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ABSTRACT OF THE DISSERTATION

Elucidating the Role of IFN-A in Alpha Herpesvirus Neuroinvasion
by

Stephanie Salazar
Doctor of Philosophy in Microbiology and Molecular Genetics
University of California, Irvine, 2025
Professor Dr. Orkide O. Koyuncu

Alpha herpesviruses (aHVs), including human pathogens, herpes simplex virus types 1
and 2 (HSV-1, HSV-2), varicella-zoster virus (VZV), as well as the animal pathogen,
pseudorabies virus (PRV), initially infect mucosal epithelial cells. Subsequently, they invade
peripheral neurons, establishing lifelong latent infections in the peripheral nervous system
(PNS). While mucosal epithelia antiviral defenses are well characterized, the mechanisms
governing neuronal antiviral responses remain poorly understood. Due to their postmitotic status
and cellular polarity, neurons depend on antiviral responses that do not provoke inflammatory
damage. Despite this constraint, neurons are exposed to a complex cytokine milieu produced by
infected mucosal epithelia. Type III interferons (e.g IFN lambda; IFN-A) are among the most
abundant cytokines secreted by infected mucosa. This dissertation research elucidates
mechanisms of how neurons respond to IFN-A signaling, identifies key neuronal antiviral

effectors, and reveals how aHVs, specifically HSV-1, evade these IFN-A-mediated defenses

during infection.

We first characterized IFN-A signaling in PNS neurons and found that, unlike canonical
IFN signaling, IFN-A treatment specifically activated phosphorylation of STAT1 (but not
STAT?2) in neurons. Transcriptomic profiling revealed biphasic kinetics: an early phase
associated with neuronal remodeling and a later phase characterized by the upregulation of
interferon-stimulated genes (ISGs). RSAD2 (i.e. viperin) emerged as the most strongly

upregulated effector during late-stage IFN-A treatment, localizing to perinuclear ER membranes

XV



in a neuron-specific manner. Other canonical ISGs of interest included Mx/, a GTPase that
inhibits viral replication, and Usp8, an enzyme that de-conjugates ISG15 to fine-tune and
negatively regulate IFN signaling- demonstrating that neurons mount antiviral responses to IFN-
A while exhibiting unique temporal and spatial characteristics tailored to their post-mitotic

nature.

Functional studies demonstrated that IFN-A pre-treatment restricts pseudorabies virus
(PRV) replication in both fibroblasts and primary neurons, with pre-treatment prior to infection.
In contrast, post-infection treatment yielded only modest inhibition, indicating that once
immediate-early and early viral proteins accumulate, IFN-A signaling becomes more restricted.
Notably, antiviral restriction was retained even at higher MOlIs, suggesting that neurons can
sustain an antiviral program sufficiently strong to control viral replication even under high
inoculum pressure. These findings reveal that IFN-A produced at mucosal surfaces can establish
a preemptive antiviral state in innervating sensory neurons, creating a barrier that limits or delays

neuroinvasion.

Strikingly, while PRV was highly sensitive to IFN-A restriction, HSV-1, exhibited
resistance. This resistance is conferred by the neurovirulence factor ICP34.5, a gene uniquely
encoded by the simplexvirus genus (HSV-1 and HSV-2) but absent in the varicelloviruses (VZV
and PRV). Using ICP34.5-deficient HSV-1 mutants, we demonstrated that ICP34.5 counteracts
the neuronal IFN-A- RSAD2-mediated response through two mechanisms: (1) reversing elF2a
phosphorylation via PP1a recruitment, and (2) disrupting RSAD2 localization at the perinuclear

membrane.

In separate studies on the characterization of RSAD2, we uncover a mucosal-PNS

antiviral axis involving IFN-A-driven responses and RSAD2-dependent restriction of aHV

Xvi



(varicellovirus) neuroinvasion, which simplexviruses expressing ICP34.5 can bypass. These
results highlight the divergent neuronal adaptation of two different aHV genera displaying
different immune evasion strategies and identifies RSAD?2 as a neuron-specific antiviral target

with therapeutic implications for preventing neuroinvasion.

These discoveries led to the investigation of spatially distinct IFN-A-mediated antiviral
defenses in neuronal axons. Local axonal STAT1 activation was observed, which reduced
retrograde aHV transport in axons, establishing an early immune checkpoint prior to viral
genome delivery to the nucleus. Priming axons with IFN-A decreases virion movement towards
the cell body and delays PRV infection at later stages of infection in neuronal cell bodies. These
findings position the axonal compartment as a promising therapeutic target and suggest that
strategies that deliver IFN-A to peripheral nerve termini or recruit activated STAT1 in axons
during early infection could prevent viral neuroinvasion and may affect the establishment of
latency in the PNS. Although further studies are required to elucidate the mechanism of this non-
canonical IFN-STAT signaling in axons, these findings fundamentally advance our

understanding of neuronal immune responses and axonal responses against neuroinvasion.

xXvii



INTRODUCTION

Virus infections originating in peripheral tissues are usually contained by several
biological barriers. The mucosal epithelium serves as a primary barrier, acting as both physical
and immunological defense. When viruses infect these epithelial cells, they trigger various innate
immune responses, including cytokine production, immune cell recruitment, and paracrine
signaling warning and preparing nearby epithelial cells [1-3]. These responses generally lead to
apoptosis or immune-mediated killing of infected cells limiting viral replication and spread of
infection to other tissues. The nervous system (NS) is particularly well protected, and most virus
infections do not spread to the NS. Some virus infections including emerging viruses (e.g.
coronaviruses, influenza viruses) or zoonotic pathogens (e.g. West Nile virus, Zika virus) enter
the nervous system by accident, and if they do, the infection is accompanied by severe pathology
[1,4].

Only a few virus families have evolved the ability to efficiently infect the nervous system
by accessing sensory or autonomic nerve termini after infecting the mucosal epithelium. The
alpha herpesviruses (aHVs), herpes simplex virus (HSV-1 and HSV-2), varicella-zoster virus
(VZV), and closely related pseudorabies virus (PRV), represent successful neurotropic viruses.
[2, 5-7]. Following entry at axon termini, aHV's are transported by the axonal transport
machinery to distant sites, along microtubules. Unlike other neurotropic viruses (such as rabies
viruses), which cause acute, destructive pathologies through a transient, lytic infection, the aHV's
have adapted to the nervous system as an ecological niche, establishing lifelong persistence [8].
Upon reaching the neuronal nucleus, the viral genome enters a latent state, becoming
transcriptionally silenced, maintained as an episome, and producing no infectious progeny.

Evolutionarily, latency provides advantages for long-term virus survival, since the quiescent



virus infection purposefully evades immune system detection while preserving the ability to
reactivate.

During latency, the aHV genome is packaged as a facultative heterochromatin, marked
by repressive histone modifications that silence lytic genes [9]. The major transcript expressed
during latency is the latency-associated transcript (LAT), which promotes neuronal survival and
viral persistence by suppressing lytic gene expression and inhibiting apoptosis. [10]. However,
during stress conditions (e.g., physical trauma, sunburn, or fever), this chromatin repression can
be reversed [11]. Upon reactivation, the latent viral heterochromatin is remodeled to a
transcriptionally permissive state, and lytic gene expression resumes. Subsequently, newly
replicated virions are transported anterogradely, along axons towards epithelial cells, leading to
the development of symptoms such as herpetic lesions to occur once more [10, 12, 13].
Remarkably, the ability of aHV's to alternate between latency and productive replication allows
them to achieve lifelong persistence by spreading throughout host neuronal networks and among
the population.

Neurons are highly specialized post-mitotic cells with exceptionally long lifespans, often
persisting throughout an organism’s life. They are characterized by their distinct structural
regions, including the axon and soma, which are specialized to serve different functions [14].
Because neurons cannot be replaced once they die, the nervous system has evolved mechanisms
to protect these cells from damage caused by infectious agents and inflammation. In many
tissues, the immune system responds to viral infections through destructive processes such as
apoptosis (programmed cell death) [15]. However, such responses would be highly damaging if

they occurred within neural tissue, where cell loss and inflammation could impair vital functions.



The nervous system is often considered "immune-privileged," meaning it employs tightly
regulated and less aggressive antiviral responses to prevent immunopathology, damage caused
by the immune system itself. Despite this immune-privileged status, neurons are not completely
inert immunologically. Neurons can detect viral infections by sensing viral molecules and
activating intracellular antiviral pathways [16-18]. They also respond to immune signaling
molecules such as interferons (IFNs), which are crucial cytokines in antiviral defense. This
duality allows neurons to maintain a delicate balance: protecting themselves from infections
while avoiding self-destructive immune-mediated damage.

IFNs are secreted signaling cytokines that are crucial components of the immune system's
defense mechanism against viral infections. They are produced and released by host cells in
response to the presence of pathogenic molecules and serve to alert neighboring cells to activate
their antiviral defenses. Through autocrine signaling, secreted IFNs bind to receptors on the same
cell that produced them, activating the JAK-STAT pathway to induce interferon-stimulated
genes (ISGs) and enhance innate antiviral defenses. In paracrine signaling, [FNs diffuse to
nearby cells, bind to their receptors, and initiate a similar ISG response, creating a protective
antiviral shield that limits viral spread beyond the initial infection site [19, 20].

There are three main categories of interferons: type I, type II, and type III, each with
distinct roles, receptors, and distributions [21]. Type I interferons, which include IFN-a and IFN-
B, are produced by many cell types and are primarily involved in the innate immune response.
They bind to specific receptors present on most cell types, leading to the activation of antiviral
genes. Type II interferon, also known as IFN-y, is mainly produced by natural killer cells and T
lymphocytes, and it plays a key role in regulating both innate and adaptive immune responses,

particularly in activating macrophages and promoting antigen presentation. Type III interferons,



known as interferon lambda (IFN-L), have a similar antiviral function to type I IFNs but signal
through a different receptor complex. The receptors for type I IFNs are expressed on most cells,
enabling a broad antiviral response, whereas the IFN-A receptor expression is more restricted,
mainly found on epithelial cells at mucosal barriers and some immune (e.g., dendritic cells,
neutrophils, B cells, and plasmacytoid dendritic cells) and structural cells (e.g., keratinocytes and
hepatocytes) [21-26]. This restricted expression pattern suggests specialized roles for IFN-A at
barrier surfaces.

Prior studies have established that IFN-A activation at mucosal epithelial barriers inhibits
viral replication, maintains epithelial integrity, and limits immunopathology [27, 28]. However,
it is unclear whether peripheral neurons could respond to IFN-A. This work demonstrates that
neurons express functional IFN-A receptors and can activate downstream antiviral pathways.
Recent studies, including results of this thesis, demonstrated that peripheral neurons not only
express functional IFN-A receptors but also mount robust antiviral responses, including induction
of interferon-stimulated genes (ISGs) [18, 29]. This discovery reveals a previously
underappreciated connection between immune responses in mucosal tissues and the peripheral
nervous system, suggesting that epithelial IFN-A production may directly protect innervating
Sensory neurons.

This work demonstrates that IFN-A signaling in peripheral neurons induced a unique
transcriptional response that restricts PRV replication. Unlike canonical IFN signaling, which
induce phosphorylation of both STAT1 and STAT2, IFN-A signaling in neurons leading to strong
STATI1 phosphorylation without activating STAT2. This predominantly STAT1-biased signaling

produces a delayed yet sustained antiviral state through selective ISG induction. This pattern



suggests that neurons have evolved mechanisms to mount effective antiviral defenses while
avoiding rapid, inflammatory responses that could be neurotoxic.

To identify functionally relevant antiviral effectors, I examined the expression of ISGs in
peripheral neurons after [IFN-A stimulation. RNA-seq analysis revealed distinct temporal
patterns: early transcriptional response (3 h post-treatment) primarily involved neuronal
signaling and growth-related pathways, whereas the late responses (24 h post-treatment) were
associated with innate immunity and antiviral defenses. Among the most highly upregulated
antiviral genes was RSAD2 (viperin), a broad-spectrum antiviral enzyme.

In neurons, RSAD?2 is localized to distinct punctate structures surrounding the nucleus,
consistent with endoplasmic reticulum (ER)-derived membrane domains. Previous studies have
confirmed that RSAD?2 localizes to the cytosolic surface of the ER via its N-terminal
amphipathic a-helix [30]. Mechanistically, RSAD2 produces a nucleotide analog, 3'-Deoxy-3',4'-
didehydro-cytidine triphosphate (ddhCTP), which inhibits viral genome synthesis by acting as a
chain-terminating substrate during replication of RNA viruses, including Zika, dengue, West
Nile, and hepatitis C virus [31, 32]. Despite its evident antiviral effects against multiple RNA
viruses, its activity against DNA viruses such as aHV remains poorly understood.

Comparative analysis of IFN-A restriction on different aHV's revealed a striking disparity:
while IFN-A pre-treated primary neurons restricted PRV replication, HSV-1 was notably resistant
to this antiviral activity. This work revealed that HSV-1’s resistance to IFN-A-mediated
restriction is liaised by ICP34.5, a gene present in simplexviruses (HSV-1 and HSV-2) but absent
from varicelloviruses (PRV and VZV). ICP34.5 is essential for counteracting the host's antiviral
response during neuronal infection. It redirects the phosphatase activity of protein phosphatase 1

alpha (PP1a) to dephosphorylate elF2a, thereby reversing the host's translational shutdown.



HSV-1 restores cellular conditions favorable for viral translation and replication by displacing
phosphorylated elF2a and redistributing RSAD2 from the perinuclear region. Through these
coordinated actions, HSV-1 effectively counteracts the IFN-A-induced antiviral state in neurons.

This discovery clarifies how HSV-1 has specifically evolved to overcome neuronal innate
immunity and reveals key differences in evasion strategies among aHVs. While all aHV's must
contend with host antiviral defenses, simplexviruses (HSV-1, HSV-2) uniquely encode ICP34.5,
enabling them to counteract both the IFN signaling and the neuron-specific RSAD?2 restriction
mechanisms. In contrast, veterinary aHVs, such as PRV, and the human pathogen VZV lack this
neurovirulence factor and consequently exhibit greater sensitivity to [FN-A-mediated restriction
in neurons. This divergence highlights how simplexviruses have evolved specialized
neurovirulence tactics optimized for their primary reservoir (the PNS), where IFN-A and RSAD?2
serve as critical barriers to viral persistence.

This work also uncovered a spatially distinct antiviral mechanism operating in neuronal
axons. Live cell imaging and functional assays revealed that IFN-A exposure, when applied either
globally or locally to axons, significantly reduced retrograde transport of incoming aHV
particles, indicating that distal neurites can initiate antiviral signaling prior to viral genome
delivery to the soma. Immunofluorescence detection of axonal p-STAT1 following IFN-A
exposure confirmed that neurons can activate STAT1-dependent antiviral pathways locally,
independent of nuclear signaling. This establishes early regulation of immune response against
aHV infection, in which fewer virions can successfully reach neuronal cell bodies. Axonal
priming with IFN-A decreased the number of PRV particle movement and delayed productive
infection, suggesting that early IFN-A exposure at mucosal nerve terminals could reduce

neuroinvasive efficiency.



This dissertation reveals a previously unrecognized mucosal epithelia-PNS axis in which
IFN-A protects the peripheral neurons from aHV neuroinvasion through spatially
compartmentalized defense mechanisms. Axonal STATI signaling restricts retrograde viral
transport at the earliest stage of infection. Next, nuclear transcriptional response to IFN-A,
including RSAD?2 upregulation and ER localization, blocks viral replication in the neuronal cell
body. Together, these mechanisms create layered barriers that protect neuronal integrity while

avoiding the inflammatory responses that would cause damage.



CHAPTER 1: Basics of Alpha Herpesvirus Infections

1.1 Alpha Herpesviruses

Alphaherpesvirinae is a subfamily of the Herpesviridae family that infects a broad range
of hosts [33]. The human aHVs include herpes simplex virus 1 and 2 (HSV-1 and HSV-2), and
varicella zoster virus (VZV) [34]. Well-studied veterinary aHVs include pseudorabies virus
(PRYV), bovine herpesvirus 1 (BHV-1), and equine herpesviruses 1 and 4 (EHV-1 and EHV-4)
[33]. PRV has been extensively used to study the kinetics of aHV spread in neuronal cultures
and animal models. aHV's are characterized by the large size of their double-stranded DNA
(dsDNA) genomes and complex virion architecture (Figure 1.1A). The Alphaherpesvirinae
subfamily is divided into two genera: simplexviruses (including HSV-1 and HSV-2) and
Varicelloviruses (including VZV, EHV-1, EHV-4, PRV, FHV-2). aHV are characterized by the
large size of their double-stranded DNA (dsDNA) genomes packaged within an icosahedral
capsid, surrounded by a complex tegument layer, a protein-rich matrix that lies between the
capsid and the outermost membranous envelope. The viral envelope is surrounded by 11
membrane glycoproteins that mediate viral entry and cell-to-cell spread.

Although simplexviruses and varicelloviruses share numerous homologous genes, each
possesses a unique set of genes that is not present in the other species (Figure 1.1B). For
example, ORF-O and ORF-P are only found in HSV-1, whereas ORF1 is found only in VZV
[35, 36]. Most of the genes share their similar function and complement each other in vitro.
Another distinct difference in genomic organization is the number of origins of replication:
HSV-1 and PRV contain three origins of replication, whereas VZV contains only two [35, 37].
While numerous genes are conserved across all aHV's due to shared fundamental functions (e.g.,

capsid structure, DNA replication), the overall nucleotide and amino acid sequences show



significant divergence between genera (Figure 1.1C). This divergence reflects ancient separation
and co-evolution within their respective hosts (e.g., pigs for PRV and primates for

simplexviruses) [37-39].
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Figure 1.1. Structure and genomic organization of a-herpesviruses. A) The a-herpesvirus
virion consists of a linear double-stranded DNA genome enclosed in an icosahedral
nucleocapsid, surrounded by a tegument layer that delivers regulatory proteins and modulates
host processes including mRNA degradation. The outer lipid envelope contains ~11 viral
glycoproteins required for entry and immune evasion. B) The ~150-kbp dsDNA genome encodes
more than 80 genes, providing the capacity for efficient replication, immune modulation, and
lifelong persistence in peripheral neurons. (C) Phylogenetic tree representing the aHVs evolved
into the simplexviruses (HSV-1, HSV-1, herpesvirus B (HVB), and simian agent 8 (SAS8)), and
varicelloviruses (VZV, EHV-1, EHV-4, PRV, FHV-2). Adapted from Gray, W.L. 2022 [40].
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1.2 HSV-1 entry and establishment of productive infection

Most aHV infections begin in the periphery at the mucosal epithelium, such as the oral,
genital, nasal, or oropharyngeal mucosa [41]. aHV infections within the mucosal epithelia result
in productive replication, yielding hundreds to thousands of progeny per infected cell [42]. Some
of these newly made virus particles spread the infection to neighboring epithelial cells,
fibroblasts, or nerve endings. Despite recent discoveries, there is a large knowledge gap between
the connection of the mucosal epithelia and the PNS junction. Importantly, the virus-host
interactions during the aHV spread from epithelial cells to latency establishment in the
peripheral ganglia remain to be elucidated.

HSV-1 entry into epithelial cells is achieved by receptor-mediated fusion of the viral
envelope with the plasma membrane, requiring the concerted action of viral glycoproteins; gC,
gB, gD, gH, and gL [9]. Cellular receptors nectin-1, a member of the tumor necrosis factor
receptor family, and herpesvirus entry mediator (HVEM) serve as HSV-1 entry receptors [43-
45]. The role of these receptors differs depending on the cell type and the route of infection.
Nectin-1 is the major entry receptor for neuronal infection and is shown to be accumulated at
cell—cell junctions [46, 47]. gD on the viral membrane can bind to nectin-1, HVEM, or 3-O-
sulfated heparan sulfate. Of those receptors, nectin-1 is the main entry receptor for neuronal and
epithelial cells [48]. HVEM and nectin-1 as gD receptors and paired immunoglobulin-like type 2
receptor o (PILRA), myelin-associated glycoprotein (MAG), and myosin heavy chain 9 (MYH9)
as gB receptors are also present in the adult human brain with increased expression in the
hippocampus, which suggests underlying susceptibility of this brain region to HSV infection [49]

(Figure 1.2).
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When bound to its receptor, gD undergoes conformational changes and activates the
gH/gL heterodimer, which, in turn, activates gB, the principal fusogen that mediates the fusion of
viral envelope and host cell membrane [50]. Upon entry, the viral nucleocapsid is transported to
the nucleus via molecular motors. Only the inner tegument proteins (e.g., US3, UL37, and UL36)
stay associated with the incoming nucleocapsids [51, 52]. Outer of outer tegument proteins with
nucleocapsids have rarely been observed during PRV and HSV post-entry transport [73]. Once
the viral capsid and tegument proteins enter the cytoplasm, the tegument protein VP16, along
with the host cell factors HCF-1 and Oct-1, travel to the nucleus independently, while the inner
tegument proteins: UL36, UL37, and US3, remain attached to the capsid to facilitate transport on
microtubules toward the cell nucleus [52, 53]. Viral DNA is ejected into the nucleus, and viral
genes are transcribed by host RNA polymerase II [54].

Productive aHV infection follows a temporal cascade of protein synthesis, starting with
immediate-early (IE) and early (E) gene expression, and followed by DNA replication and
subsequent late (L) protein synthesis [55] (Figure 1.2). The relatively large genomes of aHV's are
not assembled into nucleosomes in the virions, but upon translocation into the nucleus, host
histones are rapidly recruited onto viral genomes [56]. Through interactions with HCF-1 and
Oct-1, incoming VP16 initiates the transcription of IE genes, including infected cell proteins
(ICPs): ICPO, ICP4, ICP22, ICP27, and ICP47 [56-58]. The IE proteins then participate in the
transcription of early and late genes. Early proteins such as ICP8 and thymidine kinase (TK)
carry out functions involved in viral DNA replication [9, 46].

Once DNA replication occurs, late genes are expressed, followed by virus assembly [59].
Late genes can be subdivided into two classes: “leaky-late” or “true-late” genes. “Leaky-late”

gene expression is amplified upon viral DNA replication, while “strict-late” genes are expressed
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only upon viral DNA replication [59, 60]. Viral DNA replication, capsid assembly, and DNA
packaging occur in the nucleus [61]. Mature capsids bud from the nuclear membrane, acquire
tegument proteins, and undergo secondary envelopment through the trans-Golgi network (TGN)
[62]. Inner tegument proteins associate with the capsid first, while outer tegument proteins do so
later. The virions can egress from the infected cells to infect distant cells by using the canonical
fusion machinery [50]. Alternatively, they can infect neighboring cells through cell—cell

junctions using gE/gl heterodimers [63].
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Figure 1.2. Schematic representation of the productive phase of HSV-1 infection. Figure
taken from Scanlan, H. et al. (2022) [64]. Infection begins when viral glycoprotein D (gD)
engages cell-specific gD receptors, facilitating adsorption and membrane fusion (1). Fusion
between the viral envelope and host membrane allows capsid entry into the cytoplasm and
release of tegument proteins (2). The naked capsid then traffics toward the nucleus (3) and docks
at nuclear pore complexes (4), where the viral genome is released and transported into the
nucleus (5). Once inside, the linear DNA circularizes (6) and undergoes three sequential waves
of transcription: immediate-early (o) genes (7), early () genes (8), and late (y) genes (9).
Translation of late structural proteins occurs only after viral DNA replication has been initiated
by B-gene products. Viral transcripts exit the nucleus for translation in the cytoplasm or on ER-
associated ribosomes (10). Newly synthesized genomes are packaged into icosahedral capsids
assembled in the nucleus (11). Capsids acquire a primary envelope by budding through the inner
nuclear membrane (12), then transit through the ER and mature within the Golgi. Fully
assembled virions are finally released by exocytosis (13), enabling spread to neighboring cells.
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1.3 Interferon response: Type I versus Type III IFN

During aHV infection in mucosal epithelia, infection at these sites triggers an antiviral
response with two key components: intrinsic immunity, a cell-autonomous defense, and innate
immunity, mediated by paracrine cytokine signaling to nearby uninfected cells. Host intrinsic
and innate responses play a vital role in protection against the spread of viral progeny and in
inducing a systemic antiviral response against invading aHV virions [65]. Both intrinsic and
innate immune responses synergize to reduce or delay acute replication, albeit dependent on the
cell type [66]. The host's defenses usually contain the primary infection effectively; however,
some viral progenies enter axon terminals that innervate the infected tissue.

