3 k-]
S S 2
w iy °
['S
d) e)
CXCL10 CXCL11
T I
aQ Fokk a ****
2 2
o Fkokk *okkk 0] Fokkok ****
2 45000 2
0n 12} -
a2 250001 | | g 4000
& [
g 5000 g 2000
g 1000 s
bad - 4 [
=1l |m i
- -
3] o
X X
o 3]
3 T | s
5 L[] 1 5
c T T c
% THP-1 dnlKBa % THP-1 dnlKBa
k) 3
[ [
w w

&9



Figure 17. qPCR analysis of chemokine gene expression in HSV-1-infected THP-1 wild-type
and DN IxBa cells. THP-1 cells were infected or not with HSV-1 viruses at MOI of 50. Total RNA
was collected at 24 h.p.i. Chemokine gene expression was analyzed by qPCR. (a-e) Gene expression
values were normalized to the housekeeping gene GAPDH. Asterisks (*, **, ***_ #***) indicate the
significance of p-values less than 0.05, 0.01, 0.001, and 0,0001, respectively.

In both wild-type and DN IkBa THP-1 cells, infection with HSV-1 led to increased
expression of all tested chemokines compared to mock-infected controls (Figure
17a-e). However, the magnitude of induction was markedly lower in DN IkBa cells.
This reduction was consistent across all targets, including CXCL10 and CCL2,
which are classical NF-kB/AP-1-regulated genes (Alandijany, 2019; Melchjorsen
etal., 2006). These data show that NF-«B activity is necessary for the full amplitude
of chemokine induction during HSV-1 infection of THP-1 cells. Stabilizing IxBa
with the dominant-negative mutant consistently blunted the upregulation of CCL2,
CCL4, CCL13, CXCL10, and CXCLI11 at 24 h.p.i., establishing a causal link
between NF-kB activation and chemokine transcription in this setting. The residual
increase observed in DN IkBa cells indicates that, under these conditions,
chemokine expression is only partially dependent on NF-kB, either because the
blockade is incomplete or because additional NF-kB-independent inputs contribute,

making NF-kB a major, but not exclusive, determinant of the response.

2.8.5. HSV-1-induced chemokine expression requires active viral replication

To clarify the mechanism of chemokine induction during HSV-1 infection, we
examined whether active viral replication is essential or if viral entry alone suffices
to elicit the production of proinflammatory mediators. Establishing this distinction
is needed for assessing whether chemokine production relies on viral gene
expression and replication or results from immediate innate detection of incoming

viral particles.
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Figure 18. qPCR analysis of chemokine gene expression in HSV-1-infected THP-1 cells. (a)
Graphical representation of the experiment workflow: THP-1 cells were infected with HSV-1 (MOI
50) in the presence or absence of phosphonoacetic acid (PAA, 300 ug/mL), a selective inhibitor of
viral DNA polymerase. After 1 hour, the viral inoculum was removed and replaced with growth
medium containing PAA. At 24 h.p.i., samples were collected, and total RNA was isolated and (b)
analysed by qPCR to evaluate the expression levels of CCL2, CCL4, CCL3, CXCL10, and CXCL11.
Gene expression values were normalized to the housekeeping gene GAPDH. Asterisks (¥, **, **%*
**%*%) indicate the significance of p-values less than 0.05, 0.01, 0.001, and 0,0001, respectively.

We used phosphonoacetic acid (PAA), a specific inhibitor of herpesvirus DNA
polymerase (Honess and Watson, 1976), either alone or in combination with HSV-
1, to treat THP-1 cells and address this inquiry. The PAA concentration tested was
300 pg/mL, which was proven to effectively inhibit HSV-1 genome replication
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without inducing cytotoxicity (Honess and Watson, 1976). At 24 h.p.i., total RNA
was collected, and qPCR was performed to quantify the mRNA levels of significant
inflammatory mediators, including CCL2, CCL4, CCL13, CXCL10, and CXCL11.
Compared to untreated infected controls, the results indicated that PAA treatment
markedly decreased the transcriptional activation of all assessed targets. The
observed decrease occurred in several independent replicates, and it was consistent
across all examined chemokines, indicating that active viral DNA replication is
essential for the accumulation of these transcripts, rather than merely viral entry or
immediate-early processes.

Blocking HSV-1 DNA synthesis with PAA (300 pg/mL) sharply reduced the 24
h.p.i. upregulation of CCL2, CCL4, CCL13, CXCL10, and CXCLI11 in THP-1
cells, despite the absence of cytotoxicity (Figure 18b). This reproducible effect
indicates that robust chemokine induction depends on productive viral replication
and cannot be explained by viral entry or immediate-early events alone. In this
system, chemokine overexpression therefore occurs downstream of genome

replication and tracks with the replicative phase of the HSV-1 life cycle.

2.8.6. Investigating RIPK1 regulation during HSV-1 infection in caspase-8-

knockout cells

The previous sections demonstrated that caspase-8 deficiency amplifies
inflammatory signaling in HSV-1-infected knockout THP-1 cells, as evidenced by
the increased transcription of chemokines and NF-kB. Furthermore, chemokine
induction has been shown to rely on NF-«xB signaling, as the dominant-negative
inhibition of IxBa suppresses their expression. To further investigate the underlying
mechanisms, we examined the expression of RIPK1, a central signaling node that
integrates inflammatory and cell death pathways, and which is known to interact
functionally with both caspase-8 and NF-«B (Fritsch et al., 2019; Newton et al.,
2019). RIPK1 has been implicated in the regulation of chemokine gene expression
through NF-kB activation, and its expression is known to be modulated in response

to inflammatory stimuli and viral infections (Han et al., 2021; Weinlich et al., 2017).
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We therefore sought to determine whether RIPK1 expression is altered during
HSV-1 infection in relation to caspase-8, and whether its regulation is dependent
on NF-kB. The non-apoptotic cleavage of the pl8 subunit from procaspase-8,
through direct interaction with Us11, has been observed in different cellular models.
It is associated with autophagy restriction via Atg3 cleavage, a process that could
support viral fitness (Musarra-Pizzo et al., 2022), and is consistent with, but does
not by itself demonstrate, viral immune evasion. On this basis, we decided to
examine the expression of RIPK1, also in relation to Us11. Therefore, we included
the recombinant virus R3630 in our experimental design.

Indeed, a series of experiments were performed in THP-1 monocytic cells
(CASP8"* and CASP87), and HEp-2 epithelial cells (CASP8** and CASP8™). All
models were infected with either wild-type HSV-1 or the Usl1/Usl2-deleted
mutant R3630 and harvested at 24 h.p.i. for Western blot and qPCR analysis. Wild-
type and CASP8”- THP-1 cells were infected with either HSV-1 or the mutant strain
R3630 at MOI of 50. At 24 h.p.i. samples were harvested and subjected to Western

blot analysis.
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Figure 19. RIPK1 expression upon HSV-1 infection in CASP8** and CASP8"- THP-1 cells at
MOI 50. (a) Western blot analysis of RIPK1 in CASP8** and CASP8”- THP-1 cells infected or not
with HSV-1 and R3630 (AUs11/Us12) viruses at MOI 50 and collected at 24 h.p.i. Us11 was used
as a representative viral protein. f-actin was used as a loading control. (b) The graph represents the
relative fold change of RIPK1 band intensity over the f-actin band intensity. The membranes were
probed with antibodies directed to the RIPK1 protein. The band intensity of RIPK1 was determined
using ImagelJ Software, expressed as a fold change over the housekeeping gene.
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Data demonstrated that at 24 h.p.i., wild-type HSV-1 increased RIPK1 protein
abundance in CASP8"* THP-1 cells, whereas this increase was diminished in
CASP8 cells. Infection with the Usl1/Usl12-deleted mutant R3630 did not
appreciably change RIPK1 levels in either genotype compared to the wild-type
HSV-1 infection (Figure 19a-b).

Similarly, CASP8"* and CASP8”- HEp-2 cells were exposed to HSV-1 or the
mutant strain R3630 at a multiplicity of infection of 10. One hour later, the
inoculum was replaced with fresh culture medium, and cells were harvested at 24

h.p.i. for downstream analyses, including Western blotting and qPCR.
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Figure 20. RIPK1 expression upon HSV-1 infection in CASP8** and CASP8-- HEp-2 cells at
MOI 10. (a) Western blot analysis of RIPK 1 in CASP8"* and CASP8”- HEp-2 cells infected or not
with HSV-1 and R3630 (AUs11/Us12) viruses at MOI 10 and collected at 24 h.p.i. (b) The graph
represents the relative fold change of RIPK1 band intensity over the B-actin band intensity. The
membranes were probed with antibodies directed to the RIPK1 protein. The band intensity of RIPK1
was determined using ImageJ Software, expressed as a fold change over the housekeeping gene. (c)
RIPK]1 levels were measured by gqPCR in CASP8** and CASP8”- HEp-2 cells infected or not with
HSV-1 and R3630 (AUs11/Us12) viruses at MOI 10. Total RNA was collected 24 h.p.i.

