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ABSTRACT 

 

 

There are three prominent alphaherpesviruses that infect humans: Herpes Simplex 

virus-1, Herpes Simplex virus-2, and Varicella Zoster virus. Each virus is harbored 

within 15-98% of the population. Prototypical infections involve only a handful of 

intercellular spread events within a host. Most spread events involve neurons. Only one 

virion is thought to be successfully transmitted from a neuron to another cell – but this 

has yet to be verified during infectious spread within a host. In this dissertation, we used 

Pseudorabies virus to trace the number of virions spreading infection from infected 

neurons to uninfected cells. Pseudorabies virus is a prominent model alphaherpesvirus 

that infects mice. To quantify the number of virions transmitted between cells, we 

intravitreally injected different, genetically engineered Pseudorabies virus strains and 

quantified spread to the murine central nervous system. We calculated the average 

number of expressed viral genomes per infected neuron by utilizing the Poisson 

distributions of neurons expressing one, two, or three different viral strains. We found 

that when a neuronal axon transmitted infection to cells, a cell became infected with one 

virion on average. In contrast, when neuronal soma or dendrites transmitted the viral 

strains to surrounding cells, each cell expressed three viral genomes on average. Most 

importantly, we discovered that the absence of a specific alphaherpesviral protein, US9, 

diminished the capacity of the virus to infect a cell with a plurality of viral particles. This 

dissertation advanced the field of herpesviral research in two ways: by quantifying the 

number of alphaherpesviral particles transmitted between infected neurons in a host and 

identifying a viral protein instrumental in determining the number virions transmitted 

from neurons to other cells. The average number of viral particles infecting cells within a 

host determines the viral genetic dosage and impacts viral gene expression, viral 

replicative rates, and viral diversification.  
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CHAPTER ONE 

 

INTRODUCTION TO ALPHAHERPESVIRINAE 

 

There are four prominent alphaherpesviruses including the three known human 

pathogens: Herpes simplex virus-1 (HSV-1), Herpes simplex virus-2 (HSV-2), and 

Varicella zoster virus (VZV) [1]. The fourth prominent alphaherpesvirus is a veterinary 

pathogen, Pseudorabies virus (PRV). PRV is a porcine virus that can induce spontaneous 

abortion. Prior to the advent of a veterinary vaccine, PRV-affected farms culled pigs to 

quell outbreaks causing significant agricultural losses [2]. PRV has since been shown to 

effectively model the three human pathogens and is contemporaneously used to model 

human pathogens. The allure of PRV research involves the virus’ host range [3]. While 

most alphaherpesviruses are relatively species-specific, PRV can infect many non-

primate mammalian hosts, including mice, making it conducive for use in small rodent 

models [2]. While these four alphaherpesviruses are the most well-known and well-

studied, the alphaherpesvirus subfamily includes over 120 different viruses that infect a 

variety of species from mollusks to mammals [1].   

Alphaherpesviruses are ubiquitous and successful primarily because contracted 

viruses remain harbored within an infected host for the host’s natural life [4, 5]. Each 

alphaherpesvirus infects nervous tissue within which it establishes its reservoir. Within 

nervous tissue, alphaherpesvirus genomes typically undergo a significant period of 

latency where neither symptoms nor viral shedding occurs. Alphaherpesvirus latency can 

span from months to scores of years. While the percent of many vertebrate host 
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populations infected with an alphaherpesvirus remains unknown, nearly every human is 

infected with one or more virus [4].  

Alphaherpesviruses are ubiquitous, yet only two of the four prominent viruses 

have approved vaccines. The first alphaherpesvirus vaccine was approved for veterinary 

use [2, 6]. The PRV Bartha vaccine led to successful, large-scale agricultural eradication 

efforts [6]. However, vaccine-resistant PRV strains have since emerged in rural China 

[7]. In addition to the PRV vaccine, VZV has an FDA-approved vaccine. The only caveat 

to the VZV vaccine lies in its low shingles efficacy [8]. Contrasting PRV and VZV, as of 

2017, there is still no FDA-approved HSV vaccine. Prior HSV vaccines failed to elicit 

protective immunity in human clinical trials [9-12]. The generation of protective 

immunity against HSV is thought to be complicated by 1) the manner the viruses spread 

from cell to cell and 2) viral diversification within host tissues [13-16]. 

Alphaherpesviruses cause wide-ranging diseases in different and specific tissue 

types within their hosts. Commonly, alphaherpesviruses elicit recurrent, surface-exposed 

epithelial lesions [1, 17]. HSV-1 typically causes lesions on or around the mouth, 

commonly called cold sores; HSV-2 and PRV typically cause urogenital lesions in human 

and pig hosts, respectively; and VZV can cause shingles [1].  Less commonly, the viruses 

elicit severe diseases such as viral encephalitis and corneal keratitis, a leading cause of 

blindness in the western world [18, 19]. The intercellular spread of alphaherpesviruses is 

important in determining the frequency and severity of these pathological outcomes [20-

22]. Potentially, understanding the intercellular spread of alphaherpesviruses will help 
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rationally design new, live, attenuated vaccines and make existing vaccines more 

effective.  

The purpose of this chapter is to introduce the factors and concepts that influence 

alphaherpesviral intercellular spread and diversification. Alphaherpesviruses finely tune 

the number and nature of intercellular spread events within their host. Intercellular spread 

is controlled through the susceptibility of host tissues, the specificity of transmission 

events between tissues, and in the number of virions transmitted between cells [17, 23, 

24]. The work presented in this dissertation centers around the number of PRV and HSV-

1 virions transmitted between cells. The average number of viral particles transmitted 

from cell to infect the next, the Multiplicity of Cellular Infection (MOCI), impacts viral 

gene expression, the rate of viral replication, genetic recombination, the rate of 

recurrence, and the severity of recurrent pathology [20, 21, 25-27]. Recombination is 

thought to contribute significantly to alphaherpesviral diversification within host 

populations [15, 28]. High MOCI infections (averaging ≥ 2 viral genomes per infected 

cell) generate a significant proportion of novel, recombinant progeny [29]. High MOCI 

infections are thought to occur within a host in certain circumstances as recombinant 

progeny have been known to contribute to alphaherpesviral vaccine escape and viral 

diversification within an infected host [7, 28, 30].  

 

Viral Morphology 

 

Herpesviruses are large, DNA viruses amenable to genetic engineering. 

Alphaherpesviral genomes are composed of linear, monopartite, double-stranded DNA 
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containing around 125-290 kilobase pairs encoding between eighty and a few hundred 

viral genes. Virions are large with a diameter of around 200 nm, therefore fluorescence 

microscopy can be employed to visualize tagged alphaherpesvirus particles [31, 32]. 

Genomes are packaged in icosahedral capsids with T16 symmetry. Capsids are 

surrounded in a layer of proteinaceous tegument and enveloped (Fig. 1.1). The envelope 

is studded with viral membrane proteins, including glycoprotein E, glycoprotein I, and 

US9. Viral membrane proteins often have multiple roles and can aid in viral entry into the 

host cell, intracellular trafficking, and/or immune evasion [1, 33-35]. The size of the 

virion and viral genome make alphaherpesviruses amenable to genetic manipulation and 

protein tagging [36-38]. 

Alphaherpesviral genomes contain a Unique Long region (UL), a Unique Short 

region (US), and multiple repeat regions [1]. HSV-1 genomes contain four repeat regions 

both terminally and internally between the UL and US regions. HSV-1 repeat regions are 

termed TRL and TRS (Terminal Repeat Long and Terminal Repeat Short), and IRL and 

IRS (internal repeat long and internal repeat short) [39]. PRV genomes only contain two 

repeat regions surrounding the US fragment of the genome. The repeat regions contained 

within the PRV genomes are the TRS and IRS [2]. Due to the repeat regions, HSV-1 has 

four isomeric forms depending on the orientation of the UL and US genome fragments 

relative to each other while PRV has only two isomeric forms dependent on the 

orientation of the US fragment [1, 2, 40].  
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Figure 1.1 Viral Morphology. Alphaherpesviruses contain a dsDNA viral genome (black) 

in an icosahedral capsid (dark blue and green). The capsid is surrounded in a layer of 

tegument (light blue), and is enveloped (green). The envelope is studded with viral 

membrane proteins such as glycoprotein E (gE in red) and Us9 (orange) as well as many 

other viral proteins not pertinent to this work (yellow). 

Replicative Cycle 

 

A viral replicative cycle involves the progression from virion entry into a host cell 

to the egress of viral progeny (Fig. 1.2) [41]. Alphaherpesviral entry occurs through 

engagement of specific host receptors by the viral fusion machinery embedded in the 

virion’s envelope (Fig. 1.2 Step 1) [42]. Fusion between the envelope and a cell’s plasma 

membrane results in de-envelopment of the viral capsid and viral entry into the cytoplasm 

(Fig. 1.2 Step 2). The virus is trafficked to the nucleus where it injects its genome into the 

nuclear compartment (Fig. 1.2 Step 3) [23, 43]. Viral gene expression occurs shortly after 

nuclear delivery [44, 45]. There are three different canonical classes of viral genes: 

Immediate Early (IE), Early (E), and Late (L) [44, 46, 47]. Genomes are replicated and 
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packaged into capsids within the nucleus [1]. Capsids undergo egress from the nucleus 

prior to transport to the trans-Golgi network and/or endosomes (Fig. 1.2 Step 4) for 

further processing, tegumentation, and envelopment (Fig. 1.2 Step 5) [48]. From the 

trans-Golgi, enveloped virions are sorted and transported along microtubule networks to 

sites of egress (Fig. 1.2 Step 6) [49]. Sites of egress can be limited to sites of intercellular 

contact [13, 50]. Some alphaherpesviruses, namely Varicella zoster virus, are more cell- 

  

Figure 1.2 The Alphaherpesviral Replicative Cycle. 1. The virus enters the cell through 

specific engagement of the viral fusion complex with a cellular receptor. 2. Viral capsids 

are transported along microtubule networks to the nuclear pore. 3. The virus ejects its 

genome into the nuclear compartment. 4. After viral gene expression, replication, and 

capsid packaging in the nucleus, the packaged capsids undergo egress from the nucleus. 

5. The viral capsids are trafficked along microtubule networks to the trans-Golgi or 

endoplasmic reticulum for further processing. 6. The processed virions are further 

trafficked to sites of egress. 7. The progeny virus undergoes egress often near sites of 

close, intercellular contact.               

associated than others during their infectious spread [51]. Egress precedes infectious 

spread between closely-associated cells within and between tissues (Fig. 1.2 Step 7) [23, 

52]. 
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Viral Entry  

Alphaherpesviruses enter cells through two known mechanisms: receptor-

mediated endocytosis or direct fusion of the viral envelope to the host cell’s plasma 

membrane [53]. The alphaherpesviral-encoded fusion machinery is commonly composed 

of four glycoproteins embedded in the viral envelope: glycoprotein B, glycoprotein C, 

glycoprotein H, and glycoprotein D [54]. In the case of Varicella zoster virus, 

glycoprotein D is absent and the viral glycoprotein E is thought to play large role 

facilitating VZV virion entry [55]. Host entry receptors vary by virus. HSV-1 has been 

shown to engage the Herpes virus entry mediator (HVEM) and Nectin-1. Pseudorabies 

virus (PRV) engages Nectin-1 and Nectin-2 but not HVEM [42]. However, there are 

other entry receptors and co-receptors that facilitate virion entry [42, 54, 56]. Initial 

interface between the viral fusion complex and heparan sulfate or other cell-surface 

proteoglycans stabilize the virion on the cell surface and facilitate interactions between 

the fusion complex and their host entry receptor(s) [42, 54]. Once inside the cell, de-

enveloped capsids are transported along microtubule networks to the nucleus where the 

genome is injected through a nuclear pore. In the nucleus, many host and viral 

transcription factors drive the expression of viral genes [1].    

Viral Gene Expression  

Alphaherpesviruses coopt host proteins to drive transcription and translation. 

