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Summary

The Picornaviridae family is composed of positive-sense, single-stranded RNA
(ssRNA) viruses and is well-known for its lytic nature. Picornaviridae encode a very
small viral protein called 3B, which is also known as viral protein genome-linked (VPg).
Until now, VPg has been recognized primarily as a crucial protein essential for viral
RNA synthesis, functioning as a primer using the viral ssRNAs as templates.

Cardiovirus is a genus within the Picornaviridae family that includes the
encephalomyocarditis virus (EMCV). Using EMCV as a model, this study identified
that EMCV-infected host cells release two critical factors that synergize to induce
potent apoptosis. The first factor is host-derived inflammatory cytokine tumor necrosis
factor alpha (TNF-a), which is induced after sensing viral double-stranded RNA. The
second factor is EMCV-derived VPg, which is produced during the EMCYV life cycle
and released extracellularly. This study unexpectedly discovered that VPg from EMCV
(VPgEMCY) "as well as VPg from other Cardioviruses, can function as an agonist of the
interferon gamma receptor (IFNGR). This “noncanonical” host-responsive function of
VPg is specific to the genus Cardiovirus, and is not conserved in other genera.

Mechanistically, VPgEMCV activates the canonical JAK-STAT1 signaling
pathway through IFNGR1/2, mimicking the canonical function of interferon gamma
(IFN-y). This activation leads to STAT1 phosphorylation and induction of interferon
stimulated genes (ISGs) such as interferon regulatory factor 1 (IRF-1). IRF-1 induction
then promotes inducible nitric oxide synthase (iNOS) expression, leading to nitric
oxide (NO) accumulation. NO accumulation sensitizes cells to Caspase 8-dependent
cell death, which is ultimately triggered by TNF-a signaling through TNF receptor 1
(TNFR1). Furthermore, VPgEMCV binds directly to IFNGR and induces an expression
profile very similar to IFN-y, while also downregulating a unique set of genes.
Functionally, this NO-dependent cell death attenuates EMCYV load both in vitro and in
vivo. In addition, VPgEMCV exhibits cross-species activity in both humans and mice,
and can act as an antiviral agent through its IFN-y-like properties, exhibiting protective
effects against other RNA viruses in both in vitro and in vivo models.

These findings indicate that VPgEMCV a 20-amino acid viral protein, functions
not only in viral RNA synthesis but also as a host-responsive cytokine mimic. The
establishment of these findings should open avenues for future research in both

fundamental biology and potential clinical applications.



Chapter 1

Introduction and Background



1-1 Innate immunity and cell death

Living organisms have acquired several mechanisms to defend themselves
against pathogens. Higher mammals, such as humans, possess multiple layers of
defense against infection and disease, including both innate and acquired immunity.
While both immune systems exist, this research will focus primarily on innate immunity.

Innate immunity functions as the initial defense system against foreign
pathogens, prior to activation of acquired immunity, including both physical barriers
and host-mediated responses. Although acquired immunity has been studied for a
longer period, research into innate immunity expanded rapidly beginning in the 21st
century [1]. When a pathogen, such as a virus, enters and infects the body, pattern
recognition receptors (PRRs) recognize specific molecular patterns derived from the
pathogen, often referred to as pathogen-associated molecular patterns (PAMPS).
These signals then propagate rapidly to activate the first line of host defense
mechanisms against invading pathogens [1, 2].

One of the most well-known pathways activated by viral infection is the RIG-I-
like receptor (RLR) pathway, which serves as a major sensor of RNA viruses and
ultimately leads to the production of type | interferons (IFNs) and inflammatory
cytokines. This pathway involves receptors such as retinoic acid-inducible gene |
(RIG-I) and melanoma differentiation-associated protein 5 (MDAS), and plays a critical
role in innate antiviral defense [3]. Another well-known family of receptors is the Toll-
like receptor (TLR) family. TLRs are localized either on the cell membrane (e.g., TLR1,
TLR2, TLR4, TLR6) or within endosomes (e.g., TLR3, TLR7, TLR9) and are activated
by a wide range of foreign pathogens. Each TLR recognizes distinct PAMPs, and
activation of these receptors ultimately induces various immune responses, including
antiviral defense and inflammatory signaling [4]. Although additional innate immune
pathways exist, such as the cyclic GMP-AMP synthase—stimulator of interferon genes
(cGAS-STING) pathway, which primarily recognizes DNA viruses and danger signals
[5], these pathways will not be discussed further, as they are not directly relevant to
this study.

Next, cell death and its well-established mechanisms will be described. Cell
death can broadly be classified into regulated and non-regulated (accidental) forms.
Regulated cell death is a tightly controlled process that is often initiated as a final
defensive measure by host cells. Apoptosis, the most prominent form of programmed



and regulated cell death, is essential for maintaining homeostasis. Programmed cell
death generally occurs because it is beneficial to the organism, often functioning as a
“last resort” protective mechanism [6]. This process is distinct from necrosis, which is
a non-regulated form of cell death that occurs when cells are injured and die
prematurely [7]. Other forms of regulated cell death have also been identified,
including necroptosis, a programmed form of necrotic cell death [8], ferroptosis, an
iron-dependent form of cell death [9], and others. This research focuses primarily on
the regulation of apoptosis, which is the most well-characterized form of programmed
cell death and was observed in this study.

One defining feature of apoptosis is its dependence on caspases [6]. During
apoptosis, cells undergo morphological changes, including cell shrinkage and nuclear
fragmentation, which distinguish this process from necrotic cell rupture. Apoptosis is
considered one of the most common mechanisms by which cells are eliminated under
physiological conditions [6].

Caspases are a family of conserved cysteine proteases. They can be broadly
classified into three categories: initiator caspases, executioner caspases, and
inflammatory caspases [10]. In mammals, initiator caspases (Caspases 2, 8, 9, and
10) function in the initiation of apoptosis and in the activation of executioner caspases
(Caspases 3, 6, and 7), which ultimately execute apoptosis [10]. Inflammatory
caspases (Caspases 1, 4, 5, 11) serve roles in inflammatory signaling and can also
induce another form of programmed cell death known as pyroptosis [10]. Caspases
are activated through proteolytic cleavage of their inactive precursor forms, known as
pro-caspases. Upon receiving death stimuli, caspases undergo cleavage and trigger
a cascade of downstream events that commonly result in cell death [10].

Two major apoptotic pathways have been described: the intrinsic pathway,
which is cell-autonomous, and the extrinsic pathway, which is initiated by extracellular
signals and is basically cell-non-autonomous. In the intrinsic apoptotic pathway,
mitochondria play a central role. Apoptotic signals converge on mitochondria through
multiple mechanisms, and members of the B-cell ymphoma 2 (Bcl-2) family of proteins
serve as key regulators of this process [11]. Anti-apoptotic members of this family
include Bcl-2 and B-cell lymphoma-extra large (Bcl-xL), whereas pro-apoptotic
members, such as Bcl-2 homologous antagonist/killer (BAK) and Bcl-2-associated X
protein (BAX), are essential for the induction of apoptosis [11]. Activation of BAK and
BAX leads to the release of cytochrome c¢ through the mitochondrial apoptosis-induced



channel (MAC) [12]. Cytochrome c then binds to apoptotic protease activating factor
1 (APAF-1), together with ATP and pro-Caspase 9, forming a complex known as the
apoptosome [28]. The apoptosome then mediates cleavage of pro-Caspase 9 into its
active form, which then activates Caspase 3 to trigger the apoptotic signaling cascade
[11].

In the context of viral infection, cell death can occur either as a consequence of
viral-mediated shutdown of host transcription and translation, or as part of the host
antiviral response. In many cases, host-induced cell death functions to limit viral
replication and reduce viral load. During viral infection, host-induced cell death is often
considered to be cell-autonomous and is primarily mediated through intrinsic
apoptosis [13].

In contrast, the extrinsic apoptotic pathway enables cells to induce apoptosis in
nearby cells through extracellular signaling, functioning like a form of danger signaling.
Several ligands can trigger extrinsic apoptosis, including tumor necrosis factor alpha
(TNF-a), Fas ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL) [14].
In the TNF-a-mediated pathway, TNF-a binds to its main receptor, tumor necrosis
factor receptor 1 (TNFR1). However, multiple inhibitory mechanisms suppress TNF-
a-mediated cell death under most conditions, making TNF-a-induced apoptosis rather
uncommon [15]. One hallmark feature of extrinsic apoptosis is the formation of the
death-inducing signaling complex (DISC), which includes Fas-associated death
domain protein (FADD) and Caspase 8 [15]. Extrinsic apoptosis can also be induced
during viral infection, as infected cells produce inflammatory cytokines that promote
cell death in surrounding cells [16].

1-2 Picornaviridae and EMCV-associated host/viral pathways

1-2-1 Overview of Picornaviridae and EMCV

Picornaviridae are a family of non-enveloped, single-stranded, positive-sense
RNA viruses. The virion is approximately 30-32 nm in diameter and contains a single
ssRNA genome of approximately 6.7 - 10.1 kb in length [17]. The viral capsid consists
of 60 protomers, each composed of 4 structural polypeptides: VP1, VP2, VP3, and

VP4 [17]. The name Picornaviridae is derived from the word “pico,” meaning very small,



combined with “RNA,” reflecting the small size of these RNA viruses [17]. Members of
the Picornaviridae family primarily infect vertebrates, although the specific host range
depends on the virus species [17].

Picornaviridae possess a highly conserved genome and share similar protein
compositions and life cycles across different genera [17]. The viral genomic RNA is
covalently linked at its 5’ end to a small viral protein, 3B, also known as viral protein
genome-linked (VPQ) [17], which will be described in detail later. Downstream of VPg,
the long &’ untranslated region (UTR) contains an internal ribosome entry site (IRES)
that mediates cap-independent translation [17]. The coding region of the genome is
divided into three major regions, P1, P2, and P3, which encode different viral proteins
following translation and proteolytic cleavage of a single polyprotein [17]. The P1
region encodes the structural capsid proteins, whereas the P2 and P3 regions encode
nonstructural proteins that primarily function in viral replication and host interaction
[17], as described later. At the 3’ end of the genome, a shorter untranslated region
plays an important role in negative-strand RNA synthesis, followed by a poly(A) tail
that is heterogeneous in length [17]. Although certain proteins, such as the leader (L)
protein, are present in some but not all Picornaviridae members, the overall genome
structure is largely conserved across the virus family [17]. The basic structure of the
Picornaviridae genomic RNA is shown below as Figure 1-1.
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Figure 1-1. Basic structure of the Picornaviridae genomic RNA.

The Picornaviridae family comprises multiple genera, including Cardiovirus,
Enterovirus, Hepatovirus, Rosavirus, and many others [17]. Two of these genera,
Enterovirus and Cardiovirus, will be explained in detail for their relevance to this study.

Enterovirus include many well-known human pathogens associated with a wide
range of clinical symptoms. These include Enterovirus A, which contains
coxsackievirus A (CVA) and enterovirus 71 (EV71); Enterovirus B, which includes
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viruses such as coxsackievirus B3 (CVB3); and Enterovirus C, which includes the
poliovirus (PV), among many others [17]. Currently, more than 84 Enterovirus types
have been identified as causes of human disease, with major clinical syndromes
including poliomyelitis, herpangina, and hand-foot-and-mouth disease (HFMD) [17,
18].

In contrast, Cardiovirus are less known in terms of human disease. This genus
contains relatively few viruses, and most are not considered as major human
pathogens compared with Enterovirus, although some possess zoonotic potential [19,
20], Until now, 6 Cardiovirus species (Cardiovirus A, B, C, D, E, and F) have been
identified [17]. Cardiovirus A, also known as the mengovirus, includes the
encephalomyocarditis virus (EMCV) [19], which is the primary virus utilized in this
study and will be discussed in detail later. Cardiovirus B includes viruses such as
Theiler's murine encephalomyelitis virus (TMEV), which primarily causes disease in
mice [21], and Saffold virus (SAFV), which was the first Cardiovirus isolated from
human stool samples [22]. SAFV is therefore considered as a rare Cardiovirus with
the potential to cause severe disease in humans [22]. The crystal structures of EMCV,
TMEV, and SAFV have been elucidated in previous studies [23, 24].

Among these viruses, EMCV is the primary focus of this study and was first
isolated in 1945 [19]. EMCV primarily infects domestic animals such as pigs and is
thought to spread efficiently via rodents or bats [25]. Experimental infection of mice
with EMCV induces severe clinical symptoms, including paralysis, with prominent
infection of the heart and brain [19, 26]. Although zoonotic transmission of EMCV has
been reported, such cases are considered relatively rare [19]. Therefore, research on
EMCV has historically been more prevalent in agricultural and veterinary contexts,
rather than in studies of human pathology [19].

1-2-2 Life cycle of EMCV

Members of the Picornaviridae family follow a conserved life cycle [17], and in
this study, the life cycle is described using the encephalomyocarditis virus (EMCV) as
a representative model. Infection begins when the EMCV virion attaches to an entry
receptor on the host cell surface [19]. Although the specific receptor varies among

Picornaviridae, several membrane proteins have been reported to serve as functional
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receptors for EMCV [27]. Among these proteins, ADAM metallopeptidase domain 9
(ADAM9) has been identified as an important receptor for EMCV entry [27, 28].

Following receptor binding and viral entry, uncoating occurs and the viral
genomic RNA is released into the cytoplasm [19]. At this stage, VPg is cleaved from
the 5" end of the viral RNA by a host enzyme known as VPg unlinkase, which has
been recently identified as a protein named tyrosyl-DNA phosphodiesterase 2 (TDP2)
[29, 30]. The positive-sense viral RNA (RNA(+)) then functions directly as mRNA and
is translated into a single polyprotein [19]. This polyprotein is then cleaved by virus-
encoded proteases, and the resulting precursor proteins are further processed into
mature functional viral proteins [19]. These include many functional proteins, which
the known functions of some of these proteins derived from polyprotein processing will
be described in detail later.

At this stage of replication, a new VPg functions as a primer for viral RNA
synthesis [19]. VPg is modified by the attachment of pUpU at the third tyrosine (Y)
residue, enabling initiation of RNA synthesis [31]. Using this mechanism, RNA(+) is
replicated to produce negative-sense RNA (RNA(-)) [19]. The synthesis of RNA(-)
results in the formation of a double-stranded RNA (dsRNA) intermediate known as the
replicative form (RF) [19, 32]. The RNA(-) then serves as a template for the synthesis
of additional RNA(+) genomes [19].

The newly synthesized RNA(+) can follow multiple routes/fates: they can (1) be
translated again following VPg cleavage, (2) serve as templates for further rounds of
viral RNA replication, or (3) be packaged into progeny virions [19]. In encapsidated
genomes, VPg is attached to the 5 end of viral positive-sense ssRNA, allowing the
virus to initiate the same life cycle following infection of a new host cell after cell lysis
[19].

Capsid proteins VPO, VP1, and VP3 can assemble to form a protomer [17, 19].
Five protomers then assemble into a pentamer, and twelve pentamers will further
assemble to form what is called an icosahedral capsid [17, 19]. During virion
maturation, the precursor protein VPO is cleaved into VP2 and VP4, resulting in the
formation of mature progeny virions, which are ultimately released from infected cells
through cell lysis [19]. Host cell lysis is the dominant mechanism for virion release and
is a hallmark of Picornaviridae infection [17, 19]. The life cycle of EMCV is shown as
Figure 1-2 below.

12



EMCV

e

@
LSS

o

|
0

Attachment
* & Entry

RNA synthesis

RNA(+) transported
to membrane vesicles

%

%% Uncoatmg INANXK®  Synthesis of RNA()
>
®

&
‘ ,9’3’ Repllcatlve form
(|ntermed|ate dsRNA)
RNA(+) o /\/\
Translation ¢
. RNA(-) as template
| Polyprotein | for RNA(+) synthesis
Cleavage ¢
[ P1||[ P2 ]| P3| J
New RNA(+)
synthesis .
Progeny virion
" veo |[ve3 ]| ve1]| > , &N
Protomers —» Pentamers m, .
Capsid proteins Associate for encapsidation ’“ ~ I~

Cell Lysis

Figure 1-2. Schematic illustration of the EMCYV life cycle.

(This figure was created using BioRender.)

1-2-3 Host response during EMCYV infection, and EMCYV proteins
EMCV is frequently used as a model RNA virus in immunology research, as its

viral dsRNA is well known to be sensed primarily by MDAS [33]. This is relatively
uncommon, as more RNA viruses are sensed by RIG-| rather than MDAS5 [33]. MDAS
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mainly recognizes long dsRNA and shares similar domains with RIG-I, including the
caspase activation and recruitment domain (CARD) at the N-terminus, a central RNA
helicase domain, and a C-terminal domain (CTD) [33]. Previous studies have
demonstrated that the RF dsRNA generated during the EMCYV life cycle is recognized
as a PAMP by MDAS5 [32, 33].

Upon recognition of viral dsSRNA, MDAS is known to undergo a conformational
change that exposes its CARD domain [34], enabling downstream signaling through
a protein called mitochondrial antiviral signaling protein (MAVS), which is localized to
the mitochondrial membrane [35]. Once activated, MAVS is known to form
oligomers/aggregates [36].

Downstream signaling from MAVS diverges into two major pathways. One
pathway leads to the induction of type | IFNs and inflammatory cytokines through
activation of TANK-binding kinase 1 (TBK1) and inducible IkB kinase (IKKi), mediated
by adaptor molecules such as tumor necrosis factor receptor-associated factors
(TRAFs) [37]. TBK1 and IKKi play critical roles in the phosphorylation of interferon
regulatory factors 3 and 7 (IRF-3 and IRF-7), which then dimerize and translocate into
the nucleus [38]. This step is essential for the transcriptional induction of type | IFNs
following viral infection [38].

Another major signaling pathway activated downstream of MAVS is the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway. This pathway
is highly dependent on the inhibitor of nuclear factor kappa-B kinase (IKK) complex,
which consists of the catalytic subunits IKKa and IKKpB, as well as the regulatory
subunit NF-kB essential modulator (NEMO), also known as IKKy [39]. The IKK
complex phosphorylates IkBa, leading to its degradation and release of the NF-kB
subunits p50 and p65 (also known as RelA) [39]. The activated NF-kB complex then
translocates into the nucleus, where it binds to NF-kB response elements and induces
inflammatory cytokines such as interleukin 6 (IL-6) and TNF-o [39]. Detailed
information regarding TNF-a signaling will be provided in the next section, as it is
highly relevant to this research. The innate immune signaling pathways activated by
EMCYV infection and MDA5-mediated recognition of RF dsRNA, with a focus on NF-
KB activation and TNF-a induction, is summarized in Figure 1-3.
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Functional proteins derived from EMCV will also be described here. As
explained earlier, during the EMCYV life cycle, a large polyprotein is synthesized and
cleaved into functional proteins. The protein composition of EMCYV is similar to that of
other members of the Picornaviridae family (see Figure 1-1 for the general genomic
RNA structure of Picornaviridae). In total, 13 functional proteins have been identified
for EMCV [19]. These include the L protein (7.9 kDa), followed by the P1 region, which
encodes VP4 (7.3 kDa), VP2 (28.6 kDa), VP3 (25.1 kDa), and VP1 (30.5 kDa) [19, 40].
The P2 region encodes the proteins 2A (16.9 kDa), 2B (17 kDa), and 2C (36.5 kDa)
[19, 40]. In addition, a variant form of 2B, known as the 2B* protein and composed of
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129 amino acids, is produced as a result of programmed ribosomal frameshifting,
although its function remains unknown [19, 40]. Finally, the P3 region encodes
proteins 3A (9.9 kDa), 3B/VPg (2.3 kDa), 3C (21.6 kDa), and 3D (51.9 kDa) [19, 40].

Although it is beyond the scope of this section to describe the functions of all
EMCV proteins in detail, several key examples will be highlighted. The VP1-VP4
proteins primarily function as structural components of the viral capsid, as described
earlier [19, 40]. Protein 2C possesses ATPase activity and plays an important role in
viral replication [41, 42]. Protein 3B/VPg serves as a primer for viral RNA synthesis
and is essential for viral genome replication [19, 40]. The 3C protein, often referred to
as 3CPr, functions as a protease that is critical for processing the polyprotein into
mature viral proteins [19, 43]. The 3D protein, often referred to as 3DP°, functions as
the viral RNA polymerase and is essential for viral RNA replication [19, 44].

Several EMCYV proteins have also been reported to modulate host functions.
EMCV, like many members of the Picornaviridae family, is known to strongly suppress
innate immune responses, particularly type | IFN signaling [45, 46]. In the context of
EMCYV infection, for example, protein 2C [45] and the structural protein VP2 [46] have
been reported to suppress type | IFN responses and function as IFN-f antagonists.
Other EMCV proteins have been reported for modulation of other host defense
mechanisms, such as cell death [47-51]. The L and 2A proteins are well-known to
inhibit apoptosis in infected host cells [47-49]. The 2B protein has been reported to
activate the NLR family pyrin domain-containing 3 (NLRP3) inflammasome [50], which
is a critical mediator of Caspase 1 activation and is also associated with pyroptotic cell
death. Furthermore, the 2C and 3D proteins have been reported to induce autophagy
[51]. Altogether, these observations indicate that EMCV encodes multiple proteins that
manipulate host defense systems, resulting in complex host-pathogen interactions.

1-3 TNF-a and its associated signaling pathways

TNF-a, as explained previously, is an inflammatory cytokine belonging to the
TNF family and is mainly induced upon activation of the NF-kB signaling cascade.
TNF-a is produced mainly by macrophages, but it is also expressed by many other
cell types, including lymphocytes, NK cells, neutrophils, mast cells, and even neurons
[52, 53]. As briefly mentioned earlier, the primary physiological role of TNF-a is not the
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induction of apoptosis, but rather the regulation of immune responses. TNF-a is
strongly associated with inflammatory responses such as fever, and dysregulation of
TNF-a signaling has been implicated in a wide range of pathological conditions,
including Alzheimer’s disease [54], cancer [52], depression [55], and inflammatory
bowel disease [56].

TNF-a exists in two major forms: a soluble form (sTNF-a) with a molecular
weight of approximately 17 kDa and a membrane-bound form (mTNF-a) with a
molecular weight of approximately 26 kDa [57, 59]. sTNF-a is generated by cleavage
of mTNF-a [57, 59]. Both forms bind to 2 different receptors, TNFR1 and TNFR2 [52,
58], and TNF-a is known to function in a biologically active homotrimeric state upon
receptor binding [59, 129]. However, among these receptors, TNFR1 is mainly
associated with the induction of cell death via the extrinsic apoptotic pathway [52, 58,
62]. Therefore, in the context of this study, only downstream signaling pathways of
TNFR1 will be discussed in detail. TNF-a activity can be neutralized therapeutically
using monoclonal antibodies such as infliximab or a dimeric fusion protein, etanercept
(also known as ENBREL), which consists of the soluble TNFR2 extracellular domain
fused to the Fc region of an IgG1 antibody, and is known to bind TNF-a with high
affinity [60].

Following binding of TNF-a to TNFR1, multiple downstream signaling pathways
are activated through recruitment of adaptor proteins to the receptor. A central adaptor
molecule in this process is TNFR1-associated death domain protein (TRADD). 3 major
signaling pathways downstream of TRADD are commonly described [61, 62]. The first
pathway involves activation of the NF-kB signaling cascade, forming a positive
feedback loop that enhances inflammatory cytokine induction. In this pathway, TRADD
recruits TNF receptor-associated factor 2 (TRAF2) and receptor-interacting protein
kinase 1 (RIPK1), a serine-threonine kinase, leading to activation of the IKK complex
and NF-kB signaling [61, 62]. This pathway primarily promotes inflammatory
responses, cell survival, and cell proliferation, and is generally considered anti-
apoptotic [61, 62].

The second pathway involves activation of the mitogen-activated protein (MAP)
kinase signaling cascade. This pathway includes activation of MAP kinase kinase
kinases (MAP3Ks), such as apoptosis signal-regulating kinase 1 (ASK1) or MEKK1/4,
which then activate downstream MAP kinase kinases, including MKK4/7, leading to
activation of the c-dJun N-terminal kinase (JNK) pathway [61-63]. Activation of JNK
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results in phosphorylation of transcription factors such as c-Jun and activating
transcription factor 2 (ATF2), which regulate genes involved in cell differentiation and
proliferation [61-63]. In the MAP kinase pathway, downstream activator protein 1 (AP-
1) can also induce inflammatory cytokines such as TNF-a [64]. Under certain contexts,
JNK activation has also been associated with the induction of apoptosis, although this
pathway is generally not considered the dominant mechanism for TNF-a-induced cell
death [63, 65].

The third pathway is the death signaling pathway downstream of TNFR1. In this
pathway, TRADD associates with Fas-associated death domain protein (FADD),
leading to recruitment and activation of Caspase 8 [61, 62]. Activated Caspase 8 can
initiate downstream activation of executioner caspases such as Caspase 3/Caspase
7, resulting in apoptotic cell death [66]. However, under most physiological conditions,
this pathway is suppressed due to the strong anti-apoptotic signaling mainly mediated
by NF-kB and some other survival pathways, and therefore TNF-a-induced apoptosis
is generally considered minor unless cells are sensitized by alterations in cell death
regulatory mechanisms [61, 62]. The major TNF-a signaling pathways downstream of
TNFR1 are summarized in Figure 1-4.
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1-4-1 Comparison of type | and type Il IFNs, and biological functions of IFN-y

Another important component of this study is interferon gamma (IFN-y), which
is introduced briefly in this section. IFN signaling can be broadly classified into 3 types.
Type | IFNs include several subtypes, such as IFN-a, IFN-B, IFN-¢, IFN-w, and some
others [67, 68]. In contrast, type Il IFNs consist solely of IFN-y [67, 68]. There is also
a third category, type Il IFNs, which include interferon-lambda (IFN-A) [69]; however,
this group will not be discussed further, as it is not directly relevant to this study.

Type | IFNs, particularly IFN-a and IFN-B, are well known for their role in
inducing antiviral responses through the induction of interferon-stimulated genes
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(ISGs) early during viral infection [5, 67, 68]. In contrast, although type Il interferons
(IFN-y) share the ability to induce antiviral responses, their receptor usage,
downstream signaling mechanisms, and the cell types responsible for their production
are quite distinct. IFN-y is predominantly produced by natural killer (NK) cells and
natural killer T cells upon activation of these cells [70, 71], while type | IFNs also
function to activate NK cell responses, indicating a close relationship between type |
IFNs and type Il IFNs [68, 70, 71].

The receptor for type | IFNs is called the type | interferon receptor (IFNAR),
which consists of two subunits, IFNAR1 and IFNAR2 [67, 72]. This receptor complex
is distinct from the type Il IFN receptor, known as the interferon gamma receptor
(IFNGR), which is composed of the receptor subunits IFNGR1 and IFNGR2 [68, 73].
Despite the differences in receptor composition, both IFNAR and IFNGR activate a
common downstream signaling pathway known as the Janus kinase—signal
transducer and activator of transcription (JAK-STAT) signaling pathway [67, 68].

Although the overall signaling pathways are similar, there are clear mechanistic
differences between type | and type Il IFN signaling. IFNAR signaling utilizes the
kinases JAK1 and tyrosine kinase 2 (TYKZ2), and involves both STAT1 and STAT2 [67,
68]. Upon binding of type | IFNs to the IFNAR1/2 complex, JAK1 and TYK2 are
activated, leading to phosphorylation of STAT1, primarily at tyrosine 701 (Y701), and
STATZ2, primarily at tyrosine 690 (Y690) [67, 68]. Phosphorylated STAT1 and STAT2
then associate with interferon regulatory factor 9 (IRF9) to form a complex known as
interferon-stimulated gene factor 3 (ISGF3) [67, 68]. This complex translocates into
the nucleus, where it binds to interferon-stimulated response elements (ISREs) in the
genome to induce the expression of ISGs [67, 68].

In contrast, IFNGR signaling does not involve TYK2, but instead utilizes JAK1
and JAK2 [67, 68, 73]. Activation of IFNGR leads to phosphorylation of STAT1, but
not STATZ2, leading to the formation of STAT1 homodimers [67, 68, 73]. Recruitment
of IRF9 is also not required in IFNGR signaling [67, 68]. The phosphorylated STAT1
homodimer directly translocates into the nucleus, where it binds to gamma-activated
sequence (GAS) elements in the genome and induces ISGs [67, 68]. A schematic

comparison of type | and type Il interferon signaling pathways is shown in Figure 1-5.
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Although both type | and type Il interferons induce ISGs, the expression profiles
differ substantially, resulting in distinct biological outcomes [67, 68]. As for the context
of this study, only the biological functions of type Il IFN signaling will be discussed.
One feature of IFN-y signaling is the strong induction of interferon regulatory factor 1
(IRF-1), a transcription factor that plays key roles in immune regulation and apoptosis
[74, 75]. IRF-1 can further bind to ISREs and promote the expression of additional
ISGs, which includes inducible nitric oxide synthase (iNOS) [74, 76]. Induction of INOS
then leads to increased production of nitric oxide (NO), which exerts diverse effects
on host cells [74, 76]. NO has been reported to either inhibit or promote cell death
depending on its concentration and context [74, 76, 77]. High levels of NO beyond
physiological ranges are associated with cytotoxic effects [77], and recent studies
have reported synergistic interactions between NO and inflammatory cytokines such
as TNF-a [78, 79].

Beyond this example, IFN-y signaling regulates a wide range of additional
biological functions. These include promotion of dendritic cell maturation [80],
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upregulation of major histocompatibility complex (MHC) class | and class Il expression
on antigen-presenting cells (APCs) to enhance T cell activation [80, 81], increased
phagocytic activity in macrophages [82], and induction of programmed death-ligand 1
(PD-L1) expression in neutrophils [83] and myeloid-derived suppressor cells [84],
which serves as a ligand for the immune checkpoint receptor PD-1 [83, 84]. Although
NK cells and natural killer T cells are major producers of IFN-y, paracrine signaling
from CD4* and CD8* T cells further amplify IFN-y production during immune
responses [74, 85]. IFN-y is also recognized as a critical mediator of anti-tumor
immunity, contributing to cancer cell elimination through mechanisms that include
apoptosis induction via the JAK-STAT1-IRF-1 signaling axis [74, 86]. Altogether, IFN-
y represents a key cytokine with multifarious roles in host defense and immune
homeostasis.

1-4-2 The IFN-»-IFNGR receptor complex

The mechanism of how IFN-y binds to IFNGR, and the receptor complex
composed of IFN-y and IFNGR1/2 will be briefly discussed. One hallmark of IFN-y is
that it exists as a homodimer, while type | IFNs such as IFN-a and IFN-B are
monomeric [87, 88]. A major difference between the active receptor complexes of
IFNAR and IFNGR is their stoichiometry. Type | interferons form a ternary signaling
complex with IFNAR, commonly described as a 1:1:1 complex of type |
IFN:IFNAR1:IFNAR2 [87, 88], whereas the IFNGR signaling complex forms a 2:2:2
hexameric assembly with IFN-y:IFNGR1:IFNGR2 subunits [87]. The complete
structure of the IFN-y—IFNGR 2:2:2 hexameric complex was determined in 2019 [87].
Although the complex contains multiple interaction sites, one example is that an
IFNGR2 mutation (T168N) impairs assembly of the signaling complex [87]. The overall

structure of the IFN-y-IFNGR 2:2:2 hexameric complex is shown as Figure 1-6.
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IFNGR1

Figure 1-6. Crystal structure of the 2:2:2 hexameric IFN-y-IFNGR1/2 complex.

(Structural data were retrieved from the RCSB Protein Data Bank, PDB ID: 6E3L, deposited by Jude K. M., Mendoza J.
L., and Garcia K. C., released February 2019.)

Regarding activation of the JAK-STAT1 pathway downstream of IFNGR, IFN-y
binding promotes the assembly of the receptor complex, enabling activation of JAKs.
In general, JAK1 is associated with IFNGR1 and JAK2 is associated with IFNGR2 [89].
Upon receptor activation, the JAK kinases are activated and phosphorylate tyrosine
residues on the cytoplasmic region of IFNGR1, creating docking sites for STAT1 [89].
A well-known STAT1 recruitment site in human IFNGR1 is phosphorylated tyrosine
440 [90]. STAT1 is then phosphorylated at tyrosine 701, which is critical for STAT1
dimerization, nuclear translocation, and DNA binding [91]. Phosphorylated STAT1
forms a homodimer, translocates into the nucleus, and induces ISG expression by
binding to GAS elements [91, 92]. This receptor activation schematic is shown below

as Figure 1-7.
IFNGR1 IFNGR1 Figure 1-7. Schematic of IFNGR1/2
IFNGR2 IFNy  IFNGR2 activation by IFN+y, including STAT1

dimer . . .
activation mechanisms.

(This figure was created using BioRender.)
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1-5 VPg: its canonical role and a newly-identified function in this study

Finally, the most relevant protein in this study, VPg (3B) of Cardiovirus, is briefly
introduced and its significance in the context of this study is outlined. As described in
previous sections, VPg is a very small viral protein, approximately 2.3 kDa in
Cardiovirus and composed of only 20 amino acids [19, 40]. The precise amino acid
length of VPg varies among members of the Picornaviridae family; for example,
Enterovirus VPg consists of 22 amino acids rather than 20 [93]. The detailed
sequences of VPg and their variations will be described and discussed later in this
study.

Canonically, VPg is a critical protein during viral RNA synthesis, where it
functions as a primer for viral genome replication [19, 40]. Although the essential role
of VPg in the Picornaviridae life cycle has been well-established through numerous
previous studies, additional functions of VPg have not been reported. In this study, a
previously unrecognized function of VPg was identified that can be regarded as a
‘noncanonical” role. Specifically, EMCV VPg was found to function as an IFNGR
agonist, triggering downstream signaling events that closely resemble those induced
by IFN-y. To the best of my knowledge, this host-modulating activity of VPg has not
been previously described in any study.

This study explains in detail of the process through which this function of VPg
was discovered, including elucidation of its mechanism and characterization of its
biological effects. Furthermore, the study explores the impact of this cytokine-mimic-
like activity of VPg within the broader context of host-pathogen interactions during
EMCV infection.
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Chapter 2

Materials and Methods
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2-1 List of cell lines

Cell lines were originally obtained from authenticated sources such as ATCC or JCRB.
Knockout cell lines were all derived from authenticated WT HelLa cells (ATCC) or THP-
1 cells (JCRB). All cell lines were confirmed negative for mycoplasma contamination
using MycoAlert (Lonza Bioscience).

Cell lines listed below were cultured in DMEM medium (Nacalai Tesque Inc.)
supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich) and 1% Antibiotic-
Antimycotic Mix (A/A) (Nacalai Tesque Inc.).

- HeLa (ATCC)

- HeLa BAK/BAX DKO (this study)

- HeLa TNFR1 KO (this study)

- HeLa IFNGR1 KO (this study)

- HeLa IFNGR2 KO (this study)

- HeLa IFNGR1/2 DKO (this study)

- HeLa CASP8 KO (this study)

- HeLa RIG-I KO (referenced in [94])
- HeLa MAVS KO (referenced in [94])
- HeLa IRF-3 KO (referenced in [94])
- HeLa PKR KO (referenced in [94])
- HeLa TRIF KO (referenced in [94])
- HEK293T (ATCC)

- A549 (ATCC)

- L929 (ATCC)

- RAW 264.7 (ATCC)

- B16-F10 (ATCC)

- Vero (ATCC)

THP-1 (JCRB) and THP-1 BAK/BAX DKO (this study) cells were cultured in RPMI-

1640 medium (Nacalai Tesque Inc.) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich) and 1% Antibiotic-Antimycotic Mix (Nacalai Tesque Inc.).
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Primary human dermal fibroblasts, adult (HDFa, PromoCell) were cultured in
Fibroblast Basal Medium 2 (PromoCell) supplemented with components from the
Fibroblast Growth Medium 2 Kit (PromoCell), prepared according to the

manufacturer’s instructions.