Intrinsic immunity provides an immediate and direct antiviral response to pathogen
invasion, mediated by physical barriers and restriction factors. However, it lacks cell-to-cell
communication and response amplification [67, 68]. This intrinsic antiviral immunity is
conferred by constitutively expressed host cell restriction factors that are encoded by almost all
cell types [69]. To counteract viral invasion, these restriction factors directly and immediately
subvert viral gene expression by inhibiting stages of the productive replication cycle, often
leading to self-degeneration. Central to innate antiviral immunity are cytokines, which induce the
expression of numerous antiviral factors by activating interferon-stimulated genes (ISGs) [70].
ISGs include proteins such as transcription factors that are essential for the initial amplification
of the antiviral response. To counteract viral invasion, these restriction factors directly and
immediately subvert viral gene expression by inhibiting stages of the productive replication
cycle, often leading to self-degeneration. Some key examples of better-characterized ISGs
essential for the antiviral response include Mx1 and OAS, proteins that inhibit viral replication at

different stages of the viral life cycle. Mx1 degrades incoming viral nucleocapsids, directing

15



capsids for degradation through GTPase activity, while OAS works to activate latent RNase L,
degrading viral and cellular RNA, halting viral replication [71, 72]. Intrinsic and innate
responses are linked: IFN can induce the expression of a range of proteins in the intrinsic
antiviral response, and the natural immune response can induce the expression of IFN and other
cytokines. However, the magnitude and efficacy of this response may vary considerably across
cell types, with neurons exhibiting distinct interferon-mediated responses that influence
outcomes of aHV infection [20, 73].

Neurons can sense and respond to immunostimulatory molecules and express type I IFNs
themselves; albeit less than in mitotic cells [74, 75]. The differential response to infection
between different neuron types can influence the heterogeneity of HSV-1 latency, as IFN-
induced responses to HSV-1 in murine dorsal root ganglion (DRG)-derived neurons seem to be
reduced [75]. Interestingly, type I IFN treatment of neurons prior to infection with HSV-1
limited productive replication, promoted latency establishment, and even restricted reactivation
of viral genomes in individual neurons [17, 76]. In vitro cultures of TG have also demonstrated
decreased viral replication upon dose-dependent type I IFN treatment prior to infection [14, 77].
In the NS, type I IFNs have been shown to play a role in early control of HSV-1 replication
within the trigeminal ganglia (TG), where they are sensed via axons [14, 78].

Type I and type III interferons engage the JAK-STAT signaling cascade, beginning with
IFN receptor ligation, activation of JAK1 and TYK?2, and downstream phosphorylation of STAT
transcription factors (Figure 1.3) [19]. This signaling axis is central to antiviral immunity, as
phosphorylated STAT1 and STAT2 regulate the transcriptional program that activates interferon-

stimulated genes.
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Figure 1.3. Activation of the JAK-STAT signaling pathway by Type I and Type 111
interferons. Upon IFN binding, interferon receptors undergo ligand-mediated dimerization (1),
enabling the associated JAK kinases to phosphorylate intracellular tyrosine residues on the
receptor tails (2). Phosphorylated receptors then recruit STAT proteins, which are subsequently
phosphorylated by JAKs (3). Activated STATs dimerize (4) and translocate into the nucleus (5),
where they translocate and bind ISRE/GAS elements within promoter regions to initiate
transcription of interferon-stimulated genes (ISGs), establishing an antiviral state. Created on
Biorender.com.

17



It is possible that during the early stages of infection, while the virus replication is
controlled by the intrinsic and innate defenses at the mucosal surface, exposure of nerve termini
to type I and III IFNs stimulate local responses in axons, independent of the distant cell bodies,
which limit the entry and/or transport of aHV particles [79]. A previous study, using
compartmentalized primary superior cervical neurons (SCGs) in tri-chambers showed that, when
axons are exposed to IFN-B, STATI is phosphorylated, retained in axons, and initiates a non-
canonical antiviral action [79]. The presence of phosphorylated STAT1 (pSTAT1) in axons
interrupted retrograde HSV-1 and PRV capsid transport. The mechanism by which pSTAT1 in
axons restricts the transport of herpes viral capsids is not clear. Accumulation of STATSs in axons
may trigger responses such as autophagy that would limit the number of capsids reaching the
connected cell body. The number of virus particles reaching the neuronal nuclei significantly
affects the mode of infection, as shown by a productive infection threshold (in the number of
infecting viral particles), particularly when the infection is acquired through axons [80, 81]. If
the infection dose is below this threshold, viral genomes are immediately silenced in the
neuronal nuclei before the lytic gene transcription is initiated, and latency is established. This
hypothesis was also supported by multiple other studies that have inferred that axonal pre-
exposure to exogenous type I IFNs have an increased antiviral response against aHV infection,
essentially by priming the neuron for the upcoming viral invasion [18, 79].

The potent antiviral role of type III IFNs, particularly in mucosal epithelial cells, has been
expanded in recent years highlighting the tissue-protective potent antiviral action of these
cytokines at the barrier surfaces. Because of these features, type I1I IFNs have been investigated
for their potential to protect the nervous system against aHV invasion. In this thesis, |

investigated the neuronal versus non-neuronal cell response to type III IFNs within the mucosa-

18



NS junction using primary SCG neurons and fibroblasts. Interestingly, while type III IFN
treatment led to STATI1 phosphorylation in both cell types, only fibroblasts showed STAT2
phosphorylation upon treatment [29]. This led to a differential ISG response in neurons
characterized by the induction of a subset of SCGs at a lower magnitude. Type III IFN
pretreatment reduced PRV virus yield in both SCGs and Rat2s. However, whether type III IFNs
can efficiently restrict HSV-1 latency establishment or reactivation remains to be elucidated.
Danastas, et al. have recently shown that pretreatment of isolated axons of DRG neurons grown
in microfluidic chambers with IFN-A impairs HSV-1 egress from axons [18]. These studies
demonstrate the importance of the mucosal epithelial-neuronal cell junction, as paracrine

cytokine signaling can ultimately affect productive infection and subsequent neuroinvasion.

1.4 Autophagy

Autophagy is a highly conserved catabolic pathway critical for cell survival and
homeostasis. This process eliminates harmful protein aggregates, damaged organelles, and
intracellular pathogens via lysosomal degradation [82]. Importantly, autophagy primarily
functions as a cellular survival mechanism rather than a cell death program, allowing cells to
recycle cellular components and maintain integrity under stress conditions [83]. The postmitotic
nature of neurons renders them highly dependent on autophagy to preserve their integrity and
long-term viability. Autophagy plays a role in development, cell differentiation, apoptosis,
pathogen infection, and starvation, and its impairment can contribute to neuronal death. Defects
in the autophagy pathway are implicated in various neurodegenerative disorders (e.g.,
Alzheimer’s disease (AD)) [82]. Neurons exhibit atypical autophagy responses compared to
mitotic cells: neuronal autophagy is highly compartmentalized, insensitive to standard

modulation methods (e.g., starvation and rapamycin), and forms unusual autophagosome clusters
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under conditions of viral infection and IFN treatment [75, 84, 85]. In postmitotic neurons,
xenophagy (a specialized form of selective autophagy) provides critical pathogen clearance by
engulfing and degrading viable virions without triggering the inflammatory or cytotoxic
responses that would cause irreversible damage in the brain [86].

Autophagy functions as a key effector mechanism of intrinsic immunity against HSV-1
infection, specifically in neurons [75]. In a study performed by Overdahl, et al., HSV-1 mutants
lacking factors to antagonize or inhibit autophagy demonstrate significant attenuation in the
nervous system [87]. Additionally, it was observed that HSV-1 retained a higher viral yield and
exhibited greater virulence in mice lacking the autophagy machinery. HSV-1 has also developed
strategies to counteract autophagy-mediated restriction. During early HSV-1 infection, ICPO
downregulates the expression of two autophagy adaptor proteins, sequestosome-1 (SQSTM1)
and optineurin (OPTN), in a proteasome-dependent manner. The viral neurovirulence protein
ICP34.5 directly binds to Beclin-1 and inhibits Beclin-1-dependent autophagy [87]. Beclin-1 is a
well-established regulator of autophagy and membrane trafficking [88]. The Beclin-binding
domain (BBD) of ICP34.5 is essential for HSV-1 to suppress autophagy in neurons. Deletion of
the BBD results in decreased viral replication, increased cell death, and higher mortality in vivo
[87]. The viral titer of the ICP34.5 mutant virus lacking BBD is significantly lower than that of
the rescued virus in the cornea, trigeminal ganglia, periocular skin, and brain tissues [89]. In
contrast, only a limited phenotype of the BBD mutant was observed in nonneuronal cell types in
vitro [90].

In addition to ICP34.5, the US11 protein inhibits autophagy by disrupting the tripartite
motif protein 23-TANK-binding kinase 1 (TRIM23-TBK1) complex by directly binding to the

Auxin response factor (ARF) domain of TRIM23 [91]. US11 interacts with PKR to suppress
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cellular autophagy and autophagosome formation in fibroblasts subjected to poly(I:C) treatment

or starvation, without interacting with Beclin-1, unlike ICP34.5 [92].

1.5 Latency establishment in the PNS and periodic reactivations leading to
pathologies

Understanding the aHV latency requires examining the initial entry of virions to neurons
(i.e. neuroinvasion), the establishment of the latent state, the maintenance of that state, and
stress-induced reactivation. A complex interplay between viral strategies and neuronal defenses
shapes each stage. Following primary infection at mucosal surfaces, HSV-1 enters sensory nerve
axons innervating these tissues through receptor-mediated endocytosis (e.g., nectin-1) and
membrane fusion, gaining access to the axonal compartment. Following entry, viral capsids
undergo retrograde transport along microtubules from axon termini to cell bodies, where HSV-1

establishes latency rather than lytic infections.

The unique biology and structure of PNS neurons directly influence latency. PNS
neurons are highly polarized with single axons containing more than 99% of the cell’s
cytoplasm, necessitating finely tuned long-distance communication between axon termini in the
periphery and cell bodies in the distant ganglia. However, neurons must balance responsiveness
to signals from peripheral axons with resistance to apoptosis to ensure survival as post-mitotic,
irreplaceable cells. HSV-1 exploits this balance, establishing latent infections that persist without
triggering neuronal death pathways, while remaining capable of responding to reactivation

signals transmitted from axon terminals during stress events.

Once established, latent aHV infections are characterized by profound transcriptional
silencing of viral lytic genes through heterochromatin formation. Upon nuclear entry, viral DNA
associates with histones, forming repressive heterochromatin marked by inhibitory modifications
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including histone H3 lysine 9 trimethylation (H3K9me3) and histone H3 lysine 27 trimethylation
(H3K27me3) [93]. This silencing is facilitated by the absence or deletion of critical viral
tegument proteins during retrograde axonal transport. VP16, a viral tegument protein and key
transactivator of IE genes, can be depleted or spatially separated during retrograde long-distance
axonal transport. VP16 activates transcription of ICP0, which is essential to initiating lytic gene
expression, and its absence reinforces a repressive chromatin state that favors latency [58]. ICP0
prevents heterochromatin assembly by degrading components of promyelocytic leukemia (PML)
nuclear bodies and other repressive factors. In the absence of VP16, ICP0 expression is reduced,
allowing rapid heterochromatin assembly and transcriptional silencing, thereby promoting

latency [94].

Additionally, neuronal culture experiments demonstrated that axonal infections can be
redirected toward lytic outcomes by delivering VP16 to cell bodies via helper viruses or by
introducing stress-inducing compounds that mimic VP16 [95, 96]. Conversely, when tegument
proteins are absent from the cell body during axonal infection, productive infection can still
occur but requires slower alternative activation pathways involving protein kinase A (PKA) and
c-Jun N-terminal kinase (JNK), rather than direct tegument-mediated promoter activation [97].
These findings underscore that availability of tegument proteins or activation of stress signaling
kinases during the critical early phase of neuronal infection determines the lytic infection versus

latency establishment.

Beyond viral factors, the intrinsic immunity of neurons plays a central role in controlling
HSV-1 infection, guiding the genome into a latent state. Neurons are equipped with multiple

cell-autonomous defense mechanisms that recognize and restrict viral infection, including
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chromatin-mediated silencing of foreign DNA, autophagy, and interferon-stimulated gene (ISG)
expression. The highly polarized and terminally differentiated nature of PNS neurons, along with
their long-distance separation of infection sites from the cell nucleus, creates a unique
environment where incoming viral genomes are particularly vulnerable to these intrinsic
defenses. Another strategy of host cells to repress viral gene expression involves chromatin
repressor complexes and epigenetic modification mechanisms such as the
HDAC/CoREST/LSDI/REST repressor complex, which acts as a critical component in
regulating latency and reactivation [55].

IFN signaling plays a complex, paradoxical, and significant role in the NS. Previous
findings reveal that type I IFN/STAT]1 signaling promotes the efficient silencing of HSV-1 and
PRV through mechanisms that involve LAT modulation and PML (promyelocytic leukemia)
nuclear body upregulation, while also supporting neuronal survival and facilitating re-
establishment of latency during reactivation events [98-100]. However, in vivo experiments
make the model more complex. Although latency can be established in the absence of STATI,
albeit with delayed kinetics, impaired IFN responses in vivo lead to uncontrolled lytic replication
and severe CNS disease, including fatal herpes simplex encephalitis [17, 101]. Thus, IFN-
mediated latency may reflect a coevolutionary Nash equilibrium: the host tolerates lifelong viral
persistence and periodic reactivations that enable transmission, while avoiding the acute
pathological consequences of productive infection. This perspective suggests that latency is not
merely viral evasion but rather a mutually beneficial state, adding nuance to our understanding of

aHV-host dynamics and the neuronal interferon response (Figure 1.4).
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Figure 1.4. Model of HSV-1 infection and spread to the nervous system. (1) HSV-1 enters the
mucosal epithelial cell and starts productive replication. Infection is detected by PRRs and receptor
complexes, which induce the secretion of type I and III IFNs. Viral proteins such as ICP0, ICP27,
ICP34.5, US3, and UL37 counteract antiviral sensing. (2) Once capsids enter axons of sensory
neurons, outer tegument proteins are released in the cytoplasm while inner tegument proteins, such
as UL36 (VP1/2), UL37, and US3, remain attached to the capsid. Within the axons, p-STATI is
accumulated upon exposure to type I IFNs, limiting retrograde viral particle transport. (3) HSV-1
genomes are maintained as circular chromatinized episomes during latency (except the LAT
region). Activation of STATI1 and STAT3 leads to the induction of a subset of ISGs in neurons.
IFN exposure induces PML-NB formation in the neuronal nuclei. Autophagy restricts HSV-1
replication in neurons; however, ICP34.5 inhibits Beclin-1-dependent autophagy.
HDAC/CoREST/LSDI1/REST repressor complex regulates latency and reactivation of viral
genomes. (4) Reactivation of HSV-1 is triggered by stress signaling pathways, which alter
silencing histone modifications, initiating the transcription of viral genes to produce infectious
progeny. The new progeny can be transported anterogradely from the cell body toward the initial
site of entry (5), triggering re-establishment of infection that can lead to cold sores, genital lesions,
or shingles. Severe cases may result in oral or genital ulcerations, keratitis, or blindness via HSK,
or post-herpetic neuralgia (PHN). (6) Upon reactivation, new progeny can also be transported
anterogradely to the CNS, which is one synapse away. Astrocytes and neurons mostly rely on
TLR3 for IFN production, with microglia activating the cGAS-STING pathway. It is still unclear
whether aHVs can establish latency in the CNS. Adapted from Salazar et al. (2023) [102]. Created
on Biorender.com.
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Reactivation differs fundamentally from initial lytic infection in that latent genomes
contain extensive repressive histone modifications and lack any viral proteins. Environmental
stress signals, including fever, UV exposure, or physical trauma, remodel chromatin, enabling a
biphasic reactivation process that produces infectious progeny [11, 13, 60]. Notably, reactivation
is inefficient: only a subset of latently infected neurons reactivate in response to a given stimulus,
and within individual nuclei, only some viral genome copies restart transcription. This
heterogeneity likely reflects multiple factors, including genome copy number, neuronal intrinsic
properties, and tissue-specific signals. However, the complete host and viral factors involved in
maintaining latency and triggering reactivation are not fully understood.

Clinically, aHV reactivation causes substantial morbidity worldwide, including recurrent
oral lesions (HSV-1), genital ulcers (HSV-2), and shingles with asocial post-herpetic neuralgia
(VZV). Ocular HSV-1 reactivation causes herpes stromal keratitis, leading to corneal blindness,
while herpes simplex encephalitis (HSE), though rare, carries mortality exceeding 70% without
treatment and frequently results in permanent neurological damage even with therapy (Figure
1.5) [69]. The capacity for lifelong persistence and repeated reactivation underscores the
importance of understanding the molecular mechanisms that govern the latency-reactivation
cycle and the intrinsic neuronal defenses that restrict it. Therefore, this thesis addresses a
knowledge gap, particularly in the spread of viral infection from infected epithelia to the NS and

the role of IFN signaling in neuroinvasion.
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Figure 1.5. A schematic representation of diseases caused by HSV-1 infection. This figure is
adapted using studies from Looker, et al. [103]. The figure displays diseases ordered from most
common (top) to rarest (bottom). Created on Biorender.com.
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1.6 Tri-chamber neuronal cultures for the study of aHV infection

While dissociated neuronal cultures have represented the standard approach for a-herpesvirus
latency studies, these systems lack the spatial compartmentalization characteristic of sensory
ganglia in vivo. To elucidate the establishment of productive infection and subsequent latency in
neurons, researchers have developed an in vitro model system to recapitulate the polarization of
PNS neurons called tri-chamber cultures [104]. Peripheral neurons are among the longest cells in
the human body, with some extending over one meter from distal axon terminals in the toes to
cell bodies located in dorsal root ganglia near the spinal cord. This anatomical organization
positions neuronal cell bodies, which house the nucleus and genomic DNA, in protected ganglia
deep within the body. At the same time, peripheral nerve terminals remain exposed to mucosal
and epithelial surfaces. This extreme polarization, although difficult to recapitulate in vitro, is
one of the key factors determining neuroinvasion and latency establishment be HVs.

Superior cervical ganglia (SCGs) are the largest sympathetic cervical ganglia in the neck
providing autonomic innervation to the head and neck region. SCG neurons present several
experimental advantages over alternative neuronal models such as dorsal root ganglia (DRG).
First, SCGs yield a more homogenous population, whereas DRGs contain a heterogeneous
population with distinct transcriptional profiles and differential susceptibility to viral infection
[105, 106]. The homogeneity of SCGs reduced experimental variability and simplified the
interpretation of population-level response to treatment and viral infection [104]. Additionally,
SCGs extend long, robust axonal projections that can penetrate the barriers separating
compartments in tri-chamber culture systems. Finally, SCGs are naturally permissive to aHV
infection. Both HSV-1 and PRV infect sympathetic ganglia in vivo, making SCG neurons a

physiologically relevant model. In our studies, SCGs were harvested from embryonic day 16-17

27



(E16-17) rat embryos. The E16-17 developmental time point balances neuronal maturity
(capable of robust IFN-A receptor expression and signaling) with in vitro viability.

Mimicking the physiological barriers of infection in humans, the tri-chamber system is made
up of three sections: the soma (S) compartment, where the neuronal cell bodies are cultured; the
methocel (M) compartment, where axons pass through the initial barrier; and the neurite (N)
compartment, where axon termini emerge (Figure 1.6A). Compared to microfluidic devices,
which offer superior axonal alignment through narrow microchannels, tri-chambers provide
several critical advantages: a larger, open culture area that facilitates ease of adding reagents for
biochemical analyses; imaging compatibility with fluorescent microscopy; and directional virus
infections [107]. Measuring infection spread in tri-chambers by titering progeny virus has
yielded valuable insights. These compartmented neuronal cultures allow infecting neuronal soma
or axons and harvesting each compartment separately during a time course of infection for
protein, nucleic acid or virus yield analysis. Recombinant viruses expressing fluorescent
proteins, such as PRV-180, containing mRFP1-VP26 in a PRV-Becker background or OK14
(mRFP-VP26 in HSV-1 17 background), enable real-time assessment of infection and spread
dynamics over multiple time points using live-cell microscopy (Figure 1.6B) [79, 108]. This
integrated approach, combining anatomically relevant spatial compartmentalization with real-
time fluorescence imaging, provides a physiologically pertinent platform for dissecting the
spatiotemporal dynamics of aHV neuroinvasion.

The ability to selectively treat individual compartments (e.g., applying exogenous IFN-A to
the N-compartment to mimic mucosal cytokine secretion) while monitoring infection outcomes
in the S-compartment enables mechanistic investigation of how neuronal antiviral responses

restrict viral spread across distinct subcellular domains. Consequently, compartmented neuronal
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cultures represent an optimal experimental system for investigating the compartmentalized

intrinsic and innate immune responses that govern aHV neuroinvasion.

29



( A) S-compartment \ N-mpartent

AR g2mpartme
> — ——
——
- — =
20% . 60X
Cell Bodies (soma) 1 1 Isolated Axons
(B)
S 5@ Prviso; MoI 1
Image at 30hpi ==
. P oE &+ pio
A
| |

Figure 1.6. Tri-chamber neuron culture system. (A) The tri-chamber system features a teflon
ring outlined with a thin layer of silicone grease, positioned inside a 35-mm tissue culture dish.
The S- (soma) compartment houses neuron cell bodies, while the M- (methocel) and N- (neurite)
compartments contain an extensive network of axons. (B) PRV 180 (red) infection was
performed in the N-compartment at MOI 1. DiO (green), a lypophilic dye, was added to the N
compartment media 6 hpi to label cell bodies connected to the N-compartment. The S-
compartment was imaged at 30 hpi. Images were taken at 20X and bars represent 50 um.
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CHAPTER 2: Cell-Specific Induction of ISGs in Response to
Type III IFN Treatment

Abstract

Type III interferons (IFN-A) serve as essential antiviral mediators at mucosal surfaces, yet
their impact on peripheral nervous system (PNS) neurons remains largely unexplored. Because
aHVs initiate infection at mucosal epithelia before accessing peripheral neurons, defining
neuron-specific responses to IFN-A is critical for understanding early viral restriction. In this
chapter, we compared the effects of [FN-A on rat primary superior cervical ganglion (SCG)
neurons and fibroblasts to determine how cell identity shapes downstream signaling and
interferon-stimulated gene (ISG) induction. We found that fibroblasts mounted a canonical IFN-
A response characterized by robust phosphorylation of STATI and STAT2, accompanied by
high-magnitude induction of ISGs. In contrast, SCG neurons selectively phosphorylated STATI
with minimal STAT?2 activation, revealing a noncanonical, neuron-specific signaling state. This
signaling divergence resulted in distinct ISG expression profiles: neurons displayed lower overall
ISG induction but preferentially upregulated antiviral genes such as Ifitl, Stat3, and TIr7,
whereas fibroblasts strongly induced classical ISGF3 (Interferon-Stimulated Gene Factor 3) -
dependent ISGs, including Oasla and Irf9. RNA sequencing demonstrated that IFN-A triggers a
temporally biphasic transcriptional program in neurons. Early responses (3 h) upregulated genes
involved in neuronal plasticity and homeostasis, while canonical antiviral ISGs dominated at 24
hours, with RSAD?2 (viperin) emerging as the most strongly induced late-response ISG.
Compared to IFN-B, IFN-A elicited slower and more moderate ISG induction, further
emphasizing pathway specificity. Overall, these findings reveal that peripheral neurons mount a

uniquely tuned IFN-A response optimized for long-term survival rather than rapid inflammatory
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defense, providing key insight into how early neuronal antiviral environments shape o.-

herpesvirus neuroinvasion.