In HEp-2 cells, RIPK1 protein and transcript levels were significantly upregulated
in CASP8*"* cells upon infection with HSV-1 wild-type, and this effect was not that
enhanced in CASP8” cells (Figure 20a-b). Interestingly, at the protein and
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transcriptional level, RIPK1 protein and mRNA did not change significantly with
R3630 infection compared to wild-type HSV-1 infection in both CASP8"* and
CASP8” cells (Figure 20c), suggesting that caspase-8 contributes to the
transcriptional and protein accumulation of RIPK1, while Us11 does not interfere
at the transcriptional or protein stabilization level.

Across both cell models, caspase-8 presence was associated with stronger RIPK1
induction following HSV-1 infection, despite their distinct permissivity. In semi-
permissive monocytic THP-1 cells (MOI 50), wild-type HSV-1 increased RIPK1
protein in CASP8* cells, whereas this increase was blunted in CASP87 cells
(Figure 19a-b). In permissive epithelial HEp-2 cells (MOI 10), wild-type HSV-1
upregulated RIPK 1 at both mRNA and protein levels in CASP8™* cells, with a less
pronounced response in CASP87 cells (Figure 20). RIPK1 abundance following
R3630 infection was comparable to that of HSV-1 wild-type in both CASP8** and
CASP8 ™ cells, at the protein level in THP-1 cells (Figure 19) and at mRNA levels
in HEp-2 cells (Figure 20). Taken together, these results indicate that, under the
conditions tested, caspase-8 is required for RIPK1 upregulation during HSV-1
infection. In THP-1 cells, this occurs at the protein level, whereas in HEp-2 cells it
is observed at both transcript and protein levels. Us11/Us12 deletion does not
detectably impact this axis. Regarding the NF-kB-dependent chemokine responses
described above, the data support a model in which caspase-8 promotes RIPK1
expression during HSV-1 infection. Enhanced NFKB1 and chemokine induction in
CASP8 " cells likely reflect indirect, infection-driven effects, rather than increased

proximal NF-«kB activation.

2.8.7. Investigating the role of caspase-8 in HSV-1 egress using a dual-

fluorescent recombinant virus

HSV-1 uses several mechanisms to spread from infected to uninfected cells
(Agelidis and Shukla, 2015), notably through the production of secreted vesicles,
such as virion-like structures composed of viral envelopes and tegument proteins

(McLauchlan et al., 1992) and extracellular vesicles (EVs), including exosome-like
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structures that contain both viral and host components (Kalamvoki and Deschamps,
2016). In addition, HSV-1 exploits host intracellular trafficking machinery for
morphogenesis and egress. Rab GTPases, which are master regulators of vesicle
transport, have emerged as key players in these processes. Rabl and Rab43, for
example, regulate glycoprotein trafficking and maintain Golgi integrity,
respectively, both of which are essential for proper viral assembly (Raza et al.,
2018). Moreover, Rab5 and Rabl11 are involved in endocytic pathways that supply
membranes for secondary envelopment of cytoplasmic capsids; silencing these
proteins markedly reduces virion production, indicating that HSV-1 utilizes Rab-
regulated endosomal tubules during egress (Raza et al., 2018). Recent evidence has
highlighted an additional level of complexity in HSV-1 egress mechanisms
involving host cell death pathways. In particular, caspase-8 has emerged as a key
regulator not only of HSV-1-induced apoptosis, but also of viral particle release
through the modulation of autophagy. It was shown that caspase-8-deficient
monocytes and fibroblasts exhibited a significant reduction in extracellular HSV-1
titers despite robust viral gene expression, due to enhanced autophagic activity that
sequestered virions in LC3-positive vesicles and impaired their release (Marino-
Merlo et al., 2023). This study supports a non-canonical role for caspase-8 in
counteracting autophagy to ensure efficient viral egress. These findings suggest that
the absence of caspase-8 may alter intracellular trafficking events involved in virion
maturation and export, independent of its classical pro-apoptotic function.

Although our previous findings revealed that caspase-8 deficiency does not
significantly impair HSV-1 replication or directly induce chemokine production
and NF-kB activation in THP-1 cells, they also highlighted an enhanced
accumulation of viral proteins and transcripts in CASP8-" cells. These observations
raise the possibility that caspase-8 may contribute to stages of the viral life cycle
beyond genome replication or immediate-early gene expression. To address
whether caspase-8 supports HSV-1 replication and spread by influencing late
events in the viral life cycle, we designed, through en passant BAC mutagenesis
(Tischer et al., 2010), two single-fluorescent recombinant HSV-1 viruses. These
viruses carry a distinct fluorescent tag: one has mNeonGreen inserted between

codons 1 and 2 of UL35 (VP26, a capsid protein), and the other has mScarlet,
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inserted between codons 6 and 7 of UL22 (gH, an envelope glycoprotein), as
suggested by De Oliveira et al., 2008, to not interfere with viral replication (Figure
21a and b), This allows the respective visualization of the capsid and envelope
structures in the nucleus and membrane compartments.

Briefly, as outlined in the Materials and Methods section, the shuttle plasmids were
employed for the recombination procedure (Figure 2la and b). Following
purification, the PCR product was used to transform GS1783 cells harboring the
HSV-1 F strain BAC. Transformed bacteria were plated on LB agar supplemented
with chloramphenicol and kanamycin. The obtained bacterial colonies were
screened by restriction enzyme digestion and analytical PCR. Verified positive
clones were then subjected to the second recombination step. This step requires the
induction of I-Scel recombinase expression, achieved by adding 2% (w/v) L-
arabinose and incubating the culture at 42 °C. Recombinant bacteria were
subsequently plated on LB agar containing 1% L-arabinose and chloramphenicol.
Colonies were then examined for the loss of kanamycin resistance through
restriction digestion (Figure 21¢ and d), analytical PCR, and sequencing.

This approach enables a dynamic analysis of HSV-1 maturation, intracellular
trafficking, and egress, as well as real-time and single-cell level monitoring of viral

replication through direct fluorescence detection.
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Figure 21. En passant mutagenesis of HSV-1-gH-mScarlet and HSV-1-VP26-mNeonGreen
recombinants. (a) (b) (1) linear representation of the HSV-1 genome. White rectangles represent
the inverted repeats flanking the unique sequences (UL and US). (a) (2) pEPkan-S DNA plasmid
contains the insertion of the mScarlet sequence, inserted between codons 6 and 7 of gH (UL22). (b)
(2) pEPkan-S DNA plasmid contains the insertion of the mNeonGreen sequence, inserted between
codons 1 and 2 of VP26 (UL35) (Adapted from Tischer et al., 2010). (c) (d) Second recombination.
The en passant cassette was excised by inducing the expression of I-Scel and the recombinase
system. Resolved clones were selected against the presence of kanamycin resistance. BAC DNA
was digested for 1 hour at 37 °C with BamHI and run on a BAC gel. (c) Lane 1 represents HSV-1
BAC wild type with BamHI restriction site at 3700 bp; lanes 2, 3, 4, 5, 6, 7 represent HSV-1 gH-
mScarlet with BamHI restriction site at 4500 bp. The left panel displays molecular weights. (d)
Lanes 1 and 2 represent the co-integrates 1 HSV-1 VP26-mNeonGreen-kan with BamHI restriction

98



site at 7900 bp; lanes 3, 4, 5, 6, 7, 8, 9 represent HSV-1-gH-mScarlet with BamHI restriction site at
6400 bp. The left panel displays molecular weights.