2-2 Mice and ethical approval

Mice (strain: C57BL/6) used in this study were purchased from CLEA Japan, Inc. To
maintain experimental consistency, all mice were of the same sex (female) and 12
weeks old. Mice were handled in accordance with the regulations on animal
experimentation at Kyoto University and the fundamental guidelines for the proper
conduct of animal experiments and related activities in academic research institutions
under the jurisdiction of the Japanese Ministry of Education, Culture, Sports, Science,
and Technology.

All studies involving C57BL/6 mice were reviewed and approved by the Animal
Experimentation Committee of Kyoto University (approval number: 253001). Mice
were maintained under specific pathogen-free (SPF) conditions, and virus infection
experiments (EMCV, IAV) were conducted in a biosafety level 3 (BSL-3) facility.

2-3 Viruses and infection procedures

Encephalomyocarditis virus (EMCV, strain isolated from chimpanzee) was purchased
from ATCC and amplified in Vero cells. EMCYV titers were determined by plaque assay
using Vero cells (see Section 2-18 for protocol). Sendai virus (SeV, strain Cantell) was
purchased from ATCC and propagated in embryonated chicken eggs. Newcastle
disease virus (NDV, strain Miyadera/51) was propagated in embryonated chicken
eggs and was of origin as previously described [95]. Vesicular stomatitis virus (VSV,
strain Indiana) was amplified in BHK-21 cells and was of origin as previously described
[96]. Influenza A virus (IAV, H1N1 strain PR8) was propagated in embryonated
chicken eggs. Poliovirus (PV, strain type | Mahoney) originated from a cDNA clone
[97]. Coxsackievirus B3 (CVB3, strain Nancy) originated from a cDNA clone [98].
Enterovirus 71 (EV71, strain Isehara VP1-145Q variant) was generated from the
original WT virus VP1-145E [99] and selected for this study due to its high infectivity
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toward Hela cells. All Enterovirus strains (PV, CVB3, EV71) were kindly provided by
Dr. Satoshi Koike (Tokyo Metropolitan Institute of Medical Science).

For all virus infection experiments, cells (HelLa, unless otherwise indicated) were
seeded at the indicated densities and incubated overnight at 37 °C. The next day, cells
were infected with viruses at the indicated MOls in DMEM without serum or antibiotics.
DMEM without the live virus was applied to cells for all Mock-infection conditions. 1
hour after viral adsorption at 37 °C, the virus-containing medium was removed and
replaced with DMEM (10% FBS/1% A/A). All virus-related experiments were
conducted in biosafety level 2 or level 3 facilities.

2-4 Reagents and treatment conditions

Caspase inhibitors Z-VAD-FMK, Z-IETD-FMK, Z-LEHD-FMK, and Z-DEVD-FMK were
purchased from R&D Systems. Tofacitinib was purchased from AdipoGen Inc. NG-
Nitro-L-arginine methyl ester (L-NAME) was purchased from Cayman Chemical
Company. N-(3-(Aminomethyl)benzyl)acetamidine (1400W) was purchased from
Selleck Chemicals. These reagents were pre-treated to cells 2 hours before the
following experiments unless otherwise indicated. The exact treatment concentrations
are provided in the figure legends.

Recombinant human TNF-a, murine TNF-a, human IFN-y, and human IFN-3 were
purchased from PeproTech. 3-Morpholinosydnonimine hydrochloride (SIN-1) was
purchased from Cayman Chemical Company. Treatment times and concentrations for

recombinant cytokines and SIN-1 are described in the figure legends.

2-5 Synthetic peptides used in this study

All synthetic peptides used in this study were synthesized and purchased from
Eurofins Genomics. Peptides were diluted in RNase-free water before treatment.
Peptide concentrations and treatment durations are specified in the figure legends. All
VPg peptide sequences are described throughout the study and summarized in
Figure 4-2.
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2-6 Transfection procedures

Transfection of PX458 (spCas9(BB)-2A-GFP) CRISPR-Cas9 backbone plasmids:
HelLa or THP-1 cells were seeded overnight (1 x 10° cells/mL). Lipofectamine 2000 (2
bL; Thermo Fisher Scientific) diluted in 250 yL Opti-MEM (Thermo Fisher Scientific),
and 1 ug of PX458 backbone plasmid diluted in 250 yL Opti-MEM were mixed and
incubated at room temperature for 20 minutes, then added to cells in 2 mL of culture
medium (DMEM for HeLa, RPMI-1640 for THP-1). Cells were incubated at 37 °C for
24 hours before sorting (see Section 2-7).

Transfection of overexpression plasmids:

HEK293T cells were seeded overnight (1 x 10° cells/mL). Lipofectamine 2000 (7.5 pL)
diluted in 500 yL Opti-MEM, and 6 pg of Myc-IFNGR1 or Myc-IFNGR2 plasmids
(OriGene) diluted in 500 uL Opti-MEM were mixed, incubated at room temperature for
20 minutes, and added to cells in 1.5 mL DMEM. Cells were incubated at 37 °C for 48
hours before use.

Transfection of sSiRNA (gene knockdown):

Hela cells were seeded overnight (1 x 10° cells/mL). Lipofectamine RNAIMAX (2 uL;
Thermo Fisher Scientific) diluted in 250 yL Opti-MEM, and 10 nM siRNA (Silencer
Select siRNA, Thermo Fisher Scientific) diluted in 250 yL Opti-MEM were mixed,
incubated at room temperature for 20 minutes, and added to cells in 2 mL DMEM.

Cells were incubated at 37 °C for 48 hours prior to following experiments.

siRNA IDs (Silencer Select siRNAs): siNOS2 #1: s9618, siNOS2 #2: s9619, silRF-1:
s7501

2-7 Knockout generation by CRISPR-Cas9 and guide RNAs

The spCas9(BB)-2A-GFP (PX458) backbone plasmid used for knockout generation
was a gift from Dr. Feng Zhang (Addgene #48138; referenced in [100]). The plasmid
was digested with Bbsl (New England Biolabs) and purified using the Monarch DNA
Gel Extraction Kit (New England Biolabs). Forward and reverse 20-mer
oligonucleotides corresponding to the sgRNA spacer sequences were annealed and
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phosphorylated using T4 polynucleotide kinase (PNK) (TOYOBO). All guide
sequences were designed using CRISPick (Broad Institute; [101, 102]).

Guide RNA sequences:

Human BAK Forward: 5’
Human BAK Reverse: 5’

CACCG)GTTGATGTCGTCCCCGATGA — 3
AAAC)TATCGGGGACGACATCAAC(C) — 3’
Human BAX Forward: 5' — (CACCG)TCGGAAAAAGACCTCTCGG — 3
Human BAX Reverse: 5’ — (AAAC)CCGAGAGGTCTTTTTCCGA(C) — 3’
Human CASP8 Forward: 5" — (CACCG)CTACCTAAACACTAGAAAGG — 3’
Human CASP8 Reverse: 5 — (AMAAC)CCTTTCTAGTGTTTAGGTAG(C) — 3’
Human IFNGR1 Forward: 5 — (CACCG)GGTACTCCCAATATACGTA — 3’
Human IFNGR1 Reverse: 5 — (AAAC)TATCGTATATTGGGAGTACC(C) — 3’
Human IFNGR2 Forward: 5' — (CACCG)GACTTGTAAACAGTACACTC — 3
Human IFNGR2 Reverse: 5 — (AAAC)GAGTGTACTGTTTACAAGTC(C) — 3’

= (
= (
= (
= (

Other HeLa knockouts used in this study were generated in a previous study [94], and
guide RNA sequences are referenced within the paper.

Annealing and phosphorylation were performed using the following thermal cycler
program: 37 °C for 30 min, 95 °C for 5 min, followed by a ramp-down at 5 °C/min to
25 °C. Annealed oligonucleotides were ligated into the PX458 backbone using Ligation
High (TOYOBO) for 10 minutes at room temperature. Transformation was performed
using DH5a competent cells (TOYOBO). Plasmids were sequenced using a human
U6 promoter primer (sequence: GACTATCATATGCTTACCGT) to confirm correct
insertion. Plasmid DNA was amplified and purified using NucleoBond Xtra Midi
(Macherey-Nagel).

24 hours after transfection (see Section 2-6), GFP-positive cells were sorted using an
SHB800 cell sorter (SONY Biotechnology Inc.). Single-cell colonies were isolated and
expanded. Knockout validation was performed by confirming both direct loss of protein
expression (Western blotting; see Section 2-15) and loss of known functional activity:
loss of STAT1 phosphorylation by IFN-y treatment for IFNGR1 KO, IFNGR2 KO, and
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IFNGR1/2 DKOs, abrogation of cell death by Actinomycin D for BAK/BAX DKO,
abrogation of cell death by TNF-a + cycloheximide for CASP8 KO.

2-8 Amido Black survival assay and quantitative analysis

HelLa and other adherent cells were seeded at 4 x 10° cells/mL in DMEM (10% FBS,
1% A/A). After treatment or infection (typically 24 hours unless otherwise indicated),
cells were washed twice with PBS (Nacalai Tesque Inc.) and fixed with 4%
paraformaldehyde (PFA) (Nacalai Tesque Inc.) for 10 minutes. After removal of PFA,
cells were stained with Amido Black 10B solution (0.1% Amido Black 10B, 10% acetic
acid, 50% methanol; all from Nacalai Tesque Inc.) for 30 minutes. Excess stains were
removed by gentle washing with running water, plates were dried completely, and

scanned.

For quantitative survival analysis, stains were eluted using 50 mM NaOH, and
absorbance was measured at 630 nm - 405 nm using a microplate reader (Bio-Rad).
Relative cell survival was calculated using a standard curve normalized to 100%
(control well) and 0% (empty well). Absorbance values were used as a proxy for

relative cell survival.

2-9 Trypan Blue survival quantification

THP-1 cells were diluted appropriately and stained with Trypan Blue solution (Nacalai
Tesque Inc.) at a 1:1 ratio with the cell culture supernatant. Samples were loaded onto
a hemocytometer and counted manually (average of 4 areas, in duplicate). Cell
survival percentages were calculated as follows:

Cell survival (%) = [1 — (number of dead cells / total number of cells)] x 100

2-10 Annexin V/PIl apoptosis assay

THP-1 cells were washed twice with PBS (each wash followed by centrifugation at
1500 rpm for 5 minutes) and resuspended in 1 mL of 1X Binding Buffer (0.01 M HEPES,
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pH 7.4; 0.14 M NaCl; 2.5 mM CaCly). Cells were stained with Annexin V-FITC
(BioLegend; 1:100 dilution) and Propidium lodide (PI; BioLegend; 1:100 dilution) for
15 minutes in the dark at room temperature. Samples were kept on ice and analyzed
within 1 hour using flow cytometry (BD FACSVerse). Flow cytometry data were
analyzed using FlowJo software (BD Biosciences).

2-11 ATP-based survival quantification

HelLa cells were seeded at 4 x 10° cells/mL in DMEM (10% FBS/1% A/A). After
treatment, infection, etc. (typically 24 hours unless indicated otherwise), cells were
washed carefully with PBS. CellTiter-Glo reagent (Promega) was added to cells at a
1:1 ratio with DMEM, and cells were lysed for 2 minutes on an automatic shaker. After
waiting for 10 minutes (stabilization of signal), luminescence values were measured
using a TriStar? multimode microplate reader (BERTHOLD). Relative cell survival was
calculated from luminescence measurements after constructing a standard curve, in
which luminescence values were normalized to 100% (control well) and 0% (empty

well).

2-12 Quantification of late-stage apoptosis by ELISA

HelLa cells were seeded at 1 x 10° cells/mL. At 9 hours post-treatment, cells were
washed twice carefully with PBS, then lysed using 200 uL of lysis buffer from the Cell
Death Detection ELISAPLYS kit (Roche). Cells were incubated at room temperature for
30 minutes, centrifuged (5000 rpm, 5 min), and 20 pL of the supernatants
(corresponding to the cytoplasmic fraction) were used for ELISA using the same kit.
Absorbance at 450 nm was measured using a TriStar? multimode microplate reader
(BERTHOLD). Apoptosis levels were estimated from the values, setting the mean

values of (control - blank) as 1.

2-13 Quantification of TNF-a by ELISA

Supernatants or fractions were collected for measurement of total TNF-a levels by
ELISA. A human TNF-a ELISA kit (R&D Systems) was used for quantification,
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following the manufacturer’s protocol. Absorbance at 450 nm was measured using a
TriStar? multimode microplate reader (BERTHOLD), and values were calculated from
the standard curve generated using known concentrations of TNF-a provided in the
kit.

2-14 Bradford assay

Total protein concentrations were quantified in fractions using the Bradford Protein
Assay Kit Il (Bio-Rad), using BSA as the standard. Absorbance at 595 nm was
measured for protein quantification using a microplate reader (Bio-Rad).

2-15 SDS-PAGE, Western blotting, and list of antibodies

Sample preparation for cells: Samples were lysed in 1% NP-40 lysis buffer (50 mM
Tris-HCI pH 8.0 (Nacalai Tesque Inc.), 150 mM NaCl (Nacalai Tesque Inc.), 10% NP-
40 Substitute (Nacalai Tesque Inc.)) including a protease/phosphatase inhibitor
cocktail (0.1 mM NasVO4 (Nacalai Tesque Inc.) and 1/100 Protease Inhibitor Cocktail
(Nacalai Tesque Inc.)). Cell lysates were centrifuged (16000 g, 10 minutes), and the

supernatant was collected. Sample protein concentrations were quantified using
Bradford assay (see Section 2-14) and adjusted to 30 pg/lane unless specified

otherwise.

For all samples from here, samples were diluted 2-fold using 2X SDS sample buffer
(250 mM Tris-HCI pH 6.8 (Tris-base: Nacalai Tesque Inc.), 2% SDS (Nacalai Tesque
Inc.), 10% glycerol (Nacalai Tesque Inc.), 5% 2-mercaptoethanol (Nacalai Tesque
Inc.), 0.005% bromophenol blue (Nacalai Tesque Inc.)), and heated for 5 minutes at
100 °C for protein denaturation.

SDS-PAGE: Samples were loaded into either 14-well or 18-well commercial 5-20%
polyacrylamide gels (ATTO), and separated in 1X SDS running buffer (Nacalai Tesque

Inc.) at 200 V for 40-70 minutes at room temperature.

Western blotting: After SDS-PAGE, proteins were transferred to a PVDF membrane

(Merck Millipore) using a semi-dry transfer device (Trans-Blot SD Transfer Cell, Bio-
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Rad) at 100 mA/membrane for 100 min. The PVDF membrane was pre-soaked in
methanol (Nacalai Tesque Inc.) for 2 minutes, equilibrated for 5 minutes, and proteins
were transferred using transfer buffer (25 mM Tris-base, 192 mM glycine (Nacalai
Tesque Inc.), 20% methanol). The PVDF membrane was blocked using 5% BSA
(Nacalai Tesque Inc.) in 1X TBS-T (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1%
Tween 20 (Nacalai Tesque Inc.)) for 60 minutes after transfer, and then incubated with
primary antibodies (diluted in 5% BSA in 1X TBS-T) overnight at 4 °C with rotation.

List of primary antibodies and its dilution:

Anti-GAPDH (Santa Cruz Biotechnology, sc-32233), dilution: 1:1000

Anti-Bak (CST, #12105), dilution: 1:1000

Anti-Bax (abcam, ab53154), dilution: 1:1000

Anti-Caspase 8 (CST, #9746), dilution: 1:500

Anti-Cleaved PARP (CST, #9541), dilution: 1:1000

Anti-Mengo 3DPol (Santa Cruz Biotechnology, sc-65633), dilution: 1:500

Anti-iINOS (Santa Cruz Biotechnology, sc-7271), dilution: 1:500

Anti-STAT1 (CST, #9172), dilution: 1:1000

Anti-pSTAT1 (Y701) (CST, #9167), dilution: 1:1000

Anti-pSTAT2 (Y690) (CST, #4441), dilution: 1:1000

Anti-Myc-Tag (CST, #2276), dilution: 1:1000

Anti-IkBa (Santa Cruz Biotechnology, sc-371), dilution: 1:500

Anti-HSP70 (Santa Cruz Biotechnology, sc-32239), dilution: 1:1000

Anti-IFNGR1 (Proteintech, 10808-1-AP), dilution: 1:1000

Anti-IFNGR2 (Proteintech, 10266-1-AP), dilution: 1:500

Anti-VPgEMCV (IBL, this study), dilution: 1:5000. This polyclonal anti-VPgEMCV (anti-3B)
antibody was created by Immuno-Biological Laboratories (IBL), at a final concentration

of 1 mg/mL confirmed with low endotoxin levels (<0.3 EU/mg/mL). For generation of
the antibody, a peptide with an addition of cysteine in the N-terminal region
(C+GPYNETARVKPKTLQLLDIQ) was first synthesized, and bovine thyroglobulin was
used as the carrier protein. Antibody was pooled from the serum of 3 rabbits and
column-purified. All steps from peptide synthesis to column purification were
conducted by IBL.
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The next day, the PVDF membrane was washed 3 times for 10 min with 1X TBS-T,
then incubated for 1 hour at room temperature with AP-conjugated secondary
antibodies. Either anti-mouse (CST, #7056) or anti-rabbit (CST, #7054) AP-
conjugated secondary antibodies were diluted in 5% BSA in 1X TBS-T at 1:4000. The
PVDF membrane was washed 3 times for 10 min with 1X TBS-T, rinsed briefly with
1X TBS, then bands were detected using BCIP-NBT solution (Nacalai Tesque Inc.).
The reaction was stopped when bands were clearly visible by rinsing with RNase-free

water. After the membrane was completely dried, blots were scanned.

2-16 Neutralization of TNF-o using etanercept

Etanercept (also called ENBREL) was purchased from Pfizer. Etanercept (10 ug/mL)
was mixed with the acid-EMCV-inactivated supernatant (see Section 2-17 for
preparation), and neutralization was performed for 2 hours. The etanercept—TNF-a
complex was removed using Dynabeads Protein G (Invitrogen), following the
manufacturer’s protocol for removal. The depleted mixture was diluted 2-fold using
DMEM (10% FBS, 1% A/A) and treated to cells.

2-17 Virus inactivation procedures
Following viral infection (see Section 2-3), the supernatant was collected and

centrifuged (12000 g, 5 min) to remove debris.
Inactivation using acid: 1 N HCI was used to acidify infected culture supernatant to pH

2.0, then stored at 4 °C for 7 days to inactivate the virus. After 7 days, the supernatant
was neutralized to pH 7.0 by slowly adding 500 mM NaOH.
Inactivation using heat: The supernatant was heated to 100 °C for 10 minutes using a

heat block, then rapidly cooled on ice. This inactivation procedure was also used to
inactivate the activity of most cytokines in the supernatant, such as TNF-a.

Inactivation (removal) using centrifugal filter units: The supernatant was filtered using

a 10 kDa cut-off filter (Amicon Ultra 10K, Merck Millipore), following the manufacturer’s
instructions. The flowthrough was collected as the sample with removal of active

virions and a large portion of cytokines such as TNF-a.
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Following all inactivation methods, complete loss of viral activity was confirmed by
plaque assay (see Section 2-18) and by observing loss of cytopathic effects (CPEs)

in Hela cells.

2-18 Quantification of virus titers by plaque assay

Vero or L929 cells were seeded at 2 x 10° cells/mL overnight. 10-fold (1 log) serial
dilutions of virus-containing samples (supernatants) were prepared using DMEM
without serum or antibiotics (see Section 2-3 for infection protocol). Vero or L929 cells
were infected with diluted virus-containing samples (Mock conditions were also
prepared). After 1 hour of adsorption, virus-containing supernatants were removed
and replaced with 1.5% Avicel PH-101 (Fluka/Sigma-Aldrich) in DMEM (10% FBS, 1%
A/A). For VSV and EMCYV infections, cells were incubated for 24 hours at 37 °C.
Supernatant containing Avicel PH-101 was removed completely, wells were washed
carefully with PBS, and fixed with 4% PFA for 10 minutes. After fixation, wells were
washed gently with water. After drying, 0.5% Crystal Violet solution (2.5 g crystal violet
(Nacalai Tesque Inc.) in 20% methanol (Nacalai Tesque Inc.)) was added to wells for
30 minutes. Wells were then washed gently with water and dried. After complete drying,
plaques were counted in triplicate, and PFU/mL was calculated from the dilution factor.

2-19 RNA extraction

RNA was extracted from cells or mouse serum (isolated and centrifuged from blood)
using TRIzol reagent (Invitrogen), followed by standard chloroform/phenol extraction
and ethanol precipitation for purification of total RNA. DNase | (Roche) was used
according to the manufacturer’s protocol for removal of DNA. Extracted RNA was
quantified using NanoDrop 2000 (Thermo Fisher Scientific), then used for RT-gPCR
(see Section 2-20) or RNA-seq analysis (see Section 2-29).

2-20 RT-qPCR and list of primers

RNA concentrations were adjusted after quantification (see Section 2-19), and RNA
was reverse-transcribed using ReverTra Ace qPCR Master Mix with gDNA remover

(TOYOBO). The manufacturer’s protocol was followed for gDNA removal and reverse
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transcription. cDNA was used for real-time PCR (quantitative PCR, qPCR) using
instrument StepOnePlus (Applied Biosystems). THUNDERBIRD SYBR gPCR Mix
(TOYOBO) was used for gPCR analysis, mixing cDNA and 3 yM each of forward and
reverse primers to quantify relative expression levels (AACT, relative to GAPDH) of
specific genes.

All primers used for gPCR analysis in this study are as follows:
mGapdh Forward: 5 — CCCCAGCAAGGACACTGAGCAAG - 3’ (ref: [103])
mGapdh Reverse: 5 - GGGGTCTGGGATGGAAATTGTGAGG — 3’ (ref: [103])
EMCV Forward: 5 — TCATTAGCCATTTCAACCCA — 3’ (ref: [104])
EMCV Reverse: 5 — GAGATACAAACCCGCCCTAA — 3’ (ref: [104])
mNos2 Forward: 5 — CAGCTGGGCTGTACAAACCTT — 3’ (ref: [105])
mNos2 Reverse: 5 — CATTGGAAGTGAAGCGGTTCG — 3’ (ref: [105])
mTnf Forward: 5 — GGCATGGATCTCAAAGACAACC — 3’ (ref: [103])
mTnf Reverse: 5 — CAGGTATATGGGCTCATACCAG — 3’ (ref: [103])
hGAPDH Forward: 5 — TTGGCTACAGCAACAGGGTG - 3’ (ref: [106])
hGAPDH Reverse: 5 — GGGGAGATTCAGTGTGGTGG — 3’ (ref: [106])
hUBE2L6 Forward: 5 — ACGAGAACGGACAGATTTGC - &

hUBE2L6 Reverse: 5 — TTGGCAAGTCTTGGTGCAAG - 3

hIDO1 Forward: 5 — ATTTGTCTGGCTGGAAAGGC - 3’

hIDO1 Reverse: 5 — ACTGAAAGACGCTGCTTTGG - 3’

hTAP1 Forward: 5 — GTGGGAAAATGGTACCAGTTGC - &

hTAP1 Reverse: 5 - TCGTTGGCAAAGCTTCGAAC - 3’

hC1R Forward: 5 — TGCCAACGGGAAGAACATTG - 3’

hC1R Reverse: 5 — ACAGCAGATCCACAGCATTG -3

hWARS1 Forward: 5 — ACGGCCAAGCAGATCAAAAC - 3

hWARS1 Reverse: 5 — ACACGTCCACATCACAGTTG - 3’

hH4C3 Forward: 5 — CAAGCGCATTTCCGGTCTTATC - 3’

hH4C3 Reverse: 5 — TGTGACAGTTTTGCGCTTGG - 3’

hDUSP1 Forward: 5 — AACGTCTCAGCCAATTGTCC - 3’

hDUSP1 Reverse: 5 — TGAAGTCAATGGCCTCGTTG - 3

hC190rf48P Forward: 5 — AGAAGGTGGATAAGTGGGCTAC - 3
hC190rf48P Reverse: 5 — ATAGGCCTGGTCACAATAGGG - 3’
hTGIF1 Forward: 5 — TTTTGGCTCGTCCATCAGTG - 3’
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hTGIF1 Reverse: 5 — TTTTTGGCCGCTATCTGCTG - 3’
hDDIT4 Forward: 5' — AAGACACGGCTTACCTGGATG -3’
hDDIT4 Reverse: 5 — AAGTGTTCATCCTCAGGGTCAC -3’

2-21 Size-exclusion chromatography

Sephadex G-25 (Sigma-Aldrich) was pre-treated in 1X Tris-Acetate-EDTA buffer
(Nacalai Tesque Inc.) for 3 hours at room temperature. This slurry was autoclaved,
cooled overnight at 4 °C, and packed into a 20 mL column for separation. Purified
water (RNase-free water) was used as the pre-wash buffer (total of 30 mL) and as the
elution buffer. A total of 250 yL of acid-inactivated EMCV supernatant (see Section 2-
17 for preparation) was size-fractionated into 20 fractions (1 mL each) under sterile
conditions. FO indicates the first flowthrough when the sample was applied. Post-
fractionation, samples were evaporated once using centrifugal concentration and then
reconstituted in 250 pL of DMEM (10% FBS/1% A/A). These fractions were treated to
cells at a 1:1 concentration (fractions:fresh DMEM (10% FBS/1% A/A)) for 24 hours.

2-22 Size-dependent separation using centrifugal filter units

HelLa cells were infected with EMCV (MOI 0.1) for 24 hours (see Section 2-3 for virus
infection procedures). The virus-infected supernatant was filtered using a 50 kDa cut-
off filter (Amicon Ultra 50K, Merck Millipore) following the manufacturer’s instructions.
The concentrated supernatant (>50 kDa) containing active virions was discarded, and
the flowthrough (<50 kDa) was collected. This <50 kDa flowthrough was further filtered
using a 10 kDa cut-off filter (Amicon Ultra 10K, Merck Millipore) following the
manufacturer’s instructions. The concentrated supernatant (<560 kDa >10 kDa) and
the flowthrough (<10 kDa) were both collected, and the volume of the concentrated
supernatant (<50 kDa >10 kDa) was adjusted back to its original volume using DMEM
(10% FBS, 1% A/A). This flowthrough (<10 kDa) was further filtered using a 3 kDa cut-
off filter (Amicon Ultra 3K, Merck Millipore) following the manufacturer’s instructions.
The concentrated supernatant (<10 kDa >3 kDa) and the flowthrough (<3 kDa) were
both collected, and the volume of the concentrated supernatant (<10 kDa >3 kDa) was
adjusted back to its original volume using DMEM (10% FBS, 1% A/A).
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All collected fractions were treated to HelLa cells either at their original concentration
(direct treatment) or after 10-fold dilution in DMEM, with or without recombinant human
TNF-a (10 ng/mL). Cell survival or apoptosis was quantified by ATP levels (see
Section 2-11) or DNA fragmentation by ELISA (see Section 2-12).

2-23 Total nitrite measurement by Griess quantification

Culture supernatants or mouse serum were quantified for total nitrite levels using
Griess quantification with the Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical
Company), following the manufacturer’s protocol. Total nitrite was measured after
reducing all nitrate using nitrate reductase contained in the kit. Absorbance at 540 nm
was measured using a microplate reader (Bio-Rad). Total nitrite levels were quantified
as a readout of nitric oxide (NO) production, using the nitrite standard provided in the
kit.

2-24 Neutralization attempt and pulldown of VPgEMCV

HelLa cells were Mock-infected or infected with EMCV for 24 h at MOI 0.1 (see Section
2-3 for infection protocol). Supernatants were heat-inactivated for inactivation of

viruses and cytokines (see Section 2-17).

For neutralization attempt: Mock and EMCV-inactivated supernatants, or synthetic
VPgEMCV solution (2 ng/mL) in DMEM (10% FBS/1% A/A), were mixed with anti-
VPgEMCY antibody (10 pg/mL) overnight (4 °C) on a rotator. Conditions without addition
of anti-VPgEMCV were also prepared. Supernatants and synthetic VPgEMCV solutions,
with or without antibody, were diluted 2-fold using DMEM (10% FBS/1% A/A) and
treated to HelLa cells for 24 hours (see Section 2-8 for survival quantification).

For pulldown of VPgEMCV: Dynabeads Protein G (Invitrogen) was resuspended into a
tube (50 uL for 1 mL of supernatant or solution), and the supernatant was discarded
on a magnetic rack. Anti-VPgEMCV (10 ug) was used for each condition, and binding of
anti-VPgEMCV was performed following the manufacturer’s instructions. Conditions with
Protein G beads but without anti-VPgEM®VY were also prepared. After removal of binding
buffer (with or without the antibody), Mock and EMCV-infected supernatants, or
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synthetic VPgEMCV solution (2 ng/mL), were mixed with the bead—antibody complex
and incubated overnight on a rotator (4 °C). The next day, these supernatants or
synthetic VPgEMCV solutions were collected on a magnetic rack (excluding the beads),
diluted 2-fold using DMEM (10% FBS/1% A/A), and treated to cells for 24 hours (see
Section 2-8 for survival quantification).

2-25 Confirmation of VPgEMCV by Western blotting

Hela cells were seeded at 2 x 10° cells/mL and infected with EMCV at MOI 0.1 for 9
hours (see Section 2-3 for infection protocol) in 6-well plates. The entire culture
supernatant (2 mL) was collected, centrifuged (5000 rpm, 5 min) to remove debris,
concentrated to 100X using centrifugal concentration (dried up), and resuspended in
1% NP-40 lysis buffer (see Section 2-15 for composition). Cell lysates were collected
using 200 pL 1% NP-40 lysis buffer (total of 4 x 105 cells in 200 pL). The 100X
concentrated supernatants (1-, 2-, and 4-fold dilutions for EMCV, and 1-fold for Mock),
cell lysates (1-, 2-, and 4-fold dilutions for EMCV, and 1-fold for Mock), and synthetic
VPgEMCY of known concentrations (2-fold serial dilutions starting from 10 ng) were
subjected to Western blotting (see Section 2-15). For this experiment, 20 pyL of

samples were applied to each lane during SDS-PAGE.

2-26 Digestion of VPgEMCV by PDEI and Western blotting

Hela cells were seeded at 2 x 10° cells/mL and infected with EMCV at MOI 0.1 for 24
hours (see Section 2-3 for infection protocol) in 6-well plates. The entire culture
supernatant (2 mL) was collected, centrifuged (5000 rpm, 5 min) to remove debris,
and filtered using a 50 kDa cut-off filter (Amicon Ultra 50K, Merck Millipore). Portions
of the flowthrough were digested with >0.1 U/mL (1/1000 dilution of original stock)
snake venom-derived phosphodiesterase | (PDEI, Sigma-Aldrich) at 37 °C for 2-12
hours, as indicated. Conditions without adding PDEI were also prepared. Digested
supernatants were heated at 100 °C for 10 min for complete inactivation of PDEI,
concentrated to 100X using centrifugal concentration (dried up), and resuspended in
1% NP-40 lysis buffer (see Section 2-15 for composition). The 100X concentrated
supernatants, as well as synthetic VPgEMCV of known concentrations (2-fold serial
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dilutions starting from 10 ng), were subjected to Western blotting (see Section 2-15).
For this experiment, 20 yL of samples were applied to each lane during SDS-PAGE.

2-27 Dot blotting, quantification of VPgEMCV using ImageJ, and comparison of
activities of VPgEMCV

For dot blotting: A PVDF membrane was pre-soaked in methanol for 1 minute, soaked
in RNase-free water for 2 minutes, and equilibrated in 1X TBS-T for 10 minutes. Two
layers of filter paper were soaked in 1X TBS-T, and the wet PVDF membrane was
placed on the filter paper. Synthetic VPgEMCY was adjusted to 1 ug/mL (1 ng/uL) and
serially diluted (2-fold), then 1 uL of known concentrations of VPgEMCV was blotted in
triplicates (n = 3). The <3 kDa flowthrough (EMCV-infected supernatant; see Section
2-3 for infection protocol) collected from size-based filtration (see Section 2-22) was
concentrated 10X using a centrifugal concentrator, and 1 uL of the supernatant was
blotted in quadruplicates (n = 4). The PVDF membrane was dried for 2 hours, blocked
with 5% BSA in TBS-T for 1 hour, incubated with anti-VPgEMCV and blots were
detected using BCIP-NBT (see Section 2-15 for entire protocol).

Quantification using Imaged: After detection of dot blots, images were opened in
Imaged (original reference: [107]). Blots were converted to grayscale and color-
inverted before measurement. Integrated Density (IntDen) values were used to
quantify blot intensities. A reference curve was created using known concentrations of
synthetic VPgEMCV (n = 3), and the concentration (ng/mL) of VPgEMCV in the <3 kDa
flowthrough post-EMCYV infection was quantified using this reference curve (n = 4).
The average VPgEMCV concentration in the supernatant was calculated from the 4
values obtained.

Concentration adjustment and comparison of activities: After obtaining the average
VPgEMCY concentration in the supernatant, the concentration of the <3 kDa flowthrough
was adjusted to approximately 1 ng/mL using DMEM (10% FBS, 1% A/A) and serially
diluted 2-fold from 1 ng/mL. Similarly, synthetic VPgEM®V solution (in DMEM with 10%
FBS and 1% A/A) was serially diluted 2-fold starting from 1 ng/mL. Both natural (<3
kDa flowthrough) and synthetic VPgEMCV were treated to Hela cells for 24 hours
together with recombinant human TNF-a (10 ng/mL). At 24 h post-treatment, relative
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survival for each condition was quantified by Amido Black 10B staining and elution

(see Section 2-8).

2-28 Confirmation of IFNGR-VPgEMCV binding by co-immunoprecipitation

HEK293T cells were seeded overnight at 2 x 10° cells/mL, then transfected with Myc-
IFNGR1, Myc-IFNGRZ2, or their combination (see Section 2-6).

For pulldown attempts of supernatant-derived (natural) VPgEMCV and synthetic
VPgEMCV (Figure 3-34), cells were treated with either 10Xconcentrated <50 kDa-
fitered EMCV supernatant (see Section 2-22 for protocol) or 100 ng/mL synthetic
VPgEMCY for 1 hour (non-treated conditions were also prepared).

For pulldown attempts comparing WT and mutant VPgs (Figure 3-35), cells were
treated with 100 ng/mL VPgEMCV, VPgEMCV-Q15A, VPgEMCV-L16A, or VPgEMCV-Q15A/L16A_
Cells were washed carefully twice with PBS, then lysed in cold 200 pL of 1% NP-40
lysis buffer (see Section 2-15 for composition). Lysates were centrifuged at 16000 g
for 10 minutes to remove cell debris.

Dynabeads Protein G from the kit (Invitrogen) were resuspended and transferred to
tubes (50 pyL beads were used for 100 L lysis buffer). Anti-Myc-Tag antibody (CST,
#2276; 2.5 yL) was used for each condition, and antibody binding was performed
following the manufacturer’s protocol. 100 pL of lysis buffer were mixed with the bead—
antibody complex and incubated on a rotator at 4 °C overnight.