2.1 Introduction

The natural immune responses of mucosal epithelia serve as a critical barrier, preventing
virions from reaching peripheral neurons during primary infection. Inducing host responses at
these sites is facilitated by natural and intrinsic immunity. Among the various forms of natural
immunity are restriction factors, which are constantly produced by host cells and directly block
viral transcription and replication without alerting neighboring uninfected cells. In parallel,
pattern recognition receptors (PRRs) detect pathogen-associated molecular patterns (PAMPs),
triggering cytokine production. Cytokines respond to infections, and immune effector cells such
as neutrophils, plasmacytoid dendritic cells, and natural killer cells become activated and
recruited; these cells are also considered part of natural immunity.

Interferons (IFNs) are a group of cytokines classified into three types based on their
receptors and biological functions. Type I IFNs (IFN-a/B) and type III IFNs (IFN-A) mediate
intrinsic and natural antiviral immunity, while IFN-y (type II) is involved in adaptive immunity
[21, 109]. In contrast to type I IFN receptors (IFNAR1/2), type III IFN (IFN-L) receptors,
composed of IFNLR1/IL-10RB heterodimer, are not ubiquitously expressed and are instead
preferentially expressed on mucosal epithelial cells and immune cells, such as neutrophils,
dendritic cells, and B cells [28, 110, 111]. Mucosal epithelial cells are a subset of epithelial cells
that line the mucosal barriers of the genital, respiratory, and gastrointestinal systems.
Interestingly, IFN-A production increases as cells polarize, and the quality of the IFN response is

determined by the differentiation state of mucosal epithelial cells [110].
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In humans, type III IFNs consist of subsets IFN-A 1-4, whereas mice express only IFN-A2
and IFN-A3 [112]. Despite signaling through distinct receptors, both type I and type III IFNs
activate overlapping downstream pathways (e.g., JAK-STAT pathway) involving STAT
phosphorylation and ISG induction. However, functional studies have demonstrated that type I11
IFN treatment of mucosal epithelia cells upon aHV infection had a higher protective response
when compared to type I IFN treatment [28, 113, 114]. Importantly, intravaginal pretreatment of
IFN-A prior to HSV-2 infection in a murine model elicited a potent antiviral response [115].
These findings established IFN-A as a key mediator of mucosal antiviral defense against aHVs.

Given that a-herpesvirus infection begins at the mucosal epithelium and that peripheral
nerve endings are the first neuronal components exposed to this cytokine-rich microenvironment,
we hypothesized that neurons might also respond to type III IFN signaling. Supporting this
possibility, Li et al. previously demonstrated that IFN-A pretreatment significantly reduced HSV-
1 replication in cultured cortical neurons, indicating that at least some neuronal populations
possess functional IFN-A receptor expression and downstream antiviral signaling capacity [116].
However, cortical neurons represent the central nervous system (CNS) neuronal population that
are not naturally exposed to mucosal type III IFN production during peripheral HSV-1 infection.
Whether peripheral neurons, physiologically relevant targets of aHV neuroinvasion similarly
express IFN-A receptors and mount antiviral responses remained unknown.

This chapter demonstrates that peripheral neurons respond to IFN-A through a
noncanonical pathway distinct from the classical JAK-STAT pathway. Unlike fibroblasts, which
activate both STAT1 and STAT2 upon IFN-A treatment, neurons exhibit selective STAT1
phosphorylation without STAT2 activation. This STAT1-dominant signaling drives a temporally

biphasic transcriptional response: early neuronal treatment (3 h) followed by delayed but robust
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induction of antiviral ISGs (24 h), with RSAD2 (viperin) emerging as the most highly
upregulated antiviral gene of interest. Compared with type I IFN, which elicits rapid, high-
magnitude ISG induction, IFN-A produces a delayed, more sustained response in neurons. These
findings reveal a neuron-specific IFN-A pathway that balances antiviral defense with cellular

preservation.

2.2 Results

IFN-J treatment activates a differential response in Rat2 cells versus primary neurons

To determine whether treatment of primary neurons with type III IFN elicits a similar
response to non-neuronal cells, superior cervical ganglionic (SCGs) neurons were compared to
Rat2 cells (fibroblast cell line). SCG is the largest cervical sympathetic ganglia that innervates
head and neck and has been shown to be a site for aHV latency [117, 118]. Rat2 cells were
chosen because of the positioning of fibroblasts within the connective tissue of the skin: they are
found in two key areas known as the dermis (stratified squamous epithelia), which also hosts
specialized immune cells, and the hypodermis (lamina propria), mostly consisting of adipocytes
along with macrophages and axons of sensory neurons (Figure 2.1A). IFN-A2 was utilized for the
purpose of this study as it was shown to be conserved among humans, mice and rats, and to show
higher antiviral activity in human and murine cells [112]. Rat2 cells were treated with either type
I (IFN-B) or type III IFN (IFN-A2) for 24 h prior to harvest and analysis (Figure 2.1B). STATI1
and STAT2 phosphorylation were monitored at different concentrations of IFN-A2 and IFN-f3
treatment for comparative detection of phosphorylated STAT1 (p-STAT1) (Figure 1B). Based on
this data, in the subsequent experiments, we used IFN-A2 at 200 ng/mL and IFN-f at 100 U/mL

concentration. Rat2 cells and neuronal cell bodies and axons within the S-compartment were
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harvested after 24 h IFN treatments to determine the phosphorylation status of STAT1 and
STAT?2, key mediators of the JAK-STAT signaling pathway by using p-STAT1 and p-STAT2
specific antibodies. Both cell types demonstrated comparatively increased levels of p-STATI1
when they were treated with IFN-A2 as opposed to their untreated counterparts (Figure 2.1C).
However, IFN-A2-treated Rat2 cells demonstrated a much higher STAT2 phosphorylation when
compared to SCG neurons (Figure 2.1C). When we monitored STAT?2 activation in neurons at
earlier time points after IFN-A2 treatment (1- and 3 h post-treatment), we did not detect any p-
STAT?2 accumulation (Figure 2.1D). Together, these results indicate that there is a cell-type
specific induction of the signaling cascade upon exposure to type III IFNs.

Mounting evidence indicates that IFN-A is a key player in the antimicrobial defense of
mucosal epithelia, but its role in neurons has not been explored. Peripheral sensory neurons face
infection damage, but they are long-lived, and the inflammatory response to viral infection could
lead to irreversible neuronal damage. Neurons are therefore considered to be immunologically
constrained to antiviral responses of a magnitude appropriate to control viral infection without
causing the cytotoxic effects of these responses. Recent evidence contradicts the long-held view
that neurons are passive viral targets. In primary neuronal cultures, IFN-A treatment results in
phosphorylation of the major IFN downstream transcription factor, STATI, but not STAT2. This
contrasts with most other cell types, where the signaling pathway used for IFN-A is the ISGF3
pathway, which includes both transcription factors. It appears that neurons participate in an IFN-
A signaling pathway that drives limited antiviral gene expression without inducing common

inflammation.
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Figure 2.1. STAT activation upon IFN- and IFN-A2 treatment in Rat2 cells and SCGs. (A)
Histological model of tissue from buccal oral mucosa adapted from Edmans et al.,
Pharmaceutics, 2020 (top) and a diagram model depicting fibroblasts and sensory nerves in the
dermis (bottom) [119]. (B) Detection of p-STAT1 in Rat2 cells 24 h after treatment with either
IFN-f or IFN-A2 at various concentrations. (C) Model of treatment (left) and Western blots of
detection of p-STAT1 or p-STAT2 upon IFN-A2 (200 ng/mL) treatment for 24 h (right). (D)
Detection of p-STAT2 in SCGs that were treated with IFN-A2 (200 ng/mL) for 1 or 3 h (hpt)
compared to untreated (UT) SCGs. Beta-actin was used as a loading control.
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IFN-Z induces differential expression of interferon-stimulated genes (ISG) in primary
neurons

Interferons activate a signaling cascade that induces the expression of interferon-
stimulated genes (ISGs), which elicit protective responses against a viral threat. ISGs are key
regulators of the JAK-STAT pathway that can impact early and late stages of the virus life cycle
[21, 25, 120]. STATS serve as transcriptional activators of ISGs. As shown in the previous data
above, Rat2 cells and SCGs activate STAT1 and STAT? differently. To differentiate between
ISG induction in neurons, a type I IFN array was used on a 96-well RT-qPCR plate with 84
genes of interest and 2 housekeeping genes. SCGs were either treated or not treated with I[FN-A2
(200 ng/mL) for 24 h prior to harvest and their mRNA levels were analyzed via RT-qPCR
(Figure 2.2A). A heat map was constructed based on the mean cycle threshold (Ct) values
detected in duplicate control versus IFN-A treatment conditions demonstrating the activation of a
subset of ISGs dependent on exposure to type III IFN. Based on the changes in the Ct values, 21
genes of interest were selected for further investigation.

For these ISGs, we designed primers based on the target sequences in the type-I IFN
array. We treated both SCGs and Rat2 cells with IFN-A2 (200 ng/mL) prior to RNA isolation.
This experiment was repeated three times with replicates. Normalized gene expression analyses
demonstrated that type III IFN induces a similar response in fibroblasts and primary neurons
with differential activation dynamics (Figure 2.2B). The magnitude of ISG induction was
detected to be lower overall in SCGs as compared to Rat2 expression. In SCGs, the highest ISG
induction was detected to reach approximately 117-fold in the case of Oas2. In Rat2 cells, Oas2
was also the most activated gene and displayed approximately 1400-fold induction upon IFN-A

treatment.
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Six ISGs demonstrated a higher fold change in SCGs than Rat2 cells. Stat3, Ifitl, and T7
showed a higher induction in SCGs than Rat2 cells displaying a 2.8-, 15.4-, and 27.8-fold
difference, respectively, when compared to induction in Rat2 cells. Cd69 and Isg15 showed a
fold change below 1.5-fold (Figure 2.2B). Only one ISG; Cd38 demonstrated a decrease in I[FN-
A2-treated SCGs as compared to an increase in [IFN-A2-treated Rat2 cells. Furthermore, we
detected that STATI expression was induced similarly in both cell types, showing approximately
10-fold induction, whereas STAT?2 transcripts were detected to increase 4.6-fold in Rat2 cells

and 1.8-fold in SCGs, supporting our differential STAT2 phosphorylation data (Figure 2.1C).

Verification of target ISG induction in Rat2 cells vs. primary neurons upon IFN-/ treatment
Three ISGs were selected for further protein analysis based on the differential gene
expression data: Oasla, IFIT1, and IRF9. Oasla inhibits protein synthesis by inducing general
RNA degradation within infected cells, thus inhibiting viral replication along with IFIT1, which
inhibits translation and viral replication. IRF9, a component of the complex known as IFN-
stimulated gene factor 3 (ISGF3), is directly involved in the JAK-STAT pathway and is a key
component in [IFN immune response. These three genes showed a cell-type-specific difference in
the induction pattern: Oasla was detected to be increased in both cell types (at different
magnitudes), Ifit] showed a higher induction in SCGs, and Irf9 demonstrated a higher induction
in Rat2 cells. Western blot analyses were performed on IFN-A2-treated and untreated Rat2 cells
and SCGs. Supporting our relative gene expression data, Oasla expression was detected to be
increased in both cell types upon treatment of IFN-A2, although at a higher level in Rat2 cells
(Figure 2.3A). As expected, based on the transcriptional profile, IFN-A2 (200 ng/mL)-treated

Rat2 cells had lower activation of IFIT1 as opposed to SCGs which showed an increase in
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protein amounts (Figure 2.3B). Finally, IRF9 demonstrated a slight increase in Rat2 cells upon
IFN-A2 (200 ng/mL) treatment as opposed to untreated or IFN-A-treated SCGs, validating the

transcriptional RT-qPCR analyses.
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Figure 2.2. Comparative ISG induction upon IFN-A2 treatment in Rat2 cells and SCGs. (A)
SCGs were treated with IFN-A2 or vehicle. Type I IFN array including primer pairs for 85
Interferon stimulated genes (ISG) was used (GAPDH was used as housekeeping gene). Heatmap
created using Graphpad Prism 5.0 and performing log2 fold change on normalized gene
expression (2799 Yellow represents higher fold change whereas blue indicates decreased fold
change. (B) Normalized gene expression (279¢!) in SCGs (grey pattern) and Rat2 cells (black)
treated with IFN-A2 (200 ng/mL) for 24 h prior to harvest.
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Figure 2.3. Cell-specific induction of different ISGs. (A) Normalized gene expression (2794¢t)
of Oasla, IRF9, and IFIT1. (B) Western blots of Rat2 cells and SCGs untreated or treated with
IFN-A2 (200 ng/mL) for 24 h and immunoblotted with respective antibodies: Oasla, IFIT1, and
IRF9. Beta-actin was used as a loading control.
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Temporal ISG induction in IFN-J-treated primary neurons

While the qPCR-based ISG screening focused on a selected subset of antiviral genes, the
selective activation of STATI, but not STAT2, suggested that type III IFN might activate a
noncanonical antiviral response different from the well-known ISGF3 (IFN-stimulated gene
factor 3) response seen with type I IFN. To gain an unbiased, genome-wide view of this
alternative signaling pathway, we conducted RNA sequencing to map the transcriptional
landscape of IFN-A-treated peripheral neurons. We performed RNA-sequencing at early (3 h)
and late (24 h) time points after primary SCG neurons were treated with rat IFN-A2 (200 ng/ml).
At 3 h post-treatment, we observed distinct changes in gene expression. Notably, the most
significantly downregulated genes included H/79 (a long non-coding RNA implicated in growth
control and neural development), Nos! (a neuronal nitric oxide synthase involved in
neurotransmission), and Dcx (a marker of immature neurons involved in neuronal migration)
(Figure 2.4A) [121-123]. Conversely, Ahnak, a gene involved with membrane repair and calcium
signaling, was among the most significantly upregulated (Figure 2.4A) [124, 125]. Gene
ontology analysis using gProfiler further confirmed these enrichments. By 24 hours post-
treatment, a shift toward interferon-stimulated gene (ISG) induction was observed, with 32.6%
of the significantly induced genes associated with innate immune response pathways. RSAD2
(viperin) emerged as the most robustly upregulated transcript at this later stage (Figure 2.4B).
Other top hits in this later stage included Mx/ (a GTPase that inhibits viral replication) and
Uspl18 (an ISG15 de-conjugating enzyme that acts as a negative regulator of IFN signaling),

classic ISGs that are key in facilitating the antiviral response induced by type I and type III IFNs.
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Figure 2.4. Delayed ISG activation characterizes the IFN-A response in peripheral neurons.
SCGS were treated with rat IFN-A2 (200 ng/ml) or vehicle for (A) 3 h and (B) 24 h. Volcano
plots represent differential gene expression normalized to GAPDH. Scattered points represent
genes; the x-axis is the log 2-fold change, whereas the y-axis is the statistical significance in
differential expression. Red dots highlight genes significantly over- or under-expressed after
IFN-A exposure.

44



A Venn diagram analysis demonstrated that 40.00% of the genes shared between the 3 h
and 24 h treatments were involved in innate immune responses. Additionally, 23.10% of genes
were uniquely enriched for antiviral defense functions at 24 h (Figure 2.5A), and GeneVenn
identified the specific genes shared between early and late stages of IFN-A treatment (Figure

2.5B).

45



(A) (B)

FDR < 5%

3h post-treatment

A

/
/
/

24h post-treatment

2639

Percent
genes

Shared genes Biological Pathway | TnQ |expressed

Innate Immune Response | 12 | 40.00%

Percent

X X genes
24h post-treatment  Biological Pathway | TnQ |expressed

Defense to Virus 3 23.08%

FDR < 5% (Shared) FDR < 5% (24h post-treatment)
Apol9a Bst2
Cxcl10 Gbp2
Ddx60 Ifgga2ll
Dhx58 Ifitm3

Dtx3l Isg15
Ifia4 Oasla
Ifihl Oasl
Ifitl Oasl2
Ifit2 Psmb8
Ifit3 Slifn5
Irf7 Sp100
Irgm2 Sp110
Lgals3bp Xafl
Lgals9
Mx1
Mx2
Oaslb
Oasli
Parp14
Parp9
RT1-A2
Rigl
Rn45s
Rsad2
Samd9
Samd9l1

Slfn13
Statl
Uba7

Usp18

Figure 2.5. Differential gene expression profiles at early and late timepoints following IFN-
A treatment in SCGs. (A) Venn diagram of differentially expressed genes (DEGs) (FDR <5%)
comparing early (3 h) and late (24 h) responses. Shared genes are primarily linked to the innate
immune response (40.00%), while the 24 h post-treatment-specific genes are enriched for
antiviral defense functions (23.08%). gProfiler was utilized to categorize genes. GeneVenn was
used to identify genes shared after 3 and 24 h post-treatment with IFN-A. (B) Table
demonstrating significantly induced genes (FDR <5%) shared between 3 h and 24 h post-treated
primary neurons (left) and uniquely enriched genes at 24 h post-treatment (right). gProfiler was
utilized to categorize genes. GenelVenn was used for this analysis.
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Dynamic induction comparison of interferon-stimulated genes (ISGs) in IFN-A- and IFN-f-
treated SCGs

To further validate our RNA-sequencing results, we quantified the time-dependent
induction of interferon-stimulated genes (ISGs) in primary SCG neurons following treatment
with either rat IFN-A2 (200 ng/ml) or IFN- (100 U/ml). Normalized gene expression analysis
revealed that IFN-A2 induced a modest, albeit discernible, increase in ISG transcripts at 3 h post-
treatment, which became more pronounced by 8 h and 24 h (Figure 2.6A). RSAD2 expression in
SCG neurons increased in a time-dependent manner following IFN-A treatment, with modest
induction at 3 h, a significant increase by 8 h, and the highest expression at 24 h (p < 0.05 and p
< 0.05 relative to 3 h, respectively; Figure 2.6A). In contrast, OAS1a and IFIT1 exhibited
minimal induction following IFN-A treatment and did not show statistically significant changes
over time points. In comparison, IFN-f induced a higher and earlier expression of ISG transcripts
at 3 hours compared to neurons treated with IFN-A2. IFN-f3 treatment elicited a rapid and robust
ISG response, characterized by a significant increase in RSAD?2 expression as early as 8 h (p <
0.05) and a further enhancement at 24 h (p < 0.005; Figure 2.6.B). OAS1a and IFIT1 were also
significantly induced by IFN-f at 24 h compared to 3 h (p < 0.05). Importantly, RSAD?2 levels
were ~3.6-log-fold times higher at 24 h following IFN-f treatment, whereas neurons treated with
IFN-A2 elicited a more moderate ~1.3-log-fold increase (Figure 2.6B). Notably, RSAD2 levels
induced by IFN-A at 24 h were comparable to those induced by IFN-f at 3 h, indicating delayed

but sustained ISG activation downstream of IFN-A signaling.
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Figure 2.6. Time-course qPCR analysis of ISG induction in IFN-A-treated SCGs.
Normalized gene expression (2794 in superior cervical ganglion (SCG) neurons following (A)
rat [FN-A2 treatment (200 ng/ml) or (B) rat IFN-f treatment (100 U/ml) at various times: 3 h-, 8
h- 24 h-post treatment. GAPDH was used as a housekeeping gene. Untreated SCGs served as the
control. Statistical significance analyzed via Student’s ¢ test (n > 3).
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2.3 Discussion

The findings presented in this chapter reveal fundamental cell-type-specific differences in
how primary neurons and fibroblasts interpret and respond to type III interferon (IFN-L)
signaling. Although mucosal epithelia have long been recognized as the dominant IFN-A-
responsive barrier against incoming pathogens, our work demonstrates that peripheral neurons
also mount robust IFN-A responses, but through a noncanonical pathway that differs in both
signaling mechanism and temporal kinetics from the rapid, JAK-STAT-driven antiviral pathway
characteristic of fibroblasts. Specifically, neurons engage STAT1-specific signaling without
STAT2 activation, resulting in delayed but sustained ISG induction that prioritizes neuronal
survival. These results refine our understanding of early aHV-host interactions at the mucosal-
PNS interface and highlight how neurons balance intrinsic and innate immune responses with the
need to avoid acute cytotoxic defense.

Rat?2 fibroblasts responded to IFN-A with classical STAT1 and STAT2 phosphorylation,
activating the canonical ISGF3 transcription factor broadly described in epithelial and immune
cells. This canonical response produced large-magnitude ISG induction, exemplified by dramatic
upregulation of Oas2 and widespread activation of antiviral gene networks. Given fibroblasts’
role at mucosal entry sites, this rapid, high-amplitude response is consistent with the need to
immediately restrict viral replication before virions penetrate deeper tissues.

In contrast, primary neurons engaged a STAT1-dominant signaling cascade. This
selective signaling is striking, as it diverges from the canonical IFN-A biology and instead
resembles a modified, neuron-specific antiviral program that limits inflammation while
preserving neuronal integrity. STAT1 signaling in neurons must be carefully balanced, as

excessive or aberrant STAT1 activation has been implicated in neuronal pathology and
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neurodegenerative disorders [126]. The STAT1-dominant response we observed may represent a
mechanism to achieve this balance. The mechanism underlying STAT]1 selectivity in neurons
remains unclear but may involve neuron-specific signaling regulators that preferentially recruit
STAT1 homodimers rather than ISGF3 heterotrimers.

The downstream consequences of this signaling divergence were reflected in the distinct
ISG expression profiles between the two cell types. Although IFN-A induced conserved ISGs in
both fibroblasts and SCGs, the magnitude and timing differed substantially. Neurons consistently
exhibited lower overall fold changes yet showed greater induction of a subset of ISGs, such as
IFIT1, STAT3, and TLR7. RNA-sequencing analysis further revealed that the neuronal response
operates through a temporally biphasic transcriptional program. Early responses (3 h) centered
on genes involved in neuronal structure, signaling, and metabolic adaptation, indicating that [FN-
A initially primes neurons through a protective remodeling state. Only by 24 h did canonical
antiviral ISGs dominate the transcriptional landscape, with RSAD2 emerging as the strongest
late-induced antiviral effector. This temporal separation reflects a fundamental characteristic of
neuron-intrinsic immunity: rather than mounting an immediate antiviral response, neurons first
activate homeostatic pathways before committing to sustained ISG expression. The enrichment
of innate immune and antiviral defense genes exclusively at late time points supports the
interpretation that neurons adopt a sequential response strategy wherein initial cellular adaptation
is followed by sustained antiviral expression.