Live imaging experiments were performed using the HEp-2 permissive cell line,
both wild-type (CASP8"*) and CASP8" cells. Cells were seeded in a p-Dish 35
mm Quad (ibidi), an imaging dish with four compartments, allowing simultaneous
observation of multiple conditions and facilitating the identification of potential
differences between the cell lines. HEp-2 CASP8"* and CASP8” cells were
infected with HSV-1 VP26-mNeonGreen at MOI 10 for 1 hour at 37 °C. Live-cell
imaging was carried out using the Nikon TI2 Spinning Disk system over 27 h.p.i.
(Figure 22a). The accumulation of viral DNA in HSV-1-infected cells was then
assessed, and following quantification, the resultant two graphs (Figure 22b, 22c¢)
showed that the number of HSV-1 foci did not differ significantly between
CASP8"" and CASP8 cells; however, a statistically significant difference was
observed in the area of the foci. This suggests that the accumulation of viral progeny
may not differ in quantity but rather in its spatial distribution within the nucleus,
pointing toward impaired viral egress in the absence of caspase-8. This is made
more explicit in Figure 22d, where HEp-2 CASP8"* cells were co-infected with
HSV-1 VP26-mNeonGreen and HSV-1 gH-mScarlet at MOI 5 for 1 hour at 37 °C.
As already demonstrated by De Oliveira et al., 2008, the VP26 capsid fusion
proteins were initially observed throughout the nucleus and later accumulated in
viral replication compartments, forming small foci at the periphery of these
compartments that expanded and coalesced over time into much larger structures.
The envelope glycoprotein H (gH) was first observed accumulating in a vesicular
pattern in the cytoplasm and was then incorporated primarily into the cellular

membrane.
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Figure 22. Live imaging of HEp-2 CASP8"* and CASP8™" cells infection. (a) HEp-2 CASP8**
and CASPS8™ cells, using the CellTracker™ Deep Red Dye, were infected with HSV-1 VP26-
mNeonGreen at MOI 10 and imaged in live cell imaging by confocal microscopy at 18, 23, and 27
h.p.i. The variation in the number of VP26 between CASP8"* and CASP8" is not statistically
relevant (b), but it is in terms of their area (c). (d) HEp-2 cells were co-infected with HSV-1 VP26-
mNeonGreen and HSV-1 gH-mScarlet at MOI 5 and imaged in live cell imaging by confocal
microscopy up to 60 h.p.i. Scale bar is 20 um. On the left, frames from the initial and middle phases
of infection; on the right, corresponding enlargements.

Taken together, live imaging with capsid- (VP26-mNeonGreen) and envelope-
(gH-mScarlet) tagged HSV-1 indicates that loss of caspase-8 does not reduce the
number of nuclear replication foci but limits their growth/expansion, pointing to a
defect that emerges after genome replication. In CASP8** cells, VP26 foci were
seen progressively expand and coalesce, and gH displayed the expected vesicular
accumulation before membrane incorporation. Paired with the unchanged focus
counts yet smaller focus areas in CASP8-/- cells, this supports a role for caspase-8
in coordinating late maturation and egress steps rather than early nuclear
replication.

The next step was the generation of a double recombinant virus that simultaneously
encodes two different fluorescent proteins in the two viral proteins: the envelope
glycoprotein (gH), which is likely to localize at the cellular membrane, and the
capsid protein (VP26), which is expected to localize within the nuclear
compartment. Following confirmation of the expected restriction pattern by BAC
gel electrophoresis (Figure 23a), deep sequencing was performed to verify the
correct insertion of the fluorescent tags (mScarlet and mNeonGreen) and to ensure
that no undesired mutations had occurred in the significant genes of the viral

cascade (Figure 23b).
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Figure 23. En passant mutagenesis of HSV-1 gH-mScarlet VP26-mNeonGreen recombinant.
(a) Second recombination. En passant cassette was excised by inducing the expression of I-Scel and
the recombinase system. Resolved clones were selected against the presence of kanamycin
resistance. BAC DNA was digested for 1 hour at 37 °C with HindIIl. Lanes 1 and 2 represent HSV -
1 BAC wild-type clones with HindIII restriction site at 4500 bp; lanes 3, 4, 5, 6, 7, 8, 9, 10, 11
represent HSV-1 gH-mScarlet VP26-mNeonGreen with HindIII restriction site over 10000 bp. The
left panel displays molecular weights. (b) Analysis of Nanopore and Illumina sequencing of HSV-1
gH-mScarlet VP26-mNeonGreen, focusing on the gH and VP26 genes, resulted in frame. No
mutations were found in coding genes.

To verify that BAC mutagenesis did not alter viral fitness, we characterized the
HSV-1 BAC wild type, the single-tagged (gH-mScarlet, VP26-mNeonGreen)
recombinants, and the double-tagged recombinant in VERO cells infected at MOI
1. Replication was quantified by a plaque reduction assay with titration of total viral
particles at 9, 24, and 48 h.p.1., showing growth kinetics that overlapped with those
of the BAC wild type (Figure 24b). As expected for envelope-tagged variants (Fan
etal., 2018, p. 2), plaque morphology was altered, and microplaques were observed
for gH-mScarlet and the double recombinant (Figure 24a) without impacting viral
yields. Viral gene expressions were profiled by qPCR at 9, 18, 24, and 48 h.p.1.
(ICPO, UL42, Usll; respectively a, B, and 7y), revealing comparable temporal
patterns across all viruses (Figures 24d, e, and f). Consistently, Western blotting of
viral proteins representing a, B, and y kinetic classes (ICP0O, UL42, gD), with
GAPDH as loading control, confirmed similar accumulation over time (Figure
24¢). Finally, fluorescence microscopy of infected monolayers (MOI 1) revealed
robust mScarlet and mNeonGreen signals, visually confirming the correct insertion

and expression of both fluorescent tags (Figure 24c).
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Figure 24. HSV-1 recombinants characterization. (a) (b) Evaluation of HSV-1 recombinants’
replication efficiency in VERO cells by plaque reduction assay. VERO cells were infected with
HSV-1BAC wild type, HSV-1 gH-mScarlet, HSV-1 VP26-mNeonGreen, and HSV-1 gH-mScarlet-
VP26-mNeonGreen viruses at MOI 1 and harvested at different times p.i. (a) Plaque morphological
changes (microplaques) were displayed in HSV-1 gH-mScarlet and HSV-1 gH-mScarlet-VP26-
mNeonGreen. (b) Samples were harvested at 9, 24, and 48 h.p.i., and viral yield was assessed by
titration of total viral particles. Data are expressed as mean (+ SD) of triplicates. (c) Panel shows the
fluorescence emission in VERO cells infected at MOI 1 with HSV-1 recombinants. Scale bar is 100
um. (d) (e) (f) gPCR time-course analysis of ICPO (o), UL42 (B), and Us11 (y) viral genes in VERO
cells infected with HSV-1 BAC wild type, HSV-1 gH-mScarlet, HSV-1 VP26-mNeonGreen, and
HSV-1 gH-mScarlet-VP26-mNeonGreen viruses at MOI 1, and collected at 9, 18, 24, and 48 h.p.i.
Asterisks (¥, ** *** F¥%%) ipndicate the significance of p-values less than 0.05, 0.01, 0.001, and
0,0001, respectively. (g) Western blot analysis of ICPO (), UL42 (B), and gD (y) viral proteins in
VERO cells infected or not with HSV-1 BAC wild type, HSV-1 gH-mScarlet, HSV-1 VP26-
mNeonGreen, and HSV-1 gH-mScarlet-VP26-mNeonGreen viruses at MOI 1 and collected at 9, 18,
24, and 48 h.p.i. GAPDH was used as a loading control.
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2.9. Discussion

Caspase-8 has long been recognized as a pivotal player in the extrinsic apoptosis
pathway, yet growing evidence highlights its non-apoptotic functions during viral
infections (Han et al., 2021; Musarra-Pizzo et al., 2022; Weinlich et al., 2017). In
this study, we investigated the role of caspase-8 in the context of HSV-1 infection
using CRISPR-Cas9-generated caspase-8-knockout THP-1 cells and a panel of
wild-type and mutant HSV-1 strains. Our data collectively indicate that caspase-8
exerts a modulatory effect on intracellular viral replication, inflammatory gene
expression, and signal transduction during HSV-1 infection in monocytic cells.
The absence of caspase-8 significantly enhanced the intracellular accumulation of
HSV-1 gene products, as shown by increased levels of representative immediate-
early (ICP0), early (UL42), and late (Usl1 and gD) transcripts and proteins in
CASP8 THP-1 cells compared to wild-type controls. Importantly, the same
pattern was observed upon infection with both the wild-type virus and the
Us11/Us12-deleted strain R3630, suggesting that caspase-8 limits viral gene
expression independently of the presence of the Usll immune-evasion gene.
Despite the accumulation of HSV-1 proteins and transcripts, no pronounced
differences were observed in cytopathic effects or in the total production of
infectious virus across multiple time points and MOIs, indicating that caspase-8
does not markedly influence overall infectious yield under the tested conditions.