Viral gene transcription is mediated by host RNA Pol II after the assembly of a host-

encoded multiprotein complexes on viral core promoters. Some multiprotein complexes 

known to be important in viral gene transcription are TFIID, TFIIA, and mediator. TFIID 
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consists of TBP, and many TBP-associated factors (TAFs). Tata Binding Protein (TBP) is 

a core component of TFIID, provides sequence specificity, and drives nucleation of the 

complex [57]. TFIID coordinates the more than 70 polypeptides necessary for RNA Pol 

II transcription initiation. Together, the more than 70 polypeptides form the Pre-Initiation 

Complex (PIC) on viral core promoters [58]. TFIIA is a heterodimer in the PIC necessary 

for RNA Pol II-mediated transcription initiation [59]. The assembled PIC recruits RNA 

Polymerase II to viral core promoters where it then initiates transcription [59-62]. Viral 

gene transcription occurs in three canonical phases: IE, E, and L (Figure 1.3) [62-64].  IE 

proteins primary serve to augment viral gene transcription initiation [62, 65]. E proteins 

often serve roles in DNA synthesis and replication. L proteins are often structural [2]. 

Like host mRNAs, the resulting viral mRNAs typically are monocistronic and contain a 

poly-A tail as well as 5’ and 3’ untranslated regions [66, 67]. The 5’ end of the viral 

mRNA is capped and the 3’ end is polyadenylated. Capped mRNAs are shuttled from the 

nucleus [65]. Viral mRNAs utilize the ribosomal machinery and host processes to drive 

translation and post-translational processing [68].  

Immediate Early Viral Gene Expression. IE genes are expressed absent any other 

viral gene product. The number of IE genes varies by virus. HSV-1 has five IE genes 

(ICP0, ICP4, ICP22, ICP27, ICP47) [47, 69]. PRV genomes encode homologues for 

those IE genes bar one, ICP47 [2]. However, the PRV homologues to HSV-1 IE genes 

are not driven by the same core promoter element nor expressed with the same kinetics. 

PRV only has one IE gene, IE180. It is necessary to drive all later PRV gene expression. 

Core promoter elements of the HSV-1 and PRV IE genes are the most complex of the 
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classes of viral gene promoters. IE genes have multiple host transcription factor binding 

sites contained within their promoter element [70-72]. In addition to a TATA binding 

site, IE promoters have been shown to facilitate upstream interactions with multiple host 

transcription factors [70, 72-75]. 

Early Viral Gene Expression. E genes are dependent on IE protein expression and 

their transcription can be inhibited by the addition of cycloheximide, a translational 

inhibitor, prior to infection [69]. Normally during pre-initiation complex (PIC) formation, 

specific interactions between TBP and its TATA box drive assembly of TFIID [58, 61]. 

In the case of E promoters, there are two other requirements for transcription, IE180 or 

ICP4 and another multiprotein complex, TFII-A [62, 73, 76]. ICP4 has been shown to 

interact with TBP and additional Transcriptional Activating Factors (TAFs), specifically 

TAF1, to initiate and potentially favor viral gene transcription initiation over host gene 

transcription [77]. These requirements differ from L gene expression. Prolonged 

expression of some E gene products has been shown to delay expression of L genes [78, 

79]. Many E genes are necessary to drive viral replication [44]. 

Late Viral Gene Expression. Many of L genes are structural and/or are involved in 

progeny virion assembly. A virus-specific PIC is required for gene expression of these 

structural L genes [73, 80]. L genes were classified after showing sensitivity to a 

phosphonoacetic acid-induced block in viral genome replication [46]. Expression of the L 

genes has disputably been shown to depend on viral replication, as viral genome 

replication can occur concomitant with L gene expression [81]. HSV-1 L gene expression 

also requires the protein ICP4, but differs from E gene expression in its requirement of 
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TFII-A [73]. Additionally, another multiprotein complex, Mediator, associates with ICP4 

late during HSV-1 infection, starting around six hours post inoculation [82]. Additionally, 

RNA pol II is alternatively phosphorylated during HSV-1 infection [83, 84]. 

Viral Genome Replication 

 Viral genome replication occurs in punctate replication compartments within an 

infected cell’s nucleus [84, 85]. Replication compartments form quite quickly within 

infected cells and correlate with selective recruitment of certain viral and host proteins to 

the replicating viral genome [86, 87]. Many of the virally-encoded factors necessary for 

genome replication are E genes. There are around 15 PRV E genes involved in DNA 

synthesis [2]. The replication of viral genomes occurs concomitant to the presence of E-

expressed gene products [2, 88]. Each genome delivered to the nucleus initiates the 

formation of one replication compartment, and only those genomes initiating a replication 

compartment are expressed and replicated [89]. A cellular nucleus has a limited capacity 

to form replication compartments as they take up space and cellular resources. There 

appears to be a cap at around ten to twelve replication compartments per nucleus, on 

average [90]. 

 Prior to replication, the viral genome is thought to be circularized as early as 0.5 

hours after viral entry [88, 91]. The mechanism of circularization may involve a 

recombination event between the terminal repeat regions of the viral genome [91]. At 

some time after genome circularization, an origin binding protein binds to a genome’s 

origins of replication. There are two to three origins (oris) of replication on each 

alphaherpesvirus genome; any one of the multiple oris is sufficient for replication. After 
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the origin binding protein bind to one or more of the viral oris, a single-stranded DNA 

binding protein and a virally-encoded helicase/primase complex are recruited to the viral 

genome before the viral DNA polymerase complex is recruited for new genome 

synthesis. Replication of viral genomes occurs via the virally encoded DNA-dependent 

DNA polymerase complex which consists of two proteins, the polymerase and an 

accessory protein. The alphaherpesviral polymerase contains 5’- 3’ exonuclease activity 

[92]. As a proof reader, the fidelity of the alphaherpesviral polymerase is only around 20x 

less than the human DNA-dependent DNA polymerase [14, 93]. In addition to the viral 

polymerases’ proof reading capabilities the viral polymerases have RNAse H capabilities 

which serve to remove RNA primers from Okazaki fragments on the viral genome [91].  

Viral genome replication utilizes viral enzymes and is thought to proceed via a 

rolling circle-like mechanism [91]. However, the exact process of alphaherpesviral 

replication remains relatively ill-defined. Generally, new genome synthesis is believed to 

proceed from an ori or multiple oris in a bidirectional fashion, forming theta structures. 

Shortly after theta structures are formed, viral genome replication is thought to occur via 

a rolling circle mechanism from branched, concatemeric DNA. Due to differential 

isomerization, concatemerization results from head to tail orientations of different 

genome segments [88].  

 In all, seven alphaherpesviral proteins are necessary for DNA replication. An 

origin binding protein, a single-stranded DNA binding protein, two polypeptides 

necessary to form the polymerase, and three proteins necessary to form the 

helicase/primase component [94]. For HSV-1, the origin binding protein is UL9; the 
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single-stranded DNA binding protein is ICP8; the DNA polymerase complex consists of 

UL30, the DNA polymerase, and UL42, the DNA polymerase processivity factor; and the 

helicase/primase complex consists of UL5, UL8, and UL52. All proteins listed are 

necessary for the replication of viral genomes apart from ICP8 which is dispensable [91]. 

In addition to the viral proteins necessary for replication, there are some host 

proteins that are also involved in genome synthesis. Upon genome delivery to the 

nucleus, genomes associate with multiprotein host assemblies in the nucleus known as 

ND10s (Nuclear Domain 10s) or PMLs [87, 95]. Some of these proteins are necessary for 

viral genome replication [86, 96]. Promyelocytic leukemia protein is recruited to the viral 

genome soon after replication is initiated [88]. ND10s are composed of at least six 

proteins and normally associate with transcriptionally active chromatin domains. During 

herpesviral infection, the ND10s are disrupted and specific proteins are degraded [96, 

97]. Additionally, topoisomerases and endonucleases may contribute to maturation of the 

viral genome [88].  

Virion Assembly 

After viral genome expression and replication, capsids are assembled in the 

nucleus, processed and enveloped within a cellular structure derived from the trans-Golgi 

network (TGN) and other internal cellular membranes [32, 48, 52]. During 

alphaherpesviral infection, newly assembled capsids are loaded with a dsDNA genome in 

an energetic process in the nucleus [98]. They undergo egress from the nucleus through 

the nuclear membrane before being transported to a TGN and endosome-derived 

membrane compartment where nascent virions accumulate their tegument and envelope. 
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The viral tegument is important in modulating the host cell environment immediately 

after virion entry, contains proteins necessary for viral transport to the nucleus, and in the 

vesicle trafficking of enveloped progeny virions [48]. In addition to proteins contained 

within the tegument, secondary envelopment is mediated by some viral glycoproteins 

including gE, gI, Us9, and gM. Enveloped virions contained within transport vesicles are 

trafficked to sites of egress [99, 100]. 

Newly replicated genomes are packaged into capsids within the nucleus. After 

transcription and translation of structural L genes, capsid proteins are imported into the 

nuclear compartment. Alphaherpesviruses have several structural proteins that go into 

forming the procapsid in the nucleus, including HSV-1’s VP5, VP19, VP23, UL25, 

UL17, UL6, and VP26 [101]. Procapsids are assembled inside the nucleus. Procapsids are 

structurally unstable and contain a portal. The portal complex contains 12 copies of the 

UL6 protein through which the dsDNA genomes is energetically packaged into the viral 

capsid [102]. Concatemeric dsDNA genomes are cleaved prior to packaging [102, 103].        

Newly packaged, naked capsids are transported to a cellular structure consisting 

of membranes derived from endosomes, the TGN, and the ER after egress from the 

nuclear membrane [104, 105]. In the nucleus, viral procapsids are packaged with dsDNA 

genomes. These virions undergo egress from the nucleus through an envelopment/de-

envelopment mechanism. Viral membrane proteins are localized in the TGN-derived 

compartment; viral membrane proteins include, gE, gI, US9 as well as many other viral 

glycoproteins that are beyond the scope of this dissertation [106].    
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Intracellular Transport 

Transport is integral to several different viral processes during infection. After 

entry, the naked capsid must be transported along microtubule networks long distances to 

the nucleus, especially in neurons. This type of virion trafficking is termed retrograde 

transport as the viral capsid is trafficked from the + to the – end of the microtubule after 

virion or viral capsid engagement with dynein motors. While retrograde transport usually 

occurs with naked capsids, it can also occur in Central Nervous System neurons with 

what are thought to be enveloped virions. In contrast, anterograde trafficking is required 

to move the virions long distances, especially in neurons, from the – end to the + end of a 

microtubule. Anterograde transport moves enveloped virions from the nucleus to the 

points of egress at neuronal axon terminals. Transport along microtubule networks is 

stochastic, but occurs in both directions [23]. The process is stochastic, because of the 

simultaneous and stochastic engagement and de-engagement of the cellular kinesins and 

dyneins involved in the transport process [107]. While viral and host knockouts of single 

proteins can ablate anterograde transport, the retrograde transport process involves 

multiple viral genes. There are two varieties of retrograde transport. After viral entry, 

capsids and other capsid-associated proteins are transported to the nucleus through 

engagement of dynein motors. Additionally, nascent virions engulfed in transport vesicles 

can be transported in the retrograde direction along microtubule networks [23, 49].  

Retrograde transport cannot be ablated through any single or multiple genomic 

deletions of viral genes. Several viral factors have been shown to be instrumental in the 

retrograde transport of viral particles. The first viral protein is VP26 which is a structural 

protein present in the unenveloped capsid. However, genomic deletion of VP26 reduces 
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but does not eliminate the retrograde transport of viral particles [108]. Additionally, other 

inner tegument proteins have been shown to be involved in the retrograde transport of 

capsids, including US3, UL36, UL37, ICP0, UL14, UL16, and UL21 [107, 109]. Like 

VP26, these proteins are non-essential for retrograde transport. There is one HSV-1 virus 

strain, H129, which undergoes retrograde spread with extremely reduced kinetics [110]. 

H129 contains unique regions in UL34, UL9 and VP11/12 as well as many other 

herpesviral genes are mutated relative to the wildtype parent strain [15].    