This biphasic, delayed antiviral response stands in sharp contrast with the immediate and
potent antiviral response in fibroblasts, This STAT1-specific activation in PNS neurons raises
key mechanistic questions: does STAT1-selective signaling confer specific advantages for

neurons (e.g., reducing virion particle trafficking and establishment of productive infection), or
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does it reflect a developmental or metabolic constraint? What are the specific transcriptional
targets of STAT1 homodimers in neurons, and how do they differ from canonical JAK-STAT-
driven ISG induction?

The prominent induction of RSAD2 at later timepoints is particularly noteworthy. As a
broad-spectrum antiviral effector that has been primarily studied in the context of RNA virus
infection, RSAD2’s key role in neuronal responses to DNA viruses represents a significant
knowledge gap. The following chapter investigates whether RSAD?2 functionally restricts aHV
replication in neurons.

Together, these results reveal differential IFN-A responses at the mucosal-PNS interface,
where fibroblasts mount rapid antiviral defenses while neurons deploy slower but sustained
mechanisms optimized for long-term viability. The cell-type specificity of IFN-A signaling
demonstrated here provides critical context for understanding how aHV's such as HSV-1 exploit
neuronal vulnerabilities to access the peripheral nervous system and establish latency through
delayed kinetics and STAT1-dependent signaling. The discovery that neurons engage a
noncanonical IFN-A pathway with delayed antiviral gene activation raises critical questions about
how neurotropic viruses manipulate, evade, or co-opt this unique signaling environment. The
following chapter addresses these questions by examining whether neuronal IFN-A responses
functionally restrict aHV replication and identifying the key antiviral defenses responsible for

this restriction.

51



CHAPTER 3: Global Antiviral Response Against Alpha
Herpesvirus Infection: PRV vs HSV-1

Abstract

In the previous chapter, I demonstrated that type III interferons (IFN-As) activate distinct
antiviral programs across cell types, mounting STAT I-dominant, delayed antiviral responses in
peripheral sensory neurons. Here, we determined whether these signaling differences translate to
functional antiviral activity against aHV's by comparing IFN-A-mediated restriction of
pseudorabies virus (PRV) and herpes simplex virus 1 (HSV-1) in Rat2 fibroblasts and superior
cervical ganglion (SCG) neurons. In fibroblasts, IFN-A pretreatment exhibited a strong antiviral
effect, decreasing pseudorabies virus (PRV) replication drastically. In contrast, post-infection
treatment only caused modest inhibition, highlighting the importance of early priming. In
primary SCG neurons, IFN-A pretreatment significantly decreased PRV replication, establishing
that neurons can indeed mount an effective [FN-stimulated antiviral response against aHV
infection. These results establish that IFN-A generates functional antiviral states in both
fibroblasts and PNS neurons.

Notably, while PRV remained highly sensitive to IFN-A in neurons, HSV-1 was not
restricted despite IFN-A inducing comparable STAT1 phosphorylation and ISG expression. We
identified the neurovirulence factor ICP34.5, encoded by simplexviruses (HSV-1 and HSV-2)
but absent from varicelloviruses (PRV), as necessary and sufficient for overcoming neuronal
IFN-A restriction. This neuron-specific resistance correlated with the presence of the HSV-1
neurovirulence factor ICP34.5, since infection with an ICP34.5-deficient mutant (A34.5) restored
IFN-A sensitivity. These findings reveal that IFN-A establishes complex antiviral barriers at the

mucosal epithelia-PNS junction and identify ICP34.5 as a critical determinant enabling infection.
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3.1 Introduction

Having established these cell-type-specific signaling and transcriptional differences
between SCGs and fibroblasts, I next asked whether they translate to functional variability in
antiviral protection against aHV neuroinvasion. Anatomically, mucosal fibroblasts are among
the first cells encountered during peripheral infection, while PNS axons termini innervating these
tissues are simultaneously exposed to the cytokines released early after infection. Thus,
comparing the effects of IFN-A treatment on the outcome of aHV infection in fibroblasts and
primary neurons provided a means to reconstitute the sequential encounters that incoming virions
encounter after mucosal infection and during neuroinvasion.

In this chapter, I examined whether IFN-A pretreatment functionally restricts PRV
replication in both cell types and whether any cell-type-specific differences in antiviral efficacy
reflect the distinct signaling pathways identified in Chapter 2. Pseudorabies virus strain Becker
(PRV-Be) and the fluorescently tagged PRV 180 (expressing mRFP-VP26) were used alongside
HSV-17 wt strain and mutants. PRV was selected as an initial model because it shares extensive
genomic and biological similarity with HSV-1, including neurotropism, axonal transport, and
latency establishment in PNS neurons [127]. PRV efficiently infects compartmentalized neuronal
cultures and does not infect humans, enabling safe high-titer experiments [104].

My studies determined that exogenous exposure to IFN-A treatment prior to PRV infection
significantly restricted PRV viral replication (up to 6-log reduction) and primary neurons, with
neuronal restriction inversely correlated with viral load (or MOI). Notably, while PRV remained
highly sensitive to neuronal IFN-A pretreatment, HSV-1 exhibited neuron-specific resistance

despite the established antiviral response in neurons.
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PRV lacks the HSV-1 neurovirulence factor, ICP34.5, which antagonizes PKR-mediated
translational arrest [128, 129]. This genomic difference enabled comparative studies to identify
ICP34.5-dependent immune evasion mechanisms. The absence of ICP34.5 in PRV provided a
genetic tool to establish its necessity for overcoming neuronal IFN-A defenses. Infection with
ICP34.5-deficient HSV-1 (A34.5) restored full IFN-A sensitivity in neurons, while replicating
normally in untreated cells, confirming ICP34.5 as necessary for mitigating neuron-specific
antiviral responses. IFN-A creates a cell-specific immune response that differentially affects

aHVs based on their immune evasion repertoires.

3.2 Results
Antiviral effect of Type I and Type III IFN in rat fibroblasts against pseudorabies virus (PRV)

Prior studies have demonstrated that both type I and type II IFNs exert antiviral activity
against aHV infection in both neuronal and non-neuronal cells [79, 116]. To determine the
antiviral potential of IFN-A2 in Rat2 cells, we infected Rat2 cells with Pseudorabies virus Becker
(PRV-Be), a wild-type strain of PRV. PRV is a member of the aHV family that can infect many
animals (except humans and higher primates), and its replication cycle is similar to the human
pathogen, HSV-1. Therefore, PRV has been used as a model aHV in compartmentalized
neuronal culture model [117, 118, 130].

We infected interferon-treated or untreated Rat2 cells with PRV-Be at an MOI of 1 for 24 h.
Viral yields between treated and untreated cells infected with PRV were calculated to determine
the protective effects of both pre- and post-treatments of type I and type III IFNs. Pre-treated
cells were exposed to IFN-B (100 U/mL) or IFN-A2 (200 ng/mL) for 24 h prior to infection with

PRV. Post-treatments were carried out using the same IFN concentration 1 h after the infection.
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Cells that were treated with the IFN diluent (0.1% BSA in ddH20) served as a control, and the
viral supernatants were collected at 24 h post-infection (hpi). Virus yields were calculated as
plaque-forming units (pfu) in PK15 cells. In non-treated control Rat2 cells, PRV infection
yielded 6.6 x 10° (£1.4 x 10%) pfu/mL progeny. We detected a significant reduction in the virus
yields in the pretreatment condition of both type I and type III IFN, with up to a 3-log decrease in
IFN-B (6.5 x 103 + 1.8 x 10° pfu/mL), and up to a 6-log decrease in IFN-A2 pretreatment (2.6 x
10" + 1.4 x 10! pfu/mL) (Figure 3.1). Conversely, post-treatments with either interferon type
showed a significant but modest reduction in the virus yield. [IFN-A2 and IFN-f post-treatments
yielded 8.4 x 10° £ 4.6 x 10° pfu/mL and 2.3 x 10° £+ 1 x 10° pfu/mL, respectively. This indicates
that the introduction of exogenous IFNs (through paracrine signaling) before viral particle
invasion primes cells for an antiviral response. If the viral infection is initiated prior to interferon

exposure, the host cell's antiviral response is less restrictive.
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Figure 3.1. Antiviral effect of IFN-A in Rat2 cells. Rat2 cells pre- and post-treated with IFN-f3
(100 U/mL) or IFN-A2 (200 ng/mL) for 24 h prior to infection PRV-Becker (MOI = 1). Harvest of
these cells was performed 24 hpi. Statistical significance analyzed via Student’s ¢ test (n > 3) is
indicated as follows: ns, not significant; *, p < 0.05.
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Antiviral effect of IFN-J in primary SCG neurons against pseudorabies virus (PRV)

A similar approach was followed using primary SCG neurons to determine the antiviral
potential of [IFN-A2 pretreatment. In these experiments, we used PRV-180, a red capsid
recombinant of PRV-Becker (mRFP-VP26) that allows for fluorescent imaging and observation
of infected cells prior to harvest [131]. First, we infected SCGs at a high MOI (MOI 10) since
PRYV productive infections initiate efficiently at this MOI in primary neurons. The SCGs were
treated with IFN-A2 (200 ng/mL) in the S-compartment for 24 h prior to infection. SCGs were
infected with PRV-180 (10° pfu, MOI 10) in the S-compartment for 24 h before harvest (Figure
8A). Virus yields demonstrated a 10-fold decrease in IFN-A2 pre-treated SCGs, but this did not
reach statistical significance (Figure 3.2A). In untreated SCGs, PRV-180 infection resulted in 1.2
x 10*£4.3 x 10° pfu/mL, and IFN-A2 pre-treated SCGs yielded 1.9 x 10° £ 6.4 x 10? pfu/mL of
infectious progeny in 24 hpi.

To investigate the effect of IFN-A2 against a lower dose of PRV infection, we infected the
neurons with PRV-180 at an MOI of 1 (10* pfu), after a pretreatment with IFN-A2 (200 ng/mL).
We detected a significant reduction in the virus yield in IFN-A2 pre-treated samples (Figure
3.2B). At the MOI of 1, control SCGs yielded 2 x 103 + 4.9 x 10? pfu/mL, whereas IFN-A2 pre-
treated neurons yielded 1.2 x 102+ 5.1 x 10! pfu/mL virus with a 17-fold mean difference,
implying that the antiviral effect of type III IFNs in primary neurons is more significant at low

MOI infections.

57



(A) (B)

PRV180 (MOI=10) PRV180 (MOI=1)
E 1x105- ns E 1x104- % %k
= = |
[ 4 L
o 1x10 2 1x1034
o I g3
£ 1x103 =
T 1%x102 o E
2 0
> P 14
o 1%101- o 1x10
- =
= =
> 1x100- > 1x100

control IFN il control IFN Il

Figure 3.2. Antiviral effect of IFN-A in SCGs. (A) SCGs pre-treated with IFN-A2 (200 ng/mL)
for 24 h prior to infection with PRV-180 (10° PFU) for 24 h. (B) SCGs pre-treated with IFN-A2
(200 ng/mL) for 24 h prior to infection with PRV-180 (10* PFU) for 24 h. Statistical significance
analyzed via Student’s ¢ test (n > 3) is indicated as follows: ns, not significant; **, p <0.005.
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HSV-1 mitigates the IFN-A-induced antiviral response in neurons

Following the establishment that type III interferon induced an antiviral state in peripheral
neurons and prevented PRV infection, the second question of interest was whether this neuronal
antiviral state was able to limit the human pathogen HSV-1 infection. To determine whether the
IFN-A antiviral program was virus-agnostic, we next compared PRV and HSV-1 infection with
identical neuronal IFN-A conditions.

For these experiments, we used a recombinant HSV-1 strain 17 expressing mRFP-VP26
(OK14). Surprisingly, we did not observe a significant reduction in OK 14 viral yield after 48
hours post-infection (hpi) when superior cervical ganglion (SCG) neurons were pretreated with
200 ng/ml of IFN-A (Figure 3.3A). In contrast, Rat2 fibroblasts pretreated with rat [IFN-A2
exhibited a significant (~210-fold) reduction in OK-14 titers after 24 hpi (p < 0.05; Figure 3.3B).

SK-N-SH cells (a human neuroblastoma-derived cell line with neuronal characteristic)
were used without differentiation to assess species-specific (human vs rat) differences in
neuronal IFN-A responsiveness [132]. These cells were maintained in an undifferentiated state to
determine the intrinsic capacity of human neuronal cells to respond to type III IFNs, independent
of differentiation. This comparison was crucial as human and rat neurons may differ significantly
between interferon receptor expression and downstream signaling pathways. SK-N-SH cells
pretreated with human IFN-A2 (200 ng/ml, 24 h) showed no significant suppression of OK-14
replication (Figure 3.3C). However, human dermal fibroblasts (HDFs) pretreated with human
IFN-A2 exhibited a strong reduction in viral yield (~25-fold), with suppression reaching highly
significant levels (p < 0.00005; Figure 3.3D). Overall, these results suggest that IFN-A
demonstrates antiviral activity against HSV-1 in fibroblasts but not in neuronal cells, and that the

degree of inhibition varies among different species of fibroblasts.
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Figure 3.3. Differential antiviral activity of IFN-A across neuronal and non-neuronal cell
types following HSV-1 infection. (A) SCGs were pre-treated with rat IFN-A2 (200 ng/mL) for
24 h prior to infection with OK-14 (MOI 1). (B) SK-N-SH cells were pre-treated with human
IFN-A2 (200 ng/mL) for 24 h prior to infection with OK-14 (MOI 1). (C) Rat2 cells were pre-
treated with rat IFN-A2 (200 ng/mL) for 24 h prior to infection with OK-14 (MOI 1). (D) HDFs
pre-treated with human IFN-A2 (200 ng/mL) for 24 h prior to infection with OK-14 (MOI 1).
Statistical significance analyzed via Student’s # test (n > 3) is indicated as follows: ns, not
significant; *, p < 0.05, **** p» <0.00005.

60



1CP34.5 suppresses IFN-J-induced antiviral response during HSV-1 infection

Our results show that HSV-1 invades SCGs and effectively suppresses the IFN-A-
mediated antiviral responses, while PRV remains susceptible to it. We further explored this
difference between the viruses by monitoring viral protein expression during infection. PRV and
HSV-1 are both aHVs, they share a highly conserved genomic structure and encode many
homologous genes. However, there are differences in key genomic regions, specifically the
inverted repeat (IR) sequences, which are flanked by the unique long (UL) and unique short (US)
regions of the viral genome, and contain genes that regulate viral pathogenesis and immune
evasion. PRV contains IRs that are relatively compact compared to HSV-1 and lacks certain
immunomodulatory genes present in HSV-1, such as ICP34.5, a multifaceted protein essential
for mitigating immune responses and counteracting host antiviral pathways. Although both
viruses can establish latency, the absence of ICP34.5 in PRV may increase sensitivity to
interferon-stimulated responses (Figure 3.4A). Specifically, HSV-1 encodes the multifunctional
neurovirulence factor ICP34.5, which combats host antiviral defenses, whereas PRV's genome
lacks this gene [133-135]. Based on this difference, we hypothesized that the absence of ICP34.5
would make HSV-1 more vulnerable to IFN-A-induced antiviral activity. To test this, we
assessed the replication of an HSV-1 mutant lacking ICP34.5 (A34.5) and compared it to its
revertant, 34.5R, developed by the Thompson Lab [136].

In SCG neurons pretreated with rat IFN-A2 (200 ng/ml, 24 h), the replication of A34.5
was significantly reduced compared to untreated controls. This indicates that ICP34.5 is essential
for HSV-1 to evade the IFN-A-mediated antiviral response in neurons effectively (p < 0.05;
Figure 3.4B). Notably, in the absence of IFN-A, A34.5 replicated at equal or even higher titers

than the revertant virus, 34.5R, indicating that this mutant does not have a baseline replication
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defect in SCG neurons (Figure 3.4C). Similarly, in human SK-N-SH cells, pretreatment with
IFN-A2 also resulted in a notable decrease in A34.5 titers (Figure 3.4D), confirming the neuron-
specific, rather than species-specific, resistance of HSV-1. Likewise, in the absence of IFN-A,
A34.5 replicated at similar titers to 34.5R-infected SK-N-SH cells (Figure 3.4E). Overall, these
findings suggest that the differential sensitivity of HSV-1 and PRV to IFN-A is linked to the

presence of ICP34.5, which enables HSV-1 to suppress host antiviral defenses in neuronal cells.
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Figure 3.4. Loss of ICP34.5 renders HSV-1 more susceptible to IFN-A-mediated restriction
in neuronal cells. (A) Schematic comparison of the HSV-1 and PRV genomes, highlighting
genes involved in viral replication and immune evasion. HSV-1 encodes ICP34.5 (highlighted in
red), not found in the PRV genome. (B) SCGs were pre-treated with rat [IFN-A2 (200 ng/mL) for
24 h prior to infection with A34.5 for 48 h. (C) SCGs were pre-treated with rat IFN-A2 (200
ng/mL) for 24 h prior to infection with 34.5R for 48 h. (D) SK-N-SH cells were pre-treated with
human IFN-A2 (200 ng/mL) for 24 h prior to infection with A34.5 for 24 h. (E) SK-N-SH cells
were pre-treated with human IFN-A2 (200 ng/mL) for 24 h prior to infection with 34.5R for 24 h.
Statistical significance analyzed via Student’s # test (n > 4) is indicated as follows: ns, not
significant; *, p <0.05, **** p <0.00005.
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3.3 Discussion

This chapter's findings demonstrate that type III IFNs (IFN-As) are crucial for
establishing a robust antiviral defense in both fibroblasts and peripheral neurons, although the
dynamics and antiviral potential of this response differ significantly across cell types and
infecting viruses. Recognizing these differences is key to understanding how neurotropic viruses
navigate biological barriers during mucosal infection and neuroinvasion.

In fibroblasts, pretreatment with IFN-A results in a pronounced antiviral effect, reducing
pseudorabies virus (PRV) replication, implicating IFN-A's role in establishing a highly effective
antiviral state when cells are primed before viral entry. Fibroblasts reside in dermal and
submucosal connective tissues immediately beneath the mucosal epithelial barriers, positioning
them as a critical secondary defense layer that limits viral dissemination to deeper tissues,
including PNS neurons. While PRV remains highly susceptible to the antiviral state induced by
IFN-A and post-infection treatment (minimal effect on viral replication) highlights a fundamental
principle: once viral immediate-early and early proteins accumulate, they rapidly antagonize the
host cell’s antiviral defenses, rendering cells vulnerable despite IFN priming. This timing
dependency has important implications for elucidating natural infection dynamics, as IFN-A
produced by infected epithelia likely primes neighboring uninfected cells, including PNS neuron
axons, before virions spread, creating a protective barrier that influences the viral dose ultimately
reaching the neuronal cell body.

In primary neurons, pretreatment with IFN-A significantly reduces PRV replication at low
multiplicities of infection (MOI), suggesting a viral load threshold beyond which neuronal
antiviral defenses are overwhelmed [81]. This MOI-dependent protection reveals a critical

threshold phenomenon: neuronal antiviral defenses, characterized by IFN-A mediated ISG
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induction, effectively suppress low-dose infections but are overwhelmed with high viral genomes
simultaneously enter neurons. This threshold is biologically relevant for neuroinvasion, as the
number of incoming viral capsids determines the fate of infection. Low viral doses favor genome
silencing and latency establishment, whereas high doses promote productive replication through
sheer numerical advantage and rapid accumulation of viral immune antagonists. The capacity of
IFN-A to restrict low-dose infections suggests that epithelial [IFN-A production may play a critical
role in limiting neuroinvasion efficiency during productive infection, potentially reducing the
number of virions that establish latency in the cell body nucleus. Future studies examining
whether IFN-A priming influences the latency-to-productive infection ratio will be essential for
understanding how mucosal immune responses shape long-term infection outcomes.

The most notable findings of this chapter are the differential sensitivity of PRV and HSV-1
to neuronal IFN-A responses. While PRV remained highly sensitive to IFN-A-mediated
restriction in neurons, HSV-1 replicated efficiently despite inducing comparable STAT1
phosphorylation and ISG expression. This disparity demonstrated the fundamental difference in
how these two aHVs interact with neuron-specific immune defenses. Specifically, HSV-1’s
resistance to IFN-A is neuron-specific as opposed to a general viral phenotype. Both Rat2
fibroblasts and human dermal fibroblasts displayed significant [IFN-A-mediated viral replication
suppression during HSV-1 infection, demonstrating that fibroblasts retain the capacity to restrict
HSV-1 (Figure 3.3). Additionally, this neuron-specific resistance is conserved across species as
both rat SCGs and human SK-N-SH neuroblastoma cells failed to restrict HSV-1, ruling out
species-specific differences. These findings indicate that HSV-1 has evolved specialized

mechanisms to overcome antiviral defenses unique to neurons.
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Indeed, the absence of ICP34.5 in PRV and its presence in simplexviruses (HSV-1 and
HSV-2) provided a natural genetic tool to dissect its role in overcoming neuronal IFN-A
responses, while highlighting differences in aHV's neuroinvasion. The molecular basis for
ICP34.5's ability to overcome neuronal IFN-A defenses involves multiple complementary
mechanisms that collectively disable host antiviral responses. First, [CP34.5 recruits protein
phosphatase 1a (PP1a) to dephosphorylate elF2a, thereby reversing the translational shutoff
imposed by protein kinase R (PKR) and other stress-activated elF2a kinases during viral
infection [128, 137]. This function is critical because elF2a phosphorylation normally blocks
both viral and cellular protein synthesis as a protective antiviral mechanism [138]. By restoring
translation, ICP34.5 enables continued viral protein synthesis despite activation of PKR and
potentially allows viral proteins to antagonize ISG effector functions. Second, ICP34.5 inhibits
autophagy by binding Beclin-1, preventing autophagosome formation and the subsequent
degradation of viral components [87, 89]. Manivanh et al. demonstrated that ICP34.5 blocks
TANK-binding kinase 1 (TBK1)-mediated phosphorylation of interferon regulatory factor 3
(IRF3), thereby attenuating type I interferon production in trigeminal neurons (TG) [139].
Together, these functions position ICP34.5 as a regulator that counteracts the innate immune
response. Notably, this chapter showed that infection with an ICP34.5-deficient HSV-1 mutant
(A34.5) restored sensitivity to neuronal IFN-A pretreatment, demonstrating that ICP34.5 is both
necessary and sufficient for HSV-1 to overcome neuron-specific antiviral defenses. Importantly,
A34.5 replicated wild-type levels of virus yield in intreated neurons, confirming that its IFN-A
sensitivity reflects loss of immune evasion capacity rather than baseline replication defects.

Several critical questions remain unanswered. First, which specific neuronal ISG(s) mediate

IFN-A restriction of PRV? While RSAD?2 is a strong candidate, other ISGs, including IFITI,
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STAT3, and TLR7, which showed preferential induction in neurons (Chapter 2), may also
contribute to the immune response. Genetic studies analyzing individual ISGs in primary
neurons, either via knockdown or knockout, may be necessary to establish their relative
contributions. Additionally, does ICP34.5-mediated elF2a dephosphorylation disrupt specific
ISG protein localization, post-translational modifications (e.g., phosphorylation, ubiquitination),
or oligomerization required for antiviral activity? Third, why is ICP34.5-mediated resistance
neuron-specific? Do neurons express unique ISG targets particularly vulnerable to ICP34.5, or
do neuronal ISGs rely more heavily on translational control mechanisms that ICP34.5 disrupts?
Comparative ISG profiling of neurons and fibroblasts during HSV-1 infection may reveal cell-
type-specific vulnerabilities. Fourth, what compensatory mechanisms, if any, does PRV employ
in the absence of ICP34.5? PRV encodes alternative PKR antagonists such as IE180, which
inhibits the phosphorylation of elF2a; however, these viral proteins are clearly insufficient to
overcome neuronal IFN-A responses, suggesting HSV-1’s evolutionary advantage against
neuron-specific defenses [37, 140].