Beads were washed according to the manufacturer’s protocol and eluted using 40 yL
of a 1:1 mixture of elution buffer (from the kit) and 2X SDS sample buffer (see Section
2-15 for composition). The bead-elution buffer mixture was heated for 5 minutes at
100 °C for denaturation, and beads were removed using a magnetic rack.

20 yL of the immunoprecipitated eluate, 10 pL of lysate input (1/5 concentration), and
1/5 of the total VPg input were subjected to SDS-PAGE and Western blotting (see
Section 2-15).

2-29 RNA-seq analysis and using OlvTools

Preparation of samples: HelLa cells were seeded at 1 x 10° cells/mL overnight and
treated with either recombinant human IFN-$ (1000 U/mL), recombinant human IFN-
y (10 ng/mL), or VPgEMCV (1 ng/mL) for 24 hours. Non-treated (N.T.) controls were
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also prepared. Samples were collected as biological duplicates (n = 2). RNA was
extracted after 24 hours (see Section 2-19 for protocol).

RNA quality check and RNA-seq analysis (conducted by Takara Bio): RNA samples
were sent to Takara Bio for RNA-seq analysis. RNA quality was assessed using the
TapeStation system (Agilent). Libraries were constructed using the SMART-seq v4
Ultra Low Input RNA Kit (Takara Bio), following the manufacturer's protocol.
Sequencing was performed using the NovaSeq system (lllumina), and raw data were
converted into FASTQ files by Takara Bio. Gene expression data were generated
using the DRAGEN Bio-IT Platform (lllumina). These data were used for heatmaps
(quantitative data) in Figure 3-37c and Figure 3-39a, as well as for quantitative

analyses in Figure 3-37d, Figure 3-37e, and Figure 3-39b.

Further analyses using OlvTools: FASTQ files provided by Takara Bio were further
analyzed using OlvTools (BxINFO, Tokyo, Japan). Transcript abundances were
estimated using Salmon against the human transcriptome GRCh39. Gene-level
abundances were calculated using the tximport package. Differential expression
analysis was performed using the edgeR package after applying the filterByExpr
function to remove lowly expressed genes.

Genes with |FC| > 1 and FDR < 0.05 were considered differentially expressed. Volcano
plots in Figure 3-36 were generated using OlvTools. Data from this analysis were
used for ranking the top 50 upregulated genes by FDR (Figure 3-37a, Figure 3-37b),
as well as for generating heatmaps (top gene list) of upregulated genes (Figure 3-

37c) and downregulated genes (Figure 3-39a).

2-30 Washout experiment of VPgEMCV

Initial experiment: HelLa cells were seeded at 4 x 10° cells/mL in DMEM (10% FBS,
1% A/A) overnight. Cells were treated with 1 ng/mL or 100 ng/mL VPgEMCV, with or
without recombinant human TNF-a (10 ng/mL), for 10 minutes. Non-treated (N.T.)
conditions were also prepared. After 10 minutes, cells were carefully washed twice
with PBS to remove residual VPgEMCY or TNF-a, and fresh DMEM (10% FBS, 1% A/A)
was added. 24 hours later, supernatants were collected for further assays, and
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remaining cells were quantified for survival using Amido Black 10B staining and elution
(see Section 2-8).

Following experiment: Fresh HelLa cells were seeded at 4 x 10° cells/mL in DMEM
(10% FBS, 1% A/A) overnight. Supernatants collected from the initial experiment were
used. N.T. supernatants and supernatants from treatments with 1 ng/mL or 100 ng/mL
VPgEMCVY without recombinant TNF-a were centrifuged (5000 rpm, 10 minutes) to
remove debris. These supernatants were applied to HelLa cells at a 1:1 ratio (fresh
DMEM:supernatant), with or without recombinant human TNF-a (10 ng/mL), for 24
hours, followed by Amido Black 10B survival assay (see Section 2-8).

2-31 Assessment of antiviral activity

Cell survival quantification: HeLa cells were seeded at 2 x 10° cells/mL overnight. The
following day, 2-fold serial dilutions of IFN-y (starting from 10 ng/mL) or various VPgs
(VPgEMCY ' VPgTEV \/PgSAFY "and VPgPV; starting from 2 ng/mL) were prepared and
applied to cells overnight, including non-treated controls. The next day, after removal
of supernatants, cells were infected with VSV at MOI 0.1 for 24 hours (see Section 2-
3). Cell survival was quantified using Amido Black 10B elution (see Section 2-8).

Plaque assay: Hela cells were seeded at 2 x 10° cells/mL overnight. Cells were
treated overnight with VPgEMCV VVPgTEV \/PgSAFY \/pgPV  \/PgPV-EMCV - \/pgEMCV-Y3F
or VPgEMCV-8AA (1 ng/mL), including non-treated controls. The next day, supernatants
were removed, and cells were infected with VSV at MOI 0.1 for 24 hours (see Section
2-3). Supernatants were collected, and viral titers were quantified by plaque assay
using L929 cells (see Section 2-18).

2-32 In vivo infection models

EMCV infection and iINOS inhibition experiment:

Female C57BL/6 mice (CLEA Japan), 12 weeks old, were used (see Section 2-2).
Groups were divided into Mock + PBS, Mock + 1400W, EMCV + PBS, and EMCV +
1400W, with 5 mice per group (n = 5). One day before infection, mice were injected
intraperitoneally (100 uL) with either PBS or 1400W (10 mg/kg). On day O post-

44



infection, mice were mock-infected (PBS) or infected with EMCV (1000 PFU/body,
intraperitoneal, 100 pL). The following day, mice were injected again with PBS or
1400W. On day 2 post-infection, blood was collected from the tails, and serum was
isolated for further analyses (see Sections 2-19, 2-20, 2-23). On day 4 post-infection,
all surviving mice were euthanized using isoflurane (Pfizer). Body weight and clinical

symptoms were recorded daily.

IAV infection and intranasal VPgEMCV administration:

Female C57BL/6 mice (CLEA Japan), 12 weeks old, were used (see Section 2-2).
Groups were divided into IAV + PBS and IAV + VPgEMCYV, with 5 mice per group (n
= 5). One day before infection, mice were anesthetized with pentobarbital (50 pg/g,
intraperitoneal) and administered intranasally with PBS or VPgEMCV (10 ug/mL, 30 uL).
On day 0 post-infection, mice were infected intranasally with IAV (500 PFU/body, non-
lethal dose) under anesthesia. The following day, mice received a 2nd intranasal
administration of PBS or VPgEMCV. Body weight was recorded daily for 17 days, after

which all mice were euthanized using isoflurane (Pfizer).

2-33 Statistical analyses

GraphPad Prism 10 was used for figure generation and statistical analyses. All data
in this study are presented as the mean (SD), and statistical comparisons were
performed using biological replicates. For comparisons involving three or more groups,
statistical significance was determined using one-way ANOVA (one independent
variable) or two-way ANOVA (two independent variables), followed by Tukey's HSD
post hoc test. Significance labels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns: not significant (p > 0.05).
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Chapter 3

Results
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3-1 EMCV induces a distinct form of Caspase 8-dependent cell death pathway
in host cells

This project was initiated based on unpublished preliminary observations in the
laboratory, suggesting that several viruses trigger rapid cell death in host cells. At the
same time, past reports showed the critical roles of the well-known pro-apoptotic
proteins BAK and BAX (described in Section 1-1), both localized to mitochondria, in
regulating virus-induced apoptosis following host cell infection. Specifically, the
vesicular stomatitis virus (VSV) is known to induce cell death in infected host cells.
Previous reports [108], together with unpublished accumulating data in the laboratory,
suggested that infection of BAK- and/or BAX-deficient cells with VSV abrogated virus-
induced cell death while simultaneously increasing viral titers.

To validate this hypothesis and to further investigate the mechanisms of cell
death triggered by VSV and other RNA viruses, CRISPR/Cas9 plasmids were
designed to generate knockout cell lines. Using these plasmids, BAK/BAX double-
knockout (DKO) HelLa (cervical cancer) and THP-1 (monocyte) cell lines were
successfully generated, and loss of protein expression was confirmed by Western
blotting (Figure 3-1a, Figure 3-1b). The loss of function of these cell lines was also
pre-confirmed by abrogation of cell death by the transcription inhibitor actinomycin D.

HeLa THP1
WT  DKO Figure 3-1. Confirmation of BAK/BAX

WT DKO
ez |:| 1B: BAK DKO by Western blotting.
BAK/BAX DKO candidate clones of (a) HeLa
21 kDa E 1B: BAX 21kDa 1B: BAX or (b) THP-1 cells were lysed, and cell lysates

- were subjected to Western blotting using anti-
42 kDa [immp—— |5 {-actin 37 kDa E 1B:GAPDH  BAK, anti-BAX, and anti-GAPDH antibodies.

23 kDa

After generating the BAK/BAX DKO Hela cell line, virus-induced cell death was
examined in detail. In addition to VSV, several other RNA viruses known to induce cell
death in host cells were selected as candidates, including the Sendai virus (SeV),
Newcastle disease virus (NDV), and the encephalomyocarditis virus (EMCV). Cell
survival was quantified 24 hours post-infection in both WT HelLa cells and BAK/BAX
DKO Hela cells (Figure 3-2a).

All tested viruses induced significant cell death in WT HelLa cells. Notably, SeV,
NDV, and VSV exhibited a strong dependency on both BAK and BAX, as BAK/BAX
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DKO cells showed complete survival following infection. In contrast, EMCV-infected
cells were eliminated within 24 hours post-infection even in the absence of BAK and
BAX. However, pre-treatment with Z-VAD-FMK, a pan-caspase inhibitor, rescued
EMCV-induced cell death. Furthermore, experiments using THP-1 cells revealed that
comparison of VSV (Figure 3-2b) and EMCV (Figure 3-2c) infection showed cell
death patterns similar to those observed in HelLa cells. These findings indicated that
EMCV-induced cell death is highly caspase-dependent but mostly BAK and BAX-
independent. At this stage, it was speculated that this form of cell death resembles
apoptosis based on its dependence on caspase activity.
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Figure 3-2. Assessment of virus-induced cell death in WT vs. BAK/BAX DKO cells.

(a) WT or BAK/BAX DKO HelLa cells were infected with SeV, NDV, VSV, or EMCV (MOI 1.0) for 24 h, then
fixed and stained with Amido Black 10B to assess cell survival. Mock-infected cells were used as negative
controls. Cells were treated with either DMSO (control) or the pan-caspase inhibitor Z-VAD-FMK (10 uM) 2 h
prior to infection.

(b) WT or BAK/BAX DKO THP-1 cells were infected with VSV (MOI 1.0) for 24 h, and cell survival was assessed
by Trypan Blue staining. Cells were treated with DMSO or Z-VAD-FMK as in (a).

(c) The same experiment as in (b) was performed using EMCV (MOI 1.0).

For (b, c): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey's HSD post-hoc test. Labels:
**p < 0.01, ****p < 0.0001, ns: not significant (p > 0.05).
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Further investigation into the caspases required for this cell death pathway
revealed that Caspase 8 was specifically essential for triggering EMCV-induced cell
death, along with its downstream, Caspase 3 (Figure 3-3). In contrast, inhibition of
Caspase 9, which functions downstream of the mitochondrial BAK/BAX-dependent
pathway, had negligible effects on rescuing cell death. Results obtained using
pharmacological inhibition were consistent with those observed using BAK/BAX DKO
cells. Taken together, these results suggest that EMCV-induced cell death represents
a Caspase 8-dependent extrinsic apoptotic pathway.

Figure 3-3. Effect of caspase inhibitors on
e EMCV-induced cell death.

i Hela cells were mock-infected or infected with EMCV
(MOI 0.1) for 24 h. Cells were fixed and stained using

) p Amido Black 10B, then eluted for relative survival
. h quantification. Cells were treated with DMSO (control),
807 Caspase 8 inhibitor Z-IETD-FMK (10 uM), Caspase 9
60 e Mock inhibitor Z-LEHD-FMK (10 uM), Caspase 3 inhibitor Z-
- DEVD-FMK (10 uM), or pan-caspase inhibitor Z-VAD-
40 " EMCV EMK (10 pM) 2 h prior to infection.

20 Data are presented as the mean (SD), and individual
. |;| data points are biological replicates (n = 3). Statistical
0 T T T T T significance was determined by two-way ANOVA,
@0 Qw‘* Q@* Q@*‘ &4" followed by Tukey’s HSD post-hoc test. Label: ****p <
3 ¢ < < <
éo Q/QQ °€\° 9‘9 0.0001.
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3-2 Treatment with EMCV-inactivated supernatants induces potent cell death

Given the strong involvement of Caspase 8 in EMCV-induced cell death and
the possibility that this could represent extrinsic apoptosis, the next question was
whether cytotoxic factors may be released into the culture supernatant during EMCV
infection that can induce cell death in the absence of active viral infection.

To test this, several methods for viral inactivation were evaluated. Within these
methods, one successful method was treatment with strong acid (HCI) to generate a
low-pH condition (pH 2.0). This method is well-established for viral inactivation [109,
110] and is also known to preserve the biological activity of certain cytokines, such as
type | IFNs [109, 111, 112]. Supernatants collected 24 hours post-infection from VSV-
and EMCV-infected cultures were incubated at pH 2.0 for 7 days at 4°C and then
neutralized using NaOH.
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Complete viral inactivation of both VSV and EMCV in the treated supernatants
was confirmed by plaque assay (Figure 3-4a). These inactivated supernatants were
then applied to fresh cells for 24 hours to assess their cytotoxic effects. Treatment with
inactivated VSV supernatant had no detectable effect on cell viability. In contrast,
treatment with inactivated EMCV supernatant induced potent cell death in HelLa cells
(Figure 3-4b). Similarly, treatment of THP-1 cells with the inactivated EMCV
supernatant resulted in a marked increase in apoptotic cells, as assessed by Annexin
V/PI staining (Figure 3-4c). Together, these results indicate that factors released
during EMCYV infection are sufficient to induce detectable cell death.

Figure 3-4. Inactivation of viruses by
acid treatment and cytotoxic effects
a b of culture supernatants.

(a) Hela cells were mock-infected or infected
with VSV (MOI 1.0) or EMCV (MOI 1.0) for 24
100 phe h, after which supernatants were collected.
Portions of the supernatants were acid-
treated by lowering the pH to 2, incubated at
60 4 °C for 7 days, and neutralized with NaOH.
40 Viral titers of acid-treated and non-treated
» supernatants were quantified by plaque assay

7 using Vero cells. n.d.: not detected (<1 x 10*
BIACE B XS N VN K - M=

éo"' N @"4 N & 7 &GP P (b) HelLa cells were treated with acid-

°<:4~\Q ¢ (,A\Q Aé\q & ¢ inactivated supernatants from (a) for 24 h.
s & ~ Cells were fixed and stained using Amido
c Black 10B, then eluted for relative survival

Mock (pH 2) EMCV (pH 2) quantification. N.C.. negative control (no
3.3% 3.98% 0.23% 52.5% treatment).

(c) THP-1 cells were treated with the
supernatants from (a) for 24 h, and apoptotic
cells were quantified by Annexin V/PI staining
and flow cytometry.
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For (a, b): Data are presented as the mean
(SD), and individual data points are biological

o o R e replicates (n = 3). For (b): Statistical
91.1% AnnexinV 1.62% 16.1% AnnexinV 31.2% significance was determined by one-way
ANOVA, followed by Tukey’s HSD post-hoc
test. Labels: ****p < 0.0001, ns: not significant
(p>0.05).

Consistent with the effects observed during EMCV infection (Figure 3-3),
treatment with Z-IETD-FMK, a Caspase 8 inhibitor, or Z-VAD-FMK, a pan-caspase
inhibitor, strongly suppressed cell death induced by the EMCV-inactivated supernatant
in both HelLa cells (Figure 3-5a) and THP-1 cells (Figure 3-5b). These findings
suggest that the Caspase 8-dependent cell death observed is mediated by
components released during EMCYV infection in the supernatant, rather than by the

viral infection process itself.
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Figure 3-5. Effect of caspase inhibitors
on cell death induced by acid-
inactivated EMCV supernatant.

(a) HeLa cells were untreated (N.C.) or treated
with acid-inactivated EMCV supernatant (Figure
3-4a) for 24 h. Cells were fixed and stained using
Amido Black 10B, then eluted for relative survival
quantification. Cells were pre-treated with DMSO
(control), Caspase 8 inhibitor Z-IETD-FMK (10
pM), Caspase 9 inhibitor Z-LEHD-FMK (10 puM),
Caspase 3 inhibitor Z-DEVD-FMK (10 pM), or
pan-caspase inhibitor Z-VAD-FMK (10 pM) 2 h
prior to treatment.

(b) THP-1 cells were ftreated with the
supernatants from Figure 3-4a for 24 h, and
apoptotic cells were quantified by Annexin V/PI
staining and flow cytometry. Cells were pre-
treated with DMSO, Z-VAD-FMK, or Z-IETD-FMK
in the same manner as in (a).

For (a): Data are presented as the mean (SD),
and individual data points are biological
replicates (n = 3). Statistical significance was
determined by two-way ANOVA, followed by
Tukey’s HSD post-hoc test. Label: ****p < 0.0001.

3-3 TNF-a is critical for triggering cell death during EMCYV infection

Having established that components released during EMCYV infection induce

rapid Caspase 8-dependent cell death, the critical factor responsible for triggering this

pathway was investigated in detail. One group of candidates considered were host-

derived inflammatory cytokines belonging to the TNF superfamily, several of which are

known to induce Caspase 8-dependent cell death through well-established signaling

pathways [62]. Among these candidates, the role of the most well-characterized

cytokine in this family, TNF-a (described in detail in Section 1-3), was examined.

Using ELISA, TNF-a levels were measured in EMCV-infected culture

supernatants before and after acid inactivation (Figure 3-6a). TNF-a was detected in
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the supernatants, and its levels were not significantly altered by acid treatment,
indicating that TNF-a remained stable under these conditions. As a reference, TNF-a
induction was also observed during VSV infection, although at lower levels than those
induced by EMCV.

To directly test the hypothesis that TNF-a is responsible for triggering this form
of cell death, etanercept (ENBREL) was used to neutralize TNF-a activity in the post-
infected supernatants (as described in Section 1-3). Etanercept was incubated with
the EMCV-inactivated culture supernatant for 2 hours, followed by pulldown/depletion
using Protein G magnetic beads prior to treatment of cells. While treatment with the
inactivated EMCV supernatant alone induced cell death, etanercept-treated
supernatant completely lost its ability to induce cell death in fresh HelLa cells (Figure
3-6b). To further confirm the requirement for TNF-a signaling, TNFR1-deficient HelLa
cells were generated. In these cells, cell death induced by the inactivated EMCV
supernatant was also completely abrogated (Figure 3-6¢), indicating that TNF-a
signaling through TNFR1 is essential for the observed cytotoxicity.

Western blotting further confirmed that cleavage of Caspase 8 and its
downstream poly(ADP-ribose) polymerase (PARP), one hallmark of apoptotic cell
death [113], occurred following treatment with the EMCV-inactivated supernatant. In
contrast, cleavage of Caspase 8 and PARP were completely abolished either by
etanercept neutralization of TNF-a (Figure 3-6d) or in TNFR1-deficient cells (Figure
3-6e). Finally, to verify that TNF-a retained biological activity following acid
inactivation, the effects of the EMCV-inactivated supernatant were compared with
those of recombinant human TNF-a in HelLa cells. Degradation of IkBa, which
indicates NF-kB activation [114], was observed following treatment with both the
EMCV supernatant and recombinant TNF-a with similar kinetics (Figure 3-6f). In
contrast, treatment with etanercept-neutralized supernatant or treatment of TNFR1-
deficient cells did not result in detectable IkBa degradation.

Together, these results show that TNF-a is the factor responsible for both NF-
KB activation and Caspase-8-dependent cell death observed in EMCV-inactivated
culture supernatants, and that TNF-a retains its biological activity following acid

inactivation.
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Figure 3-6. Blockade of TNF-a signaling abrogates cell death induced by the inactivated
EMCYV supernatant.

(a) HeLa cells were mock-infected or infected with VSV (MOI 1.0) or EMCV (MOI 1.0) for 24 h. Portions of the
supernatants were acid-inactivated as in Figure 3-4a. TNF-a levels were quantified by ELISA. EMCV (N.T.):
non-acid-treated.

(b) Fresh DMEM (N.C.) or acid-inactivated EMCV supernatant from (a) was incubated with etanercept (Eta.,
10 pg/mL) for 2 h (Eta.-untreated controls were included). Etanercept complexes were removed using Protein
G beads. HelLa cells were treated with these supernatants for 24 h. Cells were fixed and stained using Amido
Black 10B, then eluted for relative survival quantification.

(c) WT or TNFR1 KO Hela cells were treated with inactivated EMCV supernatant from (a) for 24 h, including
non-treated controls (N.T.), and survival was quantified as in (b).

(d) HelLa cells were treated with inactivated EMCV supernatant or Eta.-depleted supernatant from (b) for 9 h,
then lysed for Western blotting using anti-cleaved PARP, anti-Caspase 8, and anti-GAPDH antibodies.

(e) WT or TNFR1 KO Hela cells were treated with inactivated EMCV supernatant from (a), and Western
blotting was performed as in (d).

(f) WT or TNFR1 KO Hela cells were treated with inactivated EMCV supernatant from (a), Eta.-depleted
supernatant from (b), or recombinant human TNF-a (10 ng/mL) for the indicated time points, followed by
Western blotting using anti-IkBa and anti-HSP70 antibodies.

For (a-c): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Labels:
***p <0.001, ****p < 0.0001, ns: not significant (p > 0.05).

53



3-4 A low molecular weight component smaller than 3 kDa released during

EMCYV infection synergizes with TNF-a to induce potent cell death

Although TNF-a was confirmed to be induced during EMCV infection and
identified as the critical factor triggering cell death in post-infected supernatants, one
important question remained unresolved. As described in the Introduction (Sections
1-1 and 1-3), TNF-a alone cannot induce apoptosis in most cell types under
physiological conditions, but instead primarily activates pathways such as NF-kB [61,
62]. For TNF-a signaling to result in Caspase-8-dependent apoptosis, cells must
undergo sensitization through alteration of cell death regulatory mechanisms [61, 62].
Based on this well-established concept, it was hypothesized that possible additional
factor(s) released into the supernatant during EMCYV infection synergize with TNF-a
to induce efficient cell death.

To investigate this possibility, EMCV-inactivated culture supernatants were
fractionated by size-exclusion chromatography (SEC) using Sephadex G-25. The
separated fractions were then treated onto HelLa cells to assess their cell death-
inducing activities. Fractions 7-9 (F7-F9), corresponding to the void volume and
containing most proteins as quantified by Bradford assay (Figure 3-7a), as well as
TNF-a as measured by ELISA (Figure 3-7b), induced strong cell death following 24-
hour treatment (Figure 3-7c). Notably, fraction 18 (F18), which should contain low-
molecular-weight components, also exhibited weak but detectable cytotoxic activity
when applied to cells alone. This observation suggested that more than one factor
present in the EMCV-infected supernatant contributes to host cell death.
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Figure 3-7. Separation of
supernatant components by
size-exclusion chromatography.

(a) HelLa cells were infected with EMCV
(MOQI 0.1) for 24 h, and the supernatant
was acid-inactivated as in Figure 3-4a.
The supernatant was separated into 20
fractions (F1-F20) using Sephadex G-
25. FO represents the initial flow-
through. Total protein levels were
quantified by Bradford assay.

(b) TNF-a levels in each fraction were
quantified by ELISA.

(c) HeLa cells were treated with
fractions from (a) diluted 1:1 with fresh
DMEM for 24 h. Cells were fixed and
stained using Amido Black 10B, then
eluted for relative survival quantification.

Data are presented as the mean (SD),
and individual data points are biological
replicates (n = 2). For (c): Statistical
significance was determined by one-
way ANOVA, followed by Tukey’s HSD
post-hoc test. Asterisks indicate
comparison with the N.C. group. Labels:
***p <0.001, ****p < 0.0001.

To test whether these components actually act synergistically, the two peaks of

active fractions, F7+F8 and F18, were combined and tested for cell death induction in

HelLa cells (Figure 3-8). Treatment with either F7+F8 or F18 alone resulted in only

partial cell death, while their combination induced potent synergistic cell death. Given
that TNF-a had already been identified as the key trigger of cell death, F18 was next

combined with recombinant human TNF-a. This combination resulted in robust cell
death comparable to that observed with F7+F8 and F18 mixed together, indicating

that the low-molecular-weight component in F18 synergizes with TNF-a.
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Figure 3-8. Combination of active fractions results in
potent cell death.

HelLa cells were treated with the indicated combinations of
fractions F7+F8 (diluted 4-fold with DMEM), fraction F18 (diluted
4-fold with DMEM, and the combination of F7+F8 and F18 at a
final concentration of 1:1 total fractions:fresh DMEM),
recombinant human TNF-a (10 ng/mL) for 24 h. Fractions were
obtained from Figure 3-7. Cells were fixed and stained with
Amido Black 10B, and dye was eluted for relative survival
quantification.

Data are presented as the mean (SD), and individual data points
are biological replicates (n =
determined by one-way ANOVA, followed by Tukey’s HSD post-

or

3). Statistical significance was

hoc test. Label: ****p < 0.0001.
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To precisely define the size of this synergistic low-molecular-weight factor, size-
based centrifugal filtration was performed, as illustrated in Figure 3-9a. In this
experiment, post-infected EMCV supernatants were not subjected to acid inactivation,
but instead, infectious virions were first removed using a 50 kDa centrifugal filter.
Complete removal of EMCV virions from the filtrate was confirmed (Figure 3-9b). The
<50 kDa filtrate was then passed through 10 kDa and then 3 kDa centrifugal filters.
The concentrates were adjusted back to their original volumes. Quantification of TNF-
a and total protein levels revealed that TNF-a was contained in fractions larger than
10 kDa (<50 kDa and <50 kDa >10 kDa), consistent with its molecular size (Figure 3-
9c¢), and that the majority of proteins were similarly present in the <50 kDa and <50
kDa >10 kDa fractions (Figure 3-9d).

a
Flow- Flow- Flow-
through through through
Mock Inf. (24 h) »
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Figure 3-9. Separation of post-EMCV-infected supernatants by size filtration.

(a) Schematic of the size-filtration experiment. HelLa cells were mock-infected or infected with EMCV (MOl 0.1)
for 24 h. Supernatants were sequentially fractionated using centrifugal filtration membranes (Amicon Ultra). The
50 kDa cutoff filter retained EMCV virions (discarded). The <50 kDa flowthrough was further filtered using a 10
kDa cutoff filter to obtain the <50 kDa >10 kDa fraction and <10 kDa flowthrough. The <10 kDa flowthrough was
further filtered using a 3 kDa cutoff filter to obtain the <10 kDa >3 kDa fraction and <3 kDa flowthrough. All
concentrated fractions were adjusted to their original volumes.

(b) Viral titers of Mock <50 kDa flowthrough, original EMCV supernatant, and EMCV <50 kDa flow-through were
quantified by plaque assay using Vero cells. n.d.: not detected (<1 x 10 PFU/mL).

(c) TNF-a levels in fractions from (a) were quantified by ELISA.
(d) Total protein levels in fractions from (a) were quantified by Bradford assay.
For (b-d): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
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All fractions obtained from this size-based separation were diluted 10-fold and
then applied to HelLa cells to quantify cell death (Figure 3-10a). Treatment with the
<50 kDa fraction alone induced rapid cell death, consistent with the fact that both TNF-
a and the low-molecular-weight component should be contained. In contrast,
treatment with the <50 kDa >10 kDa fraction alone, which contains TNF-a but lacks
this low-molecular-weight component, resulted in only partial cell death. The <10 kDa
and <3 kDa fractions alone did not induce significant cell death. However, when the
<50 kDa >10 kDa fraction was combined with either the <10 kDa or <3 kDa fractions,
rapid cell death was observed. These results indicated that a low-molecular-weight
factor present in the <10 kDa and <3 kDa fractions synergizes with TNF-a to induce
potent cell death. This conclusion was further supported by the observation that
addition of recombinant human TNF-a to the <10 kDa or <3 kDa fractions showed the
same cell death patterns (Figure 3-10b). Quantification of DNA fragmentation, which
is a direct indicator of late-stage apoptosis, showed a consistent trend with or without
recombinant TNF-a treatment (Figure 3-10c).

Interestingly, when fractions were applied at their original concentrations (10x
those used in Figure 3-10a), slight cytotoxicity was observed in the <50 kDa >10 kDa
fraction as well as in the low-molecular-weight (<10 kDa and <3 kDa) fractions alone
(Figure 3-10d). A similar phenomenon had been observed in the SEC experiments,
where both F7-F8 and F18 individually exhibited some cytotoxicity (Figures 3-8). This
suggests that the low-molecular-weight component itself may possess some mild
cytotoxic activity at higher concentrations, and that additional factors larger than 10
kDa but smaller than 50 kDa could perhaps be contributing to overall cell death during
EMCYV infection. Nonetheless, these results clearly demonstrate that at least TNF-a,
and a certain low-molecular-weight factor smaller than 3 kDa act synergistically to
induce potent cell death.

57



a -TNF-a b + TNF-a

-
=]
=)
1
¥

100 Aok

-
o
1
-]
o
1

i
i
i

N
=
1
S
[
1

i
i
i
i
i

o
|

Relative survival by ATP (%)
3
1
Relative survival by ATP (%)
[}
o o
1 1

- TNF-a (10x conc.)

i

100

©
=3
1
%
%

IS
1
b

N
1
IS
S

1

i
i
i

o
1

Relative DNA Fragmentation
-
Relative survival by ATP (%)
[}
o o
1 1

e -TNF-a = +TNF-a & S

Figure 3-10. Quantification of cell death induced by size-filtered EMCV supernatants.

(a) Size fractions from Figure 3-9 were diluted 10-fold with DMEM and applied to HelLa cells for 24 h, including
indicated fraction combinations. Relative survival was quantified by ATP measurement using CellTiter-Glo.

(b) HeLa cells were treated as in (a) in the presence of recombinant human TNF-a (10 ng/mL).

(c) Hela cells were treated as in (a) (without TNF-a) or (b) (with TNF-a) for 9 h. Cells were lysed and DNA
fragmentation was quantified by ELISA. Relative DNA fragmentation was calculated by setting the mean value
of the mock <50 kDa, —TNF-a condition to 1.

(d) HelLa cells were treated as in (a) without dilution of the size fractions (original concentrations; 10% of (a)), and
relative survival was quantified as in (a).

For (a-d): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by (a, b, d): one-way ANOVA, or (c): two-way ANOVA, followed by
Tukey’s HSD post-hoc test. (a, b, d): Asterisks indicate comparison with the Mock <50 kDa group. (c): Asterisks
indicate comparison with the Mock <50 kDa, -TNF-a group. Labels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, ns: not significant (p > 0.05).

To confirm that the activity of the <3 kDa factor was not some artifact generated
from acid inactivation used earlier, post-EMCV-infected supernatants were first filtered
through a 10 kDa centrifugal filter to remove both EMCYV virions and TNF-a, followed
by acid treatment (pH 2.0 for 7 days). In addition, to assess stability at high
temperatures, the filtered supernatant was subjected to heat treatment (100°C for 10

minutes). These treated supernatants were then applied to fresh HelLa cells in the

58



presence or absence of recombinant TNF-a for 24 hours (Figure 3-11). No significant
loss of cytotoxic activity was observed following either acid or heat treatment,
indicating that this low-molecular-weight compound exhibits resistance to acid (low

pH) and heat to a certain extent.

<10 kDa
<10 kDa + TNF-a Figure 3-11. Acid or heat treatment does not

significantly affect cytotoxic activity of the EMCV
No Treatment | ‘ . supernatant.

Hela cells were infected with EMCV (MOI 0.1) for 24 h, and
the supernatant was filtered through a 10 kDa cutoff
membrane. A portion of the flowthrough was then treated with
acid (pH 2, 7 days) or heat (100 °C, 10 min). These samples,
including the non-treated condition, were applied to fresh HeLa
cells for 24 h, with or without recombinant human TNF-a (10
ng/mL). Cells were fixed and stained with Amido Black 10B for
survival quantification.

3-5 Cardiovirus-derived protein VPg induces synergistic cell death with TNF-a
during EMCV infection

At this stage, it had become clear that EMCV infection results in the release of
cell death-inducing factors into the culture supernatant. TNF-a was identified as the
critical trigger of apoptosis; however, additional factors were clearly required to
synergize with TNF-a to induce potent cell death. The most intriguing component
identified so far was this certain low-molecular-weight factor smaller than 3 kDa,
isolated using both SEC and size-based centrifugal filtration. This factor also exhibited
resistance to acid and heat treatment to a certain extent. Despite these findings, it
remained unclear whether this component was something host-derived, or virus-
derived. Importantly, this phenomenon was specific to EMCV infection and was clearly
not observed after infection with other RNA viruses such as SeV, NDV, or VSV.

To determine whether this effect was unique to EMCV, or more broadly
conserved among closely-related viruses, other members of the Picornaviridae family
belonging to a different genus were examined. In contrast to EMCV, which belongs to
the genus Cardiovirus, Enterovirus species were selected for comparison. With the
assistance of a collaborator, poliovirus (PV, type | Mahoney strain), coxsackievirus B3
(CVB3, Nancy strain), and enterovirus 71 (EV71, strain Isehara VP1-145Q variant,
selected for higher infectivity in HelLa cells [99]) were used to infect HelLa cells with
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EMCYV as the positive control. After 24 hours of infection, culture supernatants were
filtered using a 10 kDa centrifugal filter to remove infectious virions and most
cytokines, including TNF-a. The resulting filtrates were then treated to fresh Hela
cells, with or without the addition of recombinant human TNF-a.

Interestingly, filtrates derived from all Enterovirus infections (PV, CVB3, and
EV71) exhibited no cytotoxic activity, even when combined with recombinant TNF-a.
In contrast, only the EMCV-derived supernatant showed clear TNF-a-dependent
synergistic cytotoxicity (Figure 3-12). These results suggested that this synergistic
factor is specific to EMCYV infection, which means it is quite unlikely to represent some
broadly induced host-derived factor such as IFNs or other inflammatory cytokines.

-TNF-a +TNF-a Figure 3-12. Enterovirus-infected supernatant
3k flowthroughs do not exhibit cytotoxicity with TNF-a.
EMCV (<10 kDa) - {

Hela cells were infected with EMCV, PV, CVB3, or EV71 (MOI
— 1.0) for 24 h, and the supernatants were filtered through a 10
\ *\ kDa cutoff membrane. The flowthroughs were applied to fresh
PV (<10 kDa) ) Hela cells for 24 h, with or without recombinant human TNF-a
(10 ng/mL). Cells were fixed and stained with Amido Black 10B
for survival quantification.
CVBS3 (<10 kDa) r‘) .
/|
EV71 (<10 kDa) ‘ ‘

Further investigation revealed that the kinetics of EMCV replication was in

parallel with the appearance of cytotoxic activity in the culture supernatant.
Specifically, both EMCYV titers and the release of the cytotoxic component significantly
increased approximately 6 hours post-infection (Figure 3-13), a time point that
corresponds with viral encapsidation and host cell lysis during the EMCV replication

cycle [19].

Figure 3-13. Increase of EMCYV titer parallels
the appearance of cytotoxic compounds in
the supernatant.