In contrast to retrograde transport, anterograde transport can be knocked out by 

genetic deletion of a few singular viral proteins [17, 49]. The transport of enveloped 

virions can occur within a transport vesicle to sites of egress. Two viral factors have been 

shown to be instrumental in the processes of virus sorting and transport, the glycoprotein 

E/glycoprotein I (gE/gI) heterodimer and the viral membrane protein Us9 [111-113]. Us9 

is a Type II, phosphorylated, tail-anchored membrane protein involved in the sorting, 

envelopment, and transport of nascent virions [114]. While the viral protein Us9 has been 

shown to be necessary for sorting and transporting PRV virions to anterograde sites of 

egress [112, 115], gE and gI function as a heterodimer and both have been shown to be 

more dispensable for anterograde PRV virion transport in vitro but indispensable in vivo 

[111, 116, 117]. There are differential requirements of these proteins for the anterograde 

transport of the most studied alphaherpesviruses, PRV and HSV-1. Successful HSV-1 

intercellular spread from neurons in the anterograde direction appears to require gE and 

gI but not Us9 [118]. While US9 is indispensable for the anterograde transport of PRV, 

US9 in HSV-1 is less instrumental in KIF1a engagement. Additionally, the gE/gI 
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heterodimer is more instrumental in HSV-1 anterograde transport and spread than the 

gE/gI homologue in PRV.   

Furthermore, each viral protein has multiple roles during in vivo infection. While 

gE null viruses undergo anterograde spread in in vitro models of anterograde transport 

and spread, in vivo models are markedly different. This is likely due to the roles of gE in 

efficient transport, envelopment, ERK1/2 phosphorylation, and Fc receptor mimic. gE 

null PRVs undergo anterograde transport, albeit with less efficiency in vitro, meanwhile 

no anterograde, trans-neuronal spread has ever been detected in vivo. Both in vitro and in 

vivo, Us9 null PRVs fail to undergo anterograde transport and spread. Furthermore, more 

recent research has detected envelopment and packaging defects in Us9/gE deficient 

viruses that were not previously characterized. Envelopment of Us9/gE null viruses is 

incomplete and produces sticky particles that tend to stall at internal plasma membranes 

thereby explaining earlier results detecting the reduced efficiency of anterograde spread 

with gE null viruses.  

Virion Egress 

 Viral egress typically occurs at sites of intercellular contact [13]. Infectious spread 

occurs within and between two tissue types, epithelial and neuronal [1, 119]. In the 

epithelium, free virus is released and can spread infection, also the virus can spread more 

directly between epithelial cells at tight junctions [13, 120, 121]. Intercellular spread at 

tight junctions may aid in viral immune evasion and help direct the spread of infection 

within the epithelial layer [13, 122]. During productive neuronal infections, intercellular 

spread is relatively limited to spread across synapses [23]. Synapses provide a site of 
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extremely close intercellular contacts where neuronal segments, axons and dendrites, are 

anchored to one another [13]. Viral glycoproteins are trafficked to sites of egress separate 

from and within progeny virions. Some of those viral glycoproteins can facilitate actin 

cytoskeleton rearrangements. Structural rearrangement in the cell can help establish of 

virological synapses between herpes-infected cells [123]. In vitro studies with porcine 

trigeminal neurons infected with PRV have shown that PRV glycoprotein D (gD) is 

necessary to form varicosities (pre-synaptic boutons) along the shaft of the axon forming 

egress sites [123]. While primary infections with all alphaherpesviruses include a short 

viremic phase of infection, intercellular spread is typically tightly controlled and directed 

[13, 120]. 

Latency 

The herpesviral infectious cycle is characterized by both productive and latent 

infections [124]. Latency is non-productive by definition, i.e. does not result in the 

production of viral progeny Herpesviruses deliver their genomes to the nuclei of cells 

where very early viral gene expression determines the outcome of the cellular infection 

[68, 125]. Upon viral genome delivery to the nucleus, viral gene expression can be 

weighted toward either lytic genes or regulatory RNAs favoring latency [68]. A cell will 

enter either a productive or latent program shortly after becoming infected [1]. Productive 

infection results in viral progeny. Productive infections are necessary to cause nearly all 

viral diseases and spread infection between cells and hosts [1, 126]. All herpesviruses 

also establish latency. The tissue-types in which latency is established varies between the 

three subfamilies of herpesviridae. Alphaherpesviruses establish latency in sensory 
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neurons, betaherpesviruses establish latency in leukocytes, and gammaherpesviruses 

establish latency in B and T lymphocytes [1]. Instead, viral genomes are silenced for a 

period inside a host cell nucleus. Nearly all viral genes are very minimally expressed 

during latency apart from some non-coding RNAs that favor maintaining a latent state 

[127-129]. Latency allows for lifelong host colonization while intermittent productive 

infections cause viral diseases and spread infection to new hosts [124].  

The Alphaherpesviral Infectious Cycle 

 The alphaherpesvirus infectious cycle involves the spread of infection between 

cells in epithelial tissues, during the spread from epithelial cells to sensory neurons, and 

from sensory neurons back to epithelial cells [17, 23]. A typical infectious cycle involves 

the intercellular spread of viral particles from the time a new host becomes infected until 

the point at which a host sheds the virus and can transmit the infection to the next 

individual.  

The alphaherpesviral infectious cycle primarily involves infections in two host 

tissue types, epithelial and neuronal. During a typical infectious cycle the virus enters and 

replicates in a naïve host’s mucosal epithelium [1]. Commonly, sites of primary Herpes 

Simplex virus amplification are either in the urogenital or oral mucosae, and the site of 

primary VZV replication is in the respiratory mucosa [17, 120]. From the mucosal 

epithelium, the virus enters innervating sensory neuronal axons. From the distal sensory 

neuronal axon, the virus is transported to neuronal soma where the genomes are injected 

into the nucleus [17]. Alphaherpesviruses establish latency in these subsets of sensory 

neurons [130, 131]. Occasionally, latent genomes spontaneously reactivate and initiate a 
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productive infection in a few sensory neurons within the infected sensory ganglia [124, 

129, 131]. Productive infection results in a cascade of viral gene expression, replication, 

and assembly of nascent virions [41, 47, 48, 132, 133]. Progeny virus is transported to 

axon termini near the site of primary infection. Egress at axon termini causes recurrent 

epithelial diseases [23, 52]. Viral shedding at peripheral sites can spread the virus to new, 

susceptible hosts [134]. VZV is the only virus that can be transmitted from host-to-host in 

respiratory droplets [120]. HSV-1 and HSV-2 are transmissible through contact between 

oral or genital mucosal surfaces [135].  

During the infectious spread of alphaherpesviruses between cells, there are 

multiple variables (Fig. 1.3). One variable involves the number of viral progeny produced 

during the infection of a single cell within a tissue (Fig. 1.3a). Commonly, this number is 

referred to as the viral burst size [51, 136]. Another variable involves the extent of 

infection within a host tissue or the proportion or number of cells that become infected in 

a tissue sample. This variable is often probed in vitro with an infectious focus assay (Fig 

1.3b) [126]. A last variable involves the extent of coinfection or the number of viral 

genomes that initiate infection in an uninfected cell within the tissue (Fig. 1.3c). This 

variable remains under-characterized as it is hard to quantify during a productive 

infection as there is a need to differentiate the founding viral genomes from the newly 

replicated viral genomes [90]. The number of viral genomes transmitted between cells in 



20 

 

 

 

a tissue is important in determining the rate of replication and dissemination during acute 

pathological events [26].  

 

Figure 1.3 Variables during the spread of alphaherpesviruses. A. The viral burst size 

involves the number of virions one cell can produce before dying. B. The extent of 

infection involves either the proportion or relative number of cells that become infected 

in a tissue sample. C. The extent of coinfection involves the average number of viral 

genomes initiating infection in an infected tissue sample. 

The Generation of Alphaherpesvirus Diversity 

The extent of viral coinfection in host tissues profoundly affects the diversity and 

evolution of plant and animal viruses alike. Single-cell coinfection by multiple virus 

particles facilitates interactions between genetically distinct viral genomes. These 

intergenomic interactions are thought to be paramount in generating diversity within the 

viral populations infecting a host [16]. Diversifying processes requiring coinfection 

include the genetic reassortment of genome segments [137], the trans-complementation 

of viral genes [138], and recombination between genetically distinct viral genomes [139]. 

RNA viruses generate diversity through these processes, but also use error-prone RNA-

dependent DNA polymerases to introduce genomic mutations. In contrast, DNA viruses 
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introduce far fewer mutations during genome replication, but can produce similar levels 

of diversity within replicating populations [16]. DNA viruses, including 

alphaherpesviruses, are thought to be more dependent on intergenomic interactions and 

cellular coinfection to drive their genetic diversification [14, 16]. Alphaherpesviral 

coinfection is thought to occur in some capacity both in neurons and in the epithelium 

[90, 140-142], but not to a high extent during transmission from neuronal axons to 

epithelial cells [143].  

Alphaherpesviruses generate and maintain population diversity within a host 

primarily through recombination and transcomplementation, respectively [14]. 

Alphaherpesviruses use recombination to generate population diversity; alphaherpesviral 

recombination rates have been reported as high as 40-50% during single cell coinfections, 

and dependent on the number of viral genomes coinfecting a cell [28, 144].  Additionally, 

coinfection facilitates the maintenance of diverse viral genomes within a population 

through the transcomplementation of viral genes [14]. Overall, the extent of single-cell 

coinfection within an infected tissue contributes to alphaherpesviral population diversity 

through promoting intergenomic interactions.   

Despite coinfection playing a significant role in generating and maintaining 

alphaherpesviral population diversity, coinfection within host tissues has only been 

estimated for a handful of viruses. To date, no DNA viruses have been quantitatively 

assessed for coinfection rates during cell-cell spread [25]. Previous work has qualitatively 

examined PRV coinfection in vivo after infectious spread to neurons [145, 146], and in 

vitro after spread from neuronal axons to cells in culture [143]. However, these studies 
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were complicated and contradictory. Prior alphaherpesviral coinfection studies either 

used extremely attenuated viral strains, different methodologies, or some other 

confounding variable made the studies only indirectly comparable.  

Further complicating coinfection and the generation of population diversity are 

several known mechanisms of alphaherpesviral superinfection exclusion (SIE). SIE is a 

process that blocks further viral entry after a cell has become infected. The first known 

mechanism of SIE involved expression of the viral protein glycoprotein D. Glycoprotein 

D (gD) is expressed with L kinetics. Expression of gD on the plasma membrane leads to 

sequestration of the essential entry receptor Nectin-1 thereby blocking further entry of 

incoming viral particles [147]. Furthermore, viral glycoprotein H (gH) expression on the 

plasma membrane has been shown to block viral entry [148]. However, the timeframe of 

that block and the gH-mediated mechanism is unknown. Another or one the SIE 

mechanisms has been shown to appear earlier than expected, at 2-3 hours after the 

addition of a PRV or HSV-1 viral inoculum [149]. The mechanism that blocks early SIE 

remains to be defined and will require further study.    

A core component of this dissertation involves the hypothesis that 

alphaherpesviral MOCIs are tightly regulated during host infection and can be controlled 

through host and viral genetic manipulation. In chapter 2, this dissertation will review 

what is known about alphaherpesviral MOCIs during the spread of infection within a 

host. Chapter 3 will present work from the Taylor lab expanding the number of known 

MOCIs during the spread of host infection. Based on prior work by Dr. Taylor and the 

Enquist Lab, we hypothesized that MOCIs during spread from neurons to other cells vary 
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based on whether somatodendrites or axons transmit infection. Furthermore, we 

hypothesized that knocking out specific viral and host processes known to affect the rate 

at which viruses spread infection from one cell to the next would affect the subsequent 

MOCIs. In chapter 4, we hypothesize that a specific domain of TBP is prominent in 

regulating viral gene expression, therefore domain null cells have aberrant SIE time 

courses. In the appendix, I present various other hypotheses and findings. I present a 

hypothesis that destruction of the retina follows intravitreal injection of gE null viruses 

(but not wildtype viruses). This finding may resolve long-observed discrepancies 

between in vivo and in vitro model systems. I also present a hypothesis on the mechanism 

of early superinfection exclusion involving the early events that slow virions down for 

interaction with specific receptors. This process may explain other observed SIE 

phenotypes using mutant cell lines lacking certain immune signaling pathways. In the 

discussion, I will tie these projects together and discuss some of the work that has yet to 

be accomplished.                 
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Purpose of Review 

Nearly every human is persistently infected with one of three alphaherpesviruses: 

Herpes Simplex virus-1, Herpes Simplex virus-2, and Varicella zoster virus. Infection 

elicits diseases ranging from epithelial lesions to viral encephalitis. Recurrent 

alphaherpesvirus-associated diseases result from transmission of infection from neurons. 