In parallel, we examined the impact of caspase-8 deficiency on inflammatory gene
expression during HSV-1 infection. The lack of caspase-8 resulted in elevated
expression of several chemokines, including CCL2, CCL4, CCL13, CXCL10, and
CXCLI11. These results indicate that chemokine transcription is not directly
dependent on caspase-8, but instead that caspase-8 acts to moderate the magnitude
of the inflammatory response. This finding aligns with previous reports suggesting
that caspase-8 serves as a regulator capable of dampening inflammation through its
interactions with other signaling proteins, including RIPK1 and FLIP (Fritsch et al.,
2019; Kaiser et al., 2011).
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To further explore the mechanism underlying chemokine overexpression, we
analyzed the activation of the NF-kB pathway. Our findings demonstrated that
caspase-8 deficiency correlates with increased NF-kB activity during HSV-1
infection, as evidenced by the upregulation of NF-«B transcripts in CASP8”- THP-
1 cells. However, this does not correspond to enhanced phosphorylation of the p65
subunit. These data support an indirect model whereby a greater intracellular viral
burden (caused by the absence of caspase-8) amplifies PRR-driven transcription
(including NF-xB-dependent chemokines), rather than a direct caspase-8-mediated
suppression of chemokine signaling (Alandijany, 2019; Fritsch et al., 2019).

The critical role of NF-kB in chemokine induction was confirmed using THP-1
cells expressing a dominant-negative IxkBa mutant. Blocking NF-xB nuclear
translocation via this dominant-negative approach led to a marked reduction in the
expression of CCL2, CCL4, CCL13, CXCL10, and CXCL11 during HSV-1
infection. This confirms that NF-«xB is necessary for full activation of the
chemokine response in this model, and positions caspase-8 as an upstream
modulator of this axis.

Additionally, we aimed to determine whether active viral replication was necessary
for chemokine induction or whether viral entry alone was sufficient for this purpose.
By treating infected THP-1 cells with the DNA polymerase inhibitor
phosphonoacetic acid (PAA), we demonstrated that active viral replication is
required for the upregulation of all tested inflammatory mediators. The suppression
of chemokine transcription by PAA treatment across multiple experimental
replicates indicates that viral gene expression, rather than simply virion entry,
drives inflammatory signaling during HSV-1 infection in monocytic cells.

We then investigated the potential link between caspase-8, RIPK1, and viral gene
expression during HSV-1 infection. In wild-type THP-1 and HEp-2 cells, infection
with HSV-1 led to increased levels of RIPK1 (protein in THP-1 cells; mRNA and
protein in HEp-2), whereas this upregulation was diminished in CASP8”
counterparts. RIPK1 protein and mRNA levels following infection with the
Us11/Us12-deleted mutant R3630 were comparable to those induced by wild-type
HSV-1 in both CASP8"* and CASP8 ™ cells, indicating that caspase-8 supports

RIPK1 transcriptional induction, while Usl1 deletion does not measurably alter
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RIPK1 expression or stability relative compared to wild-type HSV-1 under the
conditions tested.

Finally, to explore a possible role of caspase-8 in HSV-1 egress, we constructed
two single- and a double-fluorescent recombinant viruses expressing a capsid
protein (VP26) and an envelope glycoprotein (gH), each tagged with a distinct
fluorescent marker. The imaging data of CASP8"* and CASP8” HEp-2 cells
infected with a fluorescent recombinant virus suggest that while caspase-8
deficiency does not alter the number of HSV-1 replication foci, it affects their
spatial distribution and capsid localization, indicating a defect in viral egress rather
than genome replication.

In conclusion, this study reveals that caspase-8 plays a multifaceted regulatory role
during HSV-1 infection in the monocytic cell model. While its absence does not
substantially affect viral release or cytopathic effects, caspase-8 deficiency leads to
increased viral gene expression, enhanced NF-kB activity, and elevated chemokine
production. These findings suggest that caspase-8 contributes to intrinsic antiviral
defense by restraining viral replication and tempering inflammatory responses.
Additionally, RIPK1 expression is disrupted in the absence of caspase-8, further
supporting its involvement in coordinating immune signaling. Finally, the use of
fluorescent recombinant HSV-1 viruses provided preliminary insights into
alterations in virion maturation and trafficking, highlighting caspase-8 as a potential
modulator of viral egress. Overall, our study underscores the significance of
caspase-8 as a pivotal modulator in the interplay between viral infection and host
innate immunity, with implications for understanding viral pathogenesis and

immune regulation in myeloid cells.
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Chapter 111
Emerging HSV-1 Natural Therapies

In addition to the main project focused on HSV-1 infection of monocytic cells and
the role of caspase-8 pathways, this thesis also includes a set of complementary
studies investigating the antiviral activity of selected natural compounds and food
by-products. These investigations, presented in Chapters III and IV, derive from
independent and previously published works (Ingegneri et al., 2023 and Pennisi et
al., 2023) and were pursued as side projects during the doctoral program.
Accordingly, these chapters are more concise and primarily descriptive, with a
focus on antiviral efficacy rather than in-depth mechanistic dissection. Their
inclusion aims to broaden the scope of the thesis by highlighting alternative
antiviral strategies against HSV-1, without detracting from the central experimental
and conceptual framework developed in the preceding chapters.

HSV-1 treatment has long relied on compounds targeting viral DNA synthesis,
primarily categorized into acyclic guanosine analogues (e.g., acyclovir, ganciclovir,
famciclovir), acyclic nucleotide analogues (e.g., cidofovir), and pyrophosphate
analogues (e.g., foscarnet) (Jiang et al., 2016; Reardon, 1989; Wagstaff and Bryson,
1994). Prolonged use, especially of acyclovir, has led to the emergence of resistant
HSV-1 strains, primarily in immunocompromised hosts (Jiang et al., 2016), leaving
TK-independent agents, such as cidofovir and foscarnet, as alternatives (Morfin and
Thouvenot, 2003).

New strategies include natural compounds that have garnered substantial attention
in biomedical research due to their therapeutic potential. Plant-derived polyphenols
show antiviral effects (Bhaskarachary et al., 2015). For example, phenolics inhibit
HSV-1 binding to glycosaminoglycan receptors (El-Toumy et al., 2018), quercetin
blocks viral entry and suppresses NF-«kB signaling, effective even against acyclovir-
resistant strains (Hung et al., 2015), and curcumin downregulates immediate-early
gene expression via interference with VP16-dependent transcription (Kutluay et al.,

2008).
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3.1. Antiviral properties of olive leaf extracts and oleuropein

Among Mediterranean medicinal plants, Olea europaea L. (olive tree) stands out
for its multifaceted bioactivities, including antioxidant, anti-inflammatory,
antimicrobial, and antiviral properties. These beneficial effects are primarily
attributed to a rich profile of phenolic compounds, including oleuropein,
hydroxytyrosol, and flavonoids (Romani et al., 2019; Zhang et al., 2022). Reactive
oxygen species (ROS) contribute to DNA damage, lipid peroxidation, and protein
oxidation, acting as major drivers of carcinogenesis and viral pathogenesis. As
such, enhancing antioxidant defenses through phytocompounds can be a strategic
approach to prevent oxidative stress-related diseases (Sharifi-Rad et al., 2020;
Zahra et al., 2021). Notably, polyphenols from olive leaves can modulate redox
signaling and gene expression in cancer cells (Rahman et al., 2006), while also
exerting antiviral effects against various viruses, including HSV-1 (Ben-Amor et

al., 2021a; Musarra-Pizzo et al., 2020).