Collectively, this chapter summarizes the role of IFN-A in creating a potent antiviral
response with rapid, high-magnitude restriction in fibroblasts and slower, but sustained responses
in PNS neurons (Figure 3.5). However, these defenses are not universally effective. While
varicelloviruses like PRV remain vulnerable to neuronal IFN-A immune response,
simplexviruses, encoding ICP34.5, have evolved specialized countermeasures that neutralize
neuron-specific antiviral mechanisms. This evolutionary divergence explains the enhanced
neurotropism of HSV-1 and HSV-2 and their capacity to establish lifelong latent infections in

human PNS neurons.
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Figure 3.5. aHV infection triggers differential Type I1I interferon responses in peripheral
nervous system neurons and fibroblasts. Alpha herpesvirus (aHV) virions infect the mucosal
epithelium at the peripheral tissue site. Virions travel through the lamina propria and enter PNS
axon termini, where they undergo retrograde axonal transport to the neuronal cell body. During
infection, Type III interferons (IFN-L) are produced and secreted in the microenvironment. These
cytokines signal to two distinct resident cell populations with different responses. In PNS
neurons (top panel), IFN-A induction leads to STAT1 phosphorylation and homodimerization,
resulting in transcriptional activation of a subset of interferon-stimulated genes (ISGs), including
RSAD?2, Stat3, Ifitl, and TLR7, achieving up to 120-fold ISG induction. In contrast, fibroblasts
(bottom panel) exhibit robust JAK/STAT pathway activation involving both STAT1 and STAT2.
ISGF3 (Interferon-Stimulated Gene Factor 3) complex formation, comprised of STAT1/STAT2
heterodimers with IRF9, drives potent transcriptional responses with up to 1400-fold ISG
induction. This differential signaling demonstrates cell-type-specific innate immune responses
within the mucosal epithelium-PNS axis during aHV infection. Created on Biorender.com.
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CHAPTER 4: IFN-A-induced RSAD2 Contributes to a
Neuron-Specific Antiviral Barrier

Abstract

Interferon-stimulated genes (ISGs) form the backbone of intrinsic antiviral immunity, yet
only a small subset possesses well-defined biochemical activities capable of directly inhibiting
viral replication. RSAD2 (also known as viperin) is a unique ISG that directly inhibits viral RNA
synthesis through its radical SAM (s-adenosyl methionine)-dependent enzymatic conversion of
cytidine triphosphate (CTP) into 3’-Deoxy-3’,4'-didehydro-cytidine triphosphate (ddhCTP), a
chain-terminating nucleotide analog that blocks viral RNA synthesis [32, 141, 142]. Although
RSAD?2 has been studied extensively in fibroblasts and immune cells, its function in neurons, the
primary targets of aHV infections, remains to be elucidated. This chapter identifies RSAD?2 as a
central antiviral effector of the neuronal type III IFN (IFN-A) response and demonstrates that
herpes simplex virus 1 (HSV-1) overcomes this defense through ICP34.5-mediated antagonism.
While extensively characterized in immune cells and hepatocytes, RSAD2 expression and
function in neurons remain less understood [143]. IFN-A treatment robustly induces RSAD2 in
rat superior cervical ganglion (SCG) neurons and human neuroblastoma cells (SK-N-SH),
localizing to distinct punctate perinuclear structures resembling ER-derived membranes. This
RSAD?2 response occurred rapidly in human neuronal cells and more gradually in primary
neurons, consistent with the delayed yet durable IFN-A signaling identified in earlier whole-
transcriptomic analyses (Chapter 2).

The functional significance of RSAD2 was revealed through comparative analysis of
pseudorabies virus (PRV) and herpes simplex virus type 1 (HSV-1). While PRV remains highly

sensitive to IFN-A-mediated restriction in neurons, HSV-1 replicates efficiently despite
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comparable ISG induction, due to the activity of its neurovirulence factor ICP34.5. In neurons
infected with ICP34.5-deficient HSV-1 (A34.5), RSAD2 expression remains high, its punctate
perinuclear localization is preserved, elF2a phosphorylation persists, and late viral protein
synthesis is severely impaired.

Genetic validation using siRNA-mediated RSAD2 knockdown partially rescued A34.5
replication, confirming that RSAD?2 is essential in IFN-A-mediated antiviral restriction. Together,
these findings identify RSAD?2 as a neuron-specific antiviral effector whose spatial organization
and enzymatic activity are disrupted by HSV-1 through ICP34.5-mediated antagonism. This
chapter reveals a critical interface between the innate neuronal immunity and viral immune
evasion, demonstrating how simplexviruses have evolved specialized strategies to overcome

RSAD2-dependent neuronal immune response and establish PNS neuroinvasion.

4.1 Introduction

Interferon-stimulated genes (ISGs) constitute a critical component of the cell’s intrinsic
and innate immune defense against viral infections. Despite their importance, only a small subset
of ISGs has been characterized to possess well-defined biochemical mechanisms that directly
inhibit viral replication. Among these, RSAD?2 (radical S-adenosyl methionine domain-
containing 2), commonly known as viperin, stands out for its broad-spectrum antiviral activity
and a unique enzymatic mode of action [142]. The selection of RSAD2 as the central focus of
this chapter was motivated by several converging lines of evidence establishing it as the prime
candidate for mediating neuronal IFN-A restriction. Transcriptomic analysis shows that RSAD?2
is the most upregulated gene in neurons after 24 h of IFN-A treatment (Chapter 2). This suggests

RSAD?2 plays a key role in PNS neurons' type III IFN immune response. Additionally, unlike
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many immune proteins that regulate signaling pathways, RSAD2 directly interferes with viral
replication through its catalytic activity [31]. Following type I and type III interferon signaling,
RSAD?2 is rapidly upregulated and functions as an immediate antiviral effector, positioning it at

the frontline of cellular defense against diverse viruses.

Structurally, RSAD?2 contains a radical S-adenosyl-L-methionine (SAM) enzyme domain
with a 4Fe-4S cluster, a cofactor typically associated with metabolic enzymes rather than classic
immune effectors [30, 141]. This unusual structural feature provided the first clue that RSAD2
functions enzymatically rather than through protein-protein interactions of typical immune
regulators. RSAD2 catalyzes the conversion of cytidine triphosphate (CTP), a canonical
nucleotide, to synthesize 3'-deoxy-3',4'-didehydro-CTP (ddhCTP), an antiviral ribonucleotide
analog that terminates viral RNA synthesis [31, 32, 144]. This chain-terminating analog inhibits
viral RNA-dependent RNA polymerases, effectively blocking the elongation of nascent viral
RNA chains [145]. RSAD2 is an immune effector that synthesizes an antiviral nucleotide,
conceptually similar to therapeutic nucleoside analogs to HSV-1 such as acyclovir, but produced

naturally by host cells [146].

RSAD?2’s subcellular localization is functionally critical for its antiviral activity. The
protein predominantly localizes to membranes derived from the endoplasmic reticulum
(ER), lipid droplets, and mitochondria-associated membranes through its N-terminal amphipathic
ahelix, which anchors RSAD2 to membrane surfaces [147]. This membrane association
positions RSAD?2 at advantageous cellular sites frequently used by viruses for replication and
assembly. For aHVss, which undergo secondary envelopment at trans-Golgi network or ER-
derived membranes to acquire their final lipid envelope, RSAD2's strategic localization positions

it to interfere with late stages of the viral lifecycle. Whether RSAD2 localizes similarly in
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neurons- and whether this localization is maintained or disrupted during aHV infection- remains

unexplored but represents a critical determinant of its antiviral efficacy.

Much of the mechanistic understanding of RSAD2 comes from studies utilizing rapidly
dividing cell lines or primary cells not involved with the nervous system. RSAD2 was first
identified in a 2001 study by Chin, K. C., and Crewell, P. during human cytomegalovirus
(HCMYV) infection of macrophages, and was designated as cytomegalovirus-induced gene 5
(cig5) [148]. The studies revealed that RSAD2 transcripts are robustly induced within hours of
HCMYV infection, and that RSAD?2 relocalizes to perinuclear degradative compartments post-
infection, suggesting a role in disrupting viral assembly or promoting degradation of viral
components [148]. Subsequent mechanistic investigations demonstrated that RSAD2 inhibits the
late stages of the HCMYV replication cycle by blocking virion envelopment and modulating host
lipid metabolism, including cholesterol and fatty acid biosynthesis required for the acquisition of

the viral envelope and efficient virion assembly.

RSAD?2’s antiviral activity was further shown to extend to the flaviviruses, retroviruses,
influenza virus, and numerous other viruses, making RSAD?2 a pan-antiviral effector with broad-
spectrum activity [149, 150]. In the case of influenza virus, RSAD2 prevents viral budding from
the plasma membrane by disrupting lipid raft formation. For HIV-1, RSAD?2 inhibits virion
release and reduces viral infectivity through poorly defined mechanisms potentially involving
disruption of Gag protein trafficking. Against hepatitis C virus (HCV), RSAD?2 directly interacts
with the NS5A nonstructural protein and disrupts replication complex assembly. This diversity
of mechanisms suggests that RSAD2 may function through both its enzymatic activity, such as
ddhCTP production, and through direct protein-protein interactions that disrupt viral processes.

While these studies strongly implicated RSAD2 as an important intrinsic restriction factor, they
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have been performed in fibroblasts, hepatocytes, macrophages, or epithelial cells [148, 151, 152].
The function of RSAD?2 in neurons, specifically in the PNS, serve as primary cellular targets of

aHYV infection that remain to be investigated.

Importantly, most mechanistic studies on RSAD2 have focused on RNA viruses,
especially flaviviruses, orthomyxoviruses, and retroviruses, where RSAD2's production of
ddhCTP directly inhibits viral RNA-dependent RNA polymerases (RdRp) that synthesize viral
genomes and transcripts [31, 32]. Although RSAD2 has been implicated in restricting certain
DNA viruses including human cytomegalovirus (HCMV), its role in blocking alpha
herpesviruses has not been well documented [148]. RSAD2 might block herpesviruses through
mechanisms that do not involve direct inhibition of DNA replication or transcription. Some
evidence indicates that RSAD?2 disrupts lipid metabolism pathways vital for herpesvirus
envelope formation and virion assembly at ER-derived membranes [153]. RSAD2 has also been
shown to interact with and sequester cellular proteins potentially required for membrane
trafficking, which could interfere with the transport of viral glycoproteins to assembly sites.
Additionally, RSAD2-induced changes in cellular metabolism may cause ER stress and

phosphorylation of elF2a, creating a hostile environment for herpesvirus replication.

While RSAD?2 has been extensively characterized in the context of HCMV and RNA
virus infections, essentially no mechanistic studies have examined its function during simplex
virus infections in peripheral neurons, even though HSV-1 must evade intrinsic neuronal barriers
to establish lifelong latent infection in sensory ganglia. This chapter addresses whether RSAD2
restricts aHV replication through direct nucleotide incorporation, metabolic disruption, stress-

response induction, or a combination of these pathways.
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HSV-1 encodes unique neurovirulence factors absent from many other herpesviruses,
most notably ICP34.5, which antagonizes host antiviral responses through multiple
complementary mechanisms. ICP34.5 recruits protein phosphatase 1a (PP1a) to dephosphorylate
elF2a and reverse translational shutoff, binds Beclin-1 to inhibit autophagy, and inhibits TBK1-
mediated IRF3 phosphorylation to attenuate interferon production [134, 135, 154]. Unlike PRV,
that lack ICP34.5 homologues and remain sensitive to neuronal IFN-A restriction (Chapter 3),
HSV-1 encoding ICP34.5 replicates efficiently in IFN-A-treated neurons, implicating ICP34.5 as

a potential RSAD?2 antagonist. [155, 156].

Overall, the findings presented in this chapter demonstrate that RSAD?2 serves as a
primary neuronal antiviral effector downstream of IFN-A signaling, and that HSV-1's capacity to
invade PNS neurons depends critically on ICP34.5-mediated antagonism of RSAD2 function
through disruption of both its spatial organization and its downstream effects on translational
control. Elucidating RSAD’s role in neuronal immune response has key implications. If RSAD2
mediates antiviral defense, its enzymatic activity could prevent aHV neuroinvasion during
infection. Understanding how ICP34.5 antagonizes RSAD2 may aid drug development, as small
molecules disrupting their interaction or PP1a inhibitors that stabilize elF2a phosphorylation

could restore neuronal defenses.
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4.2 Results

IFN-A triggers strong neuronal RSAD?2 induction and perinuclear localization across different

species

Since RSAD2 was detected as the highest induced ISG in the RNA-seq analysis, we
further evaluated RSAD2 protein expression and subcellular localization patterns following IFN-
A treatment in primary neurons and human neuronal cell lines. In SCG neurons exposed to rat
IFN-A2 (200 ng/ml, 24 h), immunofluorescence staining revealed distinct RSAD?2 puncta
localized predominantly in the perinuclear region, with minimal presence in untreated controls
(Figure 4.1A). Western blot analysis corroborated these findings, indicating a robust induction of
RSAD?2 protein at 24 hours post-treatment, utilizing Beta-actin as a loading control (Figure
4.1B). As RSAD2 has been shown to be expressed in the central nervous system (CNS), it was
expected that protein levels would also increase in PNS neurons [157].

To analyze interferon-stimulated gene (ISG) kinetics in human neuronal cells, SK-N-SH
cells were treated with 200 ng/mL IFN-A2 for 3, 8, and 24 hours. gPCR measurements showed
RSAD?2 as the most highly induced ISG, peaking at 24 hours with greater fold-change and
sustained upregulation compared to OAS1 and IFIT1 (Figure 4.2). In human SK-N-SH neuronal
cells, IFN-A treatment induced a delayed antiviral transcriptional response. RSAD?2 expression
increased over time, reaching a significant elevation at 24 h post-treatment compared to 3 h (p <
0.05; Figure 4.2). In contrast, OAS1a and IFIT1 exhibited modest, variable increases following
IFN-A treatment and did not show statistically significant changes across time points.

A comparable temporal pattern was observed in human SK-N-SH cells, where
immunofluorescence analysis revealed perinuclear RSAD?2 puncta as early as 3 hours, with a

pronounced increase by 24 h (Figure 4.1C). Notably, in both SCGs and SK-N-SH cells, RSAD2
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perinuclear localization remained sustained across all examined time points, indicating that this
spatial pattern is a stable and conserved feature of IFN-A signaling in neuronal contexts.
Immunoblotting confirmed upregulation of RSAD?2 protein at both time points, 3 h and 24 h
post-treatment (Figure 4.1D). These results collectively demonstrate that IFN-A significantly

upregulated RSAD2 protein expression in both rodent and human neuronal cells.
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Figure 4.1. RSAD?2 expression increases after IFN-A treatment. (A) Immunofluorescence
staining of RSAD?2 in SCG cell bodies after 3 h- and 24 h-post-treatment with rat IFN-A2 (200
ng/ml). Representative images are shown (scale bars, 10 pm). (B) Immunoblotting of RSAD?2 in
SCGs treated with rat IFN-A2 (200 ng/ml) for 3 h- and 24 h-post-treatment. SNAP25 was used as
a loading control. (C) Immunofluorescence staining of RSAD2 in SK-N-SH cells treated with
human IFN-A2 (200 ng/ml) for 3 h- and 24 h-post-treatment (bars, 20 um). (D) Immunoblotting
of RSAD2 in SK-N-SH cells treated with human IFN-A2 (200 ng/ml) for either 3 h- or 24 h-post-
treatment. Beta-actin was used as a loading control.
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Figure 4.2. IFN-A-induced ISG expression kinetics in SK-N-SH cells. Normalized gene
expression (2799t in SK-N-SH cells following human IFN-A2 (200 ng/mL) treatment for 3 h-, 8
h- and 24 h-post-treatment. Statistical significance analyzed via Student’s 7 test (n > 3).
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HSV-1 infection alters RSAD?2 expression through ICP34.5 protein

After observing robust RSAD?2 induction in response to IFN-A, we next sought to
determine how viral infection modulates RSAD2 expression in the presence or absence of the
HSV-1 neurovirulence factor ICP34.5. For these experiments, we compared HSV-1 OK 14 and
PRV 180 infections to previously published HSV-1 mutants; ICP34.5 deletion: A34.5 and its
revertant, 34R, initially constructed by Dr.Thompson and Dr. Sawtell and kindly shared with us

by Dr. Leib and Drayman (Figure 4.3A) [136].

Immunofluorescence staining analyses of RSAD2 protein in SCGs demonstrated that
A34.5-infected neurons largely maintained RSAD2 protein levels and perinuclear localization. In
contrast, neurons infected with 34.5R showed less punctate organization with RSAD2 dispersed
diffusely, including within the neuronal nucleus. This diffusion of RSAD2 may suggest
disruption of spatial organization (Figure 4.3B). Specifically, RSAD2 gene expression was
markedly increased in SCGs 24 h after infection with the HSV-1 A34.5 mutant, reaching levels
comparable to those observed during PRV 180 infection (Figure 4.3C) [29]. In primary SCG
neurons infected with wild-type HSV-1 (OK14), RSAD2 expression remained low and did not
significantly change across infection, with mean values of 21.4 +0.9, 17.3 £ 0.9, and 18.5 £ 3.9
at 3, 8, and 24 hpi, respectively (Figure 4.3C). In contrast, infection with the ICP34.5-deficient
virus (A34.5) resulted in substantially higher RSAD2 expression at all timepoints, reaching 49.6
+28.0, 53.1 +£24.8, and 86.4 £ 32.1 at 3, 8, and 24 hpi. RSAD2 levels were significantly
elevated in A34.5-infected neurons compared to OK 14 at 24 hpi (p < 0.05), indicating that
ICP34.5 suppresses RSAD2 induction during HSV-1 infection, and that loss of ICP34.5 permits

sustained and amplified RSAD2 expression in neurons.
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Neurons infected with 34.5R showed reduced RSAD2 expression in comparison.
Additionally, A34.5-infected neurons largely maintained RSAD?2 protein levels throughout
infection, whereas 34.5R-infected neurons demonstrated reduced expression of RSAD2 (Figure
4.3D). To determine whether IFN-A differentially affects viral protein expression in the absence
of ICP34.5, immunoblot analysis was performed using antibodies against ICP4 (IE), ICPS8 (E),
and poly HSV-1 (L). In IFN-A pre-treated neurons, A34.5 infection demonstrated reduced IE and
E protein levels compared to 34.5R-infected neurons (Figure 4.3D). Late protein expression
decreased when SCGs were infected with A34.5, suggesting that ICP34.5 is critical for
maintaining temporal regulation of viral gene expression under IFN-A pressure, and its absence

may lead to dysregulated late gene expression (Figure 4.3D).
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Figure 4.3. ICP34.5 suppresses RSAD2 expression and enhances viral protein expression in
primary neurons. (A) To generate the HSV-1 mutant 17termA, a 20-bp linker (5'-
GTAACCTAGACTAGTCTAGC-3'" and complementary sequence 5'-
GTTACGCTAGACTAGTCTAG-3') was inserted into the BstEII restriction site (bp 125,769)
within the BamHI S+Q fragment of the HSV-1 strain 17syn+ genome. Schematic representation
of the HSV-1 genome in the prototypic P-isomer configuration, showing the unique long (UL)
and unique short (US) regions flanked by terminal repeat long (TRL), internal repeat long (IRL),
internal repeat short (IRS), and terminal repeat short (TRS) regions. Arrowheads indicate the
locations of the ICP34.5 gene. Expanded view of the BamHI S+Q region, illustrating the location
and transcriptional orientation of ICP34.5 and the primary latency-associated transcript (LAT).
Relevant restriction sites used for mutant construction are indicated with corresponding base-pair
coordinates. The restored virus, 17termAR, was generated by cotransfection of 17termA viral
DNA with the wild-type 17syn+ BamHI S+Q fragment, restoring the native sequence at the
insertion site. Figure adapted from Bolovan, et al. (1994) [136]. (B) SCGs were pretreated with
rat [IFN-A2 (200 ng/ml, 24 h) prior to infection with either 34.5R or A34.5 at MOI 1. Cells were
fixed at 24 hpi and stained for RSAD2 expression (scale bars, 10 pm). (C) Normalized gene
expression (2799t of RSAD2 in SCGs following infection with A34.5, or 34.5R at MOI 1 for 3 h
or 24 hpi. Statistical significance was assessed using unpaired two-tailed t tests with Welch’s
correction. (D) Immunoblotting of SCGs pretreated with rat IFN-A2 (200 ng/ml) for 24 h and
infected with either 34.5R or A34.5 at MOI 1 for 3 h, 8 h, or 24 h prior to harvest. Lysates were
probed with antibodies against RSAD2, ICP4 (immediate early), ICP8 (early), poly-HSV-1
(late), and SNAP25 (loading control).
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Neuronal IFN- J. response does not affect viral gene transcription

To assess the effect of IFN-A pretreatment on viral gene expression, we pretreated
superior cervical ganglia (SCGs) with IFN-A2 (200 ng/ml, 24 h). Then, cells were infected with
HSV-1 (OK14) or A34.5 at an MOI of 1. Viral transcripts: immediate-early (ICP27), early
(ICPS8), and late (gC) were measured by qPCR at 3 h, 8 h, and 24 h after infection and
normalized to GAPDH, a housekeeping gene. At 24 hours post-infection (hpi), the A34.5 mutant
virus showed significantly increased gC transcript levels compared to OK14 (p < 0.05; Figure
4.4A). This indicates that IFN-A pretreatment did not inhibit viral gene expression in the
ICP34.5-deficient mutant (A34.5) during infection. SK-N-SH cells underwent the same treatment
protocol (IFN-A2 pretreatment followed by OK 14 or A34.5 infection at MOI of 1). Notably, at 24
hpi, A34.5-infected cells showed a significant increase in gC transcript levels compared to OK 14
(p < 0.05; Figure 4.4B). These findings suggest that IFN-A alone does not directly impair viral

gene expression.
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Figure 4.4. Neuronal IFN-A pretreatment does not alter HSV-1 gene expression
significantly. (A) qPCR quantification of viral immediate-early (ICP27), early (ICPS), and late
(gC) gene expression in SCG neurons pre-treated with rat IFN-A2 (200 ng/ml) for 24 h and
infected with wild-type HSV-1 (OK14) or A34.5 at MOI 1 for either 3 h-, 8 h-, or 24 hpi.
Statistical significance was performed using Student’s ¢ test: *, p <0.05 (n=3 replicates). (B)
Similar analysis performed with SK-N-SH cells pre-treated with human IFN-A2 (200 ng/ml) for
24 h and infected with OK 14 or A34.5 at MOI 1. Statistical significance was assessed using
Student’s ¢ test: *, p <0.05 (n=3 replicates).
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1CP34.5 modulates RSAD?2 expression to counteract neuronal antiviral responses

To examine the intracellular distribution and regulation of RSAD2 during HSV-1
infection in human neuronal cells, SK-N-SH cells were pretreated with their respective [IFN-A2
(200 ng/ml, 24 h) and infected with either the revertant virus, 34.5R, or the ICP34.5-deficient
mutant (A34.5). SK-N-SH cells were analyzed at 3 hpi and 24 hpi by immunofluorescence and
immunoblotting. In 34.5R-infected cells, RSAD2 staining detection decreased at later timepoints
of 24 hpi in comparison to earlier timepoints at 3 hpi (Figure 4.5A). In contrast, A34.5-infected
cells displayed a more punctate, perinuclear distribution of RSAD?2 that persisted at both early
and late time points (Figure 4.5A). In several infected cells, RSAD?2 remained concentrated
around the nuclear envelope, suggesting that loss of ICP34.5 preserves its subcellular
localization, potentially by preventing viral disruption of host protein trafficking or organelle
organization.