The number of viruses that productively infects a cell defines an important property 

known as the multiplicity of cellular infection (MOCI). The rates at which 

alphaherpesviruses replicate within cells, spread infection between cells, and elicit 

recurrent diseases is directly impacted by the MOCI.  

Recent Findings 

Several studies have quantified the MOCI during alphaherpesvirus infection. 

There is evidence that two limiting factors impact various aspects of alphaherpesvirus 

MOCI and directly affect pathogenesis. Those limitations include a limit on the number 
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of viral genomes that can replicate within a host cell, and a limit on cellular 

superinfection.  

Summary 

This review will detail the known limitations affecting MOCI and how MOCI 

shapes alphaherpesvirus spread and disease. 

Introduction 

Herpes Simplex virus-1 (HSV-1), Herpes Simplex virus-2 (HSV-2), and Varicella 

Zoster virus (VZV) persistently infect a large proportion (up to 95%) of the human 

population [1,2]. The three human pathogens are commonly associated with recurrent, 

self-resolving pathology at different epithelial sites [3]: HSV-1 primarily causes recurrent 

orofacial lesions; HSV-2 primarily causes recurrent urogenital lesions [4]; and VZV 

causes zosteriform lesions, commonly known as shingles, along sensory dermatomes [5]. 

The three viruses are also capable of infecting other tissues where they can cause more 

severe disease. Eye infections of the surface corneal epithelium can lead to herpetic 

keratitis, the leading cause of blindness in the developed world [6]. Similarly, if infection 

spreads to the central nervous system, it will elicit a range of viral encephalopathies [7]. 

These brain infections have a high rate of morbidity and mortality; even with treatment, 

around 20% of patients die and nearly all survivors experience debilitating neurological 

sequelae [8,9]. Control of infection is further complicated by the lack of preventative 

treatments. There is neither an effective or approved vaccine for either HSV-1 nor HSV-2 

[10].  In contrast, the live, attenuated VZV vaccine elicits strong protective immunity in 
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children, but has reduced efficacy to prevent recurrent zoster in older populations [11,12]. 

Additionally, all three alphaherpesviruses are capable of persisting for the life of an 

infected host by establishing latent infections in neuronal ganglia.  For these reasons, 

alphaherpesvirus infections remain prevalent within the human population and continue 

to cause severe and sometimes fatal diseases. 

In this review, we examine limitations on the spread of alphaherpesviruses during 

disease. Viral infections within a host will involve sequential rounds of viral transmission 

from infected to uninfected cells, primarily in epithelial and nervous tissues. Previous 

reviews have addressed the ability of innate and adaptive immune responses to control 

viral replication and the spread of infection [13,14]. This review will focus on 

mechanisms that limit the number of viruses that productively infect cells. Initially, we 

will review the evidence supporting quantitation of viral genomes during neuronal 

infection. We will then examine two limitations that affect the spread of infection. The 

first limitation is imposed on the number of viral genomes that can replicate within 

infected cells. The second limitation uses a process known as superinfection exclusion 

(SIE) to affect entry of infectious particles (virions) into infected cells. Together, these 

limitations reduce the number of viruses infecting cells, effectively limiting the 

multiplicity of cellular infection (MOCI).  

Body 

The Multiplicity of Cellular Infection (MOCI) 

The multiplicity of cellular infection (MOCI) can be defined as the number of 

viruses productively infecting a cell [15]. Infection involves virions transmitting genomes 
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into cells leading to productive viral replication. The concept of MOCI is distinct in its 

definition from a more commonly used term in virology, multiplicity of infection (MOI) 

[16].  The MOI is defined as the number of plaque forming units (pfu) per cell in an 

inoculated sample [17]. Two parameters need to be known to calculate the MOI: the 

number of pfu, and the total number of cells in a sample. The parameters needed to 

calculate MOI are often unknown during the spread of alphaherpesvirus infection within 

tissues. One of the biggest complications is that not all viral particles transmitted between 

cells constitute a pfu [16]. Many infectious virions will be able to propagate infection 

between cells but are unable to elicit plaque formation in a viral titering assay. 

Experimental HSV-1 preparations contain between 50 and 200 viral particles per pfu 

[18], while VZV preparations can be much higher (greater than 40,000 particles per pfu) 

[19]. Many of these viral particles could be capable of productive infection in vivo even if 

they are not capable of forming a plaque in vitro [16]. Besides the number of viral 

particles transmitted between cells, the number of susceptible cells in a tissue is often 

unknown, especially in the nervous system. These complications require a different way 

to conceptualize in vivo infections. 

Neuronal spread, Latency and MOCI 

Epithelial cells and sensory neurons are central to the establishment of persistent 

alphaherpesvirus infection (Figure 2.1a) [20]. Initial viral infections are amplified within 

mucosal epithelium. The three human alphaherpesviruses preferentially infect different 

mucosal sites based on mechanisms of transmission. HSV-1 and HSV-2 often infect 

either the oral or genital mucosa, respectively, while VZV often infects the respiratory 
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mucosa [5,20]. Amplification of viral infection within the epithelium facilitates 

transmission of progeny virions to sensory neurons [21,22]. HSV-1 and HSV-2 

commonly infect neurons in the trigeminal or sacral ganglia and VZV typically infects 

neurons in the dorsal root or trigeminal ganglia [23,24]. Viral infections will persist 

within neuronal ganglia by establishing a latent state of viral gene expression [25,26]. 

During latency, most viral genes are silenced and active viral replication is essentially 

paused for an indeterminate period of time [27]. 

           Latency allows the infection to persist for the lifetime of the host. Latent viral 

genomes reactivate intermittently from infected sensory neurons and will elicit recurrent 

diseases [10,28]. Cellular stress can result in the reactivation of latent viral genomes, 

leading to increased viral gene expression and productive viral replication [29,30]. 

Progeny virions will assemble in the cell body and undergo intracellular transport to sites 

of viral egress [31]. The transmission of virions precedes the onset of recurrent diseases. 

Virion transmission from sensory neurons to other cells occur at points of 

neuronal contact (synapses). A neuron will form synapses with other cells through 

specialized structures, either axons or dendrites, that extend from the neuronal cell body 

to facilitate intercellular communication. After reactivation, progeny virions egress from 

axon termini, transmitting infection into epithelial tissues (Fig 2.1b) [32,33]. 

Alternatively, the viral progeny have the capacity to spread from sensory neurons either 

via dendritic or axonal synaptic connections to the central nervous system, resulting in 

viral encephalitis [21,34].  
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The spread of infection and the outcome of disease is directly affected by MOCI. 

For alphaherpesviruses, a low MOCI would involve one to three virions transmitting 

genomes into a cell. In contrast, a high MOCI would involve greater than five virions per 

cell. High MOCIs are known to enhance viral gene expression profiles during productive 

infection and result in faster viral replication [35]. Experimental infections of neurons in 

vitro with a high inoculating doses favors productive infection [36]. In contrast, 

inoculations of cultured neurons with low viral titers favor induction of latency [37-39]. 

In vivo, a high MOCI is also associated with increased rates of reactivation and disease 

[40,41]. As the MOCI increases, viral replication is faster and viral pathogenesis is more 

severe. Differences in MOCI during infectious spread in vivo will influence infection by 

favoring latent or productive viral replication and impacting the reactivation rate in 

latently infected tissues [35,36,40]. Therefore, the MOCI can have a direct effect on 

infectious spread within a host. 

Observed MOCIs 

The number of viral genomes present in latently-infected neurons can be used to 

calculate the MOCI of cell-to-neuron infectious spread [42]. Data from several studies 

support the model that multiple virions can transmit infection into sensory axons 

[25,36,43]. However, the average number of viral genomes that successfully infect and 

establish latency within neurons was unknown. To evaluate the number of latent viral 

genomes in neurons, two studies quantified the number of latent genomes of either HSV-

1, HSV-2 or VZV in post-mortem trigeminal ganglia. Both studies found an average of 

between seven and eight viral genome copies per infected sensory neuron [43,44]. 
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Experiments using animal models have further supported the finding that latently-

infected sensory neurons harbor multiple viral genomes [41,42]. A major caveat to these 

analyses was the variation in the viral genome copy number detected between latently-

infected sensory neurons, which ranged from one genome to hundreds [42,45].  This 

variation is likely due to both the methods of detection and the differential capacity for 

strains of alphaherpesviruses to establish latent infection. Despite the variabilities 

observed, it is clear multiple alphaherpesvirus genomes latently persist in sensory 

neurons, supporting the conclusion that epithelial cell-to-neuron infection is mediated by 

a high MOCI. 

In contrast to the MOCI of latent neuronal infection, the MOCI following 

reactivation and subsequent infectious spread from peripheral sensory neurons is lower. 

Axonal transmission of progeny virions is needed to initiate epithelial infections 

associated with recurrent alphaherpesvirus disease [46,47]. Viral transmission from axons 

has been directly observed for HSV-1 and the porcine alphaherpesvirus, Pseudorabies 

virus (PRV). Evidence suggests the MOCI in cells after transmission from neurons was 

limited by the number of virions transmitted from axons [47,48]. For both viruses, 

approximately one viral genome was observed replicating in cells following axonal 

transmission [47]. This limit on the number of genomes correlated with a limitation on 

the number of virions that accumulate in cells following axonal delivery. Parallel 

evidence suggests VZV vesicles from shingles result from a single virion transmission 

event as well [49]. Taken together, these observations suggest that axon-to-cell spread of 

infection has a low MOCI, approaching one virion per cell. The experimental evidence 
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used to derive the MOCI suggests the number of virions and viral genomes that transmit 

between tissues can differ between latency or following neuronal spread of infection. 

In vivo, the MOCI is affected by multiple host and viral processes. Currently, 

there are two known limitations on MOCI (Figure 2.2). The first limits the number of 

viral genomes that can be replicated within a cell. The second limits an infected cell’s 

capacity to become superinfected by late-arriving virions.  

Limitations on Replication affect MOCI 

A cell is limited in its capacity to support the parallel replication of a large 

number of viral genomes (Figure 2.2A) [50]. Between five and ten alphaherpesviral 

genomes can replicate in the nuclei of cultured cells [35]. Prior in vitro experiments with 

high inoculating doses found the limitation on viral genome replication was not 

significantly cell-type specific nor did it vary greatly between two divergent 

alphaherpesviruses, HSV-1 and PRV [35,51,52]. This limit on the number of viral 

genomes that can replicate correlates with the limited number resources available within 

a cell. Viral gene expression and genome replication require proteins from nuclear 

domain 10 complexes (ND10s) [51,53]. The ND10s are so named because, on average, 

nuclei maintain approximately 10 of these multi-protein complexes. Proteins from ND10s 

associate with HSV-1 genome replication early during infection. However, it is unclear 

whether ND10s, or another cellular resource, that defines the limit on MOCI for viral 

genome replication. In fact, recent work has suggested an important role for histone 

acetylation as part of a host antiviral response in limiting viral genome replication [54]. 
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Interestingly, these mechanisms may not affect latent infections, as latent viral genomes 

are not associated with ND10s [51,55]. 

Limitations on Superinfection 

A second limitation to the MOCI is a limitation on the number of virions that can 

sequentially infect a cell. After a cell is initially infected, it will become resistant to 

infection by secondary virions, a process known as superinfection exclusion (SIE). Many 

viruses, including alphaherpesviruses, actively prevent superinfection by employing 

diverse mechanisms to interfere with subsequent virion entry or viral replication [56-59]. 

The implementation of SIE can prevent infection by viruses of the same species 

(homologous SIE) or prevent infection by different pathogens (heterologous SIE). 

Alphaherpesviruses uses three different strategies to implement SIE at different times and 

stages of viral infection. 

Mechanisms of SIE. Three different identified mechanisms of SIE have been 

characterized for alphaherpesviruses [56,60,61]. Each mechanism inhibits superinfection 

at a different point during viral infection. The first identified mechanism involves the 

viral glycoprotein D (gD) [59,62,63]. The gD of HSV-1 and -2 is an essential receptor 

binding protein embedded in the viral envelope that interacts with cellular receptors to 

initiate virion entry [64]. A domain of gD is known to preclude virion entry when 

expressed on the surface of cells [56,59]. Following productive viral infection, newly-

expressed gD becomes embedded in the host plasma membrane where it sequesters one 

of the host-encoded entry receptors, Nectin-1. This gD/Nectin-1 interaction occludes the 

cellular entry receptor and promotes Nectin internalization, thereby blocking further viral 
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entry [65]. Interestingly, VZV expresses many homologues of HSV-1 glycoproteins 

involved in entry, but lacks a homologue for gD. Instead, the N-terminus of the VZV 

homologue for glycoprotein E acts as the receptor binding protein to mediate virion entry 

and cell-to-cell spread [66]. While it remains to be characterized, VZV expression of gE 

could function like gD, interfering with receptor mediated entry of superinfecting virions.  