3.2. Aim of the study

This study aimed to evaluate the antiviral activities of hydroethanolic leaf extracts
from two varieties of Olea europaea L. (the cultivated var. sativa (OESA) and the
wild var. sylvestris (OESY)) using HeLa cells as a cancer model. Additionally, the
antiviral potential of the purified compound oleuropein was assessed, with a focus
on its role in modulating intracellular signaling pathways during HSV-1 infection.
The rationale for this investigation is grounded in the increasing clinical relevance
of antiviral drug resistance. Although nucleoside analogues such as acyclovir
remain the first-line therapy for HSV infections, their extensive and prolonged use,
particularly in patients with recurrent disease or immunocompromised conditions,
has led to the emergence of resistant viral strains, most commonly associated with
mutations in the viral thymidine kinase (UL23) or viral polymerase (UL30) genes
(Jiang et al., 2016; Morfin and Thouvenot, 2003; Piret and Boivin, 2011).
Resistance to acyclovir frequently confers cross-resistance to other thymidine

kinase—dependent analogues, leaving limited therapeutic alternatives (Jiang et al.,
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2016; Piret and Boivin, 2011). In this context, plant-derived natural products have
attracted increasing attention as potential sources of antiviral agents with alternative
mechanisms of action and lower toxicity compared with conventional nucleoside
analogues (Bhaskarachary et al., 2015). Polyphenol-rich extracts and some
compounds have been reported to interfere with multiple stages of the HSV-1 life
cycle, and in some cases to retain activity against acyclovir-resistant strains (EI-
Toumy et al., 2018; Hung et al., 2015; Kutluay et al., 2008). Accordingly, these
analyses were designed to characterize the antiviral potential of olive-derived
extracts and oleuropein compound, with limited mechanistic exploration focused
on selected intracellular signaling pathways previously implicated in HSV-1

replication.
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3.3. Materials and Methods

Methods were performed as previously described in Ingegneri et al., 2023 and
Pennisi et al., 2023 - MDPI, Basel, Switzerland, distributed under the terms of the

Creative Commons Attribution (CC BY) license.

Cell lines and viruses

HeLa cells (human cervical epithelial carcinoma cell line) were cultured in RPMI
1640 medium (Gibco) supplemented with 10% (v/v) fetal calf serum (FCS) and 2
mM L-glutamine. VERO cells (American Type Culture Collection) were
maintained in minimal essential medium (EMEM) supplemented with 6% fetal
bovine serum (FBS) (Lonza). Both cell lines were incubated at 37°C in a
humidified atmosphere containing 5% CO.. The HSV-1 prototype strain (F),
employed for the in vitro experiments, was kindly provided by Dr. Bernard
Roizman (University of Chicago). Viral stocks were propagated and titrated in

VERO cells.

Plant materials

Olive leaf samples from Olea europaea var. sativa (OESA) and Olea europaea var.
sylvestris (OESY) were obtained from the Chemlali SFAX variety in Tunisia. The
leaves were collected under identical pedoclimatic conditions in October 2018.
After harvesting, the olive leaves were air-dried at room temperature, and 100 g of
dried material was extracted overnight with a 50:50 (v/v) water-ethanol solution
under gentle stirring. The hydroethanolic extracts were then filtered through a
cellulose filter, lyophilized, and stored at -80 °C until use. The extracts had been
previously characterized using LC-DAD-ESI-MS analysis (Phenomenex) (Ben-
Amor et al., 2021b). Oleuropein was isolated from fresh olive leaves (Olea
europaea L.) by boiling 50 g of leaves in 250 mL of water for 2 h. The resulting
solution was concentrated under vacuum, and the residue was extracted and purified

using hot acetone (Bianco et al., 1999a, 1999b).
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Cell proliferation assay

HeLa cell viability after treatment with OESA and OESY was evaluated using a
CCK-8 assay (ab228554; Abcam) according to the manufacturer’s instructions. The
WST-8/CCKS8 tetrazolium salt is metabolically reduced by cellular
dehydrogenases, resulting in the formation of an orange formazan dye that is
soluble in the culture medium. The intensity of the formazan signal, measured as
absorbance at 460 nm, is directly proportional to the number of viable and
metabolically active cells.

HeLa cells (2 x 10* cells/mL) or Vero cells (2.5 x 10* cells/mL) were seeded in 96-
well microtiter plates and incubated at 37 °C in a 5% CO- atmosphere for 24 h.
Subsequently, cells were treated with serial dilutions of OESA and OESY (0.1, 0.2,
0.4, 1,5, 10, and 20 mg/mL) and oleuropein (25, 50, 100, 150, 200, 300, and 400
pg/mL), or of BSE (50, 100, 150, 200, and 300 pg/mL) for 72 h. After treatment,
CCK-8 tetrazolium salt was added, and cells were incubated for an additional 4
hours under the same conditions. Absorbance was measured at 460 nm using a
GloMax® Discover Microplate Reader (Promega), and cell viability was expressed

as a percentage relative to untreated controls.

Plaque assay

Confluent monolayers of VERO cells were prepared in 24-well plates. Infected
samples were subjected to three freeze-thaw cycles and subsequently diluted. Then,
100 pL of each dilution was used to infect the cell monolayers, which were
incubated for 1 h at 37 °C under gentle agitation. After incubation, the viral
inoculum was removed, and cell monolayers were overlaid with Dulbecco’s
Modified Eagle’s Medium supplemented with 0.8% methylcellulose, with or
without BSE at different concentrations (100, 150, and 200 pg/mL). DMSO (1%)
was used as a control. Following a 72 h incubation, cells were stained with crystal
violet and examined using an inverted microscope (Leica DMIL) for plaque
detection. Data were collected in triplicate and expressed as mean + standard

deviation (SD) for each dilution.
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Viral infection

HeLa cells (4 x 10° cells/well) and the virus were pre-treated with oleuropein at
concentrations of 150 pg/mL, 300 pg/mL, and 400 pg/mL for 1 h at 37 °C.
Subsequently, the pre-treated virus was used to infect the pre-treated cells at a
multiplicity of infection (MOI) of 10. After 1 h of adsorption at 37 °C, the viral
inoculum was replaced with fresh growth medium containing the respective
concentrations of oleuropein. Acyclovir (50 uM) served as a positive control.

Samples were collected 24 h post-infection.

Cell lysis and immunoblotting

Samples were lysed in 1X SDS sample buffer, sonicated, and then boiled for 5
minutes. Equal amounts of protein extracts were separated by SDS-PAGE,
transferred onto membranes (Bio-Rad Life Science Research), and analyzed by
immunoblotting (Pennisi et al., 2022). Protein bands were detected using the
Immobilon Classico Western HRP substrate (Merck, Millipore Darmstadt).
Densitometric quantification of band intensities was performed with Imagel
software. The intensity of each target protein was normalized to GAPDH levels and

graphically represented using GraphPad Prism 6 software (GraphPad Software).

Antibodies

Anti-GAPDH (sc-32233), anti-HSV-1 UL42 (sc-53333), and anti-ICPO (sc-56985)
antibodies were obtained from Santa Cruz Biotechnology. Phospho-c-Jun (Ser73)
(D47G9) and phospho-c-Fos (Ser32) (D82C12) antibodies were purchased from
Cell Signaling Technology, while anti-PKR (phospho-T446, ab32036) was
obtained from Abcam. The monoclonal anti-Us11 antibody was kindly provided by
Professor Bernard Roizman. HRP-conjugated goat anti-mouse IgG secondary

antibody was purchased from Millipore.

Viral DNA extraction and qPCR
Viral DNA was extracted using a phenol/chloroform solution and precipitated from
the organic phase (EL-Aguel et al., 2022). The resulting DNA pellet was washed

twice with 0.1 M trisodium citrate in 10% ethanol and subsequently dissolved in 8
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mM NaOH. DNA concentration was determined by fluorometric analysis using the
Qubit double-stranded DNA (dsDNA) High Sensitivity Assay Kit, following the
manufacturer’s instructions. Viral DNA amplification was performed using the
TaqMan™ Universal Master Mix II (Applied Biosystems) in a 50 uL reaction
mixture containing: TagMan Universal Master Mix II, 100 ng of DNA, HSV-1
forward (10 uM) and reverse (10 uM) primers (Fw 5'-catcaccgacccggagagggac;
Rev 5'-gggccaggcgcttgttggtgta), and a TagMan probe (5 uM) (5'-6FAM-
ccgecgaactgagcagacaccegege-TAMRA, where 6FAM is 6-carboxyfluorescein and
TAMRA is 6-carboxytetramethylrhodamine). The amplification was carried out
using the Applied Biosystems 7300 Real-Time PCR System under the following
conditions: 10 minutes at 95°C, followed by 40 cycles of 60 seconds at 95°C, 30
seconds at 60°C, and 30 seconds at 72 °C. Absolute quantification by Real-Time
PCR using the specific TagMan probe was used to detect viral DNA. Viral load was
determined from the threshold cycle (CT) based on a standard curve generated in

parallel and expressed as the concentration in pg of DNA/uL.

RNA extraction and Reverse transcription

Total RNA was extracted using TRIzol® reagent (Life Technologies) following the
manufacturer’s instructions. For DNase treatment before cDNA synthesis, 1 pg of
RNA was incubated at 37 °C for 2 h in a reaction containing 5 pL. of 10X DNase I
Buffer, 2 pLL of recombinant RNase-free DNase 1 (10 U) (2270A, TaKaRa), and
20 U of RNase inhibitor (N251A, Promega)(EL-Aguel et al., 2022). Subsequently,
1 ng of total RNA was reverse-transcribed into cDNA using ReverTra Ace® qPCR
RT Master Mix (FSQ-201, Toyobo, Kita-ku, Osaka, Japan) under the following
conditions: 37 °C for 15 min, followed by 50 °C for 5 min, and 98 °C for 5 min.