) 100 Hela cells were infected with EMCV (MOI 0.1). Left
] axis: EMCYV titers in the supernatant at the indicated
time points were measured by plaque assay in Vero
cells. Right axis: Supernatants collected at the
indicated time points post-infection were heat-
inactivated (100 °C, 10 min) to inactivate both EMCV
and TNF-a. After 2-fold dilution with DMEM, samples
were applied to fresh HelLa cells together with
recombinant human TNF-a (10 ng/mL) for 24 h. Cells
10 T T were fixed and stained with Amido Black 10B, then dye

0 3 6 9 12 15 18 21 A4 was eluted for relative survival quantification.
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Based on these observations, the focus turned to potential EMCV-derived
components. One candidate in mind was the smallest protein (of peptide size)
encoded by EMCV, which was viral protein genome-linked (VPg/3B), as introduced
previously (Sections 1-2 and 1-5). Curiously, one past report demonstrated that
knockout of tyrosyl-DNA phosphodiesterase 2 (TDP2), the host enzyme that functions
as VPg unlinkase during the EMCV life cycle (described also in Section 1-2-2),
severely impairs viral growth and reduces viral titers [29, 30]. The same group also
reported that TDP2 is cleaved approximately 6 hours post-EMCYV infection (although
the biological significance is yet unknown), and this phenomenon was not observed
during Enterovirus infections such as PV or CVB3 [30].

Although the primary focus of these past studies was not regarding VPg itself,
the temporal overlap between TDP2 cleavage, EMCYV replication kinetics, and the
appearance of this cytotoxic factor in the supernatant, together with the known fact
that VPg of EMCV (referred to as VPgEMCY thereafter) is the only viral protein smaller
than 3 kDa (~2.3 kDa [19], also see Section 1-2-3), led to the hypothesis that VPgEMCY
may actually be this low-molecular-weight factor responsible for synergistic apoptosis
in combination with TNF-a.

VPgEMCV consists of only 20 amino acids (Figure 3-14a), making it amenable
to peptide synthesis. A synthetic 20-amino-acid VPgEMCV peptide was therefore
generated and tested for its ability to induce cell death in HelLa cells with TNF-a.
Treatment with VPgEMCV in combination with recombinant human TNF-a resulted in
potent synergistic cell death within 24 hours, closely resembling the effects observed
with the EMCV-inactivated supernatants earlier. This synergy was observed at
concentrations below 1 ng/mL (Figure 3-14b). Interestingly, treatment with VPgEMCY
alone at higher concentrations (~100 ng/mL) also induced cell death in the absence
of recombinant TNF-a.

To assess whether this activity was conserved among VPgs from other
Picornaviridae, VPgs of Cardiovirus members and from Enterovirus (Figure 3-14a)
were synthesized and examined. In addition to VPgEM®V VPg from Saffold virus
(VPgSAPY), VPg from TMEV (VPg™EY), and VPg from poliovirus (VPgPV) were
synthesized and tested (Figure 3-14c). VPgEMCY VPgSAFY "and VPg™EV  all derived
from Cardiovirus, exhibited strong synergistic activity with TNF-a in inducing cell
death. In contrast, VPG did not show comparable activity with VPgEMCV, However, at
higher concentrations (2100 ng/mL), VPgPV did exhibit weak cytotoxic effects,
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although its activity was approximately 100-fold lower than that of Cardiovirus VPgs

(Figure 3-14d). These findings are consistent with the infection/filtration experiments

and indicate that VPgs derived from Cardiovirus possibly possess a unique ability to

sensitize cells to TNF-a-mediated apoptosis.
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Figure 3-14. Cardiovirus VPgs induce dose-dependent cell death with TNF-a.
(a) VPg sequences for four viruses in the Picornaviridae family are compared.

(b) HeLa cells were treated at indicated concentrations of VPgEMCV, with or without recombinant TNF-a (10
ng/mL). Cells were fixed and stained using Amido Black 10B, then eluted for relative survival quantification.

(c) HeLa cells were treated with 1 ng/mL of VPgEMCV VPgSAFY VPgTMEV and VPGPV, with or without
recombinant TNF-a (10 ng/mL), and survival quantification was performed in the same manner as (b).

(d) HeLa cells were treated at indicated concentrations of VPgPY, with or without recombinant TNF-a (10
ng/mL), and survival quantification was performed in the same manner as (b).

For (b-d): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey’s HSD post-hoc test. For (b-
c): Asterisks indicate comparison with the No Treatment, -TNF-a group. Labels: *p < 0.05, **p < 0.01, ****p
< 0.0001, ns: not significant (p > 0.05).

3-6 Identification of critical amino acid residues required for VPgEMCV activity

To further investigate the amino acid residues required for VPg-mediated cell

death sensitization, the amino acid sequences of VPgs derived from Cardiovirus and

Enterovirus were compared in detail (Figure 3-15a). As shown in the figure, VPgs
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from Cardiovirus share eight highly conserved amino acids at the C-terminus, a feature
that is absent in Enterovirus VPgs. Based on this observation, it was hypothesized
that these conserved C-terminal residues are important for full VPgEMCV activity.

To test this hypothesis, a chimeric VPg peptide was synthesized (VPgPV-EMCV),
in which the C-terminal eight amino acids were derived from VPgEMCV while the N-
terminal region come from VPgPV. The activity of this hybrid peptide was compared
with that of VPgEMCV and VPgPV. Notably, this VPgPV-EMCV hybrid exhibited synergistic
activity with TNF-a comparable to that of VPgEMCV, demonstrating that the eight C-
terminal residues should be critical for VPgEMCV activity (Figure 3-15b).

To determine whether the cell death-sensitizing function of VPgEMCY may be
independent of its canonical role as a primer for viral RNA synthesis, the third tyrosine
residue (Y3) was substituted with phenylalanine (VPgEMCV-Y3F) This tyrosine residue
is known to be essential for VPg uridylylation and viral replication, and mutation at this
site abolishes its canonical function ([31], also briefly explained in Section 1-2-2). This
VPgEMCV-Y3F mutant still retained cell death-sensitizing activity comparable to that of
VPgEMCV in the presence of TNF-a (Figure 3-15b), indicating that this cell death-
related function of VPgEMCV is possibly completely independent of its role in viral RNA
synthesis.
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Figure 3-15. The 8 C-terminal amino acids are critical for VPg activity.

(a) VPg sequences of 3 Cardiovirus (EMCV, SAFV, TMEV), as well as 3 Enterovirus (PV, EV71, CVB3) are
compared. The 8 C-terminal conserved amino acid region is highlighted in yellow. Identical amino acid
residues to EMCYV are in red, and closely-related amino acids are in blue.

(b) HeLa cells were treated with 1 ng/mL of VPgEMCV, VPgPV, VPgPV-EMCY "and VPgEMCV-Y3F with or without
recombinant TNF-a (10 ng/mL). Cells were fixed and stained using Amido Black 10B, then eluted for relative
survival quantification.

For (b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey’s HSD post-hoc test. Asterisks
indicate comparison with the No Treatment, -TNF-a group. Labels: ****p < 0.0001, ns: not significant (p >
0.05).
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Given that the C-terminal residues were shown to be critical, it was next
hypothesized that the C-terminal region alone might be sufficient for VPgEMCV activity.
To test this, N-terminally truncated VPgEMCV peptides were synthesized. These
included VPgEMCV comprised of 17 amino acids (VPgEMCV-17AA) 13 amino acids
(VPgEMCV-13A4) "and 8 amino acids (VPgEMCV-8AA) "which were evaluated for their ability
to sensitize cells to TNF-a-induced cell death.

Unexpectedly, truncation of the N-terminal residues resulted in a marked loss
of activity (Figure 3-16). While VPgEMCV-17AA retained partial activity, its cell death-
sensitizing ability was markedly reduced compared with the full-length 20AA VPgEMCY,
Curiously, VPgEMCV-13AA gnd VPgEMCV-8AA completely lost any detectable activity
whatsoever. These findings indicate that although the conserved C-terminal residues
in Cardiovirus are essential, the N-terminal region and overall peptide length are also
critical for maintaining VPgEMCV activity.

VPgEMCV (20AA): GPYNETARVKPKTLQLLDIQ

VPgEMc"'1 TAA (1 7AA): NETARVKPKTLQLLDIQ
VPQEMCV-13AA (13AA): RVKPKTLQLLDIQ
VPgEMCV-8AA (8AA): TLQLLDIQ

100

- NC.

- TNF-a

- VPgEMCV
- VPgEMCV-17AA
= VPgEMCV-13AA
£ VngMCV-SAA

Relative Survival (%)
3
1
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Figure 3-16. Truncation of N-terminal amino acids of VPg lose functional activity.

HelLa cells were treated for 24 h with 10 ng/mL recombinant human TNF-a, together with 2-fold serial dilutions
(starting from 5 ng/mL) of VPgEMCVY, \VPGEMCV-17AA " \/PgEMCV-13AA - gnd VPgEMCV-8AA - Conditions without the

addition of TNF-a were also prepared (N.C.). Cells were fixed and stained using Amido Black 10B, then
eluted for relative survival quantification.

Data are presented as the mean (SD), and data are biological replicates (n = 3).

To further identify specific amino acid residues required for VPgEMCV activity,
alanine-scanning mutants were generated for each of the 20 amino acids. These
mutant peptides were tested at a concentration of 10 ng/mL in HelLa cells in the
presence of recombinant TNF-a. Substitution of the 15th glutamine (Q) residue with
alanine (VPgEMCV-Q154) or the 16th leucine (L) residue with alanine (VPgEMCV-L16A)
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resulted in a significant reduction in cell death-sensitizing activity (Figure 3-17a). A
double mutant combining both substitutions (VPgEMCV-Q15AL16A) was also synthesized,
and this peptide exhibited an even greater loss of activity (Figure 3-17b).
Quantification of DNA fragmentation further confirmed that late-stage apoptosis
was markedly reduced in cells treated with these mutant peptides (Figure 3-17c).
When tested at a 10-fold higher concentration (100 ng/mL), the two single mutants
induced significant cell death, while the double mutant remained mostly inactive,
although minimal cytotoxicity was observed (Figure 3-17d). Altogether, these results
demonstrate that the C-terminal residues, particularly the 15th glutamine (Q) and 16th
leucine (L), are critical for VPgEMCV activity, while the N-terminal region and overall

peptide length also play essential roles in maintaining full biological function.
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Figure 3-17. Amino acid residues Q15 and L16 are crucial for VPgEMCV activity.

(a) VPgEMCY with point mutant alanine substitutions in each residue (except A7) were generated, and these
were tested for their ability to induce cell death (10 ng/mL), treated together with recombinant TNF-o (10
ng/mL) for 24 h. Cells were fixed and stained using Amido Black 10B, then eluted for relative survival
quantification.

(b) HeLa cells were treated with 10 ng/mL of VPgEMCV \PgEMCV-QI5A \/PgEMCV-L16A ' gnd \/PgEMCV-QISALIEA yith
recombinant TNF-a (10 ng/mL) for 24 h. Survival quantification was performed in the same manner as (a).
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(c) HelLa cells were treated with identical synthetic peptides and recombinant TNF-a. with (b) for 9 h. Cells
were lysed and DNA fragmentation levels were measured by ELISA. Relative DNA fragmentation values were
calculated by setting the mean values of N.T. as 1.

(d) HeLa cells were treated with identical synthetic peptides as in (b) but at 100 ng/mL, together with
recombinant TNF-a (10 ng/mL) for 24 h. Survival quantification was performed in the same manner as (a).

Data are presented as the mean (SD), and individual data points are biological replicates (n = 3). Statistical
significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Labels: **p < 0.01,
****p < 0.0001, ns: not significant (p > 0.05).

3-7 Confirmation of VPgEMCV as the component released during EMCYV infection

Although the amino acid residues required for VPgEMCV activity were identified,
it had not yet been directly clarified that the low-molecular-weight component released
into the culture supernatant during EMCYV infection was indeed VPgEMCV. To address
this question, a polyclonal rabbit antibody against VPgEM®V was generated (anti-
3B/VPgEMCY) This antibody was first tested for its ability to directly neutralize the
activity of VPgEMCV, The anti-VPgEMCV antibody was incubated with either EMCV-
infected culture supernatant or synthetic VPgEMCV as a control, followed by treatment
of HelLa cells in the presence or absence of recombinant TNF-a to assess cell death.
Curiously, the anti-VPgEM®V antibody failed to neutralize the cell death-inducing activity
of the EMCV supernatant. However, this result was consistent with the observation
that the antibody was also unable to neutralize the activity of synthetic VPgEM®V itself,
indicating that direct neutralization by the antibody was ineffective (Figure 3-18a).

Because of this limitation, an alternative approach was used, which was
immunoprecipitation and depletion of VPgEMCV from the supernatant. The post-
infected EMCV supernatant, as well as synthetic VPgEMCV, was subjected to pulldown
using the anti-VPgEMCV antibody in combination with Protein G beads. The depleted
samples were then treated to HelLa cells with or without recombinant TNF-a. Under
these conditions, cell death-inducing activity was completely abrogated for both the
EMCV supernatant and synthetic VPgEMCV  indicating that the low-molecular-weight
component acting synergistically with TNF-a in the supernatant is indeed VPgEMCY
(Figure 3-18b).
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Figure 3-18. Neutralization and depletion attempt of VPgEVCV in the supernatant.

HelLa cells were Mock-infected or infected with EMCV (MOI 0.1) for 24 h, then the supernatants were heated
(100 °C, 10 min) for virus and cytokine inactivation.

(a) The Mock and EMCYV supernatants, as well as 2 ng/mL synthetic VPgEMCV in DMEM were mixed with anti-
VPgEMCY antibody overnight for neutralization attempt. Fresh HelLa cells were treated with these samples (2-
fold dilution) for 24 h, with or without the addition of recombinant TNF-a. (10 ng/mL). Cells were fixed and
stained using Amido Black 10B, then eluted for relative survival quantification.

(o) The Mock and EMCV supernatants, as well as 2 ng/mL synthetic VPgEM®V in DMEM were
immunoprecipitated overnight using Protein G beads, with or without the pre-binding of anti-VPgEMV antibody
with beads. These samples were diluted and treated with or without recombinant TNF-a. similarly as (a), and
survival quantification was performed in the same manner as (a).

For (a, b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey’s HSD post-hoc test. Asterisks
indicate comparison with the negative control (- all treatments), -TNF-a group. Labels: ****p < 0.0001, ns: not
significant (p > 0.05).

To further confirm the presence of VPgEM®V in EMCV-infected samples,
Western blot analysis was performed to detect VPgEMCV in both infected cell lysates
and post-infected culture supernatants. Known concentrations of synthetic VPgEMCY
were included as references. The culture supernatants were concentrated using a
centrifugal evaporator to increase protein yield before analysis. VPgEMCY was detected
in both infected cell lysates and culture supernatants, along with the viral 3D protein
(3DP°") (Figure 3-19a). Cytoplasmic glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was also detected in the post-infected supernatant, indicating that viral
infection possibly resulted in cell lysis, following release of its cytosolic contents.
Interestingly, the migration patterns of natural and synthetic VPgEMCV differed slightly:
natural VPgEMCY appeared as a sharp band, while synthetic VPgEMCV appeared as a

smeared band with slightly faster migration.
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To determine whether VPgEMCV was present in the size-based fractions
previously shown to exhibit activity, Western blotting was performed on fractions
obtained by centrifugal filtration (<50 kDa, <50 kDa >10 kDa, <10 kDa, <10 kDa >3
kDa, and <3 kDa). VPgEMCV was detected in the <50 kDa, <10 kDa, and <3 kDa
fractions (Figure 3-19b), consistent with its predicted molecular size and confirming
that VPgEMCV corresponds to the <3 kDa component responsible for synergistic cell
death with TNF-a. GAPDH, which is approximately 37 kDa in size and likely released
due to cytosolic leakage during EMCV-induced cell lysis, was detected only in the <50
kDa and <50 kDa >10 kDa fractions, indicating that size-based fractionation was

performed appropriately.
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Figure 3-19. VPgEV® is detected in the post-infected supernatants or fractions.

(a) HelLa cells were Mock-infected or infected with EMCV (MOI 0.1) for 9 h. The supernatants and cell lysates
(in 200 pL lysis buffer) were then collected. The supernatants were concentrated 100x of the original
concentration using centrifugal concentration. The supernatants and lysates were subjected to SDS-PAGE
(20 pL/lane) without dilution (1/1), diluted 2-fold (1/2) and 4-fold (1/4). As reference, 2-fold serial dilutions of
known concentrations of synthetic VPgEMCV (from 10 ng) were similarly loaded as indicated. Western blot
analysis was performed using anti-VPgEcV, anti-Mengo 3D, and anti-GAPDH antibodies.

(b) The fractions obtained from using size filtration from Figure 3-9 were concentrated 100x of the original
concentration using centrifugal evaporation, then subjected to Western blotting (10 pL/lane) using anti-
VPgEMCY and anti-GAPDH.
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Next, it was examined whether the concentration of TNF-a secreted during
EMCV infection was sufficient to induce cell death in combination with VPgEMCV, In
most experiments involving recombinant TNF-a, a concentration of 10 ng/mL was
used, as this is the manufacturer’'s recommended dose and is commonly used as a
saturating concentration in many literatures [115, 116]. However, ELISA quantification
from previous experiments (Figures 3-6a, 3-7b, and 3-9c) indicated that
approximately 100-350 pg/mL of TNF-a is released into the culture supernatant during
EMCV infection. To address this question, recombinant human TNF-a at
concentrations of 10 ng/mL, 1 ng/mL, 100 pg/mL, and 10 pg/mL was combined with
2-fold serial dilutions of VPgEMCV (starting at 2.5 ng/mL) and applied to HeLa cells for
24 hours to assess cell death.

These experiments demonstrated that 1 ng/mL TNF-a was sufficient to achieve
near-maximal efficacy, with no significant difference compared to 10 ng/mL (Figure 3-
20). VPgEMCV exhibited strong cell death-sensitizing activity even at very low
concentrations. At 100 pg/mL TNF-a, the synergistic effect with VPgEMCY was slightly
reduced at lower VPgEMCV concentrations (<0.1 ng/mL) but remained sufficient to
induce potent cell death. At 10 pg/mL TNF-a, cell death was still detectable, although
significantly attenuated. These results indicate that the 100—-350 pg/mL TNF-a levels
detected in EMCV-infected supernatants are sufficient to induce detectable cell death

under the tested conditions.
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£ TNF-a 10pg/mL
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Figure 3-20. TNF-a induced during EMCYV infection is sufficient to induce cell death with
VPgEMCV.

HeLa cells were treated with 2-fold serially diluted VPgEMCV (starting from 2.5 ng/mL), together with varying
concentrations of recombinant human TNF-a (10 ng/mL, 1 ng/mL, 100 pg/mL, and 10 pg/mL) for 24 h. The

condition without adding VPgEMCE (0 ng/mL) was placed as negative control. Cells were fixed and stained using
Amido Black 10B, then eluted for relative survival quantification.

Data are presented as the mean (SD), and data are biological replicates (n = 3).
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3-8 Identification of the modification status and quantification of natural
VPgEMCV and comparison of its activity with synthetic VPgEMCcV

An important observation in the previous section was the difference in
electrophoretic mobility and immunoblot band patterns between natural and synthetic
VPgEMCV |t has been already established for a long time that VPg can exist in a
uridylated form, commonly referred to as VPg-pUpU ([31, 117]; also briefly mentioned
in Section 1-2-2). One previous report [117] also showed that the immunoblotting
patterns of free VPg and uridylated VPg (VPg-pUpU) are distinct: VPg-pUpU appears
as a sharp band, whereas free VPg migrates slightly faster and often appears as a
smeared band. These characteristics from past literature closely resembled the band
patterns observed in this study, where natural VPgEMCV appeared as a sharp band and
synthetic VPgEMCVY appeared as a smear.

It is also known that phosphodiesterase | (PDEI) digestion can remove the
covalently attached uridine residues from VPg-pUpU, converting uridylated VPg into
its free form [118]. Based on these reports, it was hypothesized that the observed
difference in band patterns between natural and synthetic VPgEMCV was due to
uridylation of natural VPgEMCV and that PDEI treatment should convert the sharp band
of natural VPgEMCV into a smear-like pattern similar to that of synthetic VPgEMCV.

To test this hypothesis, snake venom-derived PDEI was obtained and applied
to EMCV-infected culture supernatants following a previously reported protocol [118].
As expected, PDEI treatment converted the sharp band of natural VPgEMCV into a
smeared band, similar to that of synthetic VPgEMCV (Figure 3-21). Prolonged PDEI
treatment, however, resulted in a reduction of overall band intensity. Although the
exact cause of this reduction remains unclear, it is possible that trace impurities in the
snake venom-derived PDEI, such as residual protease activity may have contributed
to degradation. Nevertheless, these results support the conclusion that the difference
in band patterns between natural and synthetic VPgEMCV are due to uridylation of
VPgEMCV  consistent with previous reports.
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Figure 3-21. Natural VPgEMC’ in the supernatant is uridylated, and band patterns change
upon PDEI treatment.

HelLa cells were infected with EMCV (MOI 0.1) for 24 h, and the supernatants were filtered using a 50 kDa
cutoff membrane. Portions of the flowthrough were treated with PDEI for the indicated times at 37 °C
(including a 24 h incubation without PDEI). The supernatants were then heated at 100 °C for 10 min to
inactivate PDEI, concentrated 100x using centrifugal concentration, and subjected to SDS-PAGE (20
pL/lane). As references, two-fold serial dilutions of known concentrations of synthetic VPgEMCV (starting from
10 ng) were loaded as indicated. Western blotting was performed using anti-VPg®V and anti-GAPDH
antibodies.

Next, the concentration of natural VPgEMCV present in the culture supernatant
was quantified using the generated anti-VPgEMCV antibody. Direct quantification by
Western blotting was challenging because the modification status of natural VPgEMCV
affects band migration, and PDEI treatment also resulted in partial loss of band
intensity. Therefore, an alternative approach, dot blotting was employed, as total
signal intensity in dot blots should not be theoretically influenced by size or band
shape.

A standard curve was generated using serial dilutions of known concentrations
of synthetic VPgEMCV, and the natural VPgEMCVY concentration in EMCV-infected culture
supernatants was quantified accordingly (Figure 3-22a). Integrated density values
were calculated using the software ImagedJ, and the average concentration of natural
VPgEMCV in the supernatant was estimated to be approximately 17 ng/mL. This
concentration is definitely within the range required to induce cell death in combination
with TNF-a, as demonstrated in previous experiments using synthetic VPgEMCV,

To directly compare the biological activity of natural and synthetic VPgEMCV,
their concentrations were adjusted to equivalent levels (using Figure 3-22 as
reference), starting at 1 ng/mL followed by 2-fold serial dilution, and then applied to
HelLa cells together with TNF-a. No significant differences were observed in cell death-
sensitizing activity between natural and synthetic VPgEMCV (Figure 3-22b). These
results indicate that uridylation of VPgEMCV should not affect its ability to sensitize cells
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to TNF-a-induced apoptosis. Furthermore, the comparable activities of natural and
synthetic VPgEMCV support the accuracy of the dot blot-based quantification used to
estimate VPgEMCV concentrations in the supernatant.
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Figure 3-22. Natural and synthetic VPgEM®Y have comparable cell death-inducing activities.

(a) Dot blotting was performed using two-fold serial dilutions of known concentrations of synthetic VPgEMcV
starting from 10 ng (n = 3) (top left). HeLa cells were infected with EMCV (MOI 0.1) for 24 h, and supernatants
were filtered using a 3 kDa cutoff membrane, concentrated 10X using a centrifugal evaporator, and blotted (n =
4) (top right). Blots were detected using anti-VPgEMCV. A reference curve was generated from synthetic VPgEMCY
dot blots (bottom left), and the average VPgEMCY concentration in the supernatants was calculated (bottom right).
Data are presented as the mean (SD). Synthetic VPgECV: n = 3; EMCV Sup.: n = 4.

(b) The cell death-inducing activities of natural VPgEMC in the supernatant (concentration determined in (a)) and
synthetic VPgEMCY were compared. Hela cells were treated with two-fold serial dilutions of either natural or
synthetic VPgEMCV (starting from 1 ng/mL) for 24 h, together with recombinant human TNF-a (10 ng/mL). Data
are presented as the mean (SD), and data are biological replicates (n = 3). Statistical significance was
determined by two-way ANOVA, followed by Tukey’'s HSD post-hoc test. Statistical comparisons were performed
between the EMCV Sup. and synthetic VPgEM®V groups. Label: not significant (p > 0.05).
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3-9 VPgEMCY induces iNOS/NO through the JAK-STAT1-dependent pathway to

sensitize cells to TNF-a-triggered cell death

Simultaneously while identifying the low-molecular-weight component working
synergistically with TNF-a, the pathway responsible for sensitization to Caspase-8-
dependent apoptosis induced by EMCV-inactivated supernatants was also
investigated. While going through the literature on TNF-a-dependent cell death,
multiple reports from the late 2010s to early 2020s describing synergistic effects
between TNF-a and IFN-y signaling [78, 79, 119] brought interest. One major study
published in 2021 ([78]; also briefly referenced in Section 1-4-1) reported that during
SARS-CoV-2 infection, synergistic TNF-a and IFN-y signaling induces iNOS
expression, leading to nitric oxide (NO) accumulation and sensitization to Caspase-8-
dependent cell death. This synergy was proposed to contribute to cytokine storm-
associated pathology in COVID-19.

Although the SARS-CoV-2 context is not directly related to this study, the
central concept that NO accumulation can synergize with TNF-a to induce cell death
raised the possibility that INOS/NO may also contribute to the sensitization mechanism
observed in this study. To test whether NO itself could enhance TNF-a-mediated
cytotoxicity, 3-Morpholinosydnonimine hydrochloride (SIN-1), a spontaneous NO
donor, was used to assess NO-dependent cytotoxicity in HeLa cells. Treatment with
=20.5 mM SIN-1 for 24 hours induced cell death, and 21.0 mM SIN-1 resulted in near-
complete loss of viable cells within 24 hours (Figure 3-23a). Co-treatment of SIN-1
with TNF-a (10 ng/mL) resulted in clear synergy, inducing partial cell death even at
lower SIN-1 concentrations (0.1 mM) and potent cell death at concentrations 20.2 mM
(Figure 3-23a).

Next, to validate the Caspase 8-dependency of this NO + TNF-a-induced cell
death, the same experiment was performed using Caspase 8 knockout (CASP8 KO)
cells. Cell death was almost completely abrogated in CASP8 KO cells (Figure 3-23b),
confirming that Caspase 8 plays an essential role in this pathway.
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Figure 3-23. NO donor SIN-1 and TNF-a induce synergistic cell death.

(a) HelLa cells were treated with the indicated concentrations of SIN-1, with or without recombinant TNF-a (10
ng/mL) for 24 h, then fixed and stained with Amido Black 10B to assess cell survival. PBS-treated cells were
used as negative controls.

(b) WT or CASP8 KO Hela cells were treated with SIN-1 or recombinant TNF-a under identical conditions as in
(a), then fixed and stained as in (a).

After confirming that NO accumulation and TNF-a co-treatment can
synergistically induce caspase-8-dependent cell death, it was next tested whether
EMCYV infection and cell death induced by post-infected supernatants are iINOS-
dependent. To address this, NG-Nitro-L-arginine Methyl Ester (L-NAME), a pan-NOS
inhibitor, and N-(3-(Aminomethyl)benzyl)acetamidine (1400W), a selective iINOS
inhibitor, were used. HelLa cells were treated with L-NAME or 1400W 2 hours prior to
EMCYV infection (MOI 0.01). Both inhibitors significantly reduced cell death, indicating
that INOS contributes to EMCV-induced cell death (Figure 3-24a).

Next, INOS dependency was tested using the <10 kDa flowthrough from
EMCV-infected supernatants or synthetic VPgEM®V in combination with recombinant
TNF-a. Both L-NAME and 1400W significantly inhibited cell death induced by the <10
kDa flowthrough (Figure 3-24b) and by synthetic VPgEMCV (Figure 3-24c), showing
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that cell death induced by both natural and synthetic VPgEMCV is iINOS-dependent. This
also suggests that the INOS dependency observed during EMCV-induced cell death
is largely due to VPgEMCV_ As reference, co-treatment with IFN-y and TNF-a also
induced cell death in HeLa cells (Figure 3-24c), and this effect was iINOS-dependent,
consistent with previous reports (reference). Together, these results suggest that IFN-
y and VPgEMCY engage similar cell death-sensitizing pathways.

a Mock Emcv D -
Inf. Inf. Sk
£ 100 m n A
PBS '\ T s0- .
s 2
=« 3 60 + -TNF-
¢ 4] » +TNF
L-NAME ) g "
\ 9 20-
4
0 T IH T T
. < &
1400W © R\ $
N \Q* N o
L x\l ‘bx
&
L\“ N
(o]
Aokolok R
£ 100 & ma nnNoA A N
T 0] 1 &
z - C
& 60— i o -TNF-a
-E 40— III = +TNF-a
© E
& 20-
0 T lE T T T T T
o S & R A « Q
N N N N N S
AT SR R R
B\ v A% v x
KY © A ‘\A
& 8 &«
RS

Figure 3-24. iNOS inhibition suppresses cell death induced by EMCYV infection or VPgEVCcV +
TNF-a, similarly to IFN-y + TNF-a.

(a) HelLa cells were pre-treated with PBS, pan-NOS inhibitor L-NAME (1 mM), or iNOS inhibitor 1400W (100 puM)
for 2 h, then infected with EMCV (MOI 0.01) for 24 h. Cells were fixed and stained using Amido Black 10B.

(b) HelLa cells were treated with the EMCV <10 kDa flowthrough (from Figure 3-9a) at a 1:10 dilution
(fraction:DMEM), with or without recombinant human TNF-a (10 ng/mL) for 24 h. L-NAME (1 mM) or 1400W
(100 uM) was added 2 h before treatment. Non-treated conditions (N.C.) were included as controls. Cells were
fixed and stained using Amido Black 10B, then eluted for relative survival quantification.

(c) HelLa cells were treated with VPgEMCY (1 ng/mL) or recombinant human IFN-y (10 ng/mL), with or without
recombinant human TNF-a (10 ng/mL) for 24 h. L-NAME or 1400W pre-treatment and N.C. conditions were the
same as in (b). Relative survival was quantified as in (b).

For (b, c): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey’s HSD post-hoc test. Label: ****p
< 0.0001.
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Western blotting further demonstrated that both VPgEM®V and IFN-y induce
iINOS expression (Figure 3-25). When combined with recombinant TNF-a, this
promotes cleavage of Caspase 8, consistent with apoptosis execution. Notably,
VPgEMCY also induced STAT1 phosphorylation at tyrosine 701, suggesting activation
of a signaling axis similar to IFN-y.

":N_v VngMCV
N.T. TNF-a IFN-y +TNF-o VPGEMC' + TNF-a
130kDa e e s e | IB: iINOS
91, 84kDa ,/- ! - - IB: pSTAT1 (Y701)
57kDa | 1B: Caspase 8 (FL)
43,41kDa IB: Caspase 8 (p43, p41)
18kDa IB: Caspase 8 (p18)

37KDa I i ~— s ——"| |B: GAPDH

Figure 3-25. VPgEM®Y and IFN-y induce iNOS, and Caspase 8 cleavage is induced by TNF-a
co-treatment.

HelLa cells were treated with TNF-a (10 ng/mL), IFN-y (10 ng/mL), VPgEMV (1 ng/mL), or the indicated
combinations for 9 h. Cell lysates were subjected to Western blotting using anti-iINOS, anti-pSTAT1 (Y701),
anti-Caspase 8, and anti-GAPDH antibodies.

To test whether JAK-STAT signaling is required, HelLa cells were pre-treated
with Tofacitinib, a JAK inhibitor, 2 h prior to stimulation with VPgEM®V and TNF-a.
Tofacitinib significantly increased survival following VPgEM®Y and TNF-a treatment
(Figure 3-26b), supporting a critical role for JAK-dependent signaling in this pathway.
Consistently, JAK inhibition completely abrogated iNOS induction and STAT1
phosphorylation induced by both IFN-y and VPgEMCV (Figure 3-26¢), further indicating
that VPgEMCY activates a JAK-STAT1-dependent pathway similar to IFN-y signaling.
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To confirm downstream NO production resulting from JAK-STAT activation and
iINOS induction, total nitrite levels in culture supernatants were measured by Griess
quantification 24 hours after stimulation. HelLa cells were treated with SIN-1 (positive
control), IFN-y, VPgEMCV VPgSAFY  VVPgT™EV and VPgPV. Compared to untreated
controls, nitrite levels were significantly increased following all treatments except
VPgPV (Figure 3-27a). This finding is consistent with the cell death assays earlier, in
which VPgPV did not exhibit strong activity at lower concentrations (~1 ng/mL). Pre-
treatment with Tofacitinib reduced nitrite levels to near-basal levels (Figure 3-27b),
indicating that VPgEMCV induces NO production via a JAK-dependent pathway,
consistent with the observed STAT1 phosphorylation, iINOS induction, and cell death.
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Figure 3-27. Cardiovirus VPgs induce nitric oxide similarly to IFN-y in a JAK-dependent
manner.

(a) HelLa cells were treated for 24 h with SIN-1 (0.1 mM), IFN-y (10 ng/mL), or various VPgs (1 ng/mL). Total
nitrite levels in the supernatants were quantified using Griess assay. Blank: DMEM only.

(b) HelLa cells were pre-treated with DMSO (control) or Tofacitinib (500 nM) for 2 h, then treated with VPgEMCY
(1 ng/mL) for 24 h. Total nitrite levels were quantified as in (a).

For (a, b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by (a): one-way ANOVA, or (b): two-way ANOVA, followed by Tukey’s
HSD post-hoc test. For (a): Asterisks and “ns” indicate comparisons with the N.T. group. Labels: ****p < 0.0001.,
ns: not significant (p > 0.05).

Previous literature suggests that IRF-1 is induced upstream of iINOS and
contributes to NOS2 transcription [76], as also described in the Introduction (Section
1-4-1). To test this, RNAi silencing was performed using siRNAs targeting IRF-1, as
well as 2 independent siRNAs targeting NOS2 (iNOS). These cells were then
assessed for cell death following VPgEM®V and recombinant TNF-a treatment.
Silencing of either IRF-1 or NOS2 significantly inhibited cell death (Figure 3-28a).
Western blotting further confirmed that iNOS induction by IFN-y or VPgEMCV was
abrogated by iNOS silencing as expected, and also by IRF-1 silencing (Figure 3-28b).
Together, these results support the model in which VPgEMCV induces a JAK-STAT1-
IRF-1-INOS pathway leading to NO production, sensitizing cells to TNF-a-triggered,

Caspase-8-dependent apoptosis.
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Figure 3-28. IRF-1 silencing upstream of iNOS suppresses cell death induced by VPgEMCcV
and TNF-a.

(a) HelLa cells were transfected with three different siRNAs (10 nM) for 48 h, then treated with recombinant
TNF-a (10 ng/mL), VPgEMEVY (1 ng/mL), or their combination for 24 h. Cells were fixed and stained using
Amido Black 10B, then eluted for relative survival quantification.

(b) HeLa cells transfected with siRNAs as in (a) were treated with recombinant IFN-y (10 ng/mL) or VPgEMCY
(1 ng/mL) for 9 h. Cell lysates were subjected to Western blotting using anti-iNOS and anti-GAPDH
antibodies.

For (a): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey’'s HSD post-hoc test.
Asterisks indicate comparisons between the N.T. groups of the identical siRNA. Label: ****p < 0.0001.