A second mechanism involves glycoprotein H (gH), another entry mediator 

embedded in the viral envelope. Like gD, gH precludes viral entry when expressed by 

cells. The mechanism whereby cellular gH expression precludes viral entry remains to be 

identified, but appears to be an independent function of gH not a function of its 

heterodimerization with viral glycoprotein L [60,67]. In that same study, the authors 

suggest gH-mediated interference involves cellular heparan sulfate modification. The 

hypothesis is gH-expression interferes with cell surface heparan sulfate modified 

proteins, preventing low affinity interactions that facilitates virion binding and entry. 

The third mechanism is connected to the HSV latency-associated transcript 

(LAT). Expression of LAT is needed to establish and maintain latency of HSV-1 and -2 

genomes. VZV does not have an identified LAT transcript, and current evidence suggests 

latency is maintained by expression of approximately four viral genes [30,68]. 

Importantly for SIE, expression of HSV-1 LAT in cells has been shown to exclude 

incoming viral genomes [61], implying latently-infected neurons also implement a form 

SIE that likely differs from the two previously described mechanisms [44]. 

Timing of SIE during Neuronal Infection. The difficulty with the characterized 

mechanisms of alphaherpesvirus SIE relates to when they are implemented after initial 



36 

 

 

 

infection. Recent work has found SIE occurs early during active HSV-1 and PRV 

infection, preventing secondary infections approximately three hours after primary 

inoculation [69,70]. While the molecular mechanism(s) remain unknown, early SIE 

requires early viral gene expression and was implemented independently of gD 

expression [69]. Regardless of the mechanism, early SIE is hypothesized to affect MOCI 

during neuronal spread. The timing of capsid superinfection during axonal spread of 

infection correlates with the timeframe allowed by early SIE [47,69]. This early SIE may 

directly explain the limited MOCI observed during axon-to-cell spread of infection 

(Figure 2.2B). However, the full effect of SIE on viral infections during the life of a 

persistently infected host remains to be determined. Specifically, it is important to 

understand how the many mechanisms of SIE impact homologous and heterologous 

superinfections. 

Homologous SIE. Homologous SIE occurs when the same viral species is 

excluded from superinfecting a cell. There are at least three notable instances where 

homologous SIE can have important implications on human alphaherpesvirus infection. 

First, homologous SIE plays a considerable role in limiting genome recombination and 

diversity. Alphaherpesviruses, especially HSV-1, have high rates of viral recombination 

with superinfecting viruses. This recombination can lead to the generation of genetically 

diverse virus strains, potentially those with improved fitness [71,72]. Homologous SIE 

restricts superinfection, thus reducing the potential for recombination and subsequent 

genetic diversity known as Muller’s ratchet [73,74]. Under Muller’s ratchet, the 

limitation on intergenomic exchange will ultimately result in a progressive loss of viral 
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fitness. By limiting the MOCI in this way, homologous SIE helps to prevent the 

generation, propagation, and spread of genetically diverse and possibly more virulent 

alphaherpesvirus strains.  

A second important implication of homologous SIE is the interactions between 

vaccine (attenuated) and wild-type strains of virus. Because there are no currently 

licensed vaccines for either HSV-1 or 2, current research in this area focuses on VZV. 

Much of the population has either been infected with wild-type VZV or has been 

vaccinated with an attenuated strain. Because of its prevalence, interactions between 

vaccinated and infected individuals can be frequent, facilitating potential superinfection. 

Samples obtained from clinical VZV infections were able to isolate chimeric VZV 

strains, thus confirming the potential for recombination events between attenuated and 

wild-type virus [49,75]. There are still many considerations regarding this observation, 

including where in the host these viruses may co-infect, also the effect of latency on 

homologous SIE. Regardless, this aspect of homologous SIE is important not just for 

current VZV vaccines, but will play a critical role in the development of vaccines against 

HSV-1 and 2.  

Lastly, it is important to consider the effect of homologous SIE on the potential 

interactions with therapeutic HSV-1 vectors [76,77]. Alphaherpesviruses, especially 

HSV-1, has garnered attention as a potential viral-vector due genomic size, stability, and 

neurotropism. Attenuated HSV-1 vectors are currently being used as oncolytic agents in 

the treatment of solid tumors and metastatic melanomas [78], as well as being developed 

as potential vectors for gene therapy. Previously, we discussed how wild-type and 
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attenuated strains of VZV have the potential to recombine in a coinfected host. Though 

there is little data suggesting that attenuated HSV-1 is unable to induce homologous SIE, 

it is still a critically important consideration when developing therapeutic agents. Not 

only is homologous SIE a valuable trait for excluding viral infection, but it is critically 

important in preventing homologous co-infection and potential reversion of an attenuated 

virus to a virulent wild-type strain.  

Heterologous SIE. Heterologous SIE occurs either when an alphaherpesvirus-

infected cell excludes another alphaherpesvirus species or engages with a more 

evolutionarily divergent microbial pathogen. In the case of heterologous exclusion, 

blocking other pathogens from infecting an alphaherpesvirus-infected cell may protect 

the cell’s finite resources. Two SIE mechanisms are thought to be relevant to 

heterologous pathogens: latency-associated SIE and gD-mediated SIE.  

Hypothetically, heterologous superinfection of latently-infected sensory neurons 

could be blocked by the latency-associated SIE mechanism. Many people become 

latently infected with two or three human alphaherpesviruses over their lifetime [79], 

though until recently it was believed unlikely more than one of the three viruses would 

infect the same neuron. The three human viruses target different subsets of neurons, even 

within the same ganglia [80,81]. Evidence for heterologous superinfection in the natural 

world comes from genomic analysis, which identified circulating HSV-1/HSV-2 

chimeras [82]. Therefore, neuron-specific superinfection can occur [83], suggesting the 

LAT associated SIE mechanism is not broad enough to completely block heterologous 

alphaherpesviruses from infecting sensory neurons [44]. 
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The gD-mediated SIE can reduce superinfection by other alphaherpesviruses and 

other microbial species [84,85]. Expression of gD reduces cell surface Nectin-1, an 

important receptor for many viruses and bacteria. For example, HSV-2 infected cells are 

known to inhibit chlamydial infections and promote chlamydial persistence [86]. 

Chlamydia is known to utilize Nectin-1 during infection [87],  therefore gD sequestration 

of Nectin-1 will interfere with chlamydial superinfection. Conversely, active chlamydial 

infections have been found to exclude HSV-2 from superinfecting the same urogenital 

epithelial tissue, though the mechanism has yet to be established [88,89]. It is likely that 

many other pathogens are blocked by alphaherpesviral infection. However, the frequency 

of two divergent pathogens attempting to infect the same cell is unknown. If examples of 

heterologous SIE are relevant, more research would be necessary to understand the 

effects of heterologous exclusion on MOCI and viral pathogenesis. 

Conclusion and Future Directions 

The spread of alphaherpesvirus infections between cells and within tissue is 

marked by several limitations. In vitro, the viruses are often lytic and spread easily 

between cells. In vivo, infections involve long periods of latency followed by brief 

periods of infectious spread restricted to epithelial and sensory nervous tissues. 

Alphaherpesviral MOCIs vary depending on the transmitting and/or receiving tissue. 

Following virion transmission from epithelial tissue into sensory axons, neurons become 

latently infected by multiple virions [24,41]. In contrast, when axons facilitate virion 

transmission to epithelial tissues, cells become infected with a single virion [47,69]. 

These differences in the MOCI have a direct effect on viral gene expression, replication, 
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and dissemination [35,40,41]. In combination, the restrictions on the alphaherpesviral 

MOCI and infectious spread directly influence the pathological outcomes of infection 

[90]. 

During infectious spread, MOCIs have only been calculated with a handful of 

viruses: three plant viruses in different hosts, an insect virus, a few RNA viruses, and 

HIV [91-94]. In plants, the MOCI is often a function of the number of transmission 

events from the primary source of infection [30]. In animals, much less is known about 

viral population dynamics and MOCI. RNA-virus infections have been the focus of these 

studies because the low fidelity genome replication facilitates greater diversity within 

RNA viral populations than within DNA viral populations [95,96]. Greater viral genetic 

diversity and the MOCI combine to drive the evolution of plant and animal viruses alike. 

The extent of virion superinfection, defined by the MOCI, will determine the probability 

of viral genome interactions. This includes the trans-complementation of viral genes, re-

assortment of genome segments, and homologous recombination between viral genomes 

[71,75,97].  

Researchers are building a better understanding of the MOCI of DNA viruses 

[40,42,47]. It is becoming increasingly apparent that the MOCI plays an important role in 

viral pathogenesis and overall disease. Future efforts need to focus on understanding 

DNA virus infection and transmission within a host. There are still many points during 

alphaherpesvirus infection where the viral population dynamics are undefined. More 

research into the MOCI and the multiple mechanisms of alphaherpesviral SIE is required 

to better understand the pathology of alphaherpesviruses.  
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Figures 

 

Figure 2.1 The Infectious Cycle. A. 1. Primary infection often occurs in the oral mucosal 

epithelium of a naïve host. 2. Mucosal epithelial cells transmit infection, via sensory 

axons, to neuronal cell bodies in the trigeminal ganglia. 3. A latent infection is 

established in a subset of sensory neurons for an indeterminate period. 4. Latent genomes 

periodically reactivate and transmit infection, via axons, to epithelial cells. 5. Reinfection 

of epithelial cells results in formation of recurrent mucosal lesions. B. Infection of 

neurons will result in directed transport of virions within axons. As described in step 2, 

infected epithelial cells transmit virions into sensory axons. Viral capsids are 

intracellularly transported within the axon to the neuronal nucleus. Capsids will dock at 

the nuclear pore and inject their viral genomes. Those genomes will undergo either latent 

or productive neuronal infection. As described in step 4, reactivated genomes produce 

progeny virions in the neuronal cell body. Fully assembled virions (enclosed within a 

vesicle not depicted) transport within the axon to sites of synaptic contact. Virions will 

egress from the axon and infect closely-associated cells. 
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Figure 2.2 Limitations on Infection and Spread. A. Limitations on viral genome 

replication occur in the nucleus of cultured cells and neurons. A limited number, between 

5 and 10, of viral genomes undergo active replication and expression. These domains of 

viral genome replication are the result of either limited cellular resources or host antiviral 

responses. B. Limitation on infectious spread restricts the number of virions that 

successfully infect susceptible cells from axons.  On average, one to two virions will 

transmit from an axon, resulting in only one to two viral genomes replicating in a 

susceptible cell.  
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Abstract 

Single-cell coinfection by multiple virus particles facilitates interactions between 

infecting viral genomes. These intergenomic interactions are thought to be paramount in 

generating genetic diversity within a viral population. Yet, the extent to which 

coinfection occurs during alphaherpesviral spread within host tissues has never been 

quantified. In the presented work, the capacity for coinfection was quantified for a 

veterinary alphaherpesvirus, Pseudorabies virus, during spread to and from murine 

neurons in vivo. To identify coinfection, a mixture of fluorescent protein-expressing 

viruses was injected into the mouse eye. Two routes of transmission spread infection 

from neurons in the eye to defined regions in the brain: an anterograde route transmitted 

viral particles from retinal axons to receiving cells and a retrograde route transmitted 

viral particles to central nervous system axons where axonal entry initiated neuronal 

infection. Only spread through the retrograde route led to significant levels of coinfection 

in the brain. Additionally, host and viral mutants lacking genes known to regulate cell-to-
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cell spread were tested for coinfection phenotypes using the murine model system. 

Surprisingly, Pseudorabies viruses deficient in Us9, a viral membrane protein necessary 

for transmission through the anterograde route, exhibited a reduced capacity to coinfect 

cells and neurons through the retrograde route of spread. Overall, the capacity to coinfect 

cells after viral dissemination was dependent on the route of transmission and the viral 

protein Us9. These data may reconcile observed tissue-specific differences in pathogenic 

outcomes and tissue-specific differences in alphaherpesviral genetic diversity.  