Quantitative polymerase chain reaction (qPCR)

cDNA samples were used for quantitative Real-Time PCR performed on the
Applied Biosystems 7300 Real-Time PCR System (Foster City, CA, USA). The
thermal cycling conditions were as follows: initial incubation at 95 °C for 10 min,

followed by 30 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 35 s,
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and elongation at 72 °C for 45 s. cDNA copy numbers were normalized to GAPDH
expression levels. The primers used for RT-PCR are in Table 2.
Each quantitative Real-Time PCR experiment included a minus-reverse

transcriptase control.

Quantification and statistical analysis

All chemical analyses and in vitro assays were performed in three independent
experiments, each conducted in triplicate (n = 3), and the data are presented as the
mean + standard deviation (SD). Statistical analyses were conducted using
GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) with one-
way analysis of variance (ANOVA) followed by Student-Newman-Keuls and
Tukey’s post hoc tests, using SigmaPlot 12.0 software (Systat Software Inc.).
Statistical significance was indicated by asterisks (¥, **, *¥* **¥%) corresponding
to p-values <0.1, <0.01, <0.001, and <0.0001, respectively. The half-maximal
cytotoxic concentration (CCso) and half-maximal effective concentration (ECso)

were determined using non-linear regression analysis.
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3.4. Results

The following results have been previously published (Pennisi et al., 2023, MDPI,
Basel, Switzerland), and are reproduced here under the terms of the Creative

Commons Attribution (CC BY) license.

3.4.1. Antiviral activity of OESA and OESY

Cell viability assays demonstrated a dose-dependent cytotoxic effect, with OESY
exhibiting higher cytotoxicity (ICso=0.848 mg/mL) compared to OESA
(ICs0=2.66 mg/mL). For subsequent experiments, subtoxic concentrations of 0.2

mg/mL and 0.4 mg/mL were selected (Figure 25).
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Figure 25. Cytotoxic effects of OESA and OESY on HeLa cells. The impact of OESA and OESY
on cell growth was assessed using a CCK-8 assay. HeLa cells were treated with serial dilutions of
OESA and OESY (0.1,0.2,0.4, 1, 5, 10, and 20 mg/mL) for 72 h, followed by incubation with CCK-
8 tetrazolium salt solution in the dark for 4 h. Absorbance was measured at 460 nm, and cell viability
was calculated relative to untreated controls. Data are presented as mean + standard deviation
(n=3). **p<0.01, ****p<0.0001. Reproduced from Pennisi et al., 2023, MDPI, Basel,

Switzerland. This article is an open-access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license.

To evaluate the antiviral activity of OESA and OESY, intracellular HSV-1
production was measured in HeLa cells after 24 h of treatment and infection. At
24 h post-infection, intracellular viral particles were released by freeze-thaw cycles,
and titers were determined by PFU assays in Vero cells (Figure 26). Both extracts
significantly reduced viral titers compared to untreated controls, indicating
impaired HSV-1 replication. Furthermore, both extracts markedly decreased viral

DNA levels (**p <0.01) (Figure 27).
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Figure 26. Evaluation of viral titers in HeLa cells after OESA and OESY treatment. HeLa cells
(4 x 107 cells/well) and HSV-1 were pre-treated with OESA or OESY (0.2 and 0.4 mg/mL) for 1 h
at 37 °C. Then, the pre-treated virus was used to infect pre-treated cells (MOI = 10). After 1 h, the
inoculum was replaced with fresh medium containing the same extract concentrations, and acyclovir
(50 uM) served as a positive control. At 24 hours post-infection, samples were collected, and
intracellular viral particles were released through freeze-thaw cycles. Titer determination was
performed by plaque assays on VERO cells. Data represent the mean = SD of three independent
experiments; ** p<0.01 vs. HSV-1 +DMSO. Reproduced from Pennisi et al., 2023, MDPI, Basel,
Switzerland. This article is an open-access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license.
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Figure 27. Absolute quantification of viral DNA. HeLa cells and HSV-1 were pre-treated with
OESA or OESY (0.2 and 0.4 mg/mL) for 1 hour at 37 °C. Then, the pre-treated virus was used to
infect pre-treated cells (MOI=10). After 1h, the inoculum was replaced with fresh medium
containing the same extract concentrations, with acyclovir (50 uM) as a positive control. At 24 h
post-infection, viral DNA was extracted and quantified by absolute Real-Time PCR using a TagMan
probe. Results are expressed as DNA concentration (pg/pL) and represent the mean = SD of three
independent experiments; ** p<0.01 vs. HSV-1 +DMSO. Reproduced from Pennisi et al., 2023,
MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution (CC BY) license.
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3.4.2. Antiviral activity of OESA and OESY compounds

Since OESA treatment showed a more substantial inhibitory effect on viral DNA
accumulation compared to OESY, we investigated whether its polyphenol content,
particularly oleuropein, was responsible for blocking HSV-1 replication. This
choice was supported by phytochemical characterization (Ben-Amor et al., 2021b),
which identified oleuropein as one of the most abundant compounds in OESA but
absent in OESY. First, a viability assay was performed on HeLa cells treated with
various oleuropein concentrations (25-400 pg/mL), demonstrating good tolerability
across all tested doses (Figure 28). Non-toxic concentrations were then used to
assess antiviral activity (Figure 29a). Oleuropein significantly reduced HSV-1 titers
at 300 pg/mL and 400 pg/mL. Moreover, treatment with 300 pg/mL and 400 pg/mL
of oleuropein led to a marked decrease in viral transcripts and proteins from all
three phases of the replication cycle (Figure 29b, 29¢). These findings suggest that

oleuropein interferes with multiple stages of HSV-1 replication.
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Figure. 28. Cytotoxicity assay of oleuropein. HeLa cells were treated with various concentrations
of oleuropein (25, 50, 100, 150, 200, 300, and 400 pg/mL) for 72 hours. Cell viability was then
assessed and expressed as a percentage relative to untreated controls. Data represent the mean + SD
of three independent experiments. Reproduced from Pennisi et al., 2023, MDPI, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license.
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Figure 29. Antiviral activity of oleuropein. (A) HeLa cells (4 x 10° cells/well) and HSV-1 were
pre-treated with oleuropein (150, 300, and 400 png/mL) for 1 h at 37 °C, followed by infection at
MOI=10. After 1h, the inoculum was replaced with fresh medium containing the same
concentrations, and acyclovir (50 uM) served as a positive control. Viral titers were measured 24 h
post-infection using plaque assays on Vero cells. (B) Relative quantification of viral transcripts
(ICPO, ULA42, Us11) was performed by Real-Time PCR using the AACt method, normalized to
GAPDH. (C) Western blot analysis of ICP0, UL42, and Usl11 proteins, with GAPDH as loading
control. Data represent mean+SD from at least three independent experiments. Statistical
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significance was determined by one-way ANOVA (**p<0.01, ****p<0.0001 vs. HSV-
1 + DMSO). Reproduced from Pennisi et al., 2023, MDPI, Basel, Switzerland. This article is an
open-access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license.

3.4.3. Oleuropein suppresses viral replication by modulating PKR-dependent
c-Fos and c-Jun activation

The results show that oleuropein treatment after viral adsorption inhibits HSV-1
replication in HeLa cells. Since HSV-1 relies on host signaling pathways, the role
of the double-stranded RNA-activated protein kinase R (PKR) was investigated.
Although HSV encodes multiple proteins that interfere with PKR activation, the
combined effects of these proteins on PKR activation remain unclear (Sciortino et
al., 2013).

Western blot analysis (Figure 30a, 30b) revealed that oleuropein treatment
(400 pg/mL) in infected cells increases phosphorylated PKR (p-PKR) levels. Given
that PKR activation triggers downstream pathways, including the JNK pathway
(Bonnet et al., 2000; Gal-Ben-Ari et al., 2019; McLean and Bachenheimer, 1999;
Mundschau and Faller, 1995; Watanabe et al., 2013), the phosphorylation of AP-1
transcription factors c-Fos and c-Jun was also analyzed. Oleuropein treatment
during HSV-1 infection enhanced p-PKR accumulation, correlating with increased
phosphorylation of both c-Fos and c-Jun (Figures 30c and 30d).