Finally, VPgEMCV alanine-scan mutants previously shown to exhibit reduced cell
death activity (Figure 3-17) were tested for their ability to induce STAT1
phosphorylation at Y701. HeLa cells were treated with the Q15A, L16A, or Q15A/L16A
mutant peptides, followed by Western blot analysis. At 10 ng/mL, both Q15A and L16A
markedly reduced STAT1 phosphorylation, while the double mutant completely lost
any detectable activity (Figure 3-29). At 100 ng/mL, the concentration at which
VPgEMCV alone induced strong cytotoxicity, STAT1 phosphorylation for the single
mutants was comparable to WT, but was still completely abolished for the double
mutant (Figure 3-28). These results indicate that the ability of the VPgEMCV point
mutants to phosphorylate STAT1 strongly correlates with their cell death-inducing

activity.
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Figure 3-29. Residues Q15 and L16 are critical for downstream signaling by VPgEMCV,

HelLa cells were treated with 10 ng/mL or 100 ng/mL of VPgEMCV (WT), VPgEMCV-Q15A (QQ15A), VPgEMCV-L16A
(L16A), or VPgEMCV-QISALIEA (Q15A/L16A) for 1 h. Cell lysates were subjected to Western blotting using anti-
pSTAT1 (Y701) and anti-GAPDH antibodies. An N.T. (non-treated) lane was included.

3-10 VPgEMCY functions as an IFNGR agonist and binds directly to IFNGR

Given the strong similarity between VPgEMCV-induced signaling and IFN-y
signaling, the next hypothesis was that VPgEM®V may perhaps utilize the same
receptor. To test this, CRISPR-Cas9 knockout plasmids targeting the interferon
gamma receptor (IFNGR) subunits IFNGR1 and IFNGR2 (described in Section 1-4-2)
were generated. HelLa cell lines lacking IFNGR1, IFNGR2, or both IFNGR1 and
IFNGR2 were successfully generated and validated (Figure 3-30a).

Following confirmation of generating successful knockouts, these cells were
tested for susceptibility to VPgEMCV- and TNF-a-induced cell death. Knockout of either
IFNGR1 or IFNGR2 resulted in significant abrogation of cell death induced by VPgEMCY
in combination with recombinant TNF-a, even at higher concentrations of VPgEMCcV
(100 ng/mL) (Figure 3-30b). Next, the effect of IFNGR deficiency on STAT
phosphorylation was examined. WT, IFNGR1 KO, IFNGR2 KO, and IFNGR1/2 DKO
cells were treated with IFN-B, IFN-y, or VPgEMCV, and phosphorylation of STAT1 and
STATZ2 were assessed (Figure 3-30c). As expected, IFN-B induced phosphorylation
of both STAT1 and STATZ2 in all cell lines, consistent with signaling through IFNAR1/2,
a different receptor (details in Section 1-4-1). In contrast, IFN-y and VPgEMCV induced
STAT1 phosphorylation but failed to phosphorylate STAT2 in WT cells. Importantly,
STAT1 phosphorylation induced by IFN-y and VPgEMCY was completely abrogated in
all IFNGR-deficient cell lines, demonstrating that VPgEMCV activates STAT1 via
IFNGR1/2 in a manner identical to IFN-y.
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Figure 3-30. Cell death induced by VPgEM®V + TNF-a and downstream signaling by VPgEVcV
are abolished by IFNGR1/2 knockout.

(a) IFNGR1 KO, IFNGR2 KO, and IFNGR1/2 DKO Hela cells were generated. Lysates from WT, IFNGR1 KO,
IFNGR2 KO, and IFNGR1/2 DKO cells were subjected to Western blotting using anti-IFNGR1, anti-IFNGR2,
anti-STAT1, and anti-GAPDH antibodies to confirm knockout efficiency. Asterisks indicate non-specific bands.

(b) WT, IFNGR1 KO, or IFNGR2 KO Hela cells were treated with the indicated concentrations of VPgEMCV,
with or without recombinant human TNF-a (10 ng/mL) for 24 h. Cells were fixed and stained using Amido Black
10B, then eluted for relative survival quantification.

(c) WT, IFNGR1 KO, IFNGR2 KO, or IFNGR1/2 DKO Hela cells were treated with recombinant human IFN-
B (1000 U/mL), recombinant human IFN-y (10 ng/mL), or VPgEMCV (1 ng/mL) for 9 h. Cell lysates were
subjected to Western blotting using anti-pSTAT2 (Y690), anti-pSTAT1 (Y701), and anti-GAPDH antibodies.

For (b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by two-way ANOVA, followed by Tukey’s HSD post-hoc test. Labels:
*p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.

To exclude the possibility that VPgEMCV induces STAT1 phosphorylation
indirectly through autocrine/paracrine IFN-y production, several experiments were
performed. First, the kinetics of STAT1 phosphorylation at Y701 were compared
between IFN-y and VPgEMCVY treatments (Figure 3-31a). STAT1 phosphorylation was
detectable as early as 5 minutes following IFN-y treatment, as expected. VPgEMCV
similarly induced STAT1 phosphorylation within 5 minutes, closely matching IFN-y
kinetics.
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To determine whether this rapid STAT1 activation was similar among other
VPgs, Hela cells were treated with 1 ng/mL VPgEMCV, VPgSAFY  VVPgT™EVY '\/PgPV and
the polio-EMCV hybrid VPg (VPgPV-EMCY) for 5 minutes, 1 hour, or 24 hours (Figure 3-
31b). All tested Cardiovirus-derived VPgs induced robust STAT1 phosphorylation from

early to late time points, while VPgPV failed to induce STAT1 phosphorylation. Notably,

STAT1 phosphorylation was restored with VPgPV-EMCV ' consistent with its restored

biological activity in cell death. Truncated VPgEV®V variants showed consistent results

with cell death: VPgEMCV-17AA induced weak early STAT1 phosphorylation, which
increased at later time points (1 h, 24 h), while VPgEMCV-13A gnd VPgEMCV-8AA exhibited

no detectable STAT1 activation whatsoever (Figure 3-31c).
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Figure 3-31. Kinetics of IFN-y and VPgE"c" signaling are comparable, and STAT1
phosphorylation is induced by various VPgs.

(a) HelLa cells were treated with either IFN-y (10 ng/mL) or VPgEMCV (1 ng/mL) for the indicated time points,
after which cell lysates were subjected to Western blotting using anti-pSTAT1 (Y701), anti-STAT1, and anti-

GAPDH antibodies.

(b) HeLa cells were treated with 1 ng/mL of various VPgs for 5 min, 1 h, or 24 h, then cell lysates were
subjected to Western blotting using anti-pSTAT1 (Y701) and anti-GAPDH antibodies.

(c) Hela cells were treated with 1 ng/mL of the indicated N-terminal truncated VPgs in the same manner as
in (b), and cell lysates were subjected to Western blotting as in (b).
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A washout experiment was next performed to further assess whether VPgEMCV
acts directly on IFNGR. Hela cells were treated with 1 ng/mL or 100 ng/mL VPgEMCV
for 10 minutes, with or without recombinant TNF-a, after which the supernatant was
removed and cells were washed twice with PBS to remove any residual VPgEMCY,
Despite this brief treatment, potent cell death was triggered in cells treated with
VPgEMCY alone at 100 ng/mL or with VPgEMCV + TNF-a (Figure 3-32a), indicating that
VPgEMCV-triggered signaling occurs rapidly.

To test whether any soluble factors were released in the supernatant during
VPgEMCV stimulation, supernatants collected 24 hours after the initial VPgEMCY
treatment were applied to fresh HeLa cells in the presence or absence of recombinant
TNF-a. These supernatants failed to induce cell death under all tested conditions
(Figure 3-32b), demonstrating that VPgEMCV does not trigger secretion of IFN-y or
other cytotoxic factors responsible for autocrine/paracrine signaling. Together, these
results strongly support the conclusion that VPgEM®V and other Cardiovirus VPgs
function directly via IFNGR1/2, rather than indirectly activating IFNGR signaling
through cytokine induction.
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Figure 3-32. Cell death induced by VPgEV®V + TNF-a is not mediated by autocrine/paracrine
IFN-y or other cytotoxic factors.

(a) Hela cells were treated for 10 min with one of the following conditions: (D non-treated control (N.T.), @
VPgEMCY (1 ng/mL), 3 VPgEMCY (100 ng/mL), @ VPgEMCV (1 ng/mL) + recombinant TNF-a (10 ng/mL), or ®
VPgEMEY (100 ng/mL) + recombinant TNF-a (10 ng/mL). After treatment, cells were washed twice with PBS
and cultured in fresh DMEM (10% FBS). After 24 h, cells were fixed and stained using Amido Black 10B, then
eluted for relative survival quantification.

(b) Supernatants from conditions (D, @), and ® in (a) were collected, centrifuged to remove debris, and then
applied to fresh Hela cells for 24 h at a 1:1 ratio (fresh DMEM:collected supernatant). Recombinant TNF- a
(10 ng/mL) was added as indicated. Relative survival was quantified as in (a).

For (a, b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Label:
****p < 0.0001.
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To further examine whether other innate immune pathways may contribute to
VPgEMCV.induced cell death, HelLa cells deficient in key pattern recognition receptor
(PRR) signaling components, including RIG-I, MAVS, IRF-3, PKR, and TRIF
(knockout cell lines from [94]), were tested for their response to VPgEMCV and TNF-a.
All knockout cell lines exhibited levels of cell death comparable to WT cells (Figure 3-
33), indicating that these innate immune signaling pathways should be dispensable
for VPgEMCV + TNF-o. mediated cell death.
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Figure 3-33. Major innate immune PRR signaling components are dispensable for cell
death induced by VPgE"cV + TNF-a.

WT, RIG-I KO, MAVS KO, IRF-3 KO, PKR KO, or TRIF KO HelLa cells were treated with recombinant TNF-a
(10 ng/mL), VPGEMCV (1 ng/mL), or their combination for 24 h. Cells were fixed and stained using Amido Black
10B, then eluted for relative survival quantification.

Data are presented as the mean (SD), and individual data points are biological replicates (n = 3). Statistical
significance was determined by two-way ANOVA, followed by Tukey’s HSD post-hoc test. Label: ns, not
significant (p > 0.05).

Given the strong functional evidence that VPgEMCV acts as an IFNGR agonist,
direct physical interaction between VPgEMCV and IFNGR was next investigated.
Because detection of VPgEM®V bound to endogenous IFNGR was technically
challenging, Myc-tagged IFNGR1 and IFNGR2 were overexpressed in HEK293T cells.
Cells expressing Myc-IFNGR1, Myc-IFNGR2, or both were treated for 1 hour with
either natural VPgEMCV derived from 50 kDa-filtered EMCV-infected supernatants or
synthetic VPgEMCV followed by co-immunoprecipitation (co-IP) using an anti-Myc-tag

antibody.
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Co-IP analysis revealed that both natural and synthetic VPgEMCV were
specifically pulled down from cells expressing Myc-IFNGR1 or Myc-IFNGR2 (Figure
3-34). Notably, stronger VPgEMCY bands were observed in IFNGR1-expressing cells
compared to IFNGR2-expressing cells, suggesting stronger or possibly preferential
binding of VPgEMCY to IFNGR1.

Treatment : N.T. <50 kDa EMCV Sup. Synthetic VPgEMCY
L | A
[ Myc- L Myc- L Myc-
Transfected Myc-  Myc-  IFNGR1 Myc-  Myc- IFNGR1 Myc-  Myc-  IFNGR1
Plasmid: Empty IFNGR1 IFNGR2 IFNGR2 Empty IFNGR1 IFNGR2 IFNGR2 Empty IFNGR1 IFNGR2 IFNGR2
[ 75 kDa 3
&
2
IB: Myc-tag
50 kD = (IFNGR1/2)
a - - z
- |-y 8
Input
37 kDa |"“ — IB: GAPDH
10 kDa
IB: EMCV 3B (VPg)
(Total Input)
— 10 kDa
VPg bound IP: Myc-tag
to IFNGR IB: EMCV 3B (VPg)

Figure 3-34. Natural and synthetic VPgEM®V physically interact with IFNGR1/2.

HEK293T cells were transfected with expression vectors encoding Myc-IFNGR1 (6 ug), Myc-IFNGR2 (6 ug),
or both receptors (total 12 ug) for 48 h. Empty transfection controls (Lipofectamine only) were included. Cells
were then treated with either the 50 kDa cutoff filter flowthrough of 10x-concentrated EMCV-infected
supernatant (HeLa cells infected for 24 h at MOI 1.0) or synthetic VPgEM®V (100 ng/mL) for 1 h. Non-treated
(N.T.) conditions were also prepared. Cells were lysed in 200 pL lysis buffer, and 100 pL of each lysate was
subjected to immunoprecipitation using Protein G—anti-Myc tag conjugate. Immunocomplexes were eluted
with 40 pL elution buffer. Eluates (20 pL; 1/2), input lysates (1/5), and 1/5 of the total VPg input (from either
supernatant or synthetic VPgEMCV) were analyzed by Western blotting using anti-Myc-tag, anti-VPgEM®V, and
anti-GAPDH antibodies.

Finally, it was examined whether the VPgEMCV mutants that failed to induce cell
death (Figure 3-17) and STAT1 phosphorylation (Figure 3-29) also lost the ability to
physically interact with IFNGR. HEK293T cells co-expressing Myc-IFNGR1 and Myc-
IFNGR2 were treated with WT VPgEMCV  VPgEMCV-QISA = \/PgEMCV-L16A - or \/PgEMCY-
QISAIL16A for 1 hour, followed by co-IP. VPgEMCV-Q15A hands were completely abolished
from anti-Myc-tag pulldown despite the comparable input levels, strongly indicating a
loss of IFNGR binding (Figure 3-35). Unfortunately, however, due to limitations of the
anti-VPgEMCV antibody, VPgEMCV-L16A and the double mutant could not be properly

detected in the input, preventing any definitive conclusions regarding their binding.
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Nevertheless, the loss of IFNGR binding by VPgEMCV-Q15A strongly supports a model
in which VPgEMCV physically interacts with IFNGR, and that disruption of this

interaction site explains the loss of function observed in this mutant.

Treatment : N T VPgEMCV VPgEMCV-Q1 5A VPg EMCV-L16A VngMCV-Q1 5A/L16A
A | L A |
I \ \f \l \r 1
Myc- Myc- Myc- Myc- Myc-
Transfected IFNGR1 IFNGR1 IFNGR1 IFNGR1 IFNGR1

Plasmid: Empty IFNGR2 Empty IFNGR2 Empty IFNGR2 Empty IFNGR2 Empty IFNGR2

— 75 kDa 4
—— - ] -

- -
. IB: Myc-tag
50 kDa - - | — }- (IFNGR1/2)
input | 37 kDa | . SPGSPRSEP |B: GAPDH

—t
LYON4I

TUONL

10 kDa
”’ - IB: EMCV 3B (VPg)
" (Total Input)
— 10 kDa
VPg bound IP: Myc-tag
to IFNGR IB: EMCV 3B (VPg)

Figure 3-35. The VPgEM®Y Q15A mutant, defective in cell death sensitization and
downstream signaling, shows reduced binding to IFNGR1/2.

HEK293T cells were co-transfected with expression vectors encoding Myc-IFNGR1 (6 pg) and Myc-IFNGR2
(6 ug) for 48 h. Empty transfection controls (Lipofectamine only) were included. Cells were then treated with
VPgEMCV | \yPgEMCV-Q15A "\/PgEMCV-L16A - o \/PgEMCV-QISAILIEA (100 ng/mL) for 1 h. Non-treated (N.T.) conditions
were also prepared. Cells were lysed in 200 pL lysis buffer, and 100 pL of each lysate was subjected to
immunoprecipitation using Protein G-anti-Myc tag conjugate. Immunocomplexes were eluted with 40 pL
elution buffer. Eluates (20 uL; 1/2), input lysates (1/5), and 1/5 of the total VPg input were analyzed by Western
blotting using anti-Myc-tag, anti-VPgEMCV, and anti-GAPDH antibodies.

(Important note: input bands for VPgEMCV-L16A gnd yPgEMCV-QISALIBA \were not properly detected using the anti-VPgEMCcY
antibody, likely due to altered epitope recognition. Therefore, binding comparisons were limited to WT and Q15A.
The whole Western blot data is included for transparency.)

3-11 VPgEMCV upregulates ISGs similar to IFN-y signaling and downregulates a

distinct subset of genes

Having established now that VPgEMCV functions as an IFNGR agonist and
physically interacts with the receptor, downstream signaling other than iINOS induction
were investigated. HeLa cells were treated with IFN-B, IFN-y, or VPgEMCV for 24 hours,
after which total RNA was extracted and subjected to RNA-seq analysis. Differentially

expressed genes were identified by comparison with non-treated (N.T.) control cells.
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IFN-B, IFN-y, and VPgEMCV treatment resulted in 202, 214, and 197 upregulated genes,
respectively (Figure 3-36).

N.T. vs. IFN-B N.T. vs. IFN-y N.T. vs. VPgEMCV
7 61
5
6 51
4
5 |
o -4 4 o
fa) fa) a
w4 w L3
2 S3 ] Threshold:
g3 g g FDR: 0.05
] i T 2] 2 logFC: 1.0
1 14 1
0 i 04 0
-15 -10 -5 0 5 10 15 15 -10 -5 0 5 10 15 -1s -10 -5 0o 5 10 15
log2 FC logz FC log; FC
Total regulated genes: 210 Total regulated genes: 228 Total regulated genes: 480
Upregulated genes: 202 Upregulated genes: 214 Upregulated genes: 197
Downregulated genes: 8 Downregulated genes: 14 Downregulated genes: 283

Figure 3-36. Regulation of genes by IFN-B, IFN-y, or VPgEMCV treatment.

RNA sample preparation: HelLa cells (n = 2) were treated with IFN-B (1000 U/mL), IFN-y (10 ng/mL), or
VPgEMEV (1 ng/mL) for 24 h. Non-treated (N.T.) conditions were also prepared. Total RNA was extracted from
the cells, and gene expression profiles were analyzed using RNA-seq.

Volcano plots were generated, showing upregulated and downregulated genes compared to the control (N.T.)
group. Threshold values for differentially expressed genes were set as follows: false discovery rate (FDR) =
0.05 and log fold change (logFC) = 1.0.

The top 50 upregulated genes induced by IFN-B, IFN-y, and VPgEMCY were then
compared across treatment groups. These genes were divided into the top 20 and the
top 21-50 upregulated genes by VPgEMCV and analyzed by comparing IFN-B vs.
VPgEMCV.induced genes and IFN-y vs. VPgEMCV.induced genes. Although some
overlap was observed between IFN-B and VPgEMCV (Figure 3-37a), a stronger
similarity was observed between IFN-y and VPgEMCV gene expression profiles (Figure
3-37b). This result is consistent with earlier findings that VPgEMCV signals through
IFNGR. Heatmap analysis further confirmed that 25 out of the top 50 genes
upregulated by VPgEMCV were also highly induced by IFN-y, but not by IFN- (Figure
3-37c), indicating that VPgEMCV induces IFN-y—like ISG expression.

A clear distinction between IFN-B and IFN-y signaling was observed in the
regulation of Human Leukocyte Antigen (HLA) genes. It is well-known that both type |
and type Il IFNs induce class | HLA genes (HLA-A, HLA-B, HLA-C), which are involved
in endogenous antigen presentation [120, 121, 122]. In contrast, induction of class Il
HLA genes (HLA-D family members such as HLA-DRA, HLA-DMB, and HLA-DPBT),
which mediate exogenous antigen presentation, is predominantly driven by IFN-y [123,
124]. Analysis of VPgEMCV-treated cells revealed upregulation of both class | (Figure
3-37d) and class |l HLAs (Figure 3-37e), representing the expression patterns
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induced by IFN-y. These results further support the conclusion that VPgEMV and IFN-

y have similar transcriptional responses.

a b
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Figure 3-37. Gene expression profiles of upregulated genes by IFN-B, IFN-y, or VPgEMCcV
treatments.
RNA-seq analysis data (n = 2) from Figure 3-36 were used for all figures.

(a) Top 50 genes upregulated by IFN-B or VPgEMCV. Comparisons of the top 1-20 (left) and top 21-50 (right)
upregulated genes, ranked by FDR (N.T. vs. IFN-B and N.T. vs. VPgEMCV) are shown. Red genes indicate
those upregulated by both IFN-y and VPgEMCY and closely ranked. Black genes indicate genes upregulated by
both IFN-B and VPgEMCY but not closely ranked (one in the top 1-20 and the other in the top 21-50). Gray
genes indicate genes upregulated by either IFN- or VPgEMCY but not by both stimuli.
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(b) Top 50 genes upregulated by IFN-y or VPgEMEV_ All definitions and comparison methods are identical to
those in (a).

(c) Heatmap comparing relative expression levels of 25 top genes (among the top 50 upregulated genes by
VPgEMCV) that are highly upregulated by IFN-y and VPgEMCV, Mean values of VPgEMCY were set as 1 for relative
comparison.

(d) Comparison of relative expression levels of 3 class | HLAs (HLA-A, HLA-B, and HLA-C) induced by IFN-8,
IFN-y, or VPgEMCV.

(e) Comparison of relative expression levels of 3 class Il HLAs (HLA-DRA, HLA-DMB, and HLA-DPB1) induced
by IFN-B, IFN-y, or VPgEMCV,

For (d, e): Data are presented as the mean (SD), and individual data points are biological replicates (n = 2).
Statistical significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Labels:
*p <0.05, **p <0.01, ***p < 0.001.

Two representative ISGs were selected for further validation by RT-gPCR to
assess time- and concentration-dependent induction. UBE2L6, which was
upregulated by IFN-B, IFN-y, and VPgEMCV in RNA-seq analysis, showed increased
expression beginning approximately 6 hours post-treatment for all three conditions
(Figure 3-38a), as well as dose-dependent induction (Figure 3-38b). In contrast, IDO1
which was selectively upregulated by IFN-y and VPgEMCV exhibited similar kinetics,
with induction starting at approximately 6 hours (Figure 3-38c) and increasing in a

concentration-dependent manner (Figure 3-38d).

a UBE2L6 b UBE2L6
150 il 200 =

c pe— c

% % 150 =

2 100 . - g

Q. sorrr -

2 . 3 100

Q -1 [

& &

0~

o
1

FOIN PN 0&\’»‘_‘0 NS o b“.{’v‘\m&v RS 0&\"?‘0 Conc. N T|
L T M 1
VPgEMCV IFN IFN-|
VPgEMCV IFN-y IFN-B 9 v i
c d
IDO1 IDO1
150000 - - e

= 100000 15000 ”
5 = 10000 & n H
% 50000 S 5000 anhh L,
] 7]
© 20000 2 2000
2 10000 £ 1500
o £ 1000 ﬁ
S - - @ 500 ;q
g 0 2 1s0
3 50 g 100
[ 0 g s

FOIN N SEN PSRN TR SN PN PN RS Conc. NT. —] ] ]
L ] IL ]

VPgEMCV IFN-y IFN-B VPgEMcv IFN-y IFN-8

89



Figure 3-38. Time- and dose-dependent upregulation of 2 representative genes by IFN-3,
IFN-y, or VPgEMCV treatments.

For (a, c): HeLa cells (n = 3) were treated with VPgEMCV (1 ng/mL), IFN-y (10 ng/mL), or IFN-B (1000 U/mL) for
indicated time points, after which RNA was extracted for RT-qPCR analysis.

For (b, d): HeLa cells (n = 3) were treated for 12 h with varying concentrations of VPgE®V (0.01 ng/mL, 0.1
ng/mL, 1 ng/mL, 10 ng/mL, or 100 ng/mL), IFN-y (0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, or 1000 ng/mL),
or IFN-B (10 U/mL, 100 U/mL, 1000 U/mL, 10000 U/mL, or 100000 U/mL), followed by RNA extraction for RT-
gPCR analysis.

(a) Time-dependent relative expression of UBE2L6.
(b) Dose-dependent relative expression of UBE2L6.
(c) Time-dependent relative expression of IDO1.
(d) Dose-dependent relative expression of IDO1.

For (a-d): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Asterisks
indicate comparisons with the N.T. group. Labels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

An unexpected observation from RNA-seq analysis was the presence of many
downregulated genes associated specifically with VPgEMCV treatment. While only 8
and 14 genes were downregulated following IFN- and IFN-y treatment, respectively,
VPgEMCY treatment resulted in downregulation of 283 genes (Figure 3-36). A heatmap
of the top 50 downregulated genes revealed that most of these changes were specific
to VPgEMCY and not shared with IFN-B or IFN-y (Figure 3-39a), with only a small subset
of genes (e.g., H4C3, TRIM16, H1-1, BHLHA15) showing some overlap. Even for
these genes, downregulation was much more pronounced following VPgEMCV
treatment.

Several downregulated VPgEMCV-specific genes included some known proto-
oncogenes such as DUSP1, MYC, IER2, TCIM, CHAC1, and ZBED3 (Figure 3-39b).
These genes were not significantly downregulated by IFN-B or IFN-y, suggesting that
VPgEMCY possesses some ability for transcriptional regulation which is partially distinct

from canonical IFN-y signaling.
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Figure 3-39. Gene expression profiles of VPgEMcV-downregulated genes and comparison
with IFN treatments.

RNA-seq analysis data (n = 2) from Figure 3-36 were used for all figures.

(a) Heatmap comparing relative downregulation of the top 50 genes downregulated by VPgEMCY, comparing
VPgEMCV IFN-y, and IFN-B treatments. Mean values of the N.T. group were set as 1 for relative comparison.

(b) Comparison of relative expression levels of 6 proto-oncogenes (DUSP1, MYC, IER2, TCIM, CHAC1, and
ZBED3) following VPgEMCV| IFN-y, or IFN-B treatment.

For (b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 2).
Statistical significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Labels:
*p <0.05, *p <0.01.

Two representative downregulated genes were further validated by RT-qPCR.
H4C3, the most strongly downregulated gene identified by RNA-seq, showed rapid
suppression by VPgEMCV as early as 3 hours post-treatment, while downregulation by
IFN-B or IFN-y was much weaker and delayed until approximately 6 hours (Figure 3-
40a). Concentration-dependent analysis also revealed that VPgEM®V downregulated
H4C3 at low concentrations (~0.1 ng/mL) and with greater magnitude than either IFN
treatments (Figure 3-40b). Similarly, DUSP1 which was selectively downregulated by
VPgEMCV showed rapid downregulation beginning at 3 hours post-treatment, with no
downregulation observed by IFN-B or IFN-y treatment (Figure 3-40c, Figure 3-40d).
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Figure 3-40. Time- and dose-dependent downregulation of 2 representative genes by IFN-§,
IFN-y, or VPgEMCV treatments.

For (a, c): HeLa cells (n = 3) were treated with VPgEMCV (1 ng/mL), IFN-y (10 ng/mL), or IFN-B (1000 U/mL) for
indicated time points, after which RNA was extracted for RT-qPCR analysis.

For (b, d): HeLa cells (n = 3) were treated for 12 h with varying concentrations of VPgEcV (0.01 ng/mL, 0.1
ng/mL, 1 ng/mL, 10 ng/mL, or 100 ng/mL), IFN-y (0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, or 1000 ng/mL),

or IFN-B (10 U/mL, 100 U/mL, 1000 U/mL, 10000 U/mL, or 100000 U/mL), followed by RNA extraction for RT-
gPCR analysis.

(a) Time-dependent relative expression of H4C3.
(b) Dose-dependent relative expression of H4C3.
(c) Time-dependent relative expression of DUSP1.
(d) Dose-dependent relative expression of DUSP1.

For (a-d): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Asterisks
indicate comparisons with the N.T. group. Labels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Altogether, these data show that although VPgEM®V upregulates genes (ISGs)
very similar to IFN-y signaling, confirmed at least for many of the top genes
upregulated by VPgEMCV it also uniquely downregulates a distinct set of genes (non-
ISGs). This selective downregulation suggests that VPgEMCV has additional regulatory
effects beyond the canonical IFN-y signaling.
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3-12 Downregulation of unique genes by VPgEMCV is partially independent of
IFNGR

Two major hypotheses were considered to explain the observation that many
genes were downregulated specifically by VPgEMCV but not by IFNs. First, structural
studies have suggested that engineered or modified IFN-y variants can engage
“noncanonical” IFNGR assemblies and could alter downstream transcriptional outputs
[87]. In addition, type | IFN signaling is known to show differences in downstream gene
expression patterns depending on the agonist subtype, even though these responses
are mediated through the same IFNAR1/2 receptor complex [125, 126]. If VPgEMCY
behaves similarly as these “modified agonists,” then transcriptional differences could
occur while being fully dependent on IFNGR1 and IFNGR2. A second hypothesis was
that the VPgEMCV-gpecific gene downregulation occurs completely independent of
IFNGR1/2, implying that VPgEM®Y may possess an additional target/activity beyond its
function as an IFNGR agonist.

To test whether VPgEMCV-specific gene downregulation depends on IFNGR,
IFNGR1/2 double-knockout (DKO) HelLa cells were utilized. WT and IFNGR1/2 DKO
cells were treated with IFN-B, IFN-y, or VPgEMCV  after which RNA was extracted for
RT-gPCR analysis. Expression levels of the top five VPgEMCV-upregulated genes
(UBE2L6, IDO1, TAP1, C1R, and WARS1) and the top five VPgEMCV-downregulated
genes (H4C3, DUSP1, C190rf48P, TGIF1, and DDIT4) were quantified.

First, analysis of the five upregulated genes (ISGs) showed that these genes
were induced by IFN-B, IFN-y, and VPgEMCV with stronger induction by IFN-y and
VPgEMCV  consistent with the RNA-seq results (Figure 3-41a). Importantly, IFNGR1/2
knockout completely abrogated induction of ISGs by IFN-y and VPgEMCV while IFN-j3-
mediated induction of ISGs was unaffected, as expected (Figure 3-41b). These data
confirm that IFNGR1/2 is essential for ISG upregulation by VPgEMCV,
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Figure 3-41. Top 5 genes upregulated by VPgE"c" in WT and IFNGR1/2 DKO cells.

WT or IFNGR1/2 DKO Hela cells (n = 3) were treated with VPgEMV (1 ng/mL), IFN-y (10 ng/mL), or IFN-B
(1000 U/mL) for 24 h, followed by RNA extraction and RT-gPCR analysis.

(a) Relative expression of UBE2L6, IDO1, TAP1, C1R, and WARS1 in WT cells.
(b) Relative expression of the same genes in IFNGR1/2 DKO cells.

For (a, b): Data are presented as the mean (SD), and individual data points are biological replicates (n = 3).
Statistical significance was determined by one-way ANOVA, followed by Tukey’'s HSD post-hoc test.
Asterisks indicate comparisons with the N.T. group. Labels: **p < 0.01, ***p < 0.001, ****p < 0.0001.

The more important question was regarding the VPgEMCV-specific
downregulated genes. Interestingly, in both WT and IFNGR1/2 DKO cells,
downregulation of all 5 genes still occurred following VPgEMCV treatment (Figure 3-
42). However, the magnitude of downregulation was consistently weaker in IFNGR1/2
DKO cells. While VPgEMCV-treated WT cells showed <5% relative expression for all 5
genes relative to N.T. controls, DKO cells retained approximately 10-40% expression
(depending on the gene). These results indicate that while ISG induction by VPgEMCV
is strictly IFNGR1/2-dependent, downregulation of VPgEMCV-specific genes is at least
partially IFNGR-independent. At the same time, because downregulation is somehow
attenuated in IFNGR1/2 DKO cells, the contribution/synergy of IFNGR-dependent
signaling to this process cannot be excluded.
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Figure 3-42. Top 5 genes downregulated by VPgEM®Y in WT and IFNGR1/2 DKO cells.

WT or IFNGR1/2 DKO Hela cells (n = 3) were treated with VPgEMCV (1 ng/mL) for 24 h, followed by RNA
extraction and RT-qPCR analysis. Relative expression levels of H4C3, DUSP1, C190rf48P, TGIF1, and
DDIT4 were measured.

Data are presented as the mean (SD), and individual data points are biological replicates (n = 3). Statistical
significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Asterisks indicate
comparisons with the N.T. group. Labels: **p < 0.01, ***p < 0.001, ****p < 0.0001.

3-13 iINOS-dependent cell death during EMCV infection reduces viral load in

vitro and in vivo

Data up to this point showed that VPgEMCV which is released during EMCV
infection, functions as an IFNGR agonist and induces iINOS/NO via the JAK-STAT1
signaling pathway. TNF-a, which is released as a host response, synergizes with
VPgEMCEV signaling to induce potent Caspase 8-dependent apoptosis. Next, the
biological significance of this INOS-dependent cell death response was investigated.

It was shown earlier that INOS inhibition using 1400W suppresses cell death
induced during EMCYV infection (Figure 3-24a). To assess how this iINOS-dependent
cell death affects viral replication and viral load, EMCV was infected into WT,
IFNGR1/2 DKO, and CASP8 KO cells. In parallel, WT HelLa cells were pre-treated
with either pan-NOS inhibitor L-NAME or iNOS-selective inhibitor 1400W for 2 hours
prior to infection. Viral titers in the culture supernatants at 24 hours post-infection were
quantified by plaque assay using Vero cells.

A significant increase in viral titer was observed in IFNGR1/2 DKO cells, CASP8
KO cells, and WT cells treated with either NOS inhibitors, with an approximate one
log-fold increase (Figure 3-43). These results suggest that INOS/NO-dependent,
TNF-a-triggered apoptosis contributes to suppression of EMCV replication and a
reduction in viral load. Because Hela cells are highly unlikely to produce IFN-y during
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EMCYV infection, and this was also shown from the results described previously
(Figure 3-31, Figure 3-32), the effect observed in IFNGR1/2 DKO cells is most likely
explained by loss of VPgEMCV-mediated IFNGR signaling. Taken together, the similar
phenotype observed with IFNGR1/2 DKO, iNOS inhibition, and CASP8 knockout
supports the model in which abrogation of VPgEMCV—IFNGR signaling inhibits iNOS
induction and downstream Caspase 8-dependent apoptosis, allowing increased viral

replication and increased EMCV load.

* Figure 3-43. Inhibition of downstream signaling
— components of VPgEM®V increases viral titer in
—_— vitro.
10004 _i_ & 'i' WT, IFNGR1/2 DKO, or CASP 8 KO Hela cells were

infected with EMCV (MOI 0.1) for 24 h. For conditions of

iNOS inhibition, WT HelLa cells were pre-treated with L-
100 NAME (1 mM) or 1400W (100 uM) for 2 h prior to
infection. Mock infection conditions were also prepared as
negative controls. Supernatants were collected, and viral
titers were determined by plaque assay using Vero cells.

. . . . Data are presented as the mean (SD), and individual data

S & O O ¢ p'oin't§ are biological .replicates (n = 3). Statistical
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Because the above experiments were restricted in vitro, the role of INOS during
EMCV infection was next investigated in vivo. C57BL/6 mice (n = 5 per group) were
prepared for EMCV infection, with one group administered intraperitoneally (i.p.) with
PBS (control) and the other group administered with 1400W to inhibit INOS. Mock-
infected groups were prepared in parallel (PBS or 1400W). As shown in the
experimental scheme (Figure 3-44a), mice were administered PBS or 1400W one day
before infection and again after EMCYV infection. Serum was collected from all mice at
day 2 post-infection, and all mice were sacrificed at day 4 post-infection following
proper euthanasia guidelines. Body weight and clinical symptoms were recorded daily.