Significance 

 

Alphaherpesviruses, like Pseudorabies virus, are pervasive and persistent viral 

pathogens that infect the nervous system. The extent of coinfection within host nervous 

tissue directly impacts the probability that genetic diversity will be generated through 

interactions between genetically distinct viral genomes. Furthermore, the number of 

virions coinfecting a neuron determines whether that neuron becomes quiescently or 

productively infected. Alphaherpesviral disease manifestations depend on productive 

infection to spread viral particles to and from neurons. Commonly, productive neuronal 

infections elicit mild lesions at surface-exposed sites. Less commonly, 

alphaherpesviruses spread from peripheral neurons to invade the brain and kill the host. 

In this way, coinfection is thought to impact viral pathogenesis. Here, two factors were 

identified as influencing Pseudorabies viral coinfection during spread from murine 

neurons in vivo, the viral protein Us9 and the route of virion transmission. Understanding 

the mechanisms and contexts in which alphaherpesviruses coinfect neurons informs 

models of diversity, transmission, and pathogenesis. 
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Introduction 

The extent of viral coinfection in host tissues affects the evolution of plant and 

animal viruses alike [150-153]. Homologous coinfection occurs when two or more viral 

particles from the same viral species initiate productive infection in a single host cell. 

Coinfection contributes to viral genetic diversification, a prerequisite for the adaptation 

and evolution of all species. Genetic diversity in viral populations is both enhanced and 

maintained through two coinfection-dependent processes, recombination and 

transcomplementation [14, 27, 154]. Recombination enhances genetic diversity within 

viral populations through genomic fragment exchanges between genetically distinct 

genomes [14, 27]. Transcomplementation maintains diversity within coinfecting 

populations through rescuing deleterious phenotypes [154]. Despite the importance of 

coinfection, coinfection within host tissues has only been quantified during a few viral 

infections under very specific circumstance [150-153]. Through those studies, coinfection 

is now assumed to correlate with infectious spread between closely associated cells [155]. 

Alphaherpesviral coinfection is assumed to occur in host nervous tissue and 

correlate with increased dissemination between closely associated cells, as has been 

observed with other viruses [150, 151, 156, 157]. Alphaherpesviruses include human 

pathogens, Herpes simplex virus-1 (HSV-1) and Varicella zoster virus (VZV), as well as 

a veterinary model virus, Pseudorabies virus (PRV) [158]. Following spread from 

neurons in vitro, a limited number of cells have been observed expressing two or more 

alphaherpesviral genomes [143]. In contrast, in vivo experiments have qualitatively 

observed coinfection during viral dissemination within host tissues [145]. However, the 
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extent of coinfection and the route of transmission’s influence on coinfection remain 

controversial [145, 159].  Alphaherpesviral coinfection has never been quantitated during 

spread to or from neurons in vivo.  

Infectious spread to and from neurons through two routes of infection is integral 

to all alphaherpesvirus infections. The route is dictated by either axonal entry or axonal 

egress [23, 160]. Axonal entry defines the retrograde route of infection [161]. During the 

alphaherpesviral infectious cycle, a naïve host becomes infected after inoculated 

epithelial cells transmit virions to innervating peripheral sensory neurons. Virions enter 

distal segments of peripheral axons to initiate neuronal infection [162]. Axonal egress 

precedes spread through the anterograde route [23]. Recurrent epithelial lesions result 

from anterograde spread [163]. In this fashion, both axonal uptake and axonal egress 

spread infection in vivo [23]. Furthermore, both routes of spread can elicit severe 

alphaherpesviral disease outcomes such as encephalitic central nervous system infection 

[164, 165]. 

       There are viral and host factors known to impact the dissemination of PRV in host 

tissues and are hypothesized to affect coinfection as well. Glycoprotein E (gE) and the 

membrane protein Us9 are two alphaherpesvirus-encoded proteins known to affect spread 

from neurons to receiving cells [34, 111, 113, 115-117, 166, 167]. gE null and Us9 null 

PRV recombinants fail to spread through the anterograde route in vivo, restricting these 

mutant viruses to spread through the retrograde route [34, 116, 117]. gE null viruses 

spread retrogradely with a reduced efficiency, however Us9 null viruses spread via the 

retrograde route with wildtype kinetics of infection [34, 117]. Both gE null and Us9 null 
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PRV recombinants have characterized deficiencies in the intracellular transport of viral 

assemblies toward axon termini [111, 113, 115, 166, 167].  

 The experiments presented here assess PRV coinfection using a murine model 

system [168-171]. A PRV inoculum was injected intravitreally. Infection spread from 

neurons in the eye to the brain [168-173]. Coinfection was assessed at primary sites of 

infection in mouse eyes and at secondary, route-specific sites of spread in the brain. The 

system models spread to and from neurons through anterograde and retrograde routes 

[172, 173]. To track coinfection, we used a mixed viral inoculum consisting of three 

different FP-expressing viruses with unique fluorescence profiles [143, 149, 174]. 

Fluorescence microscopy was employed to monitor homologous coinfection at specific 

time points early during infection. Additionally, two viral factors influencing viral 

dissemination in host tissues (gE and Us9) were deleted in either the virus or the host. 

These mutant systems were then tested using the murine intravitreal model system and 

assessed for coinfection phenotypes. Together these experiments measure PRV 

coinfection both to establish a baseline and assess coinfection in the absence of factors 

thought to influence alphaherpesviral cell-to-cell spread.  

Results 

Coinfection within host tissues has only been estimated for a handful of viruses 

[157]. In choosing an in vivo model of alphaherpesviral spread to and from neurons, the 

mouse intravitreal injection model was desirable: the eye provided a diffusion-segregated 

compartment with which to directly inoculate intraocular cells and neurons; and PRV 

spread from subsets of targeted neurons to secondary cells occurred only at differentiable 
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sites in the brain. Furthermore, the intravitreal injection model traces spread through a 

retrograde route as well as an anterograde route of transmission [168-170]. Here, we use 

the murine intravitreal injection model to elucidate the contexts in which coinfection 

occurs by tracking the average number of FP-expressing viruses per infected cell or 

neuron at targeted sites.  

 

Figure 3.1 Routes of spread in a mouse intravitreal injection model. Following the 

intravitreal injection of a PRV inoculum, virus infects and replicates in cells of the retinal 

ganglion cell layer (RGCs) and the ciliary body (CB). Infection then spreads along two 

routes to sites in the brain. From RGCs, spread through the anterograde route (green) 

from axons that run along the optic nerve leads to secondary infection in the contralateral 

superior colliculus (SC). From the CB, spread through the retrograde route (blue) from 

the ciliary ganglia (CG) along the oculomotor nerve leads to uptake of viral particles by 

axons whose cell bodies reside in the ipsilateral Edinger-Westphal Nucleus (EW). 

Coinfection after Tricolor Intravitreal Inoculation 

To trace alphaherpesviral coinfection during spread to and from neurons, a 

tricolor inoculum consisting of three viruses driving differential expression of non-signal 

overlapping FPs was delivered intravitreally into mouse eyes. Two specific intraocular 

sites promoted infectious spread to discrete brain regions through the two routes of 

transmission, the anterograde route and the retrograde route (Fig. 3.1) [168-170]. 
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Infection at one intraocular site, the retinal ganglion cell layer, resulted in anterograde 

spread to specific contralateral brain regions after virions were transmitted from axons 

traversing the optic nerve [169]. Infectious spread from another intraocular site, the 

ciliary body, resulted from the uptake of viral particles into neurons innervating the 

ciliary body. Neurons innervating the ciliary body have soma in the ciliary ganglia. 

Progeny virus spread through the retrograde route from the ciliary ganglia resulted in 

spread to brain regions ipsilateral to the infected eye [168-170]. In this way, the 

intravitreal inoculation model was capable of tracing infectious spread both after spread 

through the anterograde and retrograde routes to separate, defined regions in the brain. 

First, we sought to evaluate the extent of coinfection occurring at the two 

intraocular sites of primary inoculation. Transcomplementation of viral genes has been 

observed during intravitreal injection, so we hypothesized tricolor inoculation would 

produce a high extent of intraocular coinfection [154]. After tricolor intravitreal 

injections of 106 plaque forming units (pfu) into wildtype C57/Bl6 mice, eyes were 

harvested at early time intervals 12, 18, 24, and 48 hours post-inoculation (hpi). We 

observed most infected cells and neurons expressing more than one FP cassette-

containing viral genome at all time intervals assessed. In the ciliary body, around two 

thirds of the infected cells expressed two or more FPs. In the retinal ganglion cell layer of 

the retina, seven-eighths of the infected cells expressed two or more FPs (Fig. 3.2). 

Accordingly, infection at both intraocular sites resulted in a high extent of coinfection as 

more than half of the cells were expressing two or more viral genomes. 
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Neuronal Coinfection and the Route of Spread  

We hypothesized there may be a different extent of coinfection in secondarily 

infected tissues depending on the route of spread from the eye to the brain. To evaluate 

the two routes of spread from neurons via anterograde and retrograde spread, the extents 

of intraocular coinfection were compared to secondarily-infected brain regions in the 

same mice. Spread through the anterograde route after axonal egress events from  

infected retinal ganglion cells were analyzed at the contralateral Superior Colliculus 

[168-170]. Viral coinfection was also quantified after spread through the retrograde route.  

Virions underwent egress from the somatodendritic plasma membranes of neurons in the 

Ciliary Ganglia and spread to neuronal axons to initiate infection in the ipsilateral 

Edinger-Westphal nucleus (EW) [169].  

Infected brain tissues were harvested at 48 hpi, the first time-point at which FP-

expression could be visualized in all targeted brain regions. This early time point was 

desirable as it restricted FP-expression to cells infected directly through spread from 

retinal and ciliary ganglion neurons, thereby limiting spread through non-specific 

synaptic connections. Despite a high extent coinfection in infected cells and neurons in 

the retina, 94% of cells infected through the anterograde route expressed only one FP, 

equating to approximately one viral genome per infected cell. Cells infected after 

somatodendritic egress events had a much higher extent of coinfection with over 60% of 

infected cells and neurons expressed two or more FPs, equating to approximately three 

expressed viral genomes per infected cell. There was a significant reduction in the 
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average number of expressed viral genomes at two anterograde sites when compared to 

the site of primary infection in the retinal ganglion cell layer of the retina (Fig. 3) and  

 

 

Figure 3.2 Intraocular infections. A. Image of infected cells and neurons in the RGC layer 

of the retina at 48 hpi. Depicted are the CFP, YFP, and RFP channel images along with a 

three-channel merged image. Individual nuclei in the RGC layer of the retina expressing 

two or three FPs (colors) are marked with arrows. B. Distributions of FP-expressing cells 

in the RGC layer of the retina (green pie charts) and the calculated average number of 

expressed viral genomes in the RGC layer of the retina at 12, 18, 24, and 48 hpi. C. 

Infected cells in the CB at 48 hpi displayed as in A, depicting a cell expressing one, two, 

and three FPs. D. Distributions of FP-expressing cells in the CB (blue pie charts) at 12, 
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18, 24, and 48 hours. At least 200 infected cells or neurons and five mice were analyzed 

per time point. Bars on graphs represent one standard deviation between biological 

replicates.  

 

 

Figure 3.3 Coinfection quantification after spread through two routes. A. A coronal cross-

section of a mouse brain demonstrating the location of the SC. The SC is boxed in green. 

B. Fluorescent images of an infected SC at 48 hpi. Four quadrants show CFP, YFP, RFP 

channels and the merged image. Marked with arrows are the locations of one and two 

color or FP-expressing cells or neurons. C. The calculated average number of expressed 

viral genomes in infected cells or neurons in the RGC layer of the retina and SC at 48 hpi 

[statistical comparison by Wilcoxon test: RGCs v. SC p = 0.0072]. Analysis was done on 

eight C57/Bl6 mice after analyzing over 600 cells per region. D. The distribution of FP-

expressing neurons in the SCs in those eight C57/Bl6 mice. E. A coronal cross-section of 

a mouse brain demonstrating the location of the EW. The EW is boxed in blue. F. Images 

of an infected EW at 48 hpi. Two and three FP-expressing nuclei are marked with arrows. 