These findings suggest that oleuropein promotes p-PKR activation, leading to
enhanced phosphorylation of c-Fos and c-Jun, which may contribute to its antiviral

mechanism against HSV-1 replication.
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Figure 30. Activation of the innate antiviral response via phospho-PKR, phospho-c-Jun, and
phospho-c-Fos in HSV-1-infected HeLa cells after oleuropein treatment. HelLa cells were
infected at MOI = 10 and treated with oleuropein (100, 300, and 400 pug/mL) or left untreated. (A-
C) Western blot analysis of phospho-PKR, phospho-c-Jun, and phospho-c-Fos expression;
quantification of band intensities is shown in (B) and (D). Data represent mean + SD from three
independent experiments. Statistical significance was determined by one-way ANOVA (¥p<0.1,
***%p <0.001). Reproduced from Pennisi et al., 2023, MDPI, Basel, Switzerland. This article is an
open-access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license.
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3.5. Discussion

This study demonstrates that both OESA and OESY exert antiviral activity in HeLa
cells. OESA was more effective, likely due to its higher oleuropein content, a
secoiridoid with recognized pharmacological value (Omar, 2010). In line with
previous reports, olive leaf phenolics have been shown to increase endogenous
antioxidant defenses (Senturk and Yildiz, 2018; Xie et al., 2022) and inhibit
herpesvirus replication (Ben-Amor et al., 2021b; Cometa et al., 2022). Importantly,
oleuropein not only reduced HSV-1 gene expression and protein synthesis but also
stimulated p-PKR accumulation and downstream AP-1 transcription factors. This
signaling pathway is crucial for the antiviral response and can modulate the
expression of immune and inflammatory genes (Bonnet et al., 2000; Gal-Ben-Ari
et al., 2019). While HSV-1 deploys multiple strategies to inhibit PKR (Langland et
al., 2006), oleuropein appears to override such evasion mechanisms.

The relevance of these findings extends to the broader context of current antiviral
therapy. Prolonged clinical use of nucleoside analogues, particularly acyclovir, has
led to the emergence of drug-resistant HSV strains (Jiang et al., 2016; Morfin and
Thouvenot, 2003; Piret and Boivin, 2011). In this scenario, natural compounds are
increasingly considered of interest (Bhaskarachary et al., 2015). Although
resistance was not directly addressed in the present study, the observed effects of
oleuropein on host-driven antiviral responses support the rationale for further
investigation of olive-derived compounds as complementary antiviral agents.
Moreover, given the susceptibility of cancer cells to viral manipulation and the
potential role of persistent HSV-1 infection in oncogenesis (Kellogg et al., 2021;
Sinha and Kundu, 2021), antiviral action of OESA and oleuropein may offer a
preventive strategy to mitigate virus-associated cancer progression. However,
further studies in additional cellular models and with deeper mechanistic resolution

will be required to define their mode of action and translational relevance.
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Chapter 1V
Antiviral potential of food by-products

4.1. Antiviral properties of almond blanched skin (BS) and blanch
water (BW)

Almonds (Prunus dulcis Mill. DA Webb) are among the most widely consumed
nuts worldwide (Prgomet et al., 2017). They are a significant source of bioactive
molecules, particularly polyphenols, which contribute to their health-promoting
effects (Mandalari et al., 2010; Prgomet et al., 2017; Smeriglio et al., 2016).

Almond processing generates large amounts of by-products, including hulls, shells,
blanched skin (BS), and blanch water (BW). While hulls and shells are often used
in the energy or feed sectors, BS and BW are particularly interesting due to their
high fibre and polyphenol content (Caltagirone et al., 2021; Garcia-Perez et al.,
2021; Smeriglio et al., 2016). Previous research has highlighted the antioxidant,
antimicrobial, and antiviral properties of almond by-products (Bisignano et al.,
2017; Musarra-Pizzo et al., 2019). However, most studies did not specify the
cultivar investigated, limiting the possibility of correlating chemical composition

and biological activity with specific varieties.

4.2. Aim of the study

The present work aimed to investigate the antiviral activity of BS and BW obtained
from three different Sicilian cultivars (Fascionello, Pizzuta, and Tuono).

This investigation was motivated by the growing limitations of current anti-HSV
therapies. Although nucleoside analogues such as acyclovir remain the cornerstone
of HSV treatment, their extensive and prolonged clinical use has contributed to the
emergence of drug-resistant viral strains, particularly in immunocompromised
patients. Resistance is most commonly associated with mutations affecting viral
thymidine kinase or DNA polymerase activity, often resulting in cross-resistance to

multiple thymidine kinase—dependent drugs and leaving limited therapeutic
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alternatives (Jiang et al., 2016; Morfin and Thouvenot, 2003; Piret and Boivin,
2011). In this context, increasing attention has been directed toward natural
bioactive compounds as potential sources of antiviral agents with alternative
mechanisms of action compared with nucleoside analogues (Bhaskarachary et al.,
2015).

Accordingly, this study was designed as a complementary and exploratory
investigation to screen the antiviral activity of almond-processing by-products and
to determine whether cultivar variability represents a discriminating factor
influencing their chemical composition and associated biological activity. Thus, the
work aimed to explore the potential valorization of almond-processing by-products,

without extensive mechanistic investigation.

4.3. Materials and Methods

Methods were performed as previously described in Ingegneri et al., 2023 - MDPI,
Basel, Switzerland, distributed under the terms of the Creative Commons

Attribution (CC BY) license, and are outlined in section 3.3.
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4.4. Results

The following results have been previously published (Ingegneri et al., 2023 -
MDPI, Basel, Switzerland), and are reproduced here under the terms of the Creative

Commons Attribution (CC BY) license.

4.4.1. Antiviral Activity of blanched skin extracts (BSE)

None of the extracts exhibited significant cytotoxicity, except at the highest
concentration tested (300 pug/mL), which markedly reduced cell proliferation
(Figure 31). Accordingly, the calculated CCso values ranged between 300 and 800
ug/mL (Table 4).
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Figure 31. Cell viability assay of VERO cells treated with BSE from Fascionello and Tuono
cultivars. Cells were exposed to increasing concentrations of BSE (50, 100, 150, 200, and 300
pg/mL) and collected after 72 h. Viability was expressed as a percentage of viable cells. Data are
presented as mean = SD of triplicate experiments. Roman numerals (I-VI) indicate different
producers. Reproduced from Ingegneri et al., 2023, MDPI, Basel, Switzerland. This article is an
open-access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license.

Cultivar CCsp (ug/mL) ECsp (ug/mL) SI
Fascionello

I 778.57 168.54 46

I 289.23 154.75 1.8

I 290.54 165.94 1.7

v 290.22 155.03 1.8

\'% 290.19 144.90 2.0

VI 260.25 151.03 1.7
Tuono 290.91 186.52 1.6

CCsp: half maximal cytotoxic concentration; ECsy: half maximal effective concentration; SI: selectivity index, the
ratio of ECs0/CCsp.

Table 4. Cytotoxicity (CCso), antiviral activity (ECso), and Selectivity index (SI) of blanched skin
extracts (BSE). Reproduced from Ingegneri et al., 2023, MDPI, Basel, Switzerland. This article is
an open-access article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license.

The antiviral susceptibility of HSV-1 was evaluated in vitro by plaque reduction
assay, with the half-maximal effective concentration (ECso) determined through
non-linear regression analysis. Treatment with BSEs from Fascionello and Tuono
cultivars resulted in a reduction in plaque number and induced morphological
alterations compared to untreated infected controls. All BSEs displayed dose-
dependent antiviral activity, with a significant inhibitory effect observed at a
concentration of 200 pg/mL. Characteristic plaque morphology changes (Figure

32a, 32b) were evident in treated samples compared to HSV-1 controls.

127



(A)

I
|}
m
- v
v
Vi
(B) -
= H¥1omso
I *  microplagues
204 £ 2 L
E -
)
o
10+
: L] L]
ol S PIE FES FOF FOS SIS HIS
Cultivar 1 " ] v v vi

Fascionello Tuono

128



Figure 32. Antiviral effect of BSE on HSV-1 replication assessed by plaque reduction assay.
VERO cells were infected with HSV-1 for 1 hour and subsequently treated with BSE from
Fascionello and Tuono cultivars at 100, 150, and 200 pg/mL. DMSO (1%) was used as a control.
Data are presented as mean + SD of triplicate experiments. # indicates micro-plaques. * p < 0.05,
% p < 0.001, #*** p < 0.0001 vs. HSV-1 + DMSO. Roman numerals (I-VI) refer to different
producers. Reproduced from Ingegneri et al., 2023, MDPI, Basel, Switzerland. This article is an
open-access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license.