A similar pattern appeared in the steady state expression of genes in SK-N-SH cells,
where RSAD2 upregulation occurred only after A34.5 infection with IFN-A pretreatment, not
with wild-type virus (Figure 4.5B). These results were confirmed by immunoblot analyses of
RSAD?2 protein levels. In SK-N-SH neurons, RSAD2 expression decreased during OK 14
infection, with significantly lower levels at 24 hpi than at 3 hpi (p < 0.05; Figure 4.5B). In
contrast, RSAD?2 expression was maintained during A34.5 infection, resulting in significantly

higher RSAD?2 levels at 24 hpi compared to OK14 (p < 0.05; Figure 4.5B).

To further explore viral infection progress in these cells, we examined HSV-1 viral
protein expression. Cells infected with the ICP34.5 revertant strain (34.5R) showed strong late
protein expression at both 8 hpi and 24 hpi, consistent with efficient replication (Figure 4.5C). In

contrast, A34.5-infected cells displayed reduced viral protein accumulation. These results suggest
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that ICP34.5 by altering the localization and reducing the amounts of RSAD2 protein, promotes

HSV-1 late gene expression in primary rat neurons and human neuronal cells.
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Figure 4.5. ICP34.5 modulates host antiviral responses and supports late gene expression in
HSV-1-infected SK-N-SH cells. (A) Immunofluorescence staining of SK-N-SH cells pretreated
with human IFN-A2 (200 ng/ml, 24 h) prior to infection with either 34.5R or A34.5 at MOI 1.
Cells were fixed at 3 hpi and 24 hpi and stained for RSAD2 expression. Scale bars are 10 pm.
(B) Normalized gene expression of RSAD2 in SK-N-SH cells following infections with either
A34.5 or 34.5R at MOI 1 across three timepoints: 3, 8, and 24 hpi. Statistical significance was
determined using an unpaired Student’s ¢ test; *, p < 0.05. (C) Immunoblotting of SK-N-SH cells
pretreated with human IFN-A2 (200 ng/ml) for 24 h and infected with either 34.5R or A34.5 at
MOI 1 for 3, 8, and 24 h. Beta-actin was used as a loading control.
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RSAD?2 accumulation on the endoplasmic reticulum sustains p-el F2a-mediated translational

arrest in the absence of functional ICP34.5

To examine whether IFN-A pretreatment affects host stress-response pathways targeted
by ICP34.5, we assessed elF2a phosphorylation in SCG neurons infected with the A34.5 or
revertant strain (34.5R). Neurons were pretreated with rat IFN-A2 (200 ng/ml, 24 h) and
harvested at 24 hpi for immunoblot analysis. PNS neurons pre-treated with IFN-A and infected
with A34.5 demonstrated sustained p-elF2a expression, whereas those infected with 34.5R

displayed a gradual reduction in detection levels (Figure 4.6A and 4.6B).

Immunoblot analysis was performed to assess e[F2a phosphorylation in human SK-N-SH
cells to determine whether the sustained p-elF2a observed in SCGs was similarly maintained in a
human neuronal cell model (Figure 4.7A). Variance-robust ANOVA tests revealed a significant
overall treatment effect (Brown-Forsythe ANOVA: F*(6, 12.39) = 15.28, p < 0.0001; Welch’s
ANOVA: W(6, 6.178) = 12.05, p = 0.0036). Using Games-Howell post hoc testing to account for
unequal variance, A34.5 infection resulted in significantly increased elF2a phosphorylation at 8
hpi (p < 0.05; Figure 4.7B). At 24 hpi, A34.5-infected cells showed significantly higher
phosphorylated elF2a levels compared to 34.5R-infected cells (p < 0.05; Figure 4.7B). In
contrast to the sustained response in A34.5-infected cells, elF2a phosphorylation declined
significantly over time in 34.5R-infected cells (3 hpi vs 24 hpi, p < 0.05; Figure 4.7B). Together,
these results indicate that ICP34.5 promotes dephosphorylation of elF2a during late infection,

whereas its absence leads to sustained activation of the host translational stress response.
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Figure 4.6. eIF2a phosphorylation sustains in IFN-A-treated SCGs during A34.5 infection.
SCGs were pretreated with rat IFN-A2 (200 ng/mL, 24 h) and subsequently infected with either
the HSV-1 ICP34.5-revertant strain (34.5R) or the ICP34.5-deficient mutant (A34.5) at MOI 1.
(A) Cells were harvested 3-, 8-, and 24 h post-infection for immunoblot analysis. Immunoblots
were probed with antibodies against phosphorylated elF2a (p-elF2a). SNAP25 was used as a
loading control (n=2 triplicates). (B) p-eIF2a levels were normalized to SNAP25 and
demonstrate efficient p-elF2a depletion (n=2 triplicates; ND = not detected). Bars represent
mean = SEM.
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Figure 4.7. eIF2a phosphorylation sustains during ICP34.5-deficient HSV-1 infection in
IFN-A-treated human neuronal cells. SK-N-SH cells were pretreated with human IFN-A2 (200
ng/mL, 24 h) and subsequently infected with either the HSV-1 ICP34.5-revertant strain (34.5R)
or the ICP34.5-deficient mutant (A34.5) at MOI 1. (A) Cells were harvested 3, 8, and 24 h post-
infection for immunoblot analysis. Immunoblots were probed with antibodies against
phosphorylated elF2a (p-elF2a). Beta-actin was used as a loading control (n=3). (B) p-elF2a
levels were normalized to Beta-actin and demonstrate efficient p-elF2a depletion (n=3
triplicates). Bars represent mean + SEM. Individual points indicate biological replicates.
Statistical significance was determined using Brown-Forsythe and Welch one-way ANOVA
followed by Games-Howell’s multiple comparisons test. *, p < 0.05; ns, not significant.
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RSAD? functions as a key antiviral effector of IFN-i-mediated response in PNS neurons

To directly assess the role of RSAD2 in mediating IFN-A-dependent restriction of HSV-
1, we performed RNA interference experiments in primary SCG neurons utilizing siRNA
magnetofection. Immunoblot analysis confirmed efficient silencing of RSAD2 following
transfection with a rat RSAD2-specific siRNA compared to a non-targeting (NT) control. Band
intensities normalized to SNAP25 demonstrated a significant reduction in RSAD2 protein levels,

validating the knockdown efficiency (Figure 4.8A).

We next evaluated the functional impact of RSAD2 depletion on viral replication during
IFN-A treatment. SCGs were pretreated with rat IFN-A2 (200 ng/mL, 24 h) and subsequently
infected with the HSV-1 A34.5 mutant for 24 h at MOI 10. Due to unequal variance across
treatment groups, viral titers were analyzed using Brown-Forsythe and Welch one-way ANOVA.
Both tests revealed a significant overall effect of treatment, indicating that viral replication
differed among experimental conditions (Brown-Forsythe ANOVA: F*(3, 12.82) =5.949, p =
0.0090; Welch ANOVA: W(3, 7.734) = 6.916, p = 0.0139). Games-Howell’s post hoc analysis
demonstrated that IFN-A significantly reduced viral replication relative to untreated neurons (p <
0.05; Figure 4.8B). Notably, RSAD2 knockdown (siRSAD?2) restored virus yield similar to
untreated levels despite IFN-A pretreatment (p < 0.05; Figure 4.8B). These findings demonstrate
that RSAD2 contributes to the antiviral effect of IFN-A in neurons and plays a central role in

restricting HSV-1 in the absence of ICP34.5.
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Figure 4.8. RSAD2 knockdown restores ICP34.5-deficient HSV-1 replication in IFN-A-
treated SCGs. (A) Representative immunoblot showing RSAD2 protein levels in SCGs
following transfection with nontargeting (NT) or RSAD2-specific siRNA. Quantification of the
bands shown below the blot using ImageJ. RSAD?2 levels were normalized to SNAP25 and
demonstrate efficient RSAD2 depletion (RSAD2, 0.061 £ 0.003 SEM relative to NT control;
unpaired Student’s 7 test, **, p < 0.005). (B) SCGs were transfected with nontargeting (siNT) or
rat RSAD2-specific siRNA (siRSAD?2) for 48 h and pretreated with rat IFN-A2 (200 ng/mL) for
24 h prior to infection with the HSV-1 A34.5 mutant at an MOI of 10. Viral titers were
quantified at 24 h post-infection. Bars represent mean = SEM. Individual points indicate
biological replicates. Statistical significance was determined using Brown-Forsythe and Welch
one-way ANOVA followed by Games-Howell’s multiple comparisons test. *, p < 0.05; ns, not
significant.
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4.3 Discussion

This chapter further characterizes RSAD2 (viperin) as an antiviral effector mediating
IFN-A restriction of aHV and demonstrates that HSV-1 can overcome this defense through
ICP34.5 antagonism in PNS neurons. Our results demonstrate that RSAD2 is strongly induced
by IFN-A in peripheral neurons, localizes to punctate perinuclear ER-associated structures, and
effectively restricts aHV replication as demonstrated by RSAD?2 functional assays (Figure 4.6).
However, HSV-1 encoding ICP34.5 disrupts RSAD2’s spatial organization and reverses its
downstream effects on translation, allowing productive infection in IFN-A-primed neurons.
These findings directly address the central questions from Chapters 2 and 3 and establish the
molecular basis of simplexvirus neurotropism.

The differential RSAD2 induction observed between rat superior cervical ganglion (SCG)
neurons and human SK-N-SH neuroblastoma cells raises important questions about species-
specific and developmental regulation of innate immunity. IFN-A treatment induced RSAD2
protein accumulation in human SK-N-SH cells within 24 h, with prominent perinuclear puncta
clearly visible by immunofluorescence. Likewise, rat primary SCG neurons exhibited similar
induction; albeit with weaker staining intensity and less pronounced punctate localization
indicating that RSAD?2 regulation may differ with neuronal developmental state or species-
specific innate immune programming. Rat and human IFN-A receptors (IFN-AR1/IL-10R2)
exhibit sequence divergence that may influence ligand binding affinity or downstream signaling
strength [21]. Also, the developmental or differentiation state may influence RSAD2
responsiveness: SK-N-SH cells are transformed neuroblastoma cells with retained proliferative

capacity, whereas primary SCG neurons are fully differentiated, post-mitotic cells. Transformed
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cells may exhibit enhanced interferon responsiveness or altered chromatin states that facilitate
rapid ISG induction compared to quiescent primary neurons [ 158].

Species-dependent differences in RSAD?2 antiviral function have documented mouse
RSAD?2 displaying more potent activity against HSV-1 than human RSAD2 [151]. This species-
specific variation in RSAD?2 antiviral potency suggests that tHVs and RSAD2 have co-evolved,
with viruses adapting to the RSAD?2 variants present in their natural host species. The finding
that both rat and human neurons restrict HSV-1 A34.5 despite quantitative differences in RSAD2
induction indicates that the RSAD2-ICP34.5 antagonistic relationship is functionally conserved
across species, supporting its fundamental importance in antiviral activity. While we observed
quantitative differences in RSAD?2 induction between rat SCG neurons and human SK-N-SH
cells, the biological significance of these differences remains uncertain. Future comparative
studies using primary human sensory neurons (e.g., dorsal root ganglia from organ donors) will
be necessary to determine whether the enhanced RSAD?2 response observed in SK-N-SH cells
reflects genuine species differences or artifacts of transformation and cell line adaptation.

HSV-1 deploys multiple complementary strategies to neutralize RSAD2, highlighting its
relevance as a viral restriction factor and suggesting evolutionary selection pressure. The HSV-1
virion host shutoff protein (vhs), encoded by UL41, is a multifunctional endoribonuclease that
nonspecifically degrades host mRNAs to shut off cellular protein synthesis and redirect the
translational machinery toward viral proteins. Studies have demonstrated vhs targets RSAD2
mRNA and deplete RSAD2 protein during infection [152]. Shen et al. demonstrated that RSAD2
strongly inhibits UL41-null HSV-1 replication, supporting the idea that the virus actively
suppresses RSAD2 [152]. ICP34.5 serves as another HSV-1 countermeasure, disrupting RSAD2

localization and reversing elF2a phosphorylation to restore late protein synthesis. However, in
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IFN-A-primed neurons where RSAD?2 protein is pre-induced and accumulated before viral entry,
vhs-mediated mRNA degradation is insufficient to eliminate pre-existing RSAD?2 protein, which
has a relatively long half-life (about 6-9 hours in many cell types) [159]. Under these conditions,
ICP34.5 provides a complementary and perhaps more critical mechanism by disrupting RSAD2
function at the protein level.

This work further identifies HSV-1 ICP34.5 as a neuron-specific antagonist of RSAD2.
First, ICP34.5 disrupts RSAD2’s spatial organization. In IFN-A-primed neurons infected with
wild-type HSV-1, RSAD2 puncta rapidly dispersed from perinuclear foci to diffuse into the
cytoplasm, coinciding with a reduction in total RSAD?2 protein levels (Figure 4.3). This behavior
is consistent with previous studies showing that ICP34.5 directly disrupts the spatial organization
of RSAD2 [160].

Second, ICP34.5 reverses RSAD2's downstream effects on translation by recruiting
protein phosphatase 1o (PP1a) to dephosphorylate elF2a. Our immunoblot analysis confirmed
this mechanism, demonstrating that A34.5-infected SK-N-SH cells maintained high levels of
phosphorylated elF2a and exhibited severely impaired late viral protein synthesis (Figure 4.5C
and Figure 4.7). In contrast, revertant 34.5R infections showed elF2a dephosphorylation and late
protein production. Primary neurons exhibited a more complex phenotype. Immunoblot analysis
of IFN-A pre-treated neurons infected with A34.5 or 34.5R demonstrated viral protein levels were
elevated when ICP34.5 was present, suggesting that indeed ICP34.5 is essential for temporal
gene expression during HSV-1 infection (Figure 4.3D). Primary neurons may respond differently
to p-elF2a-mediated translational stress than neuroblastoma cells, potentially due to differences
in basal PKR activity or virion assembly efficiency. This two-pronged antagonism, spatial

disruption of RSAD?2 plus functional reversal of its downstream effects on translation,
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demonstrates the selective pressure RSAD2 imposes on HSV-1 and explains why viruses lacking
these countermeasures (e.g., PRV) remain vulnerable to neuronal IFN-A responses.

We next performed loss-of-function studies in neurons to further investigate RSAD2’s
essential role in the immune response. siRNA-mediated RSAD2 knockdown in IFN-A-primed
SCG neurons partially restored replication of A34.5 HSV-1. This finding demonstrates that
RSAD?2 contributes to the antiviral response against HSV-1 and that ICP34.5 mitigates this. This
strongly suggests that RSAD2 and ICP34.5 function as opposing determinants of infection
outcome in neurons. In A34.5 infection, RSAD2 remains localized in perinuclear antiviral
compartments, maintains high mRNA levels, and potently restricts infection. When ICP34.5 is
present, these antiviral functions collapse, enabling the virus to proceed with genome replication
and late gene expression despite the IFN-A primed state.

A central question in Chapter 3 was to dissect how different aHV's interact with neuronal
RSAD2-mediated defenses. PRV provided a critical comparison due to the lack of an ICP34.5
homologue, enabling direct assessment of RSAD2 function in the absence of viral impact. This
chapter shows that PRV maintained RSAD2 expression during infection at 3 hpi, 8 hpi, and 24
hpi when neurons were primed with IFN-A for 24 h. While RSAD?2 localization during PRV
infection was not explored in this chapter, the parallels between PRV and d34.5 HSV-1
sensitivity (both lacking ICP34.5) strongly suggest that PRV is unable to overcome RSAD2-
mediated defenses. This finding has critical implications for understanding aHV evolution and
neurotropism.

PRYV, despite being a highly neurotropic swine virus, does not naturally infect higher
primates and displays a limited range of hosts. VZV, which also lacks ICP34.5, establishes

latency in human dorsal root ganglia but requires higher viral loads and demonstrates limited
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spread in PNS neurons. The absence of ICP34.5 in varicelloviruses may render them more
vulnerable to IFN-A-mediated responses, partially explaining their distinct neurobiological
properties compared to simplexviruses. aHV's have evolved sophisticated viral programs to
overcome neuronal RSAD2-mediated responses, enabling efficient neuroinvasion and
establishment. The differential sensitivity of PRV (restricted) versus HSV-1 (resistant) to IFN-A
represents that RSAD2 and other ISG restriction is potent and effective when viral
countermeasures are absent but can be overcome by viruses encoding specialized antagonists
such as ICP34.5.

The differential antiviral response of IFN-f (type I IFN) compared to IFN-A (type III
IFN) as observed in Chapter 3 warrants further discussion in the context of RSAD?2. Specifically,
IFN-B triggers a rapid onset of interferon-stimulated gene (ISG) expression, including a strong
induction of RSAD?2, resulting in a high-magnitude response. In contrast, [FN-A induces a slower
but more sustained response over a longer period. This pattern of response mirrors what has been
observed in epithelial cells, but in neurons, these responses are more pronounced. Neurons seem
to be predisposed to a response that is dampened in intensity but maintained over an extended
duration when stimulated by IFN-A. The variations in receptor levels, the speed of signal
transduction, or the accessibility of chromatin regions for ISGs could all play roles in this
reduced sensitivity. The delayed yet persistent response to IFN-A might actually be advantageous
for neurons, as an overt or rapid activation of antiviral pathways could cause cytotoxic stress and
damage. The finding that IFN-A induces sustained RSAD2 expression suggests that type III [FNs

may be particularly effective at establishing neuron-specific long-lasting antiviral response.

In contrast to the strong IFN-A-mediated restriction observed in PRV infection, HSV-1

remained largely resistant in both rodent primary neurons and human neuronal models. This

100



resistance was not observed in fibroblasts, where IFN-A effectively suppressed HSV-1
replication, demonstrating that the evasion mechanism is neuron-specific rather than species-
specific. Based on the findings in this chapter, I proposed a model for how IFN-A establishes
RSAD2-mediated antiviral response in neurons and how HSV-1 overcomes them via ICP34.5
antagonism (Figure 4.9). In this model, IFN-A produced by infected epithelial cells at mucosal
barriers diffuses to adjacent tissues and primes uninfected cells, including PNS neuron axon
terminals innervating at these sites. IFN-A binding to receptors, IFNLR1/IL10B, activates
STATI-selective signaling (Chapter 2), leading to transcription of ISGs, including RSAD2.
RSAD?2 protein accumulates and localizes to punctate perinuclear ER-derived membrane
domains through its N-terminal amphipathic ahelix. When HSV-1 infects IFN-A primed neurons,
RSAD?2 activity and associated ER stress activate PERK and PKR, leading to elF2a
phosphorylation that enforces translational arrest. HSV-1 overcomes this barrier by deploying
ICP34.5 to dismantle RSAD2’s structural organization while simultaneously subverting the
integrated stress response to restore viral translation. Together, RSAD2 and ICP34.5 define a
neuron-specific antagonistic mechanism that determines whether HSV-1 commits to productive

replication or is suppressed in a type III [FN-primed environment.
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Figure 4.9. Proposed model of ICP34.5-mediated regulation of RSAD2 during IFN-A-
induced antiviral responses in neurons. (1) HSV-1 enters via nectin-1 and gD-mediated
attachment, activating innate immunity. (2) IFN-A binds its receptor, triggering the
phosphorylation of JAK1/TYK2 and STAT1/2, which form ISGF3 and promote the expression
of ISGs, such as RSAD?2 (viperin). (3) RSAD2 localizes to the endoplasmic reticulum (ER),
restricting viral replication by altering lipid metabolism, inducing translational shut off and
disrupting assembly. (4) HSV-1 ICP34.5 counteracts this by recruiting PP1a to dephosphorylate
elF2a, inhibiting translational shutoff, and interfering with ER stress response, thus limiting
RSAD?2 antiviral activity.
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CHAPTER 5: Axonal Responses to IFN-A Suppress «cHV
Retrograde Transport and Productive Infection

Abstract

Neuroinvasion by aHV's begins when virions released from infected mucosal epithelia
encounter peripheral neuronal axons that have already been exposed to inflammatory cytokines.
These early cytokine signals may function as an advanced warning system, enabling axons to
initiate intrinsic antiviral defenses before viral particles reach the soma. Here, we investigated
how type III interferon (IFN-1), a prominent mucosal antiviral cytokine, shapes early neuronal
responses to incoming virions. Using compartmentalized superior cervical ganglion (SCG)
cultures, we found that local IFN-A treatment of axons within the N-compartment significantly
reduced retrograde transport of PRV180 (mRFP-VP26) capsids, following infection at MOI 10,
indicating that IFN-A establishes a localized axonal antiviral state. Reduced number of virion
movement correlated with delayed infection, as axonal IFN-A pretreatment diminished PRV180

signal at 24 hpi; however, by 48 hpi, virus infection overcomes the antiviral restriction at this

MOL.

To determine the signaling mechanism underlying this restriction, we examined IFN-A-
induced JAK-STAT activation using immunofluorescence microscopy and Western blot
analysis. Chapter 2 demonstrated that global (cell body and axon) exposure to IFN-A triggered
strong STAT1 phosphorylation and nuclear accumulation, but minimal STAT2 activation.
Notably, when IFN-A was applied exclusively to axons, p-STAT1 accumulated locally within
neurites without nuclear translocation, demonstrating that axons autonomously sense IFN-A and
initiate non-canonical STAT1-dependent signaling independent of the soma. To confirm that

STAT1 phosphorylation was required for axonal IFN-A-mediated restriction, we inhibited
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STATI using fludarabine. Fludarabine treatment selectively blocked p-STAT1 accumulation in
axons and abolished the antiviral activity of IFN-A against PRV 180. Under these conditions,
PRV 180 capsid movement, cell body accumulation, and viral yields were comparable to
untreated control neurons, confirming that STAT1 activation in axons is both necessary and
sufficient for IFN-A-mediated restriction of retrograde viral transport. Collectively, these findings
identify that the axonal STATI signaling axis may limit a-herpesvirus retrograde transport and
neuroinvasion, revealing a key cytokine-driven type III IFN checkpoint at the mucosal epithelial-

PNS junction.

5.1 Introduction

Life-long infection by aHV's such as HSV-1 requires successful neuroinvasion: virions
released from epithelial cells must gain access to PNS neurons via axonal termini and engage the
retrograde transport motors to reach the neuronal nucleus, where infection is established.
Infected epithelial cells rapidly mount an immune response, including cytokine release such as
type I and type III IFNs, to nearby uninfected cells, including PNS neurons. These cytokine
signals function as an advanced warning system, enabling neurons to initiate antiviral defenses
before virions physically contact axons. One question central to aHV neuroinvasion is whether
axons can autonomously detect and trigger local antiviral responses that restrict viral entry and

retrograde transport independent of transcriptional programs in the soma.

Prior studies using compartmentalized primary cultures of neurons show that axons can
sense cytokines and respond with or without direct input from the cell body [79]. This early
axonal response may determine whether viral particles are able to reach the nucleus through

retrograde transport or are held back in the axons. Should only a small number of virions be able
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to reach the soma these genomes may never start a productive infection and are immediately
silenced [81]. Thus, axonal exposure to IFNs represents a critical immune checkpoint that

determines the infection outcome.