G. The calculated average number of expressed viral genomes in the CB and EW across 
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eight mice analyzed for anterograde and retrograde spread. H. The distribution of one, 

two, and three FP-expressing neurons in those eight infected EWs. Again, over 600 cells 

were counted per area.  

 

 

Figure 3.4 Retrograde spread quantitation during gE null and Us9 null tricolor infections. 

A. The distribution of one, two, and three FP-expressing neurons in the EW for wildtype- 

(WT), Us9 null-, and gE null-infected groups of Bl6/C57 mice. N denotes the number of 

infected EW cells counted in two experimental replicates of three mice each for Us9 null 

infections and two experimental replicates of four mice each for the gE null infections. B. 

Comparisons of the average numbers of expressed viral genomes in the EWs between 

mice infected with the WT, Us9 null, and gE null tricolor inoculums. [Statistical 

comparisons performed with Kolmogorove-Smirnov tests; Coinfection WT v. Us9 null 

tricolor p = 0.0007.] C. Extent of infection plots depict the average number of FP-positive 

cells and neurons infected in the four most infected sections of each EW per mouse for 

each WT, Us9 null, and gE null cohorts. [Statistical comparisons performed with 

Kolmogorov-Smirnov tests: WT v. gE null tricolor cohorts p = 0.0121.]  

when compared to two secondary retrograde sites (Fig. S1). Concordant with our 

hypothesis, these findings suggest that ADS and RDS have fundamentally different 
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coinfection capacities, with very few neurons supporting coinfection after axonal 

transmission events (Table S1).  

Viral Proteins and Coinfection after RDS 

 The extent to which viral factors impact coinfection in host tissues remains 

unknown. However, the absence of certain viral proteins has been found to demonstrably 

impact the rate at which cells become secondarily infected during spread to and from 

neurons [34, 111, 113, 115-117, 166, 167]. Therefore, two viral genes whose products are 

known to affect the number of cells infected during spread from neurons were targeted 

for deletion. Viral glycoprotein E and the membrane protein Us9 are known to promote 

ADS through intra-axonal trafficking of viral particles and were hypothesized to impact 

coinfection as well [111, 116, 117, 166]. PRV mutants lacking either functional gE or 

Us9 have deficiencies in axonal transport and are incapable of ADS in vivo [34, 113, 115, 

167].  

Mutant tricolor inoculums were generated using parent strains with targeted 

deletions in either the Us9 or gE open reading frame [34, 174, 175].  The cohorts of 

mutant tricolor recombinants were compared for their replication capacity and 

maintenance of in vitro spread phenotypes. All FP-expressing recombinants exhibited 

single-step growth kinetics like their non-fluorescent parent virus (Fig. S2). Spread 

through the anterograde route was assessed in compartmentalized superior cervical 

ganglia neuronal cultures to verify recombinants. The compartmentalized cultures 

separated neuronal cell bodies from axon termini in diffusion-segregated compartments. 

This separation facilitated direct inoculation of neuronal soma and analysis of subsequent 
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anterograde spread to cultured PK15 cells seeded amongst axon termini [166]. In 

accordance with previously published work, gE null tricolor viruses exhibited an 

anterograde spread capacity like that of the parental gE null virus, PRV 758 [175]. gE 

null tricolor viruses were capable of axonal transmission, but axonal transmission 

resulted in lower cellular-compartment titers when compared to wildtype PRV Becker at 

the same time interval. Similarly, all Us9 null tricolor recombinants shared a more 

profound anterograde spread deficiency when compared to gE, much like the Us9 null 

parental strain PRV 161 [34, 166].   

After characterization and verification, mutant tricolor inoculums were analyzed 

only for retrograde coinfection phenotypes using the murine intravitreal injection model, 

since these viruses failed to undergo spread through the anterograde route in vivo by the 

48 hpi time point. In vivo, Us9 null viruses have been reported to undergo spread through 

the retrograde route with wildtype kinetics of infection, while gE null viruses undergo 

retrograde spread with a reduced extent of infection when compared to wildtype viruses 

at a similar time point [111, 113, 115, 166, 167]. 

 We hypothesized, a reduced rate of spread through the retrograde route, as 

previously observed for gE null viruses but not Us9 null viruses, would impact the 

extents of coinfection at retrograde sites. To test this hypothesis, infected eye and brain 

tissues were harvested at 48 hpi. Infected ciliary bodies and Edinger-Westphal nuclei 

were analyzed for FP co-expression profiles. The levels of coinfection observed in ciliary 

bodies following gE null and Us9 null tricolor inoculation were like that observed in the 

ciliary bodies analyzed after wildtype tricolor inoculation (Fig. S3). During gE null 
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tricolor spread through the retrograde route, significantly fewer neurons became infected 

in the Edinger-Westphal, as expected from previously published data [117]. However, 

wildtype levels of coinfection were observed with a calculated average expressed viral 

genome value of just over three per infected cell or neuron. This observation contradicted 

our hypothesis: reduced rates of spread through the retrograde route correlate with 

reduced extents of coinfection.  

In contrast, Us9 null viruses exhibited a much lower extent of coinfection after 

spread through the retrograde route to the Edinger-Westphal when compared to wildtype 

and gE null tricolor infections. More than 70% of Us9 null tricolor-infected cells 

expressed a single FP, averaging only 1.67 expressed viral genomes per infected neuron. 

Surprisingly and despite a lower extent of coinfection, the average number of neurons 

infected in the Edinger-Westphal nuclei of mice injected with the Us9 null tricolor 

inoculum remained at wildtype levels. Overall, Us9 null tricolor viruses produced 

populations with reduced extents of coinfection, contrasting both gE null and wildtype 

tricolor infections and contradicting our initial hypothesis (Fig. 3.4).  

The Axonal Entry and Neuronal Infection Efficiency of PRV Mutants 

It was possible the reduction in coinfection observed during Us9 null spread 

through the retrograde route resulted from deficits in virion entry, retrograde transport, or 

FP gene expression after axonal delivery. Therefore, axonal inoculation with wildtype, 

gE null, and Us9 null tricolor inoculums was evaluated in compartmentalized superior 

cervical ganglia neuronal cultures (Fig. 3.5). Subsequent FP expression in the diffusion-

segregated soma was dependent on efficient virion entry, retrograde transport, and FP 
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gene expression. SCG nuclei were analyzed for fluorescence and quantified for FP co-

expression at 24 hpi. No significant differences were observed in FP co-expression in 

SCG nuclei after any tricolor cohort inoculation. All cohorts resulted in average 

expression of over four viral genomes per infected neuron. Therefore, entry, retrograde 

transport, and FP gene expression was determined to be relatively equivalent for all three 

tricolor cohorts.  

 

Figure 3.5 Axonal infection efficiency with Us9 null tricolor viruses. A. Diagram of 

compartmentalized neuronal cultures and experimental setup. Virus is inoculated onto 

diffusion segregated axons in the N compartment. B. A representative image of SCG 

neurons infected axonally with a tricolor inoculum. Shown is a merged image of the RFP, 

CFP, and YFP channels and the photon channel.  Image was taken 18 hours after 

wildtype tricolor inoculation. C. Distributions of one, two, and three FP-expressing 

neurons and the corresponding average number of expressed viral genome values with 
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standard deviations for each tricolor inoculation, WT, Us9 null, and gE null. n denotes 

the number of neurons counted for designated tricolor inoculations across three chamber 

replicates and three experimental replicates for WT, three chamber replicates and two 

experimental replicates for Us9 null, and two chamber replicates and one experimental 

replicate for gE null. 

Discussion 

Little was known about alphaherpesviral coinfection nor was much known about 

the impact viral factors had on coinfection phenotypes in host tissues. Herein we 

discovered coinfection remained independent of the expression of the viral glycoprotein, 

gE. The extent of coinfection appears to be distinctly dependent on the route of spread to 

and from neurons and the viral protein Us9. Additionally, the extent of coinfection during 

transneuronal spread appears to remain constant even in the face of viral genetic 

mutations which affect the extent of infection in a host tissue. In contrast, a viral mutation 

that did not alter the extent of infection in host tissue affected the extent of coinfection in 

the retrograde circuit. Taken together, these observations suggest the extent of infection 

and coinfection can be decoupled.  

These results also highlight a previously undescribed role for Us9 during 

retrograde-directed spread. This is surprising, because Us9 null viruses demonstrate 

infection kinetics like that of wildtype viruses during spread through the retrograde route 

[34]. Interestingly, a limited extent of coinfection was previously hypothesized – and 

disputed – for PRV Bartha [145, 159]. Given PRV Bartha’s large deletion at the Us9 and 

gE locus, it is possible the Us9 null phenotype characterized in this study at least partially 

explains the observed retrograde coinfection phenotype of PRV Bartha.  
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Further in vitro experiments determined the Us9 null transneuronal coinfection 

defect was neither a result of reduced entry, retrograde axonal transport, nor FP gene 

expression. Us9 null PRVs exhibit anterograde, axonal transmission deficiencies due to 

defects in sorting and/or intracellular transport toward axon termini [113]. It is possible 

the Us9 retrograde spread deficiency results from defects in virion assembly, sorting, or  

transport within or to somatodendritic structures or egress from those structures prior to 

infectious spread. Our results support the hypothesis that defects in Us9 null virus 

coinfection exists at a step after viral gene expression and before virion entry into the 

axons of retrograde-infected neurons.  

Contrasting the Us9 null transneuronal spread phenotype, spread through the 

retrograde route was reported to result in a differential extent of infection with gE null 

PRV recombinants [175]. Glycoprotein E null viruses were shown to infect far fewer 

neurons than wildtype PRV Becker or Us9 null viruses at equivalent times post-

inoculation at retrograde-infected sites. Like Us9 null viruses, gE null viruses entered 

axons, underwent retrograde transport, and expressed FPs with similar kinetics as other 

tricolor cohorts of viruses. In this manner, the gE null retrograde transmission deficiency, 

like Us9 null deficiencies, is likely attributable to disruptions in either the sorting or 

transport of progeny virions. Interestingly, these similar cell-to-cell spread deficiencies 

resulted in two different outcomes: Us9 null viruses failed to efficiently coinfect cells, 

and gE null viruses failed efficiently to infect cells. During spread through the retrograde 

route, it appears that the extent of coinfection is maintained by a mechanism separate 
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from cell-to-cell spread, despite impacting the number of successful retrograde spread 

events. 

Our findings suggest transneuronal spread produces distinct sub-populations of 

viruses based on the route undertaken. Viral populations originating from axonal 

transmission event are fundamentally different than viral populations originating from 

axonal entry events, based on the rates of coinfection. Spread through the anterograde 

route after axonal transmission produces viral populations with low levels of coinfection 

both in vitro and in vivo. In vivo, over 94% of neurons expressed a single fluorescent 

marker. Anterograde spread effectively results in less diverse progeny populations than 

retrograde spread. Concordantly, zoster vesicles that form after VZV axonal transmission 

events have been shown to originate from a single viral genome but vary greatly in that 

genome’s composition between individual patients (45). Hypothetically, after anterograde 

spread there is a demonstrably lower probability of intergenomic interactions between 

dissimilar viral genomes. The less diverse the viral population, the less likely dissimilar 

viral genomes will interact, making recombination and transcomplementation unlikely. 

On the other hand, through purifying selection, the lack of diversity sampled during 

pathologies initiated after axonal transmission events may be fitness-enhancing as only 

fully competent viral genomes are transmitted to new hosts. We hypothesize populations 

founded after axonal transmission events achieve a relatively high but narrow fitness 

distribution, at least at the level of the founding population.  

Contrasting axonal transmission, infections initiated by axonal entry appear to 

support high levels of coinfection. However, the intravitreal injection model greatly 
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constrains the range of viable inoculating doses. For this reason, the maximal coinfection 

achieved in the ciliary body limits the capacity to fully quantify and validate variation in 

coinfection after retrograde spread. Independent of this limitation it is likely populations 

founded after axonal entry have wider fitness distributions than those produced after 

axonal transmission by supporting greater extents of coinfection.  