129



4.5. Discussion

This study demonstrated that both BS and BW from Sicilian almond cultivars, rich
in polyphenols, which contribute to their antioxidant properties, are associated with
antiviral activity, in agreement with previous reports on almond by-products
(Bisignano et al., 2017; Mandalari et al., 2013, 2010; Smeriglio et al., 2016). The
limited differences observed among cultivars suggest that cultivar type is not the
primary determinant of by-product composition. Rather, processing-related
parameters, such as blanching conditions as well as environmental and pedoclimatic
factors, are likely to exert a stronger influence on polyphenolic profiles and
associated biological activity (Garrido et al., 2008; Hughey et al., 2012). The
relevance of these findings can be placed within the documented limitations of
current anti-HSV therapies (Jiang et al., 2016; Morfin and Thouvenot, 2003; Piret
and Boivin, 2011). In this context, plant-derived extracts are of interest as antiviral
agents (Bhaskarachary et al., 2015). Although resistance was not directly assessed
in this study, the antiviral activity observed for BS and BW supports their further
investigation as complementary sources of bioactive compounds. Overall, these
results support the relevance of almond-processing by-products as a source of
bioactive compounds with antiviral activity. Further studies will be required to
better define their biological effects, optimize processing conditions, and evaluate
their potential applicability. In conclusion, the recovery of BS and BW aligns with
circular economy strategies, providing valuable nutraceutical potential. Their
application in the food, pharmaceutical, and cosmetic industries could reduce waste

and enhance sustainability.
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Chapter V
Study Limitations and Outlook

5.1. Limitations of the study

The present thesis has some limitations that should be acknowledged. First, the
mechanistic investigation of caspase-8 function during HSV-1 infection was
primarily conducted in a monocytic cell line (THP-1), which, although widely used
and relevant for studying innate immune responses, may not fully capture the
complexity and heterogeneity of primary myeloid cells. In addition, while the use
of caspase-8 knockout models allowed the identification of caspase-8 associated
regulatory pathways, it does not exclude the contribution of compensatory
mechanisms or parallel signaling routes that may influence viral replication and
inflammatory responses. Furthermore, the analysis of NF-kB signaling was focused
on transcriptional outputs and selected components of the canonical pathway, such
as p65 activation, and did not comprehensively address post-translational
regulatory mechanisms or non-canonical NF-kB signaling. Similarly, although
alterations in virion trafficking and maturation were suggested by live-cell imaging,
these observations remain preliminary and were not explored through detailed
ultrastructural or biochemical approaches.

With respect to the studies on plant-derived antiviral compounds, these
investigations were designed as complementary projects and were therefore focused
on the evaluation of antiviral activity and selected host-response parameters,
without extensive mechanistic dissection. A comprehensive mechanistic dissection
of their antiviral activity, as well as validation in additional cellular systems, was

beyond the scope of the present thesis.
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5.2. Future perspectives

Future studies should aim to extend the mechanistic findings on caspase-8 to
primary human monocytes, macrophages, and dendritic cells. A deeper
characterization of caspase-8 interacting partners, including host and viral proteins,
as well as of post-translational modifications that regulate its activity and cleavage,
may provide further insight into how caspase-8 integrates antiviral, inflammatory,
and pro-survival signaling pathways in myeloid cells. In addition, a more
comprehensive analysis of NF-«B signaling, including non-canonical pathways and
chromatin-level regulation of chemokine genes, such as histone modifications,
could help clarify the molecular basis of caspase-8 mediated control of
inflammatory outputs. The preliminary observations suggesting altered virion
trafficking and maturation in caspase-8 deficient cells also justify further
investigation using advanced imaging approaches and ultrastructural analyses to
define the contribution of caspase-8 to late stages of the HSV-1 life cycle.

With regard to the studies on plant-derived antiviral compounds, future work should
focus on clarifying their molecular targets within infected cells. From a translational
perspective, the antiviral activity observed for olive-derived extracts, oleuropein,
and almond by-products supports their potential role as sources of bioactive
molecules rather than as immediate therapeutic agents. Further evaluation of
bioavailability, stability, toxicity, and efficacy in more physiologically relevant
models will be necessary to assess their applicability and possible integration with
existing antiviral strategies.

An additional aspect that merits further investigation is the interpretation of
antiviral and immunomodulatory effects across different cellular models. The
variability observed between monocytic cells, epithelial cells, and cancer-derived
cell lines highlights the strong influence of cellular context on HSV-1 replication,
innate immune signaling, and responsiveness to antiviral compounds. Differences
in permissiveness, basal inflammatory tone, metabolic state, and stress-response
pathways are likely to contribute to model-specific outcomes. Systematic
comparative studies will be essential to distinguish the specific effects of cell types
from the intrinsic antiviral activity of compounds and to better define the biological

relevance of these findings.
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Conclusions

This thesis provides novel insights into the multifaceted role of caspase-8 during
HSV-1 infection, with a primary focus on its function in monocytic cells as
regulators of viral replication and host inflammatory responses. Through a
combination of genetic, molecular, and imaging approaches, this work dissected the
contribution of caspase-8 to the regulation of viral replication, host inflammatory
signaling, and immune evasion mechanisms in monocytic cells, a relevant model
of HSV-1-host interaction.

Our findings demonstrate that caspase-8 acts as a key modulator of HSV-1 gene
expression and innate immune responses in THP-1 monocytic cells. Caspase-8
deficiency led to increased intracellular accumulation of viral proteins and
transcripts, indicating a repressive role in viral gene expression. Despite this
enhanced intracellular viral load, the loss of caspase-8 did not significantly alter
cytopathic effects or extracellular viral release under our experimental conditions,
suggesting a predominant impact on intracellular processes rather than virus spread.
In parallel, caspase-8 was found to dampen the transcription of pro-inflammatory
chemokines (CCL2, CCL4, CCL13, CXCL10, and CXCL11) by restraining NF-xB
signaling. In CASP8-knockout cells, increased NF-kB activity was observed at the
transcriptional level, although p65 phosphorylation was not markedly elevated.
Chemokine overexpression was abrogated by a dominant-negative [kBa mutant and
by pharmacological inhibition of viral DNA replication, indicating that NF-kB
activity and active viral gene expression are both required for maximal
inflammatory output. Together, these results define a regulatory axis in which
caspase-8 tempers inflammation by limiting viral replication and modulating NF-
kB-driven transcription.

In addition, RIPK1 was identified as a downstream effector of caspase-8 during
infection. RIPK1 induction was impaired in CASP8-knockout cells, further
supporting the view that caspase-8 coordinates pro-survival and inflammatory
checkpoints at the interface of viral sensing and cellular defense. Live-cell imaging

with fluorescent recombinant HSV-1 further revealed altered spatial distribution of
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viral capsids in CASP8”" cells, suggesting that caspase-8 may influence late stages
of virion trafficking or egress.

In addition to the central mechanistic investigation, this thesis includes
complementary studies evaluating the antiviral activity of selected natural
compounds. Olive leaf extracts, particularly OESA with high oleuropein content,
exhibited potent anti-HSV-1 effects by reducing viral gene expression and protein
synthesis while activating PKR and downstream AP-1 transcription factors. These
observations support the potential of oleuropein to counteract HSV-1 immune
evasion strategies and to stimulate antiviral signaling pathways.

Similarly, almond blanching by-products (both skin and water) were characterized
as rich sources of antioxidant polyphenols with measurable antiviral effects. These
findings not only validate the biological activity of agricultural waste materials but
also highlight their potential application in nutraceutical and pharmaceutical
settings, aligning with the principles of a circular economy. These studies,
conducted as independent and previously published research lines, broaden the
scope of the thesis by examining alternative antiviral approaches without extensive
mechanistic dissection.

In conclusion, the primary contribution of this work lies in defining caspase-8 as a
central modulator of HSV-1 infection in monocytic cells, integrating control over
viral replication, inflammatory signaling, and host survival pathways. The
complementary findings on natural compounds, such as oleuropein and polyphenol-
rich almond by-products, illustrates the potential of plant-derived compounds as
promising candidates of bioactive molecules for the development of novel antiviral
strategies, while reinforcing the central mechanistic framework developed in this
thesis.

These findings advance our understanding of HSV-1-host interactions and open
new avenues for therapeutic intervention based on both molecular immunology and

natural product research.
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