Although neurons express the type I IFN receptor (IFNAR1/2) and can initiate STAT1-
mediated antiviral signaling, they produce and secrete type I IFN at a substantially lower level
than epithelial cells [20, 161]. Nonetheless, type I IFN pretreatment has been shown to protect
neurons from productive HSV-1 infection, promote latency, and decrease reactivation frequency
in multiple experiment systems [16, 17, 100]. When type I IFN is directly applied to axons
within compartmented chambers (N-compartment), p-STAT1 accumulates locally in the axon
and is sufficient to block retrograde capsid transport, thereby reducing the number of viral
genomes reaching the neuronal nucleus [79]. This axon autonomous response occurs
independently of the cell body, revealing that peripheral axons can initiate localized antiviral
response upon cytokine detection. If early mucosal defenses fail, delayed immune signals (e.g.
interferon-y made by immune-cell infiltrators) activate p-STAT1 and direct its nuclear
translocation in the infected neuron, upregulating antiviral gene programs, including apoptosis if
necessary [12, 14, 17]. Thus, neuronal interferon signaling consists of at least two phases: early

axon-localized responses, followed by late nuclear responses including ISG expression.

Despite these insights into type I IFN signaling in axons, the role of type III IFNs (IFN-A)
in axonal immune response remains to be elucidated. IFN-A is the predominant interferon
produced at mucosal epithelial barriers, including oral, genital and respiratory epithelia, where
aHV initiate primary infection [21, 28, 162, 163]. Unlike ubiquitously expressed type I IFN

receptor (IFNAR1/IFNAR?2), IFN-A signals through a distinct receptor complex (IFNLR1/IL-
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10B) with restricted tissue expression being most abundant in mucosal tissue and showing lower

but detectable expression in neurons [21].

Importantly, all previous characterizations of neuronal IFN-A responses in this thesis
examined responses in whole neurons (both the cell body and axon). Whether IFN-A can
establish axon-independent antiviral responses comparable to those observed with type I IFNs
remained unknown. Given that IFN-A is the primary interferon produced at mucosal sites where
aHVs initiate infection, and that PNS axons directly innervate these mucosal tissues, it is critical
to understand whether axonal IFN-A provides a frontline defense against neuroinvasion and to

define the spatial organization of neuronal immunity.

This chapter investigates whether IFN-A establishes a local axonal antiviral response that
restricts oHV neuroinvasion. Using compartmentalized primary neuron cultures that physically
separate the cell body (S-compartment) from the axons (N-compartment), the following studies
investigate these central questions: Does local IFN-A treatment restrict retrograde transport of
incoming viral capsids? Can axons activate STAT1 phosphorylation without signaling from the
soma? Lastly, is axonal accumulation of p-STAT1 sufficient for [IFN-A-mediated restriction of

capsid transport?

5.2 Results

Reduced viral particle motility after IFN-/ pretreatment

To assess whether IFN-A treatment influences viral particle transport within the axon, the
N-compartments of compartmentalized sympathetic neuron (SCG) cultures were pre-treated with

200 ng/mL rat IFN-A2 for 24 hours. Subsequently, the transport of recombinant pseudorabies
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virus (PRV180), engineered to express mRFP-VP26 capsid protein, was monitored within the
distal axonal (N) compartment (Figure 5.1A). Live-cell microscopy (63X) was used to study
retrograde transport in axons of untreated or IFN-A-pretreated neurons infected with PRV180 at
MOI 10 (Figure 5.1B) between 15 min and 1 hpi. Quantitative analysis using /mageJ to
determine the percentage of virions displaying directed movement over a 60-second interval
revealed that IFN-A significantly reduces the number of virus particles capable of sustained
retrograde transport (Figure 5.1C). These observations support a model in which IFN-A locally

primes neurons and establishes an initial axonal antiviral state.

Delayed productive infection upon axonal IFN-J. treatment at MOI 1

Following our observation that local IFN-A exposure in axons decreases virion motility,
we further examined whether this reduction would affect the overall infection efficiency. To
assess whether IFN-A treatment influences the establishment of a productive retrograde infection
in neuronal cell bodies, we pre-treated the N-compartment of compartmentalized sympathetic
neuron (SCQG) cultures with 200 ng/mL of rat IFN-A2 or vehicle for 24 hours. After this
pretreatment, the cultures were infected with PRV 180 at a multiplicity of infection (MOI) of 1
(Figure 5.2A). To visualize the connectivity between axons in the N-compartment and the soma
in the S-compartment, we used Dio, a lipophilic dye that allows detailed observation of neural
connections. Infection progression was monitored in the S-compartment at 24 h and 48 h post-
infection (Figure 5.2B). We observed that pretreatment with [FN-A reduced retrograde PRV180
infection at 24 hours post-infection, but this delay was restored by 48 h as the virus infection
overcame IFN-A-mediated restriction (Figure 5.2C). These results suggest that local exposure to
IFN-A can delay the establishment of productive retrograde infection, potentially affecting the

spread and efficiency of viral infection within neural pathways.
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Figure 5.1. IFN-A pretreatment reduces retrograde axonal transport of incoming PRV
particles in SCG neurons. (A) Schematic of the compartmentalized SCG neuron culture system
showing IFN-A2 pretreatment (200 ng/mL, 24 h) applied to the soma (S) compartment prior to
PRV-180 infection of the distal axonal (N) compartment. (B) Representative live-cell images of
axonal PRV-180 particles (mRFP-VP26 capsid) imaged at 63X magnification in untreated and
IFN-A-pretreated neurons in black-and-white over a period of 15 minutes to 1 h. Scale bars are
50 um; n = 3 replicates. (C) Quantification of virion transport dynamics using ImageJ particle-
tracking analysis over a 60-second recording period. Statistical significance analyzed via
Student’s ¢ test (n > 3) is indicated as follows: ***, p <0.0005.
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Figure 5.2. IFN-A pretreatment in axons delays productive retrograde PRV infection. (A)
Schematic of compartmentalized SCG cultures showing DiO labeling (green) in the N-
compartment to confirm axonal connectivity with soma in the S-compartment. The N-
compartment was pre-treated with 200 ng/mL rat IFN-A2 for 24 h before infection with PRV180
(MOI 10). The red box surrounds the area imaged (S-compartment) (B) Representative
fluorescence images at 24 and 48 hpi taken at 63X objective. Scale bar is set to 200 um. (C)
Primary infection of PRV 180 was determined by normalizing red capsid fluorescence with DiO
after 24 hpi. Statistical significance analyzed via Student’s ¢ test, ns: not significant (n > 3).
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Local IFN-J exposure induces axonal p-STATI accumulation independent of soma signaling
We previously showed that global IFN-A treatment activates canonical JAK-STAT
signaling in SCG neurons, leading to strong STAT1 phosphorylation in primary neurons (but not
STAT?2) [29] (Figure 5.3A and 5.3B). Under global treatment conditions, p-STAT1 was
primarily localized in neuronal nuclei, similar to the pattern observed with IFN-f—treated SCGs,
which aligns with previous findings that both cytokines induce classical ISGF3-dependent
transcriptional programs after neuron-wide exposure [79] (Figure 5.3C). To investigate whether
axons alone can sense type III IFN and trigger a localized signaling response, we selectively
exposed only the neurite (N) compartment of SCG tri-chambers to exogenous IFN-A2 (200
ng/mL, 24 h) (Figure 5.3D). Immunofluorescence analysis showed accumulation of p-STAT1
within axons after treatment, suggesting that distal axons can independently phosphorylate and
retain STAT] in response to local IFN-A (Figure 5.3E). These results distinguish localized
axonal IFN-A signaling from the classical soma-driven response and demonstrate that distal
axons can autonomously activate STAT1 without involving the cell body’s transcriptional

machinery.
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Figure 5.3. STAT1 phosphorylation is induced in SCGs in response to global or local IFN-A
treatment. (A) Schematic design demonstrating the treatment of SCGs globally with rat IFN-A2
(200 ng/mL, 24 h). (B) SCG neurons were globally treated with rat IFN-A2 (200 ng/mL, 24 h)
and blotted for p-STATI, p-STAT2, or Beta-actin (control). (C) Immunofluorescence staining of
p-STAT1 nuclear localization in SCGs treated with IFN-A and IFN-; DAPI was used as a
control to stain the nucleus, and p-STAT]1 can be observed in red. (D) SCG neurons were
cultured in the M-compartments of the tri-chambers, and only the neurite (N) compartment
received IFN-A2 treatment (200 ng/mL, 24 h), while the cell bodies remained untreated. (E)
Axonal p-STATI was visualized by immunofluorescence to evaluate local activation of STATI.
P-STAT]1 can be observed under green fluorescence and Beta-actin was used as a cytoplasmic
control in red. DAPI was used to stain nuclei blue. Images were taken at 63X, and the scale bars
are 20 pm.

111



Inhibition of STATI phosphorylation abolishes the IFN-/—dependent antiviral response in

axons

To determine whether IFN-A-mediated restriction of aHV infection requires STATI
activation, we first validated pharmacological inhibition of p-STAT1 using fludarabine, a known
STAT]I inhibitor [164, 165]. Rat embryonic fibroblast (REF) cells were pre-treated with 50 uM
fludarabine for 24 h, followed by IFN-A2 exposure. In REF cells, fludarabine effectively blocked
STAT1 phosphorylation, eliminating the p-STAT]1 signal normally induced by IFN-A (Figure
5.4A). In contrast, p-STAT2 activation remained intact despite inhibitor treatment, indicating
that fludarabine selectively suppresses STAT1 without interfering with upstream IFN-A receptor
signaling. We next assessed whether axonal p-STAT]1 is required for the antiviral activity of
IFN-A in sympathetic neurons. The neurite (N) compartment of the tri-chamber was pre-treated
with 50 uM fludarabine or vehicle for 24 h, followed by localized rat IFN-A2 exposure (200
ng/mL, 24 h), and subsequently infected with PRV180 (MOI 1) for 30 hours (Figure 5.4B).
Axonal IFN-A pretreatment in the presence of the vehicle significantly reduced PRV180
infection, supporting previous findings that distal IFN-A signaling primes axons to limit
retrograde neuroinvasion. Inhibition of p-STAT1 in the axonal compartment abolished this
antiviral effect, with viral titers in fludarabine-treated axons similar to those in untreated infected
SCGs (Figure 5.4C). This indicates that p-STAT1 activation in distal axons is essential for IFN-

A-mediated restriction of PRV 180, with STAT1 being crucial for this intrinsic antiviral pathway.
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Figure 5.4. Fludarabine inhibition of STAT]1 activation abolishes IFN-A-dependent
antiviral protection in axons. (A) Rat2 fibroblasts were pre-treated with 50 uM fludarabine
followed by IFN-A2 stimulation. Immunoblotting confirmed that p-STAT1 induction was
effectively blocked by fludarabine, whereas p-STAT2 activation remained intact. (B) Schematic
of the tri-chamber experimental design. The neurite (N) compartment was treated with
fludarabine, followed by IFN-A2 (200 ng/mL, 24 h), and subsequently infected with PRV 180.
(C) Viral titers from SCG neurons show that inhibition of STAT1 prevents IFN-A-mediated
antiviral restriction. Fludarabine-treated axons displayed PRV 180 yields comparable to
untreated, infected controls, demonstrating that p-STAT] is required for IFN-A-dependent
suppression of retrograde viral infection. Statistical significance analyzed via Student’s 7 test (n >
3) is indicated as follows: ns, not significant; ***, p <0.0005.
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5.3 Discussion

Our findings demonstrate that type III interferon (IFN-A) initiates a localized, axonal
antiviral response that restricts aHV neuroinvasion before viral capsids reach cell bodies.
Exposing distal axons to IFN-A locally was enough to decrease PRV 180 capsid movement and
delay productive infection by inducing robust STAT1 phosphorylation in the axonal
compartment. These results establish that axons function as autonomous sensors of antiviral type
IIT IFN, forming an innate barrier against neuroinvasion at the mucosal-PNS interface. This
axon-specific antiviral state operates by restricting the transport of incoming capsids, thereby

reducing the number of capsids reaching the nucleus.

This spatial restriction has significant biological consequences. Since axons have finite
dynein motor capacity and multiple cargo compete for retrograde transport machinery, even
modest reductions in capsid transport efficiency can produce substantial decreases in the viral
load delivered to the soma [166]. During aHV infection, virions must compete with the
endogenous cargoes for access to dynein motors [167]. The molecular basis of this competition
centers on viral capsid-dynein interactions. During primary infection, PRV and HSV-1 inner
tegument proteins UL36 and UL37 form a crucial complex with the host motor, dynein and are
essential for transporting entering viral capsids from the periphery to the nucleus on
microtubules.[167]. This pUL36/pUL37 complex, together with outer capsid protein VP26,
mediates direct physical interactions with dynein light chains and dynactin subunits, enabling
capsids to hijack the host’s retrograde transport machinery. Any host defense mechanism that
disrupts these capsid-dynein interactions, such as axonal accumulation of STAT1
phosphorylation, can therefore function as a potent antiviral by preventing viral particles from

completing their journey.
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The mechanism underlying axonal IFN-A restriction centers on local STAT]I
phosphorylation. Previous studies on type I interferons demonstrated that phosphorylated STAT1
can accumulate non-canonically within axons, where it interferes with retrograde transport and
slows the progression of incoming virions toward the soma [79]. Our findings extend this model
to type III interferons by showing that IFN-A alone is sufficient to induce p-STAT1 locally
within distal axons, even without cell body exposure or nuclear translocation (Figure 5.3). This
compartmentalized signaling occurs independently of cell body, indicating that axons possess
functional IFN-A receptors (IFNLR1/IL-10B) and signaling pathways necessary to initiate local
antiviral response. The spatial restriction of p-STAT1 to axons distinguishes localized axonal
signaling from global IFN-A treatment, in which p-STAT1 accumulates to neuronal nuclei and
activates canonical ISG transcription (Chapter 2). This indicates that SCG neurons deploy two
distinct IFN-A signaling modes: a local axonal checkpoint, mediated by p-STAT] retention in the
axon to restrict virion transport, and a global soma response that induces transcriptional antiviral
defenses.

Studies in compartmentalized sensory neurons support this dual-mode model by showing
that type I, type II, and type III IFNs all trigger robust phosphorylation of STAT1 and STAT3
within axons when applied locally [79]. However, only type Il IFNs produce retrograde signaling
that drives nuclear STAT localization in the distant soma. Notably, type I and type III IFNs
produce a strictly local axonal signaling response that does not propagate back to the cell body.
This reveals a broader principle: peripheral neurons interpret type I and type III IFNs as axon-
restricted antiviral cues, enabling them to mount rapid, non-transcriptional defenses.

Although both type I (IFN-B) and type III (IFN-A) IFNs induce axonal p-STAT1 and

restrict capsid transport, important differences may exist in their efficacy, kinetics, or
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downstream mechanisms. The biological differences between type I and type III IFNs relates to
the spatial distribution of IFNs during natural infection. IFN-f is produced systemically whereas
IFN-A is predominantly produced at mucosal epithelia and likely acts locally on innervating axon
termini.

The functional importance of neuronal STAT1 signaling in vivo is supported by studies
using neuron-specific STAT1 knockout mice. Rosato and Leib generated mice with conditional
STAT!] deletion in neurons (STAT17) and examined HSV-1 replication in corneal tissues
following infection [168]. These studies revealed elevated viral titers, confirming that STAT1
signaling is critical for restricting viral replication and establishing latency in vivo. Our
pharmacological inhibition studies utilizing fludarabine reinforce that STAT1 phosphorylation is
both necessary and sufficient for IFN-A-mediated axonal restriction. Fludarabine selectively
inhibits STAT1 phosphorylation, enabling specific investigation of STAT1’s functional
requirement. When applied to the axonal (N) compartment, fludarabine abolished IFN-A-
mediated restriction of PRV 180, restoring viral titers to levels comparable to untreated controls
(Figure 5.4C). Inhibition of STAT1 phosphorylation suppresses IFN-A-mediated restriction of
virion transport. It restores infection to untreated levels, demonstrating that STAT]1 acts as a
direct effector of the axonal antiviral state.

The mechanism by which axonal p-STATT restricts capsid transport remains to be
elucidated but likely involves several non-mutually exclusive pathways. P-STAT1 may directly
or indirectly interfere with dynein motor complex assembly, reducing the efficiency of
retrograde transport. Previous studies have demonstrated that STAT1 proteins can interact with
cytoskeletal regulators and motor proteins [169, 170]. Additionally, p-STAT1 may trigger local

translation of specific ISGs within axons from pre-existing mRNAs that were transcribed in the
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soma and trafficked to axonal compartments [171]. Axons contain localized translational
machinery and can synthesize proteins from transported mRNAs in response to local signaling
[172, 173]. Distinguishing these mechanisms will require future studies examining p-STAT1
interactome in axons, local protein synthesis during type III IFN treatment, and assessing
metabolic changes associated with axonal STATI activation. Additionally, testing OK14 (HSV-1
expressing mRFP-VP26) will determine whether this restriction is specific to PRV180 or
represents a broader antiviral mechanism.

Collectively, this chapter establishes that type III IFNs create a spatially
compartmentalized antiviral defense in PNS neurons, with distinct responses in the axons. The
axonal checkpoint described here, mediated by local STAT1 phosphorylation, limits viral capsid
transport before genomes reach the nucleus. This reduces the number of virions arriving at the
nucleus and suggests a bias toward non-productive or latent infection states. This axon-
autonomous response complements the broader transcriptional antiviral response discussed in

earlier chapters, offering a detailed and layered understanding of neuronal antiviral defenses.
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CONCLUSION

Summary

a-Herpesviruses must successfully overcome a complex series of intrinsic and innate
immune barriers within the peripheral nervous system (PNS) to establish lifelong latency in PNS
neurons. While mucosal epithelial cell responses to type III interferons (IFN-A) have been well
characterized, substantially less was understood regarding how PNS neurons respond to IFN-A
signaling or how neurotropic viruses have evolved to mitigate neuron-specific defenses. This
dissertation defines the neuron-specific IFN-A response at transcriptional, subcellular, and

functional levels before and after aHV infection.

Neurons use a distinct IFN-A signaling program

In Chapter 2, I demonstrated that primary superior cervical ganglion (SCG) neurons
employ a predominantly STAT1-driven IFN-A response, in contrast to fibroblasts, which activate
the canonical JAK-STAT pathway involving both STAT1 and STAT2. Neurons initiate the
induction of antiviral interferon-stimulated genes (ISGs) with a delayed onset, and early
transcriptional changes are notably enriched for processes related to neuronal homeostasis and
cytoskeletal regulation whereas longer exposure to type III IFNs induced relevant ISG
expression such as Isgl5, Oasla, Mx1, and Rsad?2. These findings suggest that the neuronal IFN-
A response has been evolutionarily tuned to balance robust intrinsic and innate immune response

with the preservation of neuronal structural integrity, function, and homeostasis.
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IFN-J establishes cell-type-specific antiviral thresholds

In Chapter 3, I demonstrated that IFN-A pretreatment (24 h prior to infection) confers
potent protection against pseudorabies virus (PRV) infection in both fibroblasts and SCG
neurons. In contrast, HSV-1 exhibited robust resistance to IFN-A in neurons despite equivalent
receptor expression and STATTI activation, while remaining partially sensitive in fibroblasts.
Using the well-characterized ICP34.5-deficient HSV-1 mutant virus, A34.5, I demonstrated that
genetic deletion of this gene, renders HSV-1 acutely sensitive to neuronal IFN-A pretreatment,
similar to PRV. These results suggest that IFN-A creates a two-tier antiviral barrier, acting
quickly in fibroblasts, and with delayed but sustained efficacy in neurons, and that HSV-1 has

evolved specific mechanisms to overcome the neuronal layer of this defense.

RSAD? functions as a critical neuron-specific antiviral effector directly

antagonized by HSV-1 ICP34.5

Chapter 4 identified RSAD2 as a central antiviral factor mediating IFN-A restriction of
aHVs in PNS neurons and defined the molecular basis by which HSV-1 overcomes this defense
via ICP34.5-mediated antagonism. Transcriptomic analysis from Chapter 2 identified RSAD2 as
the most highly upregulated ISG in neurons treated with IFN-A for 24 h. Immunofluorescence
microscopy and Western blot analysis further confirmed robust RSAD2 protein accumulation in
both primary rat SCG neurons and human SK-N-SH neuroblastoma cells. RSAD?2 localized to
distinct punctate perinuclear structures consistent with ER-associated membranes, positioning it

strategically at sites where aHV's undergo secondary envelopment.
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Comparative infection studies showed that wild-type HSV-1 encoding ICP34.5
dramatically altered RSAD2’s subcellular distribution, causing dispersal of perinuclear RSAD2
puncta throughout the cytoplasm and reducing total RSAD2 protein levels by 24 hpi. Neurons
infected with ICP34.5-deficient HSV-1 mutant, A34.5, or pseudorabies virus (PRV) which also
lacks the ICP34.5 homologue, maintained robust RSAD2 expression. Additionally, neurons
infected with A34.5 demonstrated preserved contracted perinuclear localization of RSAD2
throughout infection (3 hpi and 24 hpi). In wild-type HSV-1 infections, ICP34.5 disrupted
RSAD?2’s spatial organization and reversed its downstream functional consequences. RSAD2
activity induces sustained phosphorylation of eukaryotic translation initiation factor 2 alpha
(elF2a), triggering integrated stress responses and translational arrest that restrict viral late
protein synthesis. ICP34.5 counteracts this defense by recruiting protein phosphatase 1 alpha
(PP1a) to dephosphorylate elF2a, restoring translational capacity and enabling productive viral

replication despite RSAD?2 presence.

RSAD?2 was revealed to be a causal necessity for neuronal antiviral defense against cHV
invasion by performing siRNA-mediated RSAD2 knockdown experiments in primary SCG
neurons. RSAD?2 depletion rescued replication of A34.5 viral titers in IFN-A pretreated neurons.
These loss-of-function studies establish RSAD2 as an essential component of neuronal immune

response induced by type III IFNs.

These findings further reveal implications for aHV neurotropism and evolution. PRV, a
varicellovirus that lacks ICP34.5 homologues, remains acutely sensitive to IFN-A in neurons;
however, HSV-1 (a simplexvirus) resists this defense. This suggests that acquisition of ICP34.5

represents a key evolutionary adaptation enabling simplexviruses to efficiently invade and
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establish latency within the PNS. RSAD2 induces a coordinated antiviral checkpoint whereby its
enzymatic activity and stress-induced translational arrest restrict viral replication. HSV-1’s
deployment of ICP34.5 to simultaneously dismantle this immune response highlights the

selective pressure RSAD2 exerts on neurotropic herpesviruses.

IFN-A activates local STATI-specific signaling in axons

Chapter 5 revealed that IFN-A establishes a spatially compartmentalized response,
creating an immune barrier against aHV neuroinvasion at the mucosal epithelia-PNS junction.
Using tri-chambers that physically separate neuronal cell bodies (S-compartment) from axons
(N-compartment), I performed experiments applying IFN-A locally in axons to differentiate the
global response (whole neuron) from the local (axons). Live-cell microscopy and quantitative
particle-tracking analyses demonstrated that IFN-A -pretreated axons exhibited fewer viral
particles retrogradely moving than untreated controls, with a measurable reduction in the
percentage of particles moving within the first hour of infection. This transport restriction
translated into a delayed productive infection phenotype: PRV180 fluorescence signal in cell
bodies was delayed until 48 hpi, confirming that axonal IFN-A exposure creates a functional
barrier that limits the number of viral genomes reaching the cell body. In contrast, in epithelial
cells, IFN-A predominantly restricts viruses at the cell surface or within the cytoplasm to limit
viral replication. The neuronal IFN-A antiviral response exploits the extended axonal
compartment to intercept and limit viral genomes before they reach the replication machinery in

the cell body nucleus.