Comparison of body weight between groups revealed a clear difference in
weight loss kinetics (Figure 3-44b). In mice without iINOS inhibition (PBS + EMCV
group), weights remained relatively stable until day 2 post-infection and began to
decline from day 3. In contrast, mice treated with 1400W (1400W + EMCV group)
began to lose weight by day 2 post-infection, showing a statistically significant
reduction compared to the PBS + EMCYV group (Figure 3-44c). By day 3 post-infection,
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iINOS-inhibited mice showed marked weight loss (average ~85%) compared with mice
without INOS inhibition (average ~95%) (Figure 3-44d).

a
C57BL/6 mice
(n =5 per group) Administration (i.p.) Infection (i.p.) Administration (i.p.) Serum Mice
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Figure 3-44. iNOS inhibition by 1400W accelerates weight loss caused by EMCYV infection
in vivo.

(a) Schematic of the mouse infection experiment. C57BL/6 mice were divided into four groups: Mock +
PBS, Mock + 1400W, EMCV + PBS, and EMCV + 1400W (n = 5 per group). Mice were injected
intraperitoneally (i.p.) with either PBS (control) or 1400W (10 mg/kg) 1 day pre- and post-EMCYV infection,
and were infected i.p. with either Mock or EMCV (1000 PFU/body) on day 0. Sera were collected on day 2
post-infection, and all mice were sacrificed on day 4 post-infection.

(b) Body weights of mice were measured daily and plotted.
(c) Comparison of body weights between groups shown in (b) at day 2 post-infection.
(d) Comparison of body weights between groups shown in (b) at day 3 post-infection.

For (b-d): Data are presented as the mean (SD). In (b), data represent each mouse (n = 5); in (c, d), individual
data points represent each mouse (n = 5). For (c, d): Statistical significance was determined by one-way
ANOVA, followed by Tukey’s HSD post-hoc test. Labels: *p < 0.05, **p < 0.01, ****p < 0.0001.

To compare clinical severity, mouse conditions were scored on a 5-level scale:
healthy (1), slightly weakened (2), very weakened (3), paralyzed/almost dead (4), and
dead (5). A table summarizing individual mouse scores was used instead of a standard
survival curve, as this clearly captures the differences between the groups (Figure 3-
45). Mice without iINOS inhibition (PBS + EMCV group) remained relatively healthy
through day 3. Several mice became severely weakened or paralyzed by day 4,
although all mice were still alive at that time point. In contrast, mice treated with 1400W
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began showing mild symptoms at day 2, progressed to severe weakness or paralysis
by day 3, and all mice were dead by day 4. Together, the body weight loss and
symptom progression indicate that iNOS inhibition definitely worsens the symptoms
after EMCV infection in vivo, consistent with the increased EMCV titer observed upon

suppression of INOS-dependent apoptosis in vitro.

_'E_'gg\sl Day 1 Day 2 Day 3 Day 4
Mouse 1 1 1 1 3
Mouse 2 1 1 2 4
Mouse 3 1 1 1 3
Mouse 4 1 1 1 4
Mouse 5 1 1 1 2
+1E4n(I)|(?V\6 Day 1 Day 2 Day 3 Day 4
Mouse 1 1 2 4 5
Mouse 2 1 1 3 5
Mouse 3 1 1 3 5
Mouse 4 1 2 4 5
Mouse 5 1 1 2 5

Condition Score:

1: Healthy 2: Slightly weakened 3: Very weakened 4: Paralyzed/almost dead 5: Dead

Figure 3-45. Inhibition of iNOS by 1400W in vivo accelerates symptoms and death caused
by EMCYV infection.

Daily symptoms/conditions of individual mice from Figure 3-44a were scored by visual assessment using
the following criteria: healthy (1), slightly weakened (2), very weakened (3), paralyzed/almost dead (4), and
dead (5).

Serum collected at day 2 post-infection was further analyzed to compare the
groups. Total nitrite levels in the serum were quantified by Griess assay. Nitrite levels
were significantly increased in EMCV-infected mice compared to Mock groups, and
this increase was significantly reduced by 1400W treatment (Figure 3-46a), indicating
that NO production occurs during EMCYV infection in vivo and is strongly dependent

on iINOS activity.
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EMCV RNA in serum was quantified by gPCR as an indicator of circulating viral
load. As expected, EMCV RNA was detected in serum at day 2 post-infection. INOS
inhibition resulted in a significant increase in EMCV RNA, exceeding one log-fold on
average (Figure 3-46b), consistent with the in vitro results and supporting the
interpretation that INOS-dependent responses contribute to reduction of EMCV load.

Finally, expression levels of Nos2 (iINOS) and Tnf (TNF-a) were quantified. Both
NosZ2 (Figure 3-46c) and Tnf (Figure 3-46d) were significantly increased after EMCV
infection, supporting that induction of INOS and TNF-a observed in vitro is also
relevant in vivo. As expected, 1400W treatment was associated with reduced Nos2
expression. Tnf expression was also reduced in the iINOS-inhibited group. Taken
together, these results support that VPgEMCV-induced iNOS/NO induction and TNF-a-
triggered Caspase 8-dependent cell death act to reduce EMCYV load in vitro, and that
inhibition of INOS in vivo is associated with reduced nitrite levels, increased circulating
EMCV RNA, and accelerated symptoms (including early death).

a b " Figure 3-46. iNOS inhibition
259 ——— 1000004 during EMCYV infection
‘19 increases NO levels and EMCV
10000 : load in circulating blood.
1000 - * All samples were obtained from mice
100 - shown in Figure 3-44a.
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(a) Total nitrite levels in mouse sera at
day 2 post-infection were quantified
using Griess assay.
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3.14 Assessing the potential efficacy of VPgEMCV

Some properties of VPgEMCY were investigated further, particularly regarding its
potential efficacy for practical clinical use. First, the potent cell death induced by low
concentrations of VPgEMCV in combination with TNF-a was tested in some additional
cell lines (Figure 3-47). In addition to HelLa cells, A549 cells (human lung carcinoma)
were tested, and cell death was induced in A549 cells similarly to HelLa cells. Cell
death was also induced in primary human dermal fibroblasts, adult (HDFa) when
treated with the combination of TNF-a and VPgEMCV,

Next, murine cell lines were tested for cell death induction by VPgEMCV together
with recombinant murine TNF-a, including RAW 264.7 cells (mouse macrophage cells
derived from a tumor), L929 cells (mouse fibroblasts), and B16-F10 cells (mouse
melanoma). Surprisingly, potent cell death was induced not only in human cells but
also in all 3 murine cell types (Figure 3-47). As reference, TNF-a alone can induce
partial cell death in L929 cells, consistent with the known TNF-a sensitivity of this cell
line (ref). Altogether, these results suggest that VPgEM®V can promote TNF-a-

dependent cell death across diverse cell types and is active in both human and murine

cells.
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Figure 3-47. VPgEMCV + TNF-a induces cell death in various human and murine cell lines.

Three human cell types (HelLa, A549, and primary adult human dermal fibroblasts (HDFa)) and three murine
cell types (RAW 264.7, L929, and B16-F10) were treated with recombinant TNF-a (10 ng/mL; human or murine
TNF-a according to the cell type), VPgEMEV (1 ng/mL), or their combination for 24 h. Cells were fixed and
stained using Amido Black 10B, then eluted for relative survival quantification.

Data are presented as the mean (SD), and individual data points are biological replicates (n = 3). Statistical
significance was determined by one-way ANOVA, followed by Tukey’s HSD post-hoc test. Label: ****p <
0.0001.
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From previous data comparing IFN-y + TNF-a and VPgEMCV + TNF-q, it was
suggested that VPgEM®Y may induce more rapid cell death at the 24-hour timepoint
(Figure 3-24c). To confirm this further, cell death induced by IFN-y (10 ng/mL and 100
ng/mL) + TNF-a was compared with VPgEMCV (0.1 ng/mL and 1 ng/mL) + TNF-a in
HelLa cells over a 48-hour period. VPgEMCV + TNF-a induced more rapid and potent
cell death, particularly at the 24 hour timepoint, while IFN-y + TNF-a induced slower
cell death, with most cells eliminated by 48 hours (Figure 3-48). Although both
conditions induce cell death through an iINOS-dependent pathway, these results
suggest that VPgEMCY may exert additional cytotoxic effects in combination with TNF-

a.
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Figure 3-48. IFN-y + TNF-a and VPgEVcV + TNF-a exhibit different magnitudes and kinetics
of cell death.

HelLa cells were treated with recombinant human IFN-y (10 or 100 ng/mL) + recombinant human TNF-a (10
ng/mL) or with VPgEMCEV (0.1 or 1 ng/mL) + recombinant human TNF-a (10 ng/mL) for the indicated time points
up to 48 h. Cells were fixed and stained using Amido Black 10B, then eluted for relative survival quantification.

Data are presented as the mean (SD), and data are biological replicates (n = 3).

Given that VPgEMCV acts as a cytokine mimic and induces an ISG profile highly
similar to IFN-y, the antiviral properties of Cardiovirus VPgs were assessed. HelLa
cells were pre-treated overnight with serial dilutions of IFN-y, VPgEMCV VPgTMEV
VPgSATV or VPgPY. The next day, cells were infected with VSV for 24 hours to evaluate

antiviral activities of the VPgs. IFN-y, as well as the three Cardiovirus VPgs, exhibited
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antiviral activity that prevented VSV-induced cytopathic effects (Figure 3-49a). As

expected, VPgPV did not show comparable activity.

In a follow-up experiment, HelLa cells were pre-treated overnight with the three
Cardiovirus VPgs, as well as VPgPV, VPgPV-EMCV '\ /PgEMCV-YSF "gnd VPgEMCV-8AA Cells

were then infected with VSV for 24 hours, and the supernatants were collected for

plaque assay on L929 cells. Pretreatment with all three Cardiovirus VPgs, as well as
VPgPV-EMCV and VPgEMCV-Y3F - significantly reduced VSV titers, with some conditions
showing VSV titers even below the limit of detection (< 1 x 102 PFU/mL) by plaque
assay (Figure 3-49b). As expected, VPgPV and VPgEMCV-8AA did not reduce viral titer.

Together, these experiments indicate that these Cardiovirus VPgs not only induce

potent cell death with TNF-a but also exhibit antiviral activities resembling IFN-y

activity.
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Figure 3-49. Cardiovirus VPgs
exhibit antiviral activities
similar to IFN-y.

(@) HelLa cells were pre-treated
overnight with 2-fold serial dilutions of
recombinant human IFN-y (starting
from 10 ng/mL) or with 2-fold serial
dilutions of various VPgs as indicated
(starting from 2 ng/mL). Cells were
then infected with VSV (MOI 0.1) for
24 h. Cells were fixed and stained
using Amido Black 10B, then eluted
for relative survival quantification.
Data are presented as the mean (SD).
Biological replicates were n = 3,
except for the Mock group (n = 1) and
VSV-only group (n = 1).

(b) HelLa cells were pre-treated
overnight with various VPgs (1
ng/mL) as indicated, then infected
with VSV (MOI 0.1) for 24 h. Viral
titers in the supernatants were
quantified by plaque assay using
L929 cells. Data are presented as the
mean (SD), and individual data points
are biological replicates (n = 3). n.d.:
not detected (< 1 x 10® pfu/mL).

Finally, the potential of VPgEMCV to act as an antiviral agent during influenza A

virus infection was tested in vivo using the Influenza A virus (IAV, H1N1 PR8 strain).

C57BL/6 mice were prepared (n = 5 per group) and intranasally administered 30 pL of

PBS (control) or VPgEMCV (10 ug/mL) one day before and one day after infection with
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500 PFU/body of IAV. This infection dose was selected to induce significant weight
loss, while avoiding lethality, which was known from previous experiments. Mouse
body weight was monitored daily for 17 days (Figure 3-50).

In the PBS group, weight loss began around day 6-7 post-infection, peaked
around day 9, and reached an average of approximately 80% of the starting body
weight, followed by gradual recovery until day 17. In contrast, mice administered with
VPgEMCY exhibited only mild weight loss, including at the peak timepoint (8-10 days),
suggesting an antiviral effect of VPgEMCV in vivo. Although these in vivo analyses in
this study remain preliminary, this experiment still supports the potential of VPgEMCY to
exert antiviral activity by intranasal administration. Overall, these results show that
VPgEMCV is effective in inducing TNF-a-dependent cell death in vitro in several cell
lines. In addition, VPgEMCV and two other Cardiovirus VPgs also showed antiviral

activity in vitro. Furthermore, VPgEMCV exhibited antiviral activity not only in vitro but

also in vivo.
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Figure 3-50. Intranasal administration of VPgEMC®V exhibits antiviral activity against
influenza A virus in vivo.

C57BL/6 mice (n = 5 per group) were intranasally administered with 30 pL of PBS (control) or VPgEMCY (10
pg/mL) both 1 day pre- and post-influenza A virus (IAV) infection. Mice were infected intranasally with 1AV
(500 PFU/body) on day 0 post-infection. Body weights were measured daily for 17 days and plotted. Data

are presented as the mean (SD), and data represent each mouse (n = 5).
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Chapter 4

Discussion
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4-1 Overview of pathways and mechanisms identified in this study

In this study, the most central finding is that VPgEMCV not only functions as an
essential protein during viral RNA synthesis, but also possesses a previously
unrecognized, “noncanonical” host-modulating function. Specifically, VPgEMCcV
functions as an IFNGR agonist and induces downstream signaling that is quite
indistinguishable from canonical IFN-y signaling. Based on this discovery, a schematic
describing the sequence of events from EMCV infection to TNF-a and VPg-dependent

apoptosis was constructed, and this is summarized in Figure 4-1.

Step 4: Step 3: Step 1:
VPg signaling via IFNGR1/2, TNF-a signaling Infection
and TNF-a-synergistic cell death via TNFR1
IFN-y VPg VPg B
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Figure 4-1. Overall schematic of EMCYV infection, extracellular VPg release, and VPg/TNF-a
synergy.

(This figure was created using BioRender.)
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As shown in this schematic, the overall process can be divided into 4 major
phases. Step 1 is the infection phase, in which the EMCV virion attaches to its host
entry receptor and releases its genomic RNA into the cytoplasm. VPg is cleaved from
the viral RNA by VPg unlinkase (protein TDP2) and is also generated during
polyprotein processing, as described previously in the Introduction (Section 1-2-2).
Although the detailed EMCYV life cycle and the canonical function of VPg have already
been discussed earlier and will not be explained here, it is evident that free VPg is
ultimately generated within infected cells and is released extracellularly.

Based on well-established current knowledge, extracellular VPg may be
produced both through VPg unlinkase-mediated cleavage and as a consequence of
polyprotein processing. Importantly, as shown in Figure 3-13, the kinetics of VPg
release sufficient to exert activity closely mirror the increase in EMCV viral titers,
occurring approximately 6 hours post-infection in HeLa cells. In addition, as discussed
in the Introduction (Section 1-2-2), Picornaviridae, including Cardiovirus and
Enterovirus, are lytic viruses that primarily exit host cells through cell lysis. Consistent
with this, detection of cytoplasmic proteins such as GAPDH and viral proteins such as
3DP° in post-infected culture supernatants (Figure 3-19a) strongly suggests that VPg
is released predominantly through passive cytosolic leakage associated with virus-
induced cytopathic effects.

Step 2 shows the host response phase. During viral replication, formation of
the replicative form (RF) dsRNA allows recognition by PRRs as PAMPs. The host
response to EMCV RNA has been well characterized, with MDAS5 identified as the
primary sensor (see Section 1-2-3). In brief, downstream innate immune signaling
activates the NF-kB pathway, leading to induction of inflammatory cytokines, including
TNF-a. Notably, although EMCYV is known to antagonize type | IFN signaling through
certain viral proteins (see Section 1-2-3 for details), this study clearly shows that
sufficient TNF-a is produced during infection to induce potent, non-cell-autonomous
cell death (Figure 3-20).

In Step 3, TNF-a produced during the host response phase is sensed by non-
infected cells, primarily through binding to TNFR1. Under physiological conditions,
TNF-a signaling through TNFR1 promotes inflammatory responses via NF-kB
activation or the MAP kinase cascade, rather than directly inducing apoptosis, as

described in Section 1-3.
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Step 4 occurs almost simultaneously with Step 3. Extracellularly released
VPgEMCVY binds directly to IFNGR1/2 and functions as a cytokine mimic of canonical
IFN-y. Although viral replication, cell lysis, and extracellular release of VPg should also
occur during infection with other Picornaviridae such as Enterovirus, this study
revealed that VPgEMCV and some other Cardiovirus VPgs uniquely possesses this
host-responsive activity, capable of triggering IFNGR downstream signaling.

Upon binding to IFNGR1/2, VPgEMCV activates the JAK-STAT1 signaling
pathway in a manner very similar to IFN-y, leading to induction of IRF-1 and
upregulation of INOS. INOS-mediated NO accumulation plays a crucial role in
sensitizing cells to TNF-a—dependent signaling through TNFR1. This synergy of TNF-
a signaling (Step 3) and VPg-induced NO production (Step 4) activates Caspase 8 by

its cleavage, and ultimately results in potent apoptotic cell death.

4-2 VPg and IFNGR binding and implications for structural studies

4-2-1 Summary of current findings

The findings regarding amino acid residues of VPgEMCV that are required for its
functional activity and physical interaction with IFNGR are summarized in Figure 4-2.
First, it was demonstrated that the C-terminal region of Cardiovirus VPg contains 8
highly conserved amino acids when comparing EMCV, SAFV, and TMEV. In contrast,
VPgPV showed markedly reduced activity; however, this activity was restored when
the 8 C-terminal amino acids were replaced with those from EMCV. In addition, it was
confirmed that the third tyrosine residue, which is essential for the canonical function
of VPg during viral RNA synthesis, is not required for its activity as an IFNGR agonist.

Further analysis using alanine scanning revealed that the 15th glutamine and
16th leucine residues of VPgEMCY are critical for maintaining its IFNGR agonist activity.
Notably, the corresponding residue at position 16 in VPgSA"V and VPg™EV is valine, a
closely related hydrophobic amino acid, and these VPgs retained full activity,
suggesting interchangeability of closely-related amino acids at this position.
Importantly, single mutations at either position 15 (Q15A) or position 16 (L16A) did not
completely abolish activity, as comparable STAT1 phosphorylation was still observed
at higher concentrations (100 ng/mL). In contrast, the double mutant (Q15A/L16A)
completely lost functional activity. These observations suggest that while each residue
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individually contributes to IFNGR agonist activity, at least one of the two residues must
be present to maintain partial function, and that both residues together are likely
important for stable/efficient interaction with the IFNGR complex.

Consistent with this, the co-immunoprecipitation experiments in this study
showed stronger association of VPgEMCY with IFNGR1 than with IFNGR2. This raises
the possibility that residues Q15 and L16 participate in direct binding to IFNGR1;
however, this hypothesis will require additional evidence to be definitively confirmed.

An unresolved aspect of VPgEMCV function is the requirement for the N-terminal
region. Truncation of VPgEMCV from 20 to 17 amino acids, removing the N-terminal
GPY residues while preserving the C-terminal region, resulted in a significant
reduction in activity, particularly in TNF-a-dependent cell death sensitization. Further
truncation to 13 amino acids, removing the GPYNETA sequence, completely
abolished activity. Moreover, the isolated C-terminal 8 amino acid sequence
(TLQLLDIQ) exhibited no detectable activity, despite evidence that the QL motif within
this region are the critical amino acids for proper function.

Taken together, these results indicate that the N-terminal region of VPgEMCV is
also required to maintain IFNGR agonist activity and cell death-sensitizing function.
However, several observations suggest that the specific N-terminal amino acid
sequence may be less important than the overall length of the peptide. VPgSA™V and
VPg™EV possess divergent N-terminal sequences yet retain their activity, and grafting
the conserved C-terminal 8 amino acids of EMCV to VPgPV restored its function. In
addition, VPgPV-EMCV "which contains 22 amino acids, exhibited activity comparable to
VPgEMCV indicating that an exact length of 20 amino acids is not strictly required.
These findings altogether suggest that the peptide length, rather than the precise N-
terminal sequence, is important for stable interaction with IFNGR and downstream

signaling.
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Amino | Apoptosis -STAT1 IFNGR1/2

Name (Label) Sequence of VPg Acids | w/ TNFwx | Induction Binding
VPgEMCY GPYNETARVKPKTLOLLDIQ | 20 e e FYFTI
VPgSAFY AAYAGRARAQKQALQVLDIQ 20 +4++ +4+++
VPgTVEV AAYSGGKKGEKQTLQVLDVQ 20 ++++ ++++
VPgPV GAYTLGPNKKPNVPTIRTAKVQ 22 + -
VPgPV-EMCY GAYTLGPNKKPNVPTLQLLDIQ 22 ey T+t
VPgEMCV-Y3F GPFNETARVKPKTLQLLDIQ 20 ++++ ++++
VPgEMCV-17AA NETARVKPKTLQLLDIQ 17 RS +++
VPgEMCV-T3AA RVKPKTLQLLDIQ 13 - -
VPgEMCV-8AA TLQLLDIQ 8 - -
VPgENCV-Qi5A GPYNETARVKPKTLALLDIQ 20 ++ ++ -
VPgEMCV-L16A GPYNETARVKPKTLQALDIQ 20 ++ ++
V/PgEMCV-QTSAL1EA GPYNETARVKPKTLAALDIQ 20 + -

Figure 4-2. Comparison of all synthetic VPgs used in this study.

The table compares amino acid sequences, peptide length, and relative activities compared with VPgEMCY,
including apoptosis with TNF-a, STAT1 phosphorylation, and IFNGR1/2 binding. Labels: ++++
(comparable/equal to VPgEMCY), +++ (slightly weak), ++ (weak), + (very weak/almost no activity), - (no activity).
The third tyrosine residue required for canonical VPg activity is indicated in blue. The eight conserved C-
terminal amino acids are highlighted in yellow, and the critical QL residues are indicated in red.

4-2-2 Comparison of human and murine IFN-y and IFNGR, detailed comparison of

VPq and IFN-y

There are clear differences between IFN-y and VPgEMCV. One prominent
observed difference is species cross-reactivity. Human and murine IFN-y share
approximately 41% amino acid identity, and are generally unable to cross-react with
the receptor of the other species [127, 128]. This lack of cross-reactivity in IFN-y is
different with other cytokines, for example TNF-a, which has approximately 79%
amino acid homology between human and mouse, and is known to cross-react
between species [129, 130]. In contrast to IFN-y, VPgEMCV was found in this study to
induce signaling and biological effects in both human and murine cell lines. VPgEMCV
also exhibited antiviral activity in mice. These findings suggest that VPgEM®V is capable
of cross-species activity, at least between human and mouse.

To further examine differences between different species, amino acid
sequences of IFN-y from human, mouse, pig, and chicken are compared (Figure 4-
3). Conserved amino acids across species are highlighted in yellow, while residues
conserved specifically among mammals are shown in red (all IFN-y sequences of
different species referenced from [131]). Although certain residues are conserved,
Importantly, VPgEMCV

IFN-y sequences differ significantly among species.

109



(GPYNETARVKPKTLQLLDIQ) does not share any sequence homology with IFN-y
from any of these species, supporting the conclusion that VPgEMCV does not share
detectable sequence homology with IFN-y, and therefore does not represent a

sequence-based mimic.

33
MKYTSYILAFQLCIVLGSLG-CYCQDPYVKEAENLKKYFNAGHSDVADNGTLFLGIL Human
MNATHCILALQLFLMAVSG--CYCHGTVIESLESLNNYFNSSGIDVEE-KSLFLDIW Mouse
MSYTTYFLAFQLCVTLCFSG-SYCQAPFKKEITILKDYFNASTSDVPNGGPLGLEIL Pig
MTCQTYNLFVLSVIMIYYGHTASSLNLVQLQODDIDKLKADFNSSHSDVADGGPIIVEKL Chick

92
KNWKEESDRKIMQSQIVSFYFKLFKNFKDDQSIQKSVETIKEDMNVKEFENSNKKKRDDF Human
RNWQKDGDMKILQSQIISFYLRLFEVLKDNQAISNNISVIESHLITNFFSNSKAKKDAF Mouse
KNWKEESDKKIIQSQIVSFYFKFFEIFKDNQATIQRSMDVIKQDMFQRFLNGSSGKLNDF Pig
KNWTERNEKRIILSQIVSMYLEMLENTDKSKPHIKHISEELYTLKNNLPDGVK-KVKDI Chick

143

EKLTNYSVTDLNVQRKAIHELIQVMAELSPAAKTG-KRKRSQMLFRGRRASQ Human
MSIAKFEVNNPQVORQAFNELIRVVHQLSPESSLR-KRKRSRC-------—- Mouse
EKLIKIPVDNLQIQRKAISELIKVMNDLSPRSNLR-KRKRSQTMFQGQRASK Pig

MDLAKLPMNDLRIQRKAANELFSILQOKLVDPPS--FKRKRSQSQRRCNC--- Chick

Figure 4-3. Comparison of human, mouse, pig and chick IFN-y amino acid sequences.

Amino acid sequence homology among IFN-y from human, mouse, pig, and chick is shown. Sequences
highlighted in yellow indicate conserved amino acids (identical or closely related) across all four species,
while red letters indicate residues conserved among mammals only.

Regarding the IFN-y-IFNGR complex, as described in the Introduction (Section
1-4-2), IFN-y functions as a homodimer and binds with IFNGR to form a hexameric
2:2:2 complex comprised of IFN-y, IFNGR1, and IFNGR2 [87]. Previous studies have
identified histidine 111 (H111) of human IFN-y as critical for its biological activity, and
the H111D mutant exhibiting significantly reduced antiviral activity and receptor
recognition [132]. A major paper published many years later [87] further showed that
a triple mutant (K74A/E75Y/N83R) loses binding to IFNGR2, while retaining binding
to IFNGR1. In contrast, although the H111D mutation disrupts IFNGR1 binding at one
interface, complete loss of binding to both IFNGR1 and IFNGR2 requires multiple
mutations in IFN-y (A23E, D24E, N25K, K74A, E75Y, N83R, H111D) [87]. These
findings highlight the complexity of IFN-y-IFNGR interactions, in which two IFN-y
engage both IFNGR1 and IFNGR2 through multiple binding sites. A schematic of the
critical IFN-y residues involved in IFNGR1/2 binding is shown in Figure 4-4.

110



Figure 4-4. Critical binding sites
of human IFN-y within the IFNGR
complex.

Key IFN-y residues involved in IFNGR
binding are shown: residue H111 for
IFNGR1 binding (top left); residues A23,
D24, and N25 for IFNGR1 binding
(bottom left); residue N83 for IFNGR2
binding (top right); and residues K74 and
E75 for IFNGR2 binding (bottom right).
(Structural data were retrieved from the RCSB
Protein Data Bank, PDB ID: 6E3L, deposited
by Jude K. M., Mendoza J. L., and Garcia K.
C., released February 2019.)

Color specifications:
IFN-y-1 IFN<-2 IFNGR1-1 IFNGR1-2 IFNGR2-1

Comparison of human and murine IFN-y sequences (reference [131]) reveals
that most amino acid residues critical for IFNGR1/2 binding in human IFN-y are not
conserved in murine IFN-y, with the exception of D25, which is substituted with
glutamic acid (E) in murine IFN-y, which is a closely related residue (Figure 4-5).
These sequence differences possibly explain the lack of cross-reactivity between
human and murine IFN-y. However, it has been reported that human IFN-y can still
exert very weak activities on murine IFNGR, and vice versa, but this is at

concentrations much higher than IFN-y of the same species [127].

Binding with hIFNGR1 Binding with hIFNGR2 Binding with hIFNGR1
20 |1 30 70 [ I 90 105 | 115
HSDVADNGTLF .. VETIKEDMNVKFFNSNKKKRD .. VQRKAIHELIQ Human
GIDVEE-KSLF .. ISVIESHLITNFFSNSKAKKD .. VQRQAFNELIR  Mouse
24-26 74-75 83 11

Figure 4-5. Comparison of human and murine IFN-y sequences in human IFNGR1/2
binding regions.

Known human IFN-y residues involved in binding to IFNGR1 or IFNGR2 are shown in orange. The murine
IFN-y residue E25 is shown in blue as a closely-related amino acid of D25 in human IFN-y.
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Taken together, these observations show that IFN-y-IFNGR signaling depends
on a highly complex, multivalent interaction rather than a single critical binding residue.
Single-point mutations in IFN-y often reduce STAT1 phosphorylation and downstream
gene induction, but rarely abrogate downstream signaling completely [87]. This
complexity most likely explains the extremely weak cross-species activity observed for
IFN-y under non-physiological concentrations.

In this context, it is surprising that VPgEMCV, a peptide comprised of merely 20
amino acids, can bind to the IFNGR complex and activate downstream signaling. The
double mutation of Q15/L16 completely abrogated STAT1 phosphorylation and
biological activity, while single mutants (Q15A or L16A) still retained weak activity at
higher concentrations, despite significantly reduced or even undetectable receptor
binding (in the case of Q15A). This behavior could be perhaps similar to that of IFN-y
single point mutants, which may retain partial activity despite impaired physical
interactions with IFNGR1/2 [87, 127].

Another unresolved question is whether VPgEMCV functions as a monomer or
forms dimers/multimers, alike IFN-y homodimers. Although multimerization cannot be
excluded, it appears unlikely from current data that dimerization or oligomerization is
a stable or required state for VPgEMCV  given its small size and successful filtration
using the 3 kDa cut-off filter. Conventional techniques such as Native-PAGE may be
poorly suited for assessing dimerization/oligomerization of such small peptides,
particularly as free VPgEMCV appears as a smear in Western blots. While approaches
such as nuclear magnetic resonance (NMR) spectroscopy or dynamic light scattering
(DLS) could be theoretically applied, technical challenges will surely remain due to the
peptide’s size.

Based on current data, the requirement for the length of VPgEMCV for activity
(>17 amino acids) is likely due to the necessity of VPgEMCV to stably dock onto
IFNGR1/2 to trigger downstream signaling. An alternative hypothesis which was
considered was that VPgEMCY might enter cells and interact with intracellular regions
of IFNGR1/2. However, this appears somewhat unlikely, as large antibody-bound
VPgEMCV still retained biological activity (Figure 3-18a). In addition, VPgEMCV lacks
currently-known cell-penetrating peptide (CPP) motifs [133, 134], particularly within
the N-terminal region required for activity. While additional studies will be necessary
to map the interaction interface and docking to IFNGR1/2, current evidence strongly
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supports a model in which VPgEMCV bind to the extracellular domain of IFNGR, alike
IFN-y. However, this binding is most likely structurally distinct to canonical IFN-y.

4-2-3 Future approaches to strengthen evidence for physical binding and structural

analysis

Although the co-immunoprecipitation studies provide solid evidence that
VPgEMCY binds IFNGR, additional experiments could further strengthen this conclusion.
While other experiments were not feasible within the time and resource constraints of
the study, several potential experimental strategies could be envisioned to extend
these findings further.

One straightforward approach would be to use techniques such as surface
plasmon resonance (SPR) to directly assess binding between VPgEM®Y and IFNGR.
SPR should also allow determination of the binding affinity (Kd) and kinetics, and
would also enable a comparison between the binding between Cardiovirus VPg and
IFN-y. These data would be quite valuable given the cross-species activity of VPgEMCV,
which has been confirmed in at least for both human and murine IFNGR.

Other than binding assays, one ultimate goal of future structural studies would
be to construct a detailed model of VPgEMCV interaction with IFNGR1/2. Techniques
such as X-ray crystallography or cryo-electron microscopy (cryo-EM) could
theoretically provide high-resolution structure information. However, these methods
may have technical challenges due to the extremely small size of VPgEMCY compared
with IFN-y and IFNGR1/2. As an initial step, in silico approaches, such as structure
prediction and docking simulations using tools like AlphaFold Multimer, may be a more
practical starting point. Key parameters that should be incorporated in future
computational modeling will be briefly discussed.

First and probably most important, is the requirement of residues Q15 and L16
of VPgEMCV. The complete loss of activity observed with the Q15A/L16A double mutant
(Figure 3-17, Figure 3-29) strongly suggests that these residues play a direct role in
engagement with IFNGR1/2. Second, the importance of N-terminal peptide length
must be considered: full-length VPgEMCV (20 amino acids) exhibits efficient activity,
while truncated VPgEMCY below 13 amino acids completely abrogates both activity and
binding (Figure 3-16, Figure 3-31c), indicating that a sufficient peptide length is
possibly required for a stable interaction with IFNGR1/2.
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Third, data from other VPgs should be integrated. VPgs from other Cardiovirus,
as well as the VPgPV-EMCV hybrid, show comparable activity to VPgEMCV and are likely
to engage IFNGR in a similar manner (Figure 3-15b, Figure 3-31b). Poliovirus VPg
(VPgPY), on the other hand, lacks this activity (Figure 3-14c, Figure 3-31b) and should
exhibit much weaker or absent binding. Fourth, co-immunoprecipitation data suggest
that VPgEMCV interacts more strongly with IFNGR1 than with IFNGR2, although
detectable binding to IFNGR2 was also observed (Figure 3-34). This raises the
possibility that VPgEMCV primarily binds with IFNGR1, while either 1) indirectly
recruiting IFNGR2 or 2) interacting with both subunits differently, but stronger to
IFNGR1. It is quite likely that the latter may be the actual case, as single
overexpression of IFNGR2 still showed partial pulldown bands of VPgEMCV (Figure 3-
34).

Fifth, the state of VPgEMCV (monomer, dimer, or oligomer) remains unsolved.
While dimerization or multimerization cannot be excluded, current evidence suggests
that VPgEMCV is unlikely to exist as a stable dimer under physiological conditions. If
VPgEMCV functions as a monomer, a possible binding model would be the 1:2:2
complex (VPgEMCV:IFNGR1:IFNGR2), which is distinct from the canonical 2:2:2 IFN-
y-IFNGR1/2 complex. Nevertheless, because VPgEMCV oligomerization has not been
experimentally addressed in any way, alternative stoichiometries should also be
considered in future modeling. This may be quite important, given the possibility that
VPgEMCVinduces a distinct IFNGR conformational state compared with IFN-y, resulting
in biased/noncanonical receptor signaling.

Finally, given the lack of sequence homology between VPgEMCV and IFN-y,
together with the observed cross-species activity of VPgEMCV it is highly likely that
VPgEMCV engages a binding site(s) distinct from canonical IFN-y. An important
parameter for future modeling will be the identification of IFNGR1/2 regions that are
conserved between species, as these conserved residues may be the potential
VPgEMCV interaction sites.

After identifying possible residues from in silico modeling, in vitro experiments
could be designed for actual validation. These include generation of point-mutated
IFNGR1 and IFNGR2 expression plasmids based on predicted interaction sites,
followed by co-immunoprecipitation or other binding assays. In addition, antibodies
capable of detecting VPgEMCY mutants (particularly L16A and Q15A/L16A) would allow
more precise comparison of binding between WT and the mutant VPgEMCV variants.
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These experiments altogether would significantly strengthen the understanding of
VPgEMCV-IFNGR1/2 interactions. However, these ideas are suited for future studies
which may build upon the findings of this study, given the scope and technical

demands of these experiments.

4-3 Potential IFNGR-independent effects of VPgEMCV

Another peculiar phenomenon observed in this study is the differences between
IFN-y and VPgEMCY regarding gene downregulation. VPgEMCY uniquely downregulated
a large subset of genes that are possible completely unrelated to canonical IFN
signaling. Moreover, although not all downregulated genes were validated by RT-
gPCR, at least the top 5 genes remained significantly downregulated even in
IFNGR1/2 DKO cells. However, the magnitude of downregulation was reduced in DKO
cells compared with WT cells, indicating that this response is not fully independent of
IFNGR signaling, but rather partially IFNGR-dependent.

First, it is very unlikely that this phenomenon results from residual IFNGR
expression, such as due to an incomplete knockout. STAT1 phosphorylation was
completely abrogated in IFNGR1/2 DKO cells following both IFN-y and VPgEMCY
treatment (Figure 3-30c), and ISG upregulation by VPgEMCV or IFN-y was completely
lost in these cells by RT-qPCR analysis (Figure 3-41b). These results strongly support
that this reason of partial downregulation is not due to an incomplete knockout of
IFNGR1/2.

Several additional observations scattered throughout the study further suggest
the presence of VPgEMCV activities that are not entirely dependent on the IFNGR1/2—
JAK/STAT1-INOS pathway. For example, inhibition of INOS using L-NAME or 1400W
(Figure 3-24c), or inhibition of JAK signaling using Tofacitinib (Figure 3-26a), did not
completely suppress cell death induced by VPgEMCY + TNF-a. This is actually different
with IFN-y + TNF-a treatment, where cell death was almost completely abrogated by
using the same inhibitors (Figure 3-24c). Importantly, Tofacitinib fully abolished
STAT1 phosphorylation, iINOS induction (Figure 3-26b), and NO production (Figure
3-27b), indicating that the residual cell death observed with VPgEMCV is unlikely to be
explained by efficiency of the inhibitors, such as incomplete pathway inhibition.

Consistent with this observation, knockout of IFNGR1 or IFNGR2 did not fully
eliminate (but significantly reduced) cell death induced by VPgEMCV + TNF-a (Figure
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3-30b). Together, these findings suggest that VPgEMCV exhibits additional effects
beyond canonical IFNGR signaling, which may contribute to the observed differences
between VPgEMCV and IFN-y-mediated cell death, including the rapid cell death
induced by VPgEMCV (Figure 3-24c, Figure 3-48).

Gene ontology analysis of VPgEMCV-downregulated genes revealed significant
enrichment of pathways related to DNA damage response and DNA repair (Figure 3-
39a). Some notable examples include DDIT4 (DNA damage—inducible transcript 4), a
hypoxia-responsive gene that negatively regulates mTOR signaling [135, 136], and
TGIF1, which interacts with transcriptional regulators such as c-Jun and HDAC1 and
is associated in the cell cycle and apoptosis [137, 138]. Other downregulated genes
include DUSP1, a negative regulator of MAP kinase signaling [139], and some well-
known proto-oncogenes such as MYC [140].

Another notable gene is IFRD1 (interferon-related developmental regulator 1),
which is induced during glutamine starvation, and has been reported to inhibit
autophagy [141], as well as interacting with HDAC1 [142]. Despite the name
“‘interferon-related,” IFRD1 expression was not significantly affected by IFN-y or IFN-
B treatment. Downregulation of these genes further support the idea that VPgEMCV-
induced downregulation involves mechanisms distinct from canonical IFN signaling.
In total, more than 200 genes were selectively downregulated by VPgEMCV.

An initial hypothesis considered was that VPgEM®V might induce a
‘noncanonical” downstream IFNGR signaling that selectively induces gene
downregulation. However, past literature suggests that these modified IFNGR
agonists modulate only the magnitude of ISG induction, rather than inducing gene
downregulation. For example, IFN-y-responsive genes such as ICAM1, PARP14,
GBP1, and IDO1 have been shown to be “tunable” depending on the ligand-receptor
interactions, while other ISGs (e.g., HLA-A and CHAC1) remain relatively stable [87].
This pattern differs from this study, where VPgEMCV selectively downregulated
numerous genes unrelated to IFN signaling while inducing ISGs in a manner nearly
identical to IFN-y. These past reports argue against altered IFNGR downstream
signaling as the trigger of gene downregulation.

Instead, the current idea is that VPgEMCV triggers gene downregulation through
an IFNGR-independent mechanism, while canonical IFNGR signaling synergistically
modulates the magnitude of this response. This idea is consistent with the observation
that gene downregulation occurs in IFNGR1/2 DKO cells, albeit at reduced levels.
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Binding of certain cytokines to extracellular components other than its canonical
receptor has been reported previously. For example, IFN-y from multiple species can
bind heparan sulfate (HS) in the extracellular matrix (ECM) via a conserved C-terminal
KRKR motif (see Figure 4-3 for the location of motif) independently of IFNGR binding,
and this interaction has been shown to modulate biological activity and reduce
systemic toxicity in vivo [128, 143]. Although VPgEMCV does not contain a KRKR motif,
this past literature suggests that such short motifs can exert biological effects through
noncanonical extracellular interactions.

One possible extension of this hypothesis is that VPgEMCV directly interacts with
an unidentified extracellular or cell-surface component, which initiates gene
downregulation independently of IFNGR, while IFNGR-dependent downstream
signaling enhances/accelerates apoptosis-related processes. Supporting this idea,
downregulation of certain genes (e.g., H4C3 and DUSP1) occurred earlier (Figure 3-
40a, Figure 3-40c) than ISG induction (Figure 3-38a, Figure 3-38c), suggesting that
gene downregulation may be an early preceding event, rather than a result from
apoptosis. Therefore, the current model in mind of VPgEMCV-dependent gene
downregulation (although requiring further validation) is that VPgEMCV initiates
transcriptional repression through an IFNGR-independent mechanism, while IFNGR-
dependent signaling, particularly iINOS/NO induction, amplifies this response,
potentially through stress/DNA damage-associated feedback loops. RNA-seq analysis,
rather than RT-qPCR, comparing VPgEMCV-treated WT and IFNGR1/2 DKO cells
across multiple time points could further dissect the time-dependent relationship
between gene downregulation and apoptosis, although such analyses were beyond
the scope of the present study.

Finally, identification of the IFNGR-independent binding partner(s) of VPgEMCY
still remains as an important future question. As one important observation, VPgEMCV-
QISALL16A retained partial cytotoxicity at higher concentrations (100 ng/mL) (Figure 3-
17d) despite the complete loss of STAT1 phosphorylation at the same concentration
(Figure 3-29). This could indicate that the Q15/L16 motif is critical for IFNGR signaling
but could be dispensable for possible other VPgEMCVY functions. This further supports
the existence of at least one additional IFNGR-independent mechanism which is

contributing to downregulation of unique genes.

117



4-4 Biological significance of Cardiovirus VPg

4-4-1 Biological relevance of the newly-identified function of VPg in the context of
EMCYV infection

The biological relevance of the IFNGR agonist function of VPgEMCV has several
important implications in the context of EMCV infection. From the data presented in
this study, VPgEMCV signaling, through induction of INOS/NO in synergy with TNF-q,
may contribute to the suppression of viral replication both in vitro and in vivo. In
addition, VPgEMCY alone exhibited antiviral activity, consistent with its ability to function
as an IFNGR agonist. Although iNOS inhibition in vivo significantly increased viral load
and disease severity, it is important to consider the actual relative contribution of this
newly identified VPgEMCV function within the broader context of host-pathogen
interactions.

Because virus infection experiments in this study were restricted to EMCV, the
discussion here focuses primarily on only EMCV infection. As explained in the
Introduction (Section 1-2-3), EMCV encodes multiple viral proteins that actively
modulate host responses to facilitate viral replication. Within this complex host-EMCV
relationship, this study identifies a previously unrecognized factor during EMCV
infection, which is the synergistic interaction between EMCV-derived VPgEMCV
signaling and host-derived TNF-a.

Interestingly, a certain study published in 2005 [144] reported that INOS
expression and total nitrite levels are upregulated during EMCYV infection. Notably, this
past study also showed that heat-inactivated EMCV (54 °C for 20 min) retained the
ability to induce iINOS, suggesting a mechanism independent of viral RNA sensing.
The authors of this paper further showed that this event occurred independently of
type | IFN signaling and PKR, from experiments using IFNAR-deficient macrophages.
However, the authors ultimately proposed that empty EMCV viral capsids were
responsible for INOS induction. This conclusion remained quite speculative and there
are no follow-up studies, to the best of my knowledge. It is possible that the observed
iNOS induction in this earlier study may instead have been the activity of extracellularly
released VPgEMCY,

As discussed in Section 1-2-3, several EMCV proteins actively suppress type |
IFN responses, which is consistent with the 2005 observation [144] that IFN-

118



signaling was dispensable for iNOS induction. In contrast, there are few studies which
have examined IFN-y production during EMCYV infection, but IFN-y has been reported
to be induced during EV71 infection [145]. In this case, however, viral proteins such
as 2A and 3D were shown to attenuate IFN-y signaling by suppressing IRF-1 induction
[145]. These past findings suggest that Picornaviridae could perhaps employ broad
strategies to suppress both type | and type Il IFN signaling through diverse
mechanisms.

In addition to IFN suppression, EMCV proteins such as L and 2A have been
reported to inhibit host apoptosis [47-49], while other pathways such as inflammasome
activation and autophagy may be accelerated during infection ([50, 51], also
mentioned in Section 1-2-3). Despite these antiapoptotic strategies of EMCYV, this
study clearly demonstrates that robust apoptosis occurs during EMCV infection in both
HelLa and THP-1 cells (Section 3-1). Importantly, viral titers increased to a similar
extent upon inhibition of VPgEMCV-associated signaling components at different levels,
including IFNGR1/2, iINOS, and Caspase 8 (Figure 3-43). These results strongly
indicate that INOS/NO-dependent, Caspase-8-mediated apoptosis plays a critical role
in limiting EMCV replication. Taken together with the past reports regarding viral
suppression of IFN-related pathways, VPgEMCV acting as an IFNGR agonist, together
with induction of host TNF-oa, may be one of the few remaining crucial antiviral
mechanisms during EMCYV infection, previously masked by the complexity of host-
pathogen interactions.

Finally, one observation that is unresolved in this study is the presence of
unknown cytotoxic activity in the void fractions that should not contain VPgEMCV,
Specifically, fraction 7-8 from size-exclusion chromatography (Figure 3-8a, Figure 3-
8b) and the 10-50 kDa fraction from size-based filtration (Figure 3-10d) exhibited
some cytotoxicity at their original concentrations. Although these fractions contained
TNF-a (Figure 3-9c), they should lack VPgEMCV (Figure 3-19b), raising the possibility
that additional factor(s) could perhaps contribute to cell death. This activity was
observed in both acid-treated and non-treated samples, which excludes acid
inactivation artifacts. Neutralization of TNF-a using etanercept (Figure 3-6b, Figure
3-6d) or knockout of TNFR1 (Figure 3-6¢, Figure 3-6e) completely abolished
cytotoxicity and Caspase 8 cleavage, indicating that this unidentified component(s)
likely also acts in synergy with TNF-a signaling.
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The identity of this factor still remains completely unknown, and could represent
host-derived proteins (e.g., cytokines or large chemokines) or viral proteins within the
10-50 kDa range, which includes a large fraction of EMCV-encoded proteins. Given
the complexity of EMCV-host interactions, it is unlikely that VPgEMCY and TNF-a alone
explain all the host outcomes during EMCV infection. However, identification of this
additional cytotoxic component was beyond the scope of the present study, and is an
independent but another possible important topic for future investigation.

4-4-2 Conceptual implications of the noncanonical host-modulating function of

Cardiovirus VPg in host-pathogen interactions

When identifying a peculiar host-responsive factor during viral infection, it is
important to consider not only its biological function or what the factor does during
infection, but also why such a function exists in the context of host-pathogen
interactions. While the biological significance of the newly identified function of
VPgEMCV is discussed in detail, the remaining question is why this function exists
specifically in Cardiovirus but not in Enterovirus, and why the virus has evolved to
acquire such a host-responsive mechanism. At first glance, this function does not
appear to benefit the virus, given that both in vitro and in vivo data indicate that
VPgEMCY exerts antiviral effects and reduces viral load in the host.

At least 2 possibilities can be considered regarding how this IFN-y-like activity
of Cardiovirus VPg may influence host-pathogen interactions, and these may help
explain why Cardiovirus has evolved to gain such a function. First, although this
remains speculative, reduction of viral load through VPgEM®V and TNF-a-dependent
cell death could ultimately benefit the virus over a longer timescale. In the mouse
infection experiments presented in this study, inhibition of INOS resulted in increased
viral load, more severe symptoms, and earlier death. Previous reports have shown
that intravenous administration of either TNF-a or IFN-y during EMCV infection
exhibits therapeutic effects [146-148], and when interpreted together with the data of
this study, it can be strongly suggested that acceleration of apoptosis by VPgEMCV +
TNF-a signaling should suppress viral replication in vivo.

However, from the perspective of viral transmission, excessive viral replication
leads to rapid host death thereby reducing opportunities for viral spread to new hosts.
In this context, this IFN-y-like activity of Cardiovirus VPg may work to partially
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attenuate viral load. This could prolong host survival and could potentially enhance
viral transmission to new hosts. This interpretation is also related with the fact that
although EMCYV strongly suppresses IFN responses through other viral proteins [45,
46], host-induced TNF-a is induced as a critical inflammatory cytokine capable of
synergizing with VPgEMCV. Nevertheless, this model implies a very balanced and
sensitive system in which viral proteins such as L and 2A inhibit apoptosis in certain
contexts [47-49], while VPgEMCY and TNF-o accelerates apoptosis in others. These
opposing activities may operate differently, or differ in significance comparing different
cell types, tissues, or phases of infection, which reflects the intricate nature of host-
virus co-evolution. Although still speculative, this remains as the most possible
explanation for why Cardiovirus may have evolved to gain such a function.

A second possible consequence of VPgEMCY activity is the promotion of tissue
damage through non-cell-autonomous apoptosis, which should contribute to viral
pathogenesis. One example derives from a past study of TMEV [149], another
Cardiovirus that should possess VPg with IFN-y-like activity similar to that of VPgEMCV,
This past report shows that TMEV infection in mice induces encephalitis and
hippocampal cell death, despite viral replication being detected primarily in non-
hippocampal regions of the brain. The authors of this paper reported apoptosis,
assessed by TdT-mediated dUTP Nick End Labeling (TUNEL) staining, and
accumulation of reactive oxygen species (ROS) within the hippocampus. This
observation is consistent with the model proposed in the present study, in which
extrinsic apoptosis is induced in a non-cell-autonomous manner through the synergy
of TNF-a signaling and extracellularly released VPg. Taken together, these findings
raise the possibility that VPgEMCV  together with TNF-a, may contribute to tissue
damage by inducing apoptosis in uninfected cells. However, whether this tissue
damage in the central nervous system (CNS) benefits Cardiovirus still remains unclear.

Induction of apoptosis in the CNS may not directly enhance viral replication, yet
from the host perspective, VPgEMCV and TNF-a-dependent apoptosis may act like a
“‘double-edged sword.” While this synergy reduces viral load and promotes survival of
the host, it may simultaneously accelerate tissue damage in non-infected cells. In the
EMCV mouse model presented in this study, intraperitoneal iNOS inhibition increased
viral load and disease severity. However, it is known that EMCV predominantly targets
organs such as the heart and brain, and it remains uncertain whether pharmacological
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inhibition of INOS by 1400W i.p. can effectively reach the CNS due to the blood—brain
barrier. This may also be directly related to the previous reports describing therapeutic
effects of intravenous IFN-y or TNF-a administration [146-148], which may not directly
induce neurotoxicity as this should not reach the CNS. In contrast, accumulation of
VPg in the CNS during infection, as observed in TMEV, may have pathological
consequences. Although speculative, localized inhibition of INOS within the brain
could have different outcomes than i.p. administration of 1400W.

The reason why Enterovirus lack this IFN-y-like function of VPg (or exhibit very
weak activity) compared with Cardiovirus also remains unknown. One possible idea is
that Enterovirus VPg could somehow represent an ancestral form, like a “prototype,”
while Cardiovirus VPg have acquired the specific C-terminal amino acids, particularly
residues such as Q15 and L16, to obtain IFN-y-like activity. However, whether this
evolutionary aspect ultimately benefits viral transmission or disease pathogenesis
cannot yet be determined. Nevertheless, this study highlights a functional divergence
within the Picornaviridae family, in which VPg exhibits distinct host-modulating
functions between Cardiovirus and Enterovirus, despite both viruses having a
conserved genome structure and similar replication cycle. These findings indicate that
very small differences in viral proteins may significantly influence host-pathogen

interactions and viral evolution.

4-4-3 Limitations and associated challenges

There are several limitations to this study, particularly regarding the in vivo
experiments. Although the in vivo experiments clearly demonstrate the significance of
iINOS during EMCYV infection, these mouse experiments remain relatively primitive and
requires further confirmation for reproducibility. As discussed earlier, more detailed
analyses, such as examining apoptotic markers in tissues/organs with or without INOS
inhibition, would provide a clearer understanding of tissue-specific effects, especially
in organs such as the brain or heart, which are known targets of EMCV infection.

An attempt was made to measure DNA fragmentation levels in the serum at
day 2 post-infection; however, no significant increase was observed compared with
nitrite levels or EMCV RNA levels. Measuring DNA fragmentation at later time points

(e.g., 3-4 days post-infection, when clinical symptoms were more severe), or directly
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assessing apoptosis in specific organs, may have been better for evaluating tissue-
localized cell death.

Further infection experiments using recombinant viruses with mutant VPg, as
well as genetically modified mouse models, would be valuable to more precisely define
the biological contribution of VPgEMCV, However, both of these experiments should
present multiple challenges. First, regarding recombinant virus generation, beyond
practical constraints such as biosafety permits and facility limitations, engineering
VPg-mutant viruses itself will be very difficult. Theoretically and logically, replacement
of EMCV VPg with poliovirus VPg should abolish IFN-y-like activity and increase viral
load, while replacing poliovirus VPg with EMCV VPg should reduce viral load by
gaining this IFN-y-like function. However, experimental attempts conducted through a
collaboration with a laboratory specializing in recombinant virus generation showed
that such mutations severely impaired viral replication, making these mutant viruses
nonviable.

This outcome is not exactly surprising, given the essential role of VPg in viral
RNA synthesis. It is also likely that VPg proteins from different Picornaviridae
members are not interchangeable, despite conservation of the viral life cycle. Rather
than swapping VPgs entirely, attempts to generate VPg point-mutant viruses also
resulted in impaired replication. Although this could be the result of various issues, at
present, no mutant viruses that exhibited increased viral titers could be generated.
Therefore, it remains very difficult at this point to distinguish whether reduced viral
titers result from disruption of the canonical function of VPg during replication, or from
loss of the IFN-y-like activity. These results, although not indicating impossibility,
clearly demonstrate the technical difficulty of generating and utilizing recombinant
VPg-mutant viruses without careful experimentation and validation.

A second approach involves the use of genetically modified mouse models. For
example, Nos2 knockout mice (Nos27/~) could validate the effects observed using
iINOS inhibition by 1400W, and to assess whether 1400W has any off-target effects.
Importantly, Nos2™~ mice are known to be viable, as reported previously [150].

Further insight could also be gained by comparing iNOS inhibition with IFNGR
knockout mouse models, such as Ifngr1~~ or Ifngr2”~ mice, or by using knockouts of
its downstream Caspase 8 (Casp8~"). These experiments could definitively validate
that increased viral load and disease severity from iNOS inhibition is the actual result
of inhibiting IFNGR1/2-mediated, INOS/Caspase 8-dependent apoptosis triggered by
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VPgEMCV However, each of these knockout mice models presents additional
complexities. Although Ifngr1~~ mice are known to be viable [151, 152], these mice
exhibit altered immune states, and the contribution of endogenous IFN-y
induction/signaling during EMCV infection cannot be excluded without proper
experimentation. This means that comparison with /fng~~ mice with WT mice may be
required, or by utilizing double knockout mice models such as Ifngr1~-Ifng™~. Although
these mice should be viable [128], knockout mice models could perhaps introduce
unexpected phenotypes.

Regarding Caspase 8-related mice models, Casp8~~ mice are known to be
embryonically lethal due to accelerated/uncontrolled necroptosis [153]. Therefore,
knockout mouse models such as Casp87 Ripk3™”~ or Casp87/MIkl”~ would be
required, along with using appropriate controls (Ripk3™~ or MIkI”~ mice), to remove
contributions from necroptosis [153, 154]. Additionally, previous studies using Tnf~~
mice infected with EMCV showed rapid death [146], which is consistent with the
findings of this study. However, detailed analysis of organ/tissue-specific pathology
and apoptotic markers in these mice, particularly in regions such as the hippocampus,
could further clarify the contribution of TNF-a—dependent extrinsic apoptosis in EMCV
pathogenesis.

Finally, although neutralization of VPgEMCV using the anti-VPgEMCY antibody
generated in this study could have been a more direct approach, this was clearly
ineffective in vitro (Figure 3-18a). Under all these circumstances, pharmacological
inhibition of INOS using 1400W was the most practical approach within the constraints
of this study. Compared with broader inhibitors such as JAK inhibitors (e.g.,
Tofacitinib), which should suppress multiple cytokine-related signaling pathways in
vivo, selective INOS inhibition by 1400W was considered to minimize off-target effects,
while still allowing assessment of the functional relevance of the VPgEMCV—IFNGR1/2—
iINOS-Caspase 8 pathway during EMCYV infection.

4-5 Potential applications of Cardiovirus VPg and concluding remarks

This study revealed that VPgEM®Y and some other Cardiovirus VPgs can
function in at least two distinct ways: first, as an inducer of potent cell death in synergy
with TNF-a, and second, as an antiviral agent. These two aspects will be briefly
discussed, together with potential future directions.
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This study clearly demonstrated that VPgEMCV functions in both human and
murine cells, inducing cell death synergistically with TNF-a across multiple cell types
(Figure 3-47). Based on this property, one potential future application could be to
target malignant tumors, given that VPgEMCV appears to induce cell death more rapidly
than IFN-y and exhibits cross-species activity. However, this concept remains at a very
early stage, and extensive future studies, especially in vivo, would be required to
evaluate efficacy and toxicity of VPgEMCV, As one initial experiment, well-established
mouse tumor models, such as subcutaneous implantation of B16 melanoma cells,
could be used to compare tumor growth with or without administration of VPgEMCV or
other Cardiovirus VPgs. It would also be important to assess whether exogenous TNF-
a is required to induce tumor-specific cell death in vivo, or whether endogenous TNF-
a levels are sufficient in the tumor microenvironment.

Another potential application is the use of VPgEMCV or other Cardiovirus VPgs
as antiviral agents, for example as priming stimuli that could substitute for IFN-y. In
this study, overnight treatment with VPgEMCV, as well as some other Cardiovirus VPgs
exhibited clear antiviral activity against VSV in vitro, significantly reducing viral titers
(Figure 3-49a, Figure 3-49b). In addition, preliminary in vivo experiments suggested
antiviral efficacy, as intranasal administration of VPgEMCV one day before and after IAV
infection attenuated weight loss in mice compared with the untreated control (Figure
3-50). Nevertheless, these in vivo observations remain preliminary and will require
further validation, including reproducibility testing. It would also be important to
examine alternative routes of administration (e.g., intraperitoneal or intravenous
delivery) and to carefully evaluate toxicity/safety. In this context, determining
parameters such as dose-dependent efficacy and LDso values, and comparing these
with recombinant IFN-y, would be essential to assess the feasibility of using VPgEMVY
as a therapeutic agent.

In conclusion, although many questions remain unanswered, several of which
are very complex and extend beyond the scope of this work, this study clearly
identified a previously unrecognized noncanonical function of VPgEMCV as an IFNGR
agonist that induces downstream signaling highly similar to that of IFN-y. While the
molecular target(s) regarding the IFNGR-independent effects of VPgEMCVY also require
future investigation, these unique properties may be utilized once better understood.
In addition to its cross-species activity, the relative ease of synthesis of VPgEMV and
other Cardiovirus VPgs, consisting of merely 20 amino acids, may be advantageous
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in terms of production speed and cost. Overall, this discovery should open multiple
avenues for future research, including structural studies to elucidate VPg—IFNGR
interactions, virological studies addressing host-pathogen interactions, and

investigations into potential therapeutic applications.

126



References

1. Takeuchi, O., & Akira, S. (2010). Pattern recognition receptors and inflammation. Cell, 140(6),
805-820. doi:10.1016/j.cell.2010.01.022

2. Stetson, D. B., & Medzhitov, R. (2006). Type | interferons in host defense. Immunity, 25(3), 373—
381. doi:10.1016/j.immuni.2006.08.007

3. Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N., Imaizumi, T., Miyagishi, M., ... Fuijita,
T. (2004). The RNA helicase RIG-I has an essential function in double-stranded RNA-induced
innate antiviral responses. Nature Immunology, 5(7), 730—737. doi:10.1038/ni1087

4. Akira, S., Uematsu, S., & Takeuchi, O. (2006). Pathogen recognition and innate immunity. Cell,
124(4), 783-801. doi:10.1016/j.cell.2006.02.015

5.Sun, L., Wu, J., Du, F., Chen, X., & Chen, Z. J. (2013). Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type | interferon pathway. Science, 339(6121), 786-791.
doi:10.1126/science.1232458

6. Shalini, S., Dorstyn, L., Dawar, S., & Kumar, S. (2015). Old, new and emerging functions of
caspases. Cell Death and Differentiation, 22(4), 526—-539. doi:10.1038/cdd.2014.216

7. Proskuryakov, S. Y., Konoplyannikov, A. G., & Gabai, V. L. (2003). Necrosis: a specific form of
programmed cell death? Experimental Cell Research, 283(1), 1-16. doi:10.1016/s0014-
4827(02)00027-7

8. Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H., & Vandenabeele, P.
(2014). Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nature
Reviews. Molecular Cell Biology, 15(2), 135—147. doi:10.1038/nrm3737

9. Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., ...
Stockwell, B. R. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell,
149(5), 1060-1072. doi:10.1016/j.cell.2012.03.042

10. Fink, S. L., & Cookson, B. T. (2005). Apoptosis, pyroptosis, and necrosis: mechanistic
description of dead and dying eukaryotic cells. Infection and Immunity, 73(4), 1907-1916.
doi:10.1128/1A1.73.4.1907-1916.2005

11. Dejean, Laurent M., Martinez-Caballero, S., Manon, S., & Kinnally, K. W. (2006). Regulation
of the mitochondrial apoptosis-induced channel, MAC, by BCL-2 family proteins. Biochimica et
Biophysica Acta, 1762(2), 191-201. doi:10.1016/j.bbadis.2005.07.002

12. Dejean, L. M., Martinez-Caballero, S., & Kinnally, K. W. (2006). Is MAC the knife that cuts
cytochrome ¢ from mitochondria during apoptosis? Cell Death and Differentiation, 13(8), 1387—
1395. doi:10.1038/sj.cdd.4401949

13. Rex, D. A. B., Keshava Prasad, T. S., & Kandasamy, R. K. (2022). Revisiting regulated cell
death responses in viral infections. International Journal of Molecular Sciences, 23(13), 7023.
doi:10.3390/ijms23137023

14. Wallach, D. (2018). The tumor necrosis factor family: Family conventions and private
idiosyncrasies. Cold Spring Harbor Perspectives in Biology, 10(10), a028431.
doi:10.1101/cshperspect.a02843

15. Wajant, H. (2002). The Fas signaling pathway: more than a paradigm. Science, 296(5573),
1635-1636. doi:10.1126/science.1071553

127



16. Zhou, X., Jiang, W., Liu, Z., Liu, S., & Liang, X. (2017). Virus infection and death receptor-
mediated apoptosis. Viruses, 9(11), 316. doi:10.3390/v9110316

17. Zell, R., Delwart, E., Gorbalenya, A. E., Hovi, T., King, A. M. Q., Knowles, N. J., ... ICTV Report
Consortium. (2017). ICTV virus taxonomy profile: Picornaviridae. The Journal of General Virology,
98(10), 2421-2422. doi:10.1099/jgv.0.000911

18. Simmonds, P., Adriaenssens, E. M., Lefkowitz, E. J., Oksanen, H. M., Zerbini, F. M., Alfenas-
Zerbini, P., ... Varsani, A. (2025). Changes to virus taxonomy, the international code of virus
classification and nomenclature, and the ICTV statutes ratified by the International Committee on
Taxonomy of Viruses (2025). Archives of Virology, 171(1), 23. doi:10.1007/s00705-025-06485-1
19. Carocci, M., & Bakkali-Kassimi, L. (2012). The encephalomyocarditis virus. Virulence, 3(4),
351-367. doi:10.4161/viru.20573

20. Spyrou, V., Maurice, H., Billinis, C., Papanastassopoulou, M., Psalla, D., Nielen, M., ...
Papadopoulos, O. (2004). Transmission and pathogenicity of encephalomyocarditis virus (EMCV)
among rats. Veterinary Research, 35(1), 113—-122. doi:10.1051/vetres:2003044

21. Theiler, M. (1937). Spontaneous encephalomyelitis of mice, a new virus disease. The Journal
of Experimental Medicine, 65(5), 705—719. doi:10.1084/jem.65.5.705

22. Zoll, J., Erkens Hulshof, S., Lanke, K., Verduyn Lunel, F., Melchers, W. J. G., Schoondermark-
vande Ven, E., ... van Kuppeveld, F. J. M. (2009). Saffold virus, a human Theiler’s-like cardiovirus,
is ubiquitous and causes infection early in life. PLoS Pathogens, 5(5), e€1000416.
doi:10.1371/journal.ppat.1000416

23. Grant, R. A, Filman, D. J., Fujinami, R. S., Icenogle, J. P., & Hogle, J. M. (1992). Three-
dimensional structure of Theiler virus. Proceedings of the National Academy of Sciences of the
United States of America, 89(6), 2061-2065. doi:10.1073/pnas.89.6.2061

24. Krishnaswamy, S., & Rossmann, M. G. (1990). Structural refinement and analysis of Mengo
virus. Journal of Molecular Biology, 211(4), 803—844. doi:10.1016/0022-2836(90)90077-Y

25. Doysabas, K. C. C., Oba, M., Furuta, M., lida, K., Omatsu, T., Furuya, T., ... Hondo, E. (2019).
Encephalomyocarditis virus is potentially derived from eastern bent-wing bats living in East Asian
countries. Virus Research, 259, 62—67. doi:10.1016/j.virusres.2018.10.020

26. Nederlof, R. A., Koo, B.-S., Arqueros, C. S, Sillero, L. N. C., Vercammen, F., & Bakker, J.
(2025). Encephalomyocarditis virus in non-domesticated species. Pathogens, 14(4), 397.
doi:10.3390/pathogens14040397

27. Cherry, S. (2019). Encephalomyocarditis virus entry unveiled. mBio, 10(2).
doi:10.1128/mBio.00305-19

28. Bazzone, L. E., King, M., MacKay, C. R., Kyawe, P. P., Meraner, P., Lindstrom, D., ... Finberg,
R. W. (2019). A disintegrin and metalloproteinase 9 domain (ADAM9) is a major susceptibility
factor in the early stages of Encephalomyocarditis virus infection. mBio, 10(1).
doi:10.1128/mBi0.02734-18

29. Virgen-Slane, R., Rozovics, J. M., Fitzgerald, K. D., Ngo, T., Chou, W., van der Heden van
Noort, G. J., ... Semler, B. L. (2012). An RNA virus hijacks an incognito function of a DNA repair
enzyme. Proceedings of the National Academy of Sciences of the United States of America,
109(36), 14634—14639. doi:10.1073/pnas.1208096109

128



30. Maciejewski, S., Ullmer, W., & Semler, B. L. (2018). VPg unlinkase/TDP2 in cardiovirus
infected cells: Re-localization and proteolytic cleavage. Virology, 516, 139-146.
doi:10.1016/j.virol.2018.01.010

31. Liu, Y., Franco, D., Paul, A. V., & Wimmer, E. (2007). Tyrosine 3 of poliovirus terminal peptide
VPg(3B) has an essential function in RNA replication in the context of its precursor protein, 3AB.
Journal of Virology, 81(11), 5669-5684. doi:10.1128/JV1.02350-06

32. Feng, Q., Hato, S. V., Langereis, M. A., Zoll, J., Virgen-Slane, R., Peisley, A., ... van Kuppeveld,
F. J. M. (2012). MDA5 detects the double-stranded RNA replicative form in picornavirus-infected
cells. Cell Reports, 2(5), 1187-1196. doi:10.1016/j.celrep.2012.10.005

33. Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M., Matsui, K., ... Akira, S. (2006).
Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature,
441(7089), 101-105. doi:10.1038/nature04734

34. Duic, I., Tadakuma, H., Harada, Y., Yamaue, R., Deguchi, K., Suzuki, Y., ... Fujita, T. (2020).
Viral RNA recognition by LGP2 and MDAS5, and activation of signaling through step-by-step
conformational changes. Nucleic Acids Research, 48(20), 11664-11674.
doi:10.1093/nar/gkaa935

35. Seth, R. B., Sun, L., Ea, C.-K,, & Chen, Z. J. (2005). Identification and characterization of
MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell, 122(5),
669-682. doi:10.1016/j.cell.2005.08.012

36. Hou, F., Sun, L., Zheng, H., Skaug, B., Jiang, Q.-X., & Chen, Z. J. (2011). MAVS forms
functional prion-like aggregates to activate and propagate antiviral innate immune response. Cell,
146(3), 448—461. doi:10.1016/j.cell.2011.06.041

37. Honda, K., Takaoka, A., & Taniguchi, T. (2006). Type | interferon [corrected] gene induction by
the interferon regulatory factor family of transcription factors. Immunity, 25(3), 349-360.
doi:10.1016/j.immuni.2006.08.009

38. Fitzgerald, K. A., McWhirter, S. M., Faia, K. L., Rowe, D. C., Latz, E., Golenbock, D. T., ...
Maniatis, T. (2003). IKKepsilon and TBK1 are essential components of the IRF3 signaling pathway.
Nature Immunology, 4(5), 491-496. doi:10.1038/ni921

39. Israél, A. (2010). The IKK complex, a central regulator of NF-kappaB activation. Cold Spring
Harbor Perspectives in Biology, 2(3), a000158. doi:10.1101/cshperspect.a000158

40. Palmenberg, A. C., Kirby, E. M., Janda, M. R., Drake, N. L., Duke, G. M., Potratz, K. F., &
Collett, M. S. (1984). The nucleotide and deduced amino acid sequences of the
encephalomyocarditis viral polyprotein coding region. Nucleic Acids Research, 12(6), 2969—2985.
doi:10.1093/nar/12.6.2969

41. Banerjee, R., Tsai, W., Kim, W., & Dasgupta, A. (2001). Interaction of poliovirus-encoded
2C/2BC polypeptides with the 3’ terminus negative-strand cloverleaf requires an intact stem-loop
b. Virology, 280(1), 41-51. doi:10.1006/viro.2000.0770

42. Liu, Y., Wang, C., Mueller, S., Paul, A. V., Wimmer, E., & Jiang, P. (2010). Direct interaction
between two viral proteins, the nonstructural protein 2C and the capsid protein VP3, is required for
enterovirus morphogenesis. PLoS Pathogens, 6(8), e1001066. doi:10.1371/journal.ppat.1001066
43. Parks, G. D., Baker, J. C., & Palmenberg, A. C. (1989). Proteolytic cleavage of
encephalomyocarditis virus capsid region substrates by precursors to the 3C enzyme. Journal of
Virology, 63(3), 1054—1058. doi:10.1128/JV1.63.3.1054-1058.1989