Immunofluorescence microscopy further demonstrated that IFN-A treatment in axons

induced accumulation of p-STAT1. To establish whether STAT1 phosphorylation is necessary
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and sufficient for axonal IFN-A-mediated retrograde transport restriction, a pharmacological
STATTI inhibitor, fludarabine, was utilized. Notably, when fludarabine was applied to the axonal
N-compartment before local IFN-A treatment and PRV 180 infection, the antiviral protective
effect of IFN-A was inhibited, confirming that STAT1 axonal phosphorylation is essential for
IFN-A-mediated restriction of virion particle movement from the axon to the neuronal nucleus,

functioning as a direct effector of the axonal antiviral state.

Future Directions

Comparative analysis of type I IFNs versus type 111 IFNs

Previously, a critical, but underexplored comparative question concerned whether type I
and type III IFNs employ identical or distinct mechanisms to restrict nervous system virus
infections. Given that Chapter 2 demonstrated neurons respond to IFN-A with STAT1-dominant
signaling, side-by-side kinetic analysis quantifying STAT1 phosphorylation during type I versus
type III IFN treatment may assess its antiviral potency against HSV-1. Examining neurotoxicity
and measuring endogenous interferon levels in infected PNS neurons via ELISA would
determine whether IFN-L’s delayed kinetics represent an evolutionary trade-off favoring delayed,
sustained protection over immediate maximal restriction. Additional studies may involve
temporal dynamics of pPSTAT1 accumulation through time-course experiments to identify

therapeutic windows.

Defining the molecular interface between RSAD2 and ICP34.5

While this thesis confirms that ICP34.5 interferes with the accumulation and function of
RSAD?2, the precise molecular mechanism underlying this interaction remains unclear. Future

research should aim to determine whether ICP34.5 directly interacts with RSAD?2, affects the
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stability of its 4Fe-4S cluster, influences the production of ddhCTP, or reorganizes ER-
associated membrane domains. Employing structural and proteomic approaches will be crucial
for elucidating the nature of this antagonism and understanding how ICP34.5 modulates RSAD?2

activity at the molecular level.

Quantifying RSAD2 enzymatic activity in neurons

Measuring ddhCTP levels directly in primary neurons remains a major technical
challenge due to their low abundance, rapid turnover, and the difficulty of extracting intact
nucleotide pools from highly polarized cells [110]. Developing targeted metabolomic methods,
especially LC-MS/MS techniques optimized for small-volume neuronal samples, would enable
accurate quantification of ddhCTP and related intermediates [174]. Using these assays could
further clarify whether RSAD?2 activity in neurons mainly causes chain termination of viral
RNA, modulates the integrated stress response through sensors like ZAK (known as
MAPKKK20 or MLK7) or GCN2 (general control nonderepressible 2), or involves other
neuron-specific metabolic pathways [175]. These measurements would provide vital evidence
linking RSAD2 enzyme activity to functional antiviral effects in neurons and help determine if

ddhCTP production uniquely contributes to neuronal intrinsic immunity.

Dissecting axonal IFN-J signaling and its impact on aHV neuroinvasion

The findings presented in Chapter 5 establish that axonal IFN-A signaling restricts
retrograde virion movement via pSTAT1 accumulation in the axons; however, the precise
molecular mechanism remains unanswered. Future studies must distinguish whether pSTAT]1

directly interferes with dynein motor recruitment to viral capsids or if it affects the biophysical
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properties of transported cargo. Proximity labeling approaches such as APEX2-tagged STAT]I
expressed in primary neurons may enable an unbiased identification of proteins in close spatial
proximity to axonal pSTAT1 during infection. To further confirm whether cargo transport is
affected, mass spectrometry analysis of dynein motor components, such as the dynein light
chains DYNLLI, would elucidate whether pSTAT]1 directly disrupts aHV virion motor

interactions.

Another question concerns whether ISGs are translated locally within axons and whether
axonally synthesized antiviral proteins can contribute to the restriction of retrograde transport.
Although Chapter 5 demonstrates that axonal accumulation of pSTAT1 occurs without nuclear
translocation and is therefore independent of transcription at the level of STAT]1 signaling, axons
contain ribosomes, translation machinery, and mRNA granules that facilitate local protein
synthesis from existing or locally transcribed mRNAs [176]. Determining whether RSAD?2 or
other ISGs are synthesized locally in axons would be fundamental to our understanding of
compartmentalized neuronal immunity. Complementary single-molecule fluorescence in situ
hybridization (RNAscope) can directly visualize ISG mRNAs within axonal compartments and

quantify mRNA puncta density in axons versus the soma after [IFN-A treatment.

Concluding Remarks

The findings in this dissertation establish that type III interferons (IFN-A) function as a
critical immune factor linking mucosal epithelial immunity with intrinsic neuronal antiviral
response, creating a spatially and temporally coordinated barrier against aHV neuroinvasion. At
mucosal surfaces, IFN-A is produced by infected epithelial cells and diffuses locally to prime the

axon termini of sensory neurons that densely innervate these tissues. The localized IFN-A
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establishes an immediate, independent axonal checkpoint mediated by phosphorylated STAT1
(p-STAT1), restricting retrograde virion transport. This response enables neurons to elicit a

potent immune defense at sites of viral entry.

Latency is influenced by multiple factors, including the multiplicity of infection (MOI),
distance from infection site, and the timing and magnitude of host immune response [14, 60, 81].
A critical but often overlooked variable is the effective viral genome copy number that reaches
the neuronal nucleus during primary infection. By restricting the efficiency of virion particle
trafficking during retrograde transport, mucosal IFN-A effectively reduces the MOI experienced
by the neuronal nucleus, even when peripheral infection involves high viral titers. This may
explain the paradox that most HSV-1 primary infections establish latency rather than cause
neurological disease, despite replicating to high titers in epithelial tissues [13]. The mucosal-PNS
interface, enriched in both IFN-A-producing epithelial cells and IFN-A-responsive axons,

functions as a neurological barrier that permits infection while restricting its magnitude.

The ability of aHVs to overcome neuronal defenses fundamentally determines their
fitness and capacity for lifelong persistence. HSV-1 and HSV-2, which encode ICP34.5,
successfully navigate immune responses elicited by neurons during infection. ICP34.5 disrupts
RSAD?2’s perinuclear localization, inhibits e[F2a phosphorylation to restore viral translation, and
potentially interferes with axonal antiviral signaling, enabling productive infection and efficient
latency establishment in PNS neurons. RSAD2 and ICP34.5 represent a critical evolutionary

determinant of simplex virus neurotropism.

In contrast, pseudorabies virus (PRV), a veterinary varicellovirus, lacks ICP34.5 and

remains highly sensitive to IFN-A pretreatment, exhibiting impaired axonal transport, reduced
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viral replication, and diminished neuroinvasion efficiency. This heightened sensitivity
underscores a fundamental evolutionary divergence between simplexviruses and varicelloviruses
in how neuronal immune barriers are encountered and overcome. While PRV (and possibly the
human varicellovirus, varicella-zoster virus, VZV) has evolved alternative strategies to persist
within the nervous system, these mechanisms appear less effective at neutralizing IFN-A-
mediated neuronal restriction during early infection and require further investigation. The
acquisition of ICP34.5 thus represents a key evolutionary innovation that enhanced simplexvirus

neurotropism and persistence in the face of robust mucosal and neuronal immune responses.

This dissertation highlights IFN-A as a potent alternative to type I IFNs that prevents
neuroinvasion during primary infection. By elucidating the molecular mechanisms that regulate
the balance between viral persistence and neuronal restriction, it lays a foundation for advancing
next-generation interventions to prevent neuroinvasion, decrease recurrent disease, and bolster

neuron-intrinsic immunity against a family of pathogens that have co-evolved with humans.
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Materials and Methods
Cells

Wild-type Rat2 cells were used as a fibroblast cell model (ATCC). The cells were cultured
in Dulbecco Modified Eagle medium (DMEM) (Cytiva parent company Danaher Corporation,
Washington, DC, USA), 1% penicillin-streptomycin (PS) (Cytiva parent company Danaher
Corporation, Washington, DC, USA), and 10% fetal bovine serum (FBS) (Genessee, Burlington,
MA, USA). Human dermal fibroblasts (HDFs) were obtained from the Nir Drayman Laboratory
(University of California, Irvine) and grown in DMEM, 1% PS, and 10% FBS. Porcine kidney
epithelial cell line (PK15) was grown in DMEM, 1% PS, and 5% FBS. Human Dermal
Fibroblasts (HDFs) were acquired from the Bert Semler Laboratory (University of California,
Irvine) and grown in DMEM, 1% PS, and 20% FBS. The Nir Drayman lab (University of
California, Irvine) provided the human neuroblastoma cell line, SK-N-SH cells, grown in
DMEM, 1% PS, and 20% FBS.

Immunofluorescent staining

Primary superior cervical ganglion (SCG) neurons were cultured on poly-D-lysine— and
laminin-coated glass coverslips and processed for immunofluorescence following the
experimental treatments described in each figure. Neuronal cells and SK-N-SH cells were fixed
in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 15 minutes at
room temperature, washed three times in PBS, permeabilized with Methanol for 5 minutes at -
20C, and blocked in 5% BSA in PBS for 1 hour. Primary antibodies were diluted in blocking
buffer and incubated overnight at 4°C, including anti-RSAD?2 (Invitrogen, Waltham, MA, USA;
1:500), anti-pSTAT1 (Cell Signaling Technology, Danvers, MA, USA; 1:200), anti-pSTAT2

(Millipore Sigma, Burlington, MA, USA; 1:200), and when applicable, anti-gC (Abcam,
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Cambridge, UK; 1:300). Following primary incubation, cells were washed in PBS and incubated
with Alexa Fluor-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (Thermo
Fisher Scientific, Waltham, MA, USA; 1:500) for 1 hour at room temperature. Nuclei were
stained with DAPI (1 pg/mL) for 1 h at RT, along with secondary antibodies at 1:1000, and
coverslips were mounted using Polygel mountant (Thermo Fisher Scientific). Confocal images
were acquired using a Leica microscope with 20X or 63X oil-immersion objectives under
consistent settings for each comparison. Image analysis was performed using standardized
thresholding and background subtraction to ensure uniform quantification across samples.

Interferon treatment

Recombinant rat IFN-A2 (200 ng/mL) was added directly to neuronal cultures or rat epithelial
cell lines for 24 hours prior to infection or 1 h post-infection (VWR, Radnor, PA, USA). SK-N-
SH cells were treated with human IFN-A2 (200 ng/mL, 24 h) (Thermo Fisher, Waltham, MA,
USA).

Primary Neuronal Culture

Superior cervical ganglion (SCG) in Campenot tri-chambers were used for all primary
neuronal cultures 35mm tissue culture dishes (Corning, Corning, NR, USA) were coated with
poly-DL-ornithine (Millipore Sigma, Burlington, MA, USA) and mouse laminin (Life
Technologies Carlsbad, CA, USA) to promote neuronal adherence. SCG were isolated from 16-
or 17-day Sprague Dawley rat embryos (Jackson Laboratories, Bar Harbor, MA, USA), as
described by Curanovic et al. [104]. Tri-chambers were attached to coated 35 mm dishes with
autoclaved silicone grease. The chambered dishes were filled with neurobasal medium (Gibco,
Billings, MT, USA) + 50X B-27 supplement (Gibco, Billings, MT, USA) + 100X Penicillin-

Streptomycin-Glutamine (Gibco, Billings, MT, USA) + 1000X murine nerve growth factor
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(Gibco, Billings, MT, USA). SCG were seeded in the S-compartments of the chambers. SCG
were also seeded in the S-compartments of the chambers or in 12-well plates. After two days, 1
uM Cytosine B-D-arabinofuranoside (Ara-C, Millipore Sigma, Burlington, MA, USA) was added
to select against any mitotic cells. Two days after Ara-C addition, the medium was removed
from chambers and replaced with fresh neuronal medium. Neuronal medium was changed every
five to seven days. All animal work was performed in accordance with the Institutional Animal
Care and Use Committee of the University of California, Irvine Research Board under protocol;

AUP-21-008.

Real-Time qPCR

Neuronal cell bodies were collected from the S compartment of 3—5 chambers and total
RNA was extracted using RNeasy Mini-Kit (Qiagen, Hilden, Germany) for both neurons and
Rat2 cells. cDNA synthesis was carried out using SuperScript III (Life Technologies Carlsbad,
CA, USA) first-strand synthesis kit with an oligo(dT) primer. A 96-well Type I IFN array
(BioRad Laboratories, Hercules, CA, USA) containing 86 genes commonly induced by type I
[FNs was performed in duplicate using neuronal cDNA. Kapa Sybr Fast gPCR (Roche Holding
AG, Basel, Switzerland) master mix was prepared for RT-qPCR using Bio-Rad and Applied
Biosystems RT-qPCR Thermocycler. Amplification was performed using the following
conditions: 95 °C for 3 min, 40 cycles of 95 °C, 3 s, and 60 °C, 30 s. Following RT-qPCR of
type I IFN array replicates, only 80 genes were analyzed using comparative Ct analysis. The
following genes were not included in data analysis as they did not consistently pass the
thresholds in replicate: Nos2, Socs1, 1110, Ccl5, Tnfsf10. GAPDH was used as the housekeeping

gene to normalize Type I IFN array data.
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Of these 80 genes, 22 genes of interest were chosen for the following analysis based on
their normalized gene expression. Triplicates were prepared and fold changes were calculated
using the comparative Ct method (27%“) normalized to GAPDH in treated and untreated samples
of both primary neurons and Rat2 cells. Primers were ordered from Integrated DNA

Technologies (IDT, Coralville, IA, USA), as shown below in Table 1.
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Gene

Forward Primer

Reverse Primer

Actb CGTCCACCCGCGAGTACAACC  CGACGACGAGCGCAGCGATATCG
CCL2 GCTAATGCATCCACTCTC GTTTAACATTACTTAAGGC
Cd38 GCGTAGTCTTCATTGGTGATG CGCTGACATCATCTTGGGACGC
Cd69 CGCAGTCTACAGAAGCAAC GACTGAAACACTGGATTGGGC

Crp GGGGCAGGAGCAGGACTCG CATAGACTGCATTGATCTG

Cxcll0  GGCTTCCCAATTCTCTAAGAGC GAGCAGGCTGGGGCATGGC
Gapdh GCAACAATGTCCACTTTGTC GCCTGGTTACCAGGGCTGC

Ifitl CGCTACGCAGCCAAGTATTTCC CTGTTGCTTGTAACAGAGCCC
Ifit2 GCTGAGTGCTTTGACACAGC GCTCTCCAATGATTCCTTAC
Ifit3 GCAACTGCAGAATACAGG CTTATTCATGTACTCCATAG

Ifitm3 CCCCCAGTGGCAGCGTTCACG GAACAGTCCGACAGAGCC
Ifnal GCCAGTAGGGAGTCTTCCTGG GCTTGGGATGCAACCCTCC

Irf9 CCAACCTGCCACTCTCGC CCTTGCACTTTCTCTTGGCC
Isgl5 GGTCCCCTGAAACTAAGG GCTGACCCAGTGAGTCTCTC
Jakl CGAAGGCAGAAACTCCATG CGGAACCTCTACCACGAGAAC

Oasla CGAATGTATCTCCCTGGGG GCATAGACCGTGAGCAGC
Oaslb  GCGCCAATTCAGGAAGTACAGC CCCAACCCACAATTCTACG
Oas2 GGTGATGATCGATGTGCTG CTGGTCTTGGAACTGTTTG
Statl GCATTTAAAGTCATATTCATC CCGTGATGTTAGATAAAC
Stat2 GGAGTGGGTGGGAAACGGG GCAACATCTCCCACTGCGCC
Stat3 GCAGGAATCGGCTATACTGC CCTGGCGCCTTGGATTGAGAGC
Tlr7 GGACTTCTTCAAGAATCTGC GGCTAAGGAGAGAGTCGTTAG

Table 1. Primer sequences of genes of interest.
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In addition to host gene expression analyses, viral transcription was quantified using
primer sets designed for immediate-early, early, and late a-herpesvirus genes. Primers were
obtained from Integrated DNA Technologies (IDT, Coralville, IA, USA) and optimized for
amplification of HSV-1 ICP27 (immediate-early), HSV-1 ICPS (early), and HSV-1 gC (late), as
well as PRV IE180 (immediate-early), PRV UL54 (early), and PRV ULS5 (late). SCG neuronal
cell bodies were collected from cultures pre-treated with rat IFN-A2 (200 ng/mL, 24 h) and
subsequently infected with HSV-1 (OK14, A34.5, or 34.5R) or PRV (PRV-180). RNA isolation,
cDNA synthesis, and qPCR amplification were performed as described above, and viral
transcript abundance was calculated using the comparative Ct method (2—AACt) normalized to
GAPDH. These primer sets enabled precise quantification of stage-specific viral gene expression

in IFN-A-primed neurons, as shown below in Table 2.
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Gene Forward Primer Reverse Primer

Gapdh GCAACAATGTCCACTTTGTC GCCTGGTTACCAGGGCTGC
gC AAGACGTTCACCAAGCTGCT CAGATCCACGCCCTTGATGA
ICP27  GCATCTTCGTGTTTGTCATTCTG GCATCTTCTCTCCGACCCCG
ICP8 GTCGTTACCGAGGGCTTCAA GTTACCTTGTCCGAGCCTCC

IE180 CATCGTGCTGGACACCATCGAG ACGTAGACGTGGTAGTCCCCCA

Ifitl CGCTACGCAGCCAAGTATTTCC CTGTTGCTTGTAACAGAGCCC

Oasla CGAATGTATCTCCCTGGGG GCATAGACCGTGAGCAGC

RSAD2 CCCTTGGCCACGACCAATG CCGAGAGAGATGGTTCAAGG

ULS TGGACATGGCCACCTACGT ACCGCGCGATGGTCAT

UL54 TGCAGCTACACCCTCGTCC TCAAAACAGGTGGTTGCAGTAAA

Table 2. Primer sequences for genes expressed during viral infection in SCGs.
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RNA Isolation for RNA-Sequencing

Total RNA for RNA-sequencing was isolated from primary SCG neurons and Rat2
fibroblasts using the RNeasy Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s
column-based protocol to ensure high-purity RNA suitable for downstream library preparation.
For neuronal samples, cell bodies from 2 wells of a 12-well plate were lysed directly in RLT buffer
supplemented with -mercaptoethanol. Rat2 cells were harvested from culture dishes and similarly
lysed in RLT buffer. Lysates were homogenized using spin columns (Qiagen) prior to column
binding. Genomic DNA contamination was removed using on-column RNase-free DNase I
digestion (Qiagen) according to the manufacturer’s guidelines. Samples were washed and eluted
in nuclease-free water, snap-frozen, and stored at -20°C until quality assessment. Only samples
with RNA integrity numbers (RIN) suitable for library preparation were submitted for sequencing.
All RNA isolations were performed in RNase-free conditions, and all neuronal samples were
processed in parallel to minimize batch effects during downstream transcriptomic analyses.

SiRNA Knockdown of RSAD2 in SCG Neurons

RSAD?2 knockdown was performed using rat RSAD2-specific siRNA delivered via
siMagnetofection, optimized for primary neuron transfection (OzBiosciences, San Diego, CA,
USA). Neurons were treated with either RSAD2 siRNA or a non-targeting (NT) control siRNA
according to the manufacturer’s instructions at 1uM (Horizon Discovery, Cambridge, UK). After
48 hours, knockdown efficiency was validated via immunoblotting. Protein lysates were
collected in RIPA buffer supplemented with protease and phosphatase inhibitors, quantified
using a BCA assay, and resolved by SDS-PAGE. Membranes were probed with antibodies
against anti-RSAD?2 (1:5000) (Invitrogen, Waltham, MA, USA) and SNAP25 (1:2000) (loading

control) (Cell Signaling Technology, Danvers, MA, USA). Band intensities were quantified in
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ImageJ and normalized to SNAP25. SCGs were infected with HSV-1 A34.5 or 34.5R ata

multiplicity of infection (MOI) of 10 for 24 hours prior to harvest.
Statistical Analysis

All graphical analyses were conducted in GraphPad Prism. An unpaired Student’s # test
was used as indicated. Additionally, one-way analysis of variance (ANOVA) was applied, where
variance homogeneity could not be assumed; Brown-Forsythe and Welch ANOVA tests were
used. Upon significance, Games-Howell post hoc tests were applied for multiple comparisons.
Data are presented as mean + SEM. Statistical significance thresholds were defined as follows:
ns, not significant; *, p < 0.05; **, p <0.005, ***, p <0.0005; **** p <0.00005.

Western Blot Analysis

Cell lysates were prepared using RIPA-light buffer including 1 mM Dithiothreitol (DTT)
and a protease inhibitor cocktail (Roche Holding AG, Basel, Switzerland). Following 30 min
incubation on ice and sonication, cells were pelleted, and the supernatant was placed in a new
tube with 5X Laemmli buffer before boiling at 95 °C. Immunoblotting was performed using anti-
Beta-actin (1:10,000) (Millipore Sigma, Burlington, MA, USA), anti-pSTAT1 (1:2000) (Cell
Signaling Technology, Danvers, MA, USA), anti-pSTAT2 (1:2000) (Millipore Sigma,
Burlington, MA, USA), anti-Oas1 (1:2000) (Proteintech, Rosemont, IL, USA), anti-IFIT1
(1:2000) (Life Technologies Carlsbad, CA, USA), and anti-IRF9 (1:2000) (Proteintech,
Rosemont, IL, USA). Immunoblotting was also performed using anti-p-elF2a (1:2000) (Cell
Signaling Technology, Danvers, MA, USA), anti-SNAP25 (1:2000) (Cell Signaling Technology,
Danvers, MA, USA), anti-RSAD2 (Invitrogen, Waltham, MA, USA), anti-ICP4 (Abcam,

Cambridge, UK), anti-ICP8 (Abcam, Cambridge, UK), and anti-gC (Abcam, Cambridge, UK).
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Secondary mouse or rabbit antibodies (Millipore Sigma, Burlington, MA, USA, 1:5000) were

used following primary antibody incubation.

Viruses

AIl HSV-1 or PRV strains were propagated and titered by plaque assay on Vero or PK15 cells,
respectively, in DMEM supplemented with 2% FBS and 1% penicillin-streptomycin. PRV-
Becker is a wild-type laboratory strain [177]. PRV-180 expresses mRFP1-VP26 in a PRV-
Becker background [108]. OK14 was sourced from the Lynn Enquist Laboratory at Princeton
University and confirmed through whole-genome analysis. HSV-1 OK14, which expresses an
mRFP-VP26 capsid tag, was previously described [79]. HSV-1 A34.5 and 34.5R were obtained
from the Nir Drayman Laboratory (University of California, Irvine). A34.5, originally known as
17terma, has been previously described along with its revertant, 34.5R, respectively [134, 136].
Viral titers were measured in PK15 cells (after PRV infection) or Vero cells (after HSV-1
infection) after infecting epithelial or neuronal cells with the mentioned viral strains,

respectively.
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