129



44. Dmitrieva, T. M., Alexeevski, A. V., Shatskaya, G. S., Tolskaya, E. A., Gmyl, A. P., Khitrina, E.
V., & Agol, V. I. (2007). Significance of the C-terminal amino acid residue in mengovirus RNA-
dependent RNA polymerase. Virology, 365(1), 79-91. doi:10.1016/j.virol.2007.02.038

45. Li, L., Fan, H., Song, Z., Liu, X., Bai, J., & Jiang, P. (2019). Encephalomyocarditis virus 2C
protein antagonizes interferon- signaling pathway through interaction with MDAS. Antiviral
Research, 161, 70-84. doi:10.1016/j.antiviral.2018.10.010

46. Han, Y., Xie, J., Xu, S., Bi, Y., Li, X., Zhang, H., ... Feng, R. (2021). Encephalomyocarditis
virus abrogates the interferon beta signaling pathway via its structural protein VP2. Journal of
Virology, 95(6), JV1.01590-20. doi:10.1128/JVI.01590-20

47. Romanova, L. |., Lidsky, P. V., Kolesnikova, M. S., Fominykh, K. V., Gmyl, A. P., Sheval, E. V.,
... Agol, V. 1. (2009). Antiapoptotic activity of the cardiovirus leader protein, a viral ‘security’ protein.
Journal of Virology, 83(14), 7273-7284. doi:10.1128/JV1.00467-09

48. Ivin, Y., Butusova, A., Gladneva, E., Gmyl, A., & Ishmukhametov, A. (2024). Comprehensive
elucidation of the role of L and 2A security proteins on cell death during EMCV infection. Viruses,
16(2), 280. doi:10.3390/v16020280

49. Carocci, M., Cordonnier, N., Huet, H., Romey, A., Relmy, A., Gorna, K., ... Kassimi, L. B.
(2011). Encephalomyocarditis virus 2A protein is required for viral pathogenesis and inhibition of
apoptosis. Journal of Virology, 85(20), 10741-10754. doi:10.1128/JVI.00394-11

50. Ito, M., Yanagi, Y., & Ichinohe, T. (2012). Encephalomyocarditis virus viroporin 2B activates
NLRP3 inflammasome. PLoS Pathogens, 8(8), €1002857. doi:10.1371/journal.ppat.1002857

51. Hou, L., Ge, X., Xin, L., Zhou, L., Guo, X., & Yang, H. (2014). Nonstructural proteins 2C and
3D are involved in autophagy as induced by the encephalomyocarditis virus. Virology Journal,
11(1), 156. doi:10.1186/1743-422X-11-156

52. Locksley, R. M., Killeen, N., & Lenardo, M. J. (2001). The TNF and TNF receptor superfamilies.
Cell, 104(4), 487-501. doi:10.1016/s0092-8674(01)00237-9

53. Falvo, J. V., Tsytsykova, A. V., & Goldfeld, A. E. (2010). Transcriptional control of the TNF
gene. Current Directions in Autoimmunity, 11, 27—60. doi:10.1159/000289196

54. Swardfager, W., Lanct6t, K., Rothenburg, L., Wong, A., Cappell, J., & Herrmann, N. (2010). A
meta-analysis of cytokines in Alzheimer's disease. Biological Psychiatry, 68(10), 930-941.
doi:10.1016/j.biopsych.2010.06.012

55. Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E. K., & Lanctét, K. L.
(2010). A meta-analysis of cytokines in major depression. Biological Psychiatry, 67(5), 446—457.
doi:10.1016/j.biopsych.2009.09.033

56. Kirkegaard, T., Pedersen, G., Saermark, T., & Brynskov, J. (2003). Tumour necrosis factor-a
converting enzyme (TACE) activity in human colonic epithelial cells. Clinical and Experimental
Immunology, 135(1), 146—153. doi:10.1111/j.1365-2249.2004.02348.x

57. Su, Z., Dhusia, K., & Wu, Y. (2022). Understanding the functional role of membrane
confinements in TNF-mediated signaling by multiscale simulations. Communications Biology, 5(1),
228. doi:10.1038/s42003-022-03179-1

58. Fotin-Mleczek, M., Henkler, F., Samel, D., Reichwein, M., Hausser, A., Parmryd, |., ... Wajant,
H. (2002). Apoptotic crosstalk of TNF receptors: TNF-R2-induces depletion of TRAF2 and IAP
proteins and accelerates TNF-R1-dependent activation of caspase-8. Journal of Cell Science,
115(Pt 13), 2757-2770. doi:10.1242/jcs.115.13.2757

130



59. Tang, P., Hung M-C, & Klostergaard, J. (1996). Human pro-tumor necrosis factor is a
homotrimer. Biochemistry, 35(25), 8216—8225. doi:10.1021/bi952182t

60. Marotte, H., & Cimaz, R. (2014). Etanercept - TNF receptor and 1gG1 Fc fusion protein: is it
different from other TNF blockers? Expert Opinion on Biological Therapy, 14(5), 569-572.
doi:10.1517/14712598.2014.896334

61. Wajant, H., Pfizenmaier, K., & Scheurich, P. (2003). Tumor necrosis factor signaling. Cell
Death and Differentiation, 10(1), 45—65. doi:10.1038/sj.cdd.4401189

62. Chen, G., & Goeddel, D. V. (2002). TNF-R1 signaling: a beautiful pathway. Science, 296(5573),
1634—1635. doi:10.1126/science.1071924

63. Sabio, G., & Davis, R. J. (2014). TNF and MAP kinase signalling pathways. Seminars in
Immunology, 26(3), 237-245. doi:10.1016/j.smim.2014.02.009

64. Qiao, Y., He, H., Jonsson, P., Sinha, I., Zhao, C., & Dahiman-Wright, K. (2016). AP-1 is a key
regulator of proinflammatory cytokine TNFa-mediated triple-negative breast cancer progression.
The Journal of Biological Chemistry, 291(10), 5068-5079. doi:10.1074/jbc.M115.702571

65. Dhanasekaran, D. N., & Reddy, E. P. (2008). JNK signaling in apoptosis. Oncogene, 27(48),
6245-6251. doi:10.1038/onc.2008.301

66. Cullen, S. P., & Martin, S. J. (2009). Caspase activation pathways: some recent progress. Cell
Death and Differentiation, 16(7), 935-938. doi:10.1038/cdd.2009.59

67. Platanias, L. C. (2005). Mechanisms of type-l- and type-ll-interferon-mediated signalling.
Nature Reviews. Immunology, 5(5), 375—-386. doi:10.1038/nri1604

68. Lee, A. J., & Ashkar, A. A. (2018). The dual nature of type | and type Il interferons. Frontiers in
Immunology, 9, 2061. doi:10.3389/fimmu.2018.02061

69. Mallampalli, R. K., Adair, J., Elhance, A., Farkas, D., Chafin, L., Long, M. E., ... Londino, J. D.
(2021). Interferon lambda signaling in macrophages is necessary for the antiviral response to
influenza. Frontiers in Immunology, 12, 735576. doi:10.3389/fimmu.2021.735576

70. Lee, A. J,, Chen, B., Chew, M. V., Barra, N. G., Shenouda, M. M., Nham, T, ... Ashkar, A. A.
(2017). Inflammatory monocytes require type | interferon receptor signaling to activate NK cells via
IL-18 during a mucosal viral infection. The Journal of Experimental Medicine, 214(4), 1153-1167.
doi:10.1084/jem.20160880

71. Vivier, E., Tomasello, E., Baratin, M., Walzer, T., & Ugolini, S. (2008). Functions of natural killer
cells. Nature Immunology, 9(5), 503—-510. doi:10.1038/ni1582

72. Marchetti, M., Monier, M.-N., Fradagrada, A., Mitchell, K., Baychelier, F., Eid, P., ... Lamaze,
C. (2006). Stat-mediated signaling induced by type | and type Il interferons (IFNs) is differentially
controlled through lipid microdomain association and clathrin-dependent endocytosis of IFN
receptors. Molecular Biology of the Cell, 17(7), 2896—2909. doi:10.1091/mbc.e06-01-007

73. Gotthardt, D., & Sexl, V. (2016). STATs in NK-cells: The good, the bad, and the ugly. Frontiers
in Immunology, 7, 694. doi:10.3389/fimmu.2016.00694

74. Jorgovanovic, D., Song, M., Wang, L., & Zhang, Y. (2020). Roles of IFN-y in tumor progression
and regression: a review. Biomarker Research, 8(1), 49. doi:10.1186/s40364-020-00228-x

75. Yang, M.-Q., Du, Q., Varley, P. R., Goswami, J., Liang, Z., Wang, R., ... Geller, D. A. (2018).
Interferon regulatory factor 1 priming of tumour-derived exosomes enhances the antitumour
immune response. British Journal of Cancer, 118(1), 62—71. doi:10.1038/bjc.2017.389

131



76. Kamijo, R., Harada, H., Matsuyama, T., Bosland, M., Gerecitano, J., Shapiro, D., ... Green, S.
J. (1994). Requirement for transcription factor IRF-1 in NO synthase induction in macrophages.
Science, 263(5153), 1612-1615. doi:10.1126/science.7510419

77. Kim, P. K., Zamora, R., Petrosko, P., & Billiar, T. R. (2001). The regulatory role of nitric oxide
in apoptosis. International Immunopharmacology, 1(8), 1421-1441. doi:10.1016/s1567-
5769(01)00088-1

78. Karki, R., Sharma, B. R., Tuladhar, S., Williams, E. P., Zalduondo, L., Samir, P., ... Kanneganti,
T.-D. (2021). Synergism of TNF-a and IFN-y triggers inflammatory cell death, tissue damage, and
mortality in SARS-CoV-2 infection and cytokine shock syndromes. Cell, 184(1), 149-168.e17.
doi:10.1016/j.cell.2020.11.025

79. Simpson, D. S., Pang, J., Weir, A., Kong, I. Y., Fritsch, M., Rashidi, M., ... Vince, J. E. (2022).
Interferon-y primes macrophages for pathogen ligand-induced killing via a caspase-8 and
mitochondrial cell death pathway. Immunity, 55(3), 423-441.e9. doi:10.1016/j.immuni.2022.01.003
80. Steimle, V., Siegrist, C. A., Mottet, A., Lisowska-Grospierre, B., & Mach, B. (1994). Regulation
of MHC class Il expression by interferon-gamma mediated by the transactivator gene CIITA.
Science, 265(5168), 106—109. doi:10.1126/science.8016643

81. Schroder, K., Hertzog, P. J., Ravasi, T., & Hume, D. A. (2004). Interferon-gamma: an overview
of signals, mechanisms and functions. Journal of Leukocyte Biology, 75(2), 163-189.
doi:10.1189/jlb.0603252

82. Drevets, D. A., Leenen, P. J., & Campbell, P. A. (1996). Complement receptor type 3 mediates
phagocytosis and killing of Listeria monocytogenes by a TNF-alpha- and IFN-gamma-stimulated
macrophage precursor hybrid. Cellular Immunology, 169(1), 1-6. doi:10.1006/cimm.1996.0083
83. Langereis, J. D., Pickkers, P., de Kleijn, S., Gerretsen, J., de Jonge, M. |., & Kox, M. (2017).
Spleen-derived IFN-y induces generation of PD-L1+-suppressive neutrophils during endotoxemia.
Journal of Leukocyte Biology, 102(6), 1401-1409. doi:10.1189/jlb.3a0217-051rr

84. Ribechini, E., Hutchinson, J. A., Hergovits, S., Heuer, M., Lucas, J., Schleicher, U, ... Lutz, M.
B. (2017). Novel GM-CSF signals via IFN-yR/IRF-1 and AKT/mTOR license monocytes for
suppressor function. Blood Advances, 1(14), 947-960. doi:10.1182/bloodadvances.2017006858
85. Burke, J. D., & Young, H. A. (2019). IFN-y: A cytokine at the right time, is in the right place.
Seminars in Immunology, 43(101280), 101280. doi:10.1016/j.smim.2019.05.002

86. Song, M., Ping, Y., Zhang, K., Yang, L., Li, F., Zhang, C., ... Zhang, Y. (2019). Low-dose IFNy
induces tumor cell stemness in tumor microenvironment of non-small cell lung cancer. Cancer
Research, 79(14), 3737-3748. doi:10.1158/0008-5472.CAN-19-0596

87. Mendoza, J. L., Escalante, N. K., Jude, K. M., Sotolongo Bellon, J., Su, L., Horton, T. M., ...
Garcia, K. C. (2019). Structure of the IFNy receptor complex guides design of biased agonists.
Nature, 567(7746), 56—60. doi:10.1038/s41586-019-0988-7

88. Arduini, R. M., Strauch, K. L., Runkel, L. A., Carlson, M. M., Hronowski, X., Foley, S. F., ...
Baker, D. P. (1999). Characterization of a soluble ternary complex formed between human
interferon-beta-1a and its receptor chains. Protein Science, 8(9), 1867-1877.
doi:10.1110/ps.8.9.1867

89. Krause, C. D., Lavnikova, N., Xie, J., Mei, E., Mirochnitchenko, O. V., Jia, Y., ... Pestka, S.
(2006). Preassembly and ligand-induced restructuring of the chains of the IFN-gamma receptor

132



complex: the roles of Jak kinases, Stat1 and the receptor chains. Cell Research, 16(1), 55-69.
doi:10.1038/sj.cr.7310008

90. Woldman, 1., Varinou, L., Ramsauer, K., Rapp, B., & Decker, T. (2001). The Stat1 binding motif
of the interferon-gamma receptor is sufficient to mediate Stat5 activation and its repression by
SOCSa3. The Journal of Biological Chemistry, 276(49), 45722-45728.
doi:10.1074/jbc.M105320200

91. Barnholt, K. E., Kota, R. S., Aung, H. H., & Rutledge, J. C. (2009). Adenosine blocks IFN-
gamma-induced phosphorylation of STAT1 on serine 727 to reduce macrophage activation.
Journal of Immunology, 183(10), 6767—6777. doi:10.4049/jimmunol.0900331

92. Staab, J., Herrmann-Lingen, C., & Meyer, T. (2013). A rapid conformational rearrangement of
STAT1 dimers is required for termination rather than for amplification of interferon-y signaling. JAK-
STAT, 2(1), e23576. doi:10.4161/jkst.23576

93.Sun, Y., Wang, Y., Shan, C., Chen, C., Xu, P., Song, M., ... Lou, Z. (2012). Enterovirus 71 VPg
uridylation uses a two-molecular mechanism of 3D polymerase. Journal of Virology, 86(24),
13662-13671. doi:10.1128/JVI1.01712-12

94. Zuo, W., Wakimoto, M., Kozaiwa, N., Shirasaka, Y., Oh, S.-W., Fujiwara, S., ... Fujita, T. (2022).
PKR and TLR3 trigger distinct signals that coordinate the induction of antiviral apoptosis. Cell
Death & Disease, 13(8), 707. doi:10.1038/s41419-022-05101-3

95. Fujita, T., Saito, S., & Kohno, S. (1979). Priming increases the amount of interferon mRNA in
poly(rl).poly(rC)-treated L cells. The Journal of General Virology, 45(2), 301-308.
doi:10.1099/0022-1317-45-2-301

96. Oh, S.-W., Onomoto, K., Wakimoto, M., Onoguchi, K., Ishidate, F., Fujiwara, T., ... Fujita, T.
(2016). Leader-containing uncapped viral transcript activates RIG-I in antiviral stress granules.
PLoS Pathogens, 12(2), e1005444. doi:10.1371/journal.ppat.1005444

97. Shiroki, K., Ishii, T., Aoki, T., Kobashi, M., Ohka, S., & Nomoto, A. (1995). A new cis-acting
element for RNA replication within the 5’ noncoding region of poliovirus type 1 RNA. Journal of
Virology, 69(11), 6825-6832. doi:10.1128/JVI1.69.11.6825-6832.1995

98. Klump, W. M., Bergmann, ., Miller, B. C., Ameis, D., & Kandolf, R. (1990). Complete
nucleotide sequence of infectious Coxsackievirus B3 cDNA: two initial 5° uridine residues are
regained during plus-strand RNA synthesis. Journal of Virology, 64(4), 1573-1583.
doi:10.1128/JV1.64.4.1573-1583.1990

99. Kobayashi, K., Sudaka, Y., Takashino, A., Imura, A., Fujii, K., & Koike, S. (2018). Amino acid
variation at VP1-145 of Enterovirus 71 determines attachment receptor usage and neurovirulence
in human scavenger receptor B2 transgenic mice. Journal of Virology, 92(15).
doi:10.1128/JV1.00681-18

100. Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., & Zhang, F. (2013). Genome
engineering using the CRISPR-Cas9 system. Nature Protocols, 8(11), 2281-2308.
doi:10.1038/nprot.2013.143

101. Doench, J. G, Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F., ... Root,
D. E. (2016). Optimized sgRNA design to maximize activity and minimize off-target effects of
CRISPR-Cas9. Nature Biotechnology, 34(2), 184—191. doi:10.1038/nbt.3437

133



102. Sanson, K. R., Hanna, R. E., Hegde, M., Donovan, K. F., Strand, C., Sullender, M. E., ...
Doench, J. G. (2018). Optimized libraries for CRISPR-Cas9 genetic screens with multiple
modalities. Nature Communications, 9(1), 5416. doi:10.1038/s41467-018-07901-8

103. Abu Tayeh, A., Funabiki, M., Shimizu, S., Satoh, S., Sumin, L., lwakura, Y., ... Fujita, T.
(2021). Psoriasis-like skin disorder in transgenic mice expressing a RIG-I Singleton-Merten
syndrome variant. International Immunology, 33(4), 211-224. doi:10.1093/intimm/dxaa071

104. Wang, J., Chen, S., Han, Q., Wang, K., Liu, L., Xu, X., ... Wang, J. (2022). Rapid detection
of porcine encephalomyocarditis virus (EMCV) by isothermal reverse transcription recombinase
polymerase amplification assays. Journal of Virological Methods, 306(114544), 114544.
doi:10.1016/j.jviromet.2022.114544

105. Cummings, K. L., & Tarleton, R. L. (2004). Inducible nitric oxide synthase is not essential for
control of Trypanosoma cruzi infection in mice. Infection and Immunity, 72(7), 4081-4089.
doi:10.1128/1A1.72.7.4081-4089.2004

106. Kwon, N., Lee, K. E., Singh, M., & Kang, S. G. (2021). Suitable primers for GAPDH reference
gene amplification in quantitative RT-PCR analysis of human gene expression. Gene Reports,
24(101272), 101272. doi:10.1016/j.genrep.2021.101272

107. Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of
image analysis. Nature Methods, 9(7), 671-675. doi:10.1038/nmeth.2089

108. Pearce, A. F., & Lyles, D. S. (2009). Vesicular stomatitis virus induces apoptosis primarily
through Bak rather than Bax by inactivating Mcl-1 and Bcl-XL. Journal of Virology, 83(18), 9102—
9112. doi:10.1128/JV1.00436-09

109. Solov’ev, V. D. & Bektemirov, T. A. (1973). Interferon: Theory and Applications (1st ed.).
Springer New York, NY. doi:10.1007/978-1-4684-2031-9

110. Weiss, C., & Clark, H. F. (1985). Rapid inactivation of rotaviruses by exposure to acid buffer
or acidic gastric juice. The Journal of General Virology, 66 (Pt12)(12), 2725-2730.
doi:10.1099/0022-1317-66-12-2725

111. Stewart, W. E., 2nd. (1980). Interferon nomenclature recommendations. The Journal of
Infectious Diseases, 142(4), 643. doi:10.1093/infdis/142.4.643

112. Walter, M. R. (2020). The role of structure in the biology of interferon signaling. Frontiers in
Immunology, 11, 606489. doi:10.3389/fimmu.2020.606489

113. Chaitanya, G. V., Steven, A. J., & Babu, P. P. (2010). PARP-1 cleavage fragments: signatures
of cell-death proteases in neurodegeneration. Cell Communication and Signaling, 8(1), 31.
doi:10.1186/1478-811X-8-31

114. Mathes, E., O'Dea, E. L., Hoffmann, A., & Ghosh, G. (2008). NF-kappaB dictates the
degradation pathway of |kappaBalpha. The EMBO Journal, 27(9), 1357-1367.
doi:10.1038/emb0j.2008.73

115. Zhao, S., Jiang, J., Jing, Y., Liu, W., Yang, X., Hou, X., ... Wei, L. (2020). The concentration
of tumor necrosis factor-a determines its protective or damaging effect on liver injury by regulating
Yap activity. Cell Death & Disease, 11(1), 70. doi:10.1038/s41419-020-2264-z

116. Ueda, M., Fujisawa, T., Ono, M., Hara, E. S., Pham, H. T., Nakajima, R., ... Kuboki, T. (2014).
A short-term treatment with tumor necrosis factor-alpha enhances stem cell phenotype of human
dental pulp cells. Stem Cell Research & Therapy, 5(1), 31. doi:10.1186/scrt420

134



117. Holmes, A. C., Zagnoli-Vieira, G., Caldecott, K. W., & Semler, B. L. (2020). Effects of
TDP2/VPg unlinkase activity on Picornavirus infections downstream of virus translation. Viruses,
12(2), 166. doi:10.3390/v12020166

118. Crawford, N. M., & Baltimore, D. (1983). Genome-linked protein VPg of poliovirus is present
as free VPg and VPg-pUpU in poliovirus-infected cells. Proceedings of the National Academy of
Sciences of the United States of America, 80(24), 7452—7455. doi:10.1073/pnas.80.24.7452

119. Woznicki, J. A., Saini, N., Flood, P., Rajaram, S., Lee, C. M., Stamou, P., ... Nally, K. (2021).
TNF-a synergises with IFN-y to induce caspase-8-JAK1/2-STAT1-dependent death of intestinal
epithelial cells. Cell Death & Disease, 12(10), 864. doi:10.1038/s41419-021-04151-3

120. Erusalimsky, J. D., Gilmore, D., & Milstein, C. (1987). The induction of class | HLA by
interferon-alpha is independent of the cell cycle, but the expression is enhanced by a G1/S block.
European Journal of Immunology, 17(5), 623—-628. doi:10.1002/€ji.1830170507

121. Hunt, J. S., & Wood, G. W. (1986). Interferon-gamma induces class | HLA and beta 2-
microglobulin expression by human amnion cells. Journal of Immunology, 136(2), 364—367.
doi:10.4049/jimmunol.136.2.364

122. Radford, J. E., Jr, Chen, E., Hromas, R., & Ginder, G. D. (1991). Cell-type specificity of
interferon-gamma-mediated HLA class | gene transcription in human hematopoietic tumor cells.
Blood, 77(9), 2008-2015. doi:10.1182/blood.v77.9.2008.2008

123. Amaldi, I., Reith, W., Berte, C., & Mach, B. (1989). Induction of HLA class Il genes by IFN-
gamma is transcriptional and requires a trans-acting protein. Journal of Immunology, 142(3), 999—
1004. doi:10.4049/jimmunol.142.3.999

124. Blanar, M. A,, Boettger, E. C., & Flavell, R. A. (1988). Transcriptional activation of HLA-DR
alpha by interferon gamma requires a trans-acting protein. Proceedings of the National Academy
of Sciences of the United States of America, 85(13), 4672—4676. doi:10.1073/pnas.85.13.4672
125. Gibbert, K., Schlaak, J. F., Yang, D., & Dittmer, U. (2013). IFN-a subtypes: distinct biological
activities in anti-viral therapy. British Journal of Pharmacology, 168(5), 1048-1058.
doi:10.1111/bph.12010

126. Guo, K., Shen, G., Kibbie, J., Gonzalez, T., Dillon, S. M., Smith, H. A., ... Santiago, M. L.
(2020). Qualitative differences between the IFNa subtypes and IFNB influence chronic mucosal
HIV-1 pathogenesis. PLoS Pathogens, 16(10), e1008986. doi:10.1371/journal.ppat. 1008986

127. Hemmi, S., Merlin, G., & Aguet, M. (1992). Functional characterization of a hybrid human-
mouse interferon gamma receptor: evidence for species-specific interaction of the extracellular
receptor domain with a putative signal transducer. Proceedings of the National Academy of
Sciences of the United States of America, 89(7), 2737—2741. doi:10.1073/pnas.89.7.2737

128. Kemna, J., Gout, E., Daniau, L., Lao, J., Weiert, K., Ammann, S., ... Blankenstein, T. (2023).
IFNy binding to extracellular matrix prevents fatal systemic toxicity. Nature Immunology, 24(3),
414-422. doi:10.1038/s41590-023-01420-5

129. Smith, R. A., & Baglioni, C. (1987). The active form of tumor necrosis factor is a trimer. The
Journal of Biological Chemistry, 262(15), 6951-6954. doi:10.1016/s0021-9258(18)48183-5

130. Bossen, C., Ingold, K., Tardivel, A., Bodmer, J.-L., Gaide, O., Hertig, S., ... Schneider, P.
(2006). Interactions of tumor necrosis factor (TNF) and TNF receptor family members in the mouse
and human. The Journal of Biological Chemistry, 281(20), 13964-13971.
doi:10.1074/jbc.M601553200

135



131. Savan, R., Ravichandran, S., Collins, J. R., Sakai, M., & Young, H. A. (2009). Structural
conservation of interferon gamma among vertebrates. Cytokine & Growth Factor Reviews, 20(2),
115-124. doi:10.1016/j.cytogfr.2009.02.006

132. Lunn, C. A,, Fossetta, J., Dalgarno, D., Murgolo, N., Windsor, W., Zavodny, P. J., ... Lundell,
D. (1992). A point mutation of human interferon y abolishes receptor recognition. Protein
Engineering, Design & Selection, 5(3), 253-257. doi:10.1093/protein/5.3.253

133. Wagstaff, K., & Jans, D. (2006). Protein transduction: Cell penetrating peptides and their
therapeutic applications. Current Medicinal Chemistry, 13(12), 1371-1387.
doi:10.2174/092986706776872871

134. Yamashita, H., Kato, T., Oba, M., Misawa, T., Hattori, T., Ohoka, N., ... Demizu, Y. (2016).
Development of a cell-penetrating peptide that exhibits responsive changes in its secondary
structure in the cellular environment. Scientific Reports, 6(1). doi:10.1038/srep33003

135. Sofer, A, Lei, K., Johannessen, C. M., & Ellisen, L. W. (2005). Regulation of mMTOR and cell
growth in response to energy stress by REDD1. Molecular and Cellular Biology, 25(14), 5834—
5845. doi:10.1128/MCB.25.14.5834-5845.2005

136. Sato, T., Nakashima, A., Guo, L., Coffman, K., & Tamanoi, F. (2010). Single amino-acid
changes that confer constitutive activation of mTOR are discovered in human cancer. Oncogene,
29(18), 2746-2752. doi:10.1038/onc.2010.28

137. Pessah, M., Prunier, C., Marais, J., Ferrand, N., Mazars, A., Lallemand, F., ... Atfi, A. (2001).
c-Jun interacts with the corepressor TG-interacting factor (TGIF) to suppress Smad2
transcriptional activity. Proceedings of the National Academy of Sciences of the United States of
America, 98(11), 6198-6203. doi:10.1073/pnas.101579798

138. Melhuish, T. A., & Wotton, D. (2000). The interaction of the carboxyl terminus-binding protein
with the Smad corepressor TGIF is disrupted by a holoprosencephaly mutation in TGIF. The
Journal of Biological Chemistry, 275(50), 39762—39766. doi:10.1074/jbc.C000416200

139. Miura, H., Kondo, Y., Matsuda, M., & Aoki, K. (2018). Cell-to-cell heterogeneity in p38-
mediated cross-inhibition of JNK causes stochastic cell death. Cell Reports, 24(10), 2658—2668.
doi:10.1016/j.celrep.2018.08.020

140. Nie, Z., Hu, G., Wei, G., Cui, K., Yamane, A., Resch, W., ... Levens, D. (2012). c-Myc is a
universal amplifier of expressed genes in lymphocytes and embryonic stem cells. Cell, 151(1), 68—
79. doi:10.1016/j.cell.2012.08.033

141. Huang, Y., Meng, F., Zeng, T., Thorne, R. F., He, L., Zha, Q., ... Liu, L. (2024). IFRD1
promotes tumor cells ‘low-cost’ survival under glutamine starvation via inhibiting histone H1.0
nucleophagy. Cell Discovery, 10(1), 57. doi:10.1038/s41421-024-00668-x

142. Vietor, |, Vadivelu, S. K., Wick, N., Hoffman, R., Cotten, M., Seiser, C., ... Huber, L. A. (2002).
TIS7 interacts with the mammalian SIN3 histone deacetylase complex in epithelial cells. The
EMBO Journal, 21(17), 4621-4631. doi:10.1093/emboj/cdf461

143. Dobeli, H., Gentz, R., Jucker, W., Garotta, G., Hartmann, D. W., & Hochuli, E. (1988). Role
of the carboxy-terminal sequence on the biological activity of human immune interferon (IFN-y).
Journal of Biotechnology, 7(3), 199—216. doi:10.1016/0168-1656(88)90052-1

144. Moran, J. M., Moxley, M. A., Buller, R. M. L., & Corbett, J. A. (2005). Encephalomyocarditis
virus induces PKR-independent mitogen-activated protein kinase activation in macrophages.
Journal of Virology, 79(16), 10226—10236. doi:10.1128/JVI1.79.16.10226-10236.2005

136



145. Wang, L.-C., Chen, S.-O., Chang, S.-P., Lee, Y.-P., Yu, C.-K,, Chen, C.-L., ... Lin, C.-F.
(2015). Enterovirus 71 proteins 2A and 3D antagonize the antiviral activity of gamma interferon via
signaling attenuation. Journal of Virology, 89(14), 7028-7037. doi:10.1128/JV1.00205-15

146. Wada, H., Saito, K., Kanda, T., Kobayashi, I., Fujii, H., Fujigaki, S., ... Seishima, M. (2001).
Tumor necrosis factor-alpha (TNF-alpha) plays a protective role in acute viralmyocarditis in mice:
A study using mice lacking TNF-alpha. Circulation, 103(5), 743-749. doi:10.1161/01.cir.103.5.743
147. Yamamoto, N., Shibamori, M., Ogura, M., Seko, Y., & Kikuchi, M. (1998). Effects of intranasal
administration of recombinant murine interferon-gamma on murine acute myocarditis caused by
encephalomyocarditis virus. Circulation, 97(10), 1017-1023. doi:10.1161/01.cir.97.10.1017

148. Ozmen, L., Aguet, M., Trinchieri, G., & Garotta, G. (1995). The in vivo antiviral activity of
interleukin-12 is mediated by gamma interferon. Journal of Virology, 69(12), 8147-8150.
doi:10.1128/JV1.69.12.8147-8150.1995

149. Buenz, E. J., Sauer, B. M., Lafrance-Corey, R. G., Deb, C., Denic, A., German, C. L., & Howe,
C. L. (2009). Apoptosis of hippocampal pyramidal neurons is virus independent in a mouse model
of acute neurovirulent picornavirus infection. The American Journal of Pathology, 175(2), 668—684.
doi:10.2353/ajpath.2009.081126

150. Casarotto, P. C., Biojone, C., Montezuma, K., Cunha, F. Q., Joca, S. R. L., Castren, E., &
Guimaraes, F. S. (2018). Inducible nitric oxide synthase (NOS2) knockout mice as a model of
trichotillomania. PeerdJ, 6(e4635), e4635. doi:10.7717/peerj.4635

151. Strickland, M. R, Koller, E. J., Deng, D. Z., Ceballos-Diaz, C., Golde, T. E., & Chakrabarty,
P. (2018). Ifngr1 and Stat1 mediated canonical Ifn-y signaling drives nigrostriatal degeneration.
Neurobiology of Disease, 110, 133—-141. doi:10.1016/j.nbd.2017.11.007

152. Otaki, N., Motomura, Y., Terooatea, T., Thomas Kelly, S., Mochizuki, M., Takeno, N., ... Moro,
K. (2023). Activation of ILC2s through constitutive IFNy signaling reduction leads to spontaneous
pulmonary fibrosis. Nature Communications, 14(1), 8120. doi:10.1038/s41467-023-43336-6

153. Newton, K., Wickliffe, K. E., Dugger, D. L., Maltzman, A., Roose-Girma, M., Dohse, M., ...
Dixit, V. M. (2019). Cleavage of RIPK1 by caspase-8 is crucial for limiting apoptosis and
necroptosis. Nature, 574(7778), 428—431. doi:10.1038/s41586-019-1548-x

154. Tummers, B., Mari, L., Guy, C. S., Heckmann, B. L., Rodriguez, D. A., Rihl, S., ... Green, D.
R. (2020). Caspase-8-dependent inflammatory responses are controlled by its adaptor, FADD, and
necroptosis. Immunity, 52(6), 994-1006.e8. doi:10.1016/j.immuni.2020.04.010

137



Acknowledgements

| would like to first thank all the people who have supported me throughout my
research life, both physically and mentally, although not all can be named here. As |
initially came from a different scientific background, | especially thank the senior
members of the lab (especially postdoctoral fellows and Ph.D. students) who taught
me the basics of bioscience laboratory procedures. These experiences became the
foundation of my current techniques, skills, and knowledge in this field.

Next, | would like to thank all authors of the scientific publication, who all
contributed greatly to its acceptance and publication. | thank Dr. Fumihiko Takeuchi
(Assistant Professor of Fujita Lab) for performing and teaching me some mouse work,
as well as for assisting me throughout my research life, especially during the latter half
of my years in Fujita Lab. | also express my appreciation to Prof. Satoshi Koike
(Professor at TMiMS) for experimental support. | would like to show special
appreciation to Prof. Hiroki Kato (Professor at the University of Bonn, previously
Associate Professor of Fujita Lab) for all the support and knowledge. | also thank Dr.
Yuta Tsukamoto (University of Bonn, previously a postdoctoral fellow of Fujita Lab)
for providing essential resources during the revision phase. In addition to these people,
| thank the many other collaborators who have supported this research in various ways.

Regarding my doctoral thesis and Ph.D. defense, | would like to express my
sincere thanks to Prof. Takeshi Noda for kindly accepting the role of chief examiner
of the thesis committee (and | also offer my deepest apologies for the last-minute
submission of the thesis and related documents), as well as to all other examiners for
agreeing to serve on the committee and for taking the time to carefully evaluate this
work.

| would especially like to thank Prof. Takashi Fujita, my principal investigator,
for accepting me as a graduate student in October 2016. | deeply appreciate his
decision to accept me as technical staff from 2021 while | faced financial challenges,
which allowed me to complete this work. Prof. Fujita has been my PI for nearly 10
years, and | sincerely thank him for all the research opportunities | have been given.

Finally, | express my deepest gratitude to my parents, and also to all my
grandparents, most of whom passed away during my years in Kyoto. Thank you for
supporting me throughout these years, both financially and emotionally- | could not
have completed my doctoral studies without all your support. | would especially like to
thank my late grandmother, who encouraged me to enter Kyoto University. | would like
to tell you, in heaven, that | have made it this far. | also give my special thanks to my
deceased uncle, who passed away three years ago. You were taken far too early, but
thank you for supporting me, both financially and emotionally, from afar.

138



This doctoral thesis is based on materials contained in the following publication:

Yutaro Shirasaka, Fumihiko Takeuchi, Satoshi Koike, Hiroki Kato, and Takashi Fujita

A 20-amino-acid Cardiovirus protein exhibits cytokine-mimicry activity to
regulate viral replication

Cell Reports, 45(1), 116740, January 27, 2026, DOI: 10.1016/j.celrep.2025.116740

139