Coinfection can generate alphaherpesviral genetic diversity through two 

mechanisms, trans-complementation and recombination [14, 27, 154]. During trans-

complementation different viral strains coinfect the same cell or neuron, rescuing any 

deficits those viruses may have through expression of viral genes from the other genome 

in trans. Trans-complementation has been shown to occur during intravitreal infection 

producing subsequent anterograde spread with gE and gI null viruses [154]. In 

populations where coinfection occurs more frequently, alphaherpesviral recombination 

rates are high, varying from 10% to over 50% of viral progeny during in vitro and in vivo 

experiments [14, 27]. Across clinical isolates, recombination events between HSV-1 

genomes are known to occur frequently [15, 176]. Recent implementation of whole 

genome sequencing has identified a breadth of diversity across isolates of PRV as well 

[177]. These data and the data presented here imply axonal entry promotes more diverse 

viral populations.  

However, it is debatable whether and how diversity in a founding population 

contributes to the fitness of its progeny [151, 178-181]. Many deleterious mutations 

likely arise in coinfecting viral populations. Some unfit genomes containing deleterious 

mutations are maintained in the population through transcomplementation. As 
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diversification increases in tissues with high levels of coinfection, less fit viral genomes 

become more numerous. Beneficial mutations are rare. Therefore, populations seeded 

following axonal entry of viral particles likely contain more numerous unfit viral 

genomes (individually incapable of productive infection) than those seeded following 

axonal egress. On the other hand, coinfection mediated diversification allows viral 

genomes to sample the fitness landscape more freely. These fitness landscapes may be 

dependent upon the tissues and situation in which infection occurs. For example, gene 

dosage helps determine whether a cell enters the latent or lytic infectious cycle [22, 26]. 

In this way, the complex alphaherpesvirus lifecycle may differentially necessitate both 

coinfection and single virion infections to maximize the overall fitness of the viral 

population residing in a host. Further experiments assessing alphaherpesviral diversity 

and fitness will provide evidence supporting the importance of coinfection and elucidate 

the finer points and mechanisms of intercellular transmission. 

Materials and Methods 

Cells and Viruses 

PK15 cells were maintained in DMEM supplemented with 10% Fetal Bovine Serum 

(FBS) and 1% penicillin-streptomycin (Pen-Strep) at 37oC in 5% CO2. Cultures of mouse 

Superior Cervical ganglia neurons are described below. For viral infections, cells were 

maintained in viral DMEM contained only 2% FBS and 1% Pen/Strep. PRV286, 287 and 

289 are PRV Becker-derived recombinant virus with a FP-expression cassette (pCMV- 

mCherry, eYPF, or Turq2 - 3xNLS - polyA) knocked into the PRV glycoprotein G (US4) 

locus as previously described [143, 149]. Glycoprotein E null (PRV758) and Us9 null 
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(PRV161) viruses have been described elsewhere [34, 175]. Briefly, non-fluorescent 

parental PRV strains harboring viral gene deletions were recombined with plasmids 

containing one of three FP expression cassettes driving nuclear localized mCherry, eYFP, 

or Turq2. PRV758 and PRV161 viral DNA was partially purified and co-transfected with 

one of the three targeting vectors into PK15 cells. Co-transfected cells were harvested 24 

hours after transfection. FP-expressing recombinant plaques were subjected to three 

sequential rounds of isolation prior to amplification and characterization.  

Mice 

Eight to ten-week-old C57/Bl6 mice on various genetic backgrounds were kept and bred 

in house at the Montana State University Animal Resources Center. Mice were fed and 

watered ad libitum and maintained in rooms with a 12 hour photoperiod under HEPA-

filtered barrier conditions. Intravitreal inoculations and subsequent 48 hour housing 

occurred in a segregated BSL-2 room under the same conditions. All mice were treated 

according to the institutional IACUC approved protocol.   

Intravitreal Inoculations 

High titer stocks of each of the PRV tricolor viruses were produced and titered on PK15 

cells. Equal infectious doses of each of the three tricolor, recombinant viruses for each 

cohort were combined to generate the viral inoculum [143]. Mice were weighed, deeply 

anaesthetized with isofluorane, eight microliters of viral inoculum at around 5 x 108 

pfu/mL was loaded into a primed Hamilton syringe equipped with a 33 gauge needle. The 

needle was inserted into the scleral tissue below the orbit of the right eye delivering 

approximately 1x106 pfu suspended in 2uL viral DMEM intravitreally [169]. The needle 
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was held stationary after inoculum delivery for two minutes before being carefully 

withdrawn and observed to minimize leakage. In each experimental group, three to five 

mice were injected unilaterally in the right eye. After intravitreal inoculation, mice were 

monitored every six to ten hours for signs of distressed. After eye injections and at eight-

hour intervals, 0.15 mg/kg Buprenex (Buprenorphin) was delivered sub-cutaneously in 

500uL DPBS for pain management and hydration therapy. C57/Bl6 eyes and brains 

infected with wildtype tricolor PRV were harvested at 12, 18, 24 and 48 hpi. For all other 

mouse groups, eyes and brains were only harvested at 48 hpi.  

Tissue Collection 

At 12, 18, 24 or 48 hpi, mice were injected intraperitoneally with a terminal dose of Fatal 

Plus solution containing Sodium Pentobarbitol (400mg/mL). Once mice were 

unresponsive and their heart rates slowed significantly, they were subjected to 

thoracotomy and transcardially perfused with 0.1% saline solution. Following the saline 

flush tissue was perfused and fixed with 4% Paraformaldehyde-Lysine-Periodate solution 

(PLP) through the aorta to fix tissues [182]. Mice were decapitated and brains and right 

eyes were extracted. Infected eyes and brains were further fixed in PLP overnight then 

transferred to a 20% sucrose solution for 24 hours for cryoprotection. The brains and eyes 

were transferred to a 30% sucrose solution for at least 24 hours and stored in that solution 

until tissues were processed (Protocol Courtesy of J.P. Card).  

Tissue Processing and Image Collection 

Infected eyes taken at 12, 18, 24, and 48 hpi were mounted in OCT before they were 

serially cryosectioned along the sagittal plane on a Cryostat (Zeiss) in 10um sections at -
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20oC. Eyes were mounted on subbing solution-treated slides and polymerizing mounting 

media containing DAPi (Vectashield, Vector Labs, Burlingame, CA) was added prior to 

coverslipping. Only cells and neurons in the RGC layer of the retina and the CB were 

counted in intraocular images. Brains were mounted in 30% sucrose on a freezing 

microtome stage (Physitemp, Clifton, NJ). Brains were coronally sectioned in 36 um 

serial sections at -18oC on a horizontal sliding microtome (AO Optical). Brain sections 

were binned into six groups. One bin of tissues sections was arrayed and mounted on 

slides. Mounted slides dried partially at room temperature before application of mounting 

media containing DAPi and coverslipping. Slides were imaged within 24 hours after 

mounting. Epifluorescence imaging was performed on a Nikon Ti-Eclipse (Nikon 

Instruments, Melville, NY) inverted microscope equipped with a SpectraX LED 

(Lumencor, Beaverton, OR) excitation module and fast switching emission filter wheels 

(Prior Scientific, Rockland, MA). Fluorescence imaging used paired excitation/emission 

filters and dichroic mirrors for CFP, YFP and TRITC (Chroma Technology Corp., 

Bellow Falls, VT). All images were acquired with an iXon 896 EM-CCD (Andor 

Technology LTD, Belfast, NI) camera using NIS-Elements software. Image tiles with a 

20x ELWD Phase objective were acquired to assess FP expression in eye sections. Brain 

regions specific to either anterograde spread or retrograde spread were imaged with the 

20x ELWD to acquired detailed localization and FP expression images for subsequent 

data analysis. 

Image Analysis 
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Wildtype C57/Bl6 eyes taken from 12, 18, 24, and 48 hours post-infection cohorts (five 

to ten mice) were imaged and around 1,000 FP-expressing nuclei in infected ciliary 

bodies and retinal ganglion cell layers were hand counted. Each nucleus was identified to 

be expressing either one, two or three FPs. The Poisson distributions of FP-expressing 

nuclei were used to calculate the average number of expressed viral genomes at each of 

those primary sites of infection at each time point [143]. Brains were only analyzed after 

48 hours of infection. To analyze spread to the brain, one sixth of the brain was imaged 

from each mouse in 48 hpi cohorts. For each of these mice, around three to four brain 

sections showed region-specific fluorescence for each the retrograde Edinger-Westphal 

Nucleus, retrograde Olivary Pretectal Nucleus, anterograde Superior Colliculus, and 

anterograde dorsal Lateral Geniculate Nucleus. Regions and their respective boundaries 

were identified using the online Allen coronal mouse brain atlas (http://www.brain-

map.org/). Images of brain sections were taken on the inverted fluorescent scope with 

equivalent exposure times and analyzed using equivalent LUTs gates.  

MATLAB Analysis 

A MATLAB script was used to process the images of the FP-expressing nuclei collected 

via inverted fluorescent microscopy. The script input a folder of images and grouped 

them by name, and then processed the images to count the number of nuclei infected with 

viruses containing one of each of the three fluorescent tags (red, yellow, and blue). The 

processing consisted of the following steps. First, the individual red, yellow (green), and 

blue (RGB) images were converted to binary black and white images (BW) based on a 

manually chosen threshold of 0.15 (15%) using the MATLAB function: im2bw. Then the 
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connected components of each of the BW photos were determined using the MATLAB 

function: bwconncomp. The connected components with fewer than 20 pixels were 

assumed to be noise or incomplete and were eliminated. The number of nuclei infected 

by two or three viruses was then determined by considering the overlap of pixels for the 

connected components of each of the individual RGB images. Here the overlap of two or 

three fluorescent tags is determined as the intersection of pixels expressing two or three 

of the colors respectively. The percentage of overlap was then calculated by comparing 

the number of pixels in the intersection to the number of pixels in the smallest connected 

component considered. Those components with more than 50% overlap of pixels from 

any two colors were considered to be from the same nuclei, and the connected 

components expressing all three fluorescent labels was determined by the components 

expressing more than 30% overlap of pixels for connected components from all three of 

the RGB images. 
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Supplemental Materials 

Compartmentalized Neuronal Cultures 

Superior Cervical Ganglia (SCGs) were dissociated from C57/Bl6 embryonic mice at day 

15 gestation. Neurons were cultured and maintained in chambers as previously described 

(58, 69). Briefly, dissected SCGs were incubated in 100uL 0.25% trypsin for 15 minutes 

then spun down. Trypsin was replaced with 100uL trypsin inhibitor and incubated for five 

minutes at 37°C. Trypsin inhibitor was removed before adding 100uL of neuronal media. 

The dissociated SCG suspension was added to the soma compartment of a neuronal tri-

chamber. The neurons were fed and incubated for 17-25 days before experimentation. 

Chambers used in these experiments contained cultured SCGs showing similar penetration 

of the neurite compartment. Around 30 minutes before viral inoculation, media was 

extracted from the middle compartment and 200-250uL of 1% methylcellulose in neuronal 

media was added back. During direct axonal inoculation experiments, conditioned 

neuronal media was extracted from the neurite compartment and used to dilute 106 pfu 

tricolor inoculum in 300uL. The dilute inoculum was added back to the neurite 

compartment. Infected SCGs were incubated at 5% CO2 at 37oC for 18 hours before 

imaging. During anterograde spread experiments, PK15 cells were dissociated from a 

confluent 10cm dish into 10mL complete DMEM. Around 100uL of that suspension was 

seeded in the neurite compartment. Around 20 hours later, media was extracted from the 

middle compartment and 200-250uL of 1% methylcellulose in neuronal media was added 

back. Thirty minutes later, conditioned neuronal media was also extracted carefully from 

the soma compartment and used to dilute tricolor inoculums to 106 pfu in 300 uL. The 
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dilute tricolor inoculum was added to the soma compartment and incubated at 5% CO2 at 

37oC for 24 hours before imaging [166]. 

Statistical Analyses 

Around 1,000 fluorescent nuclei were counted per brain region for each mouse cohort. The 

image analysis establishes a Poisson distribution of one, two and three FP-expressing 

nuclei. The same analyses were performed for wildtype C57/Bl6, wildtype Balb/C, IFNG-

/-, IFNAR1-/- mice infected with gE null, Us9 null or wildtype tricolor PRVs. The 

distributions were used to calculate the average number of expressed viral genomes per 

infected cell or neuron for each mouse and each expressed viral genome copy number was 

averaged between mice in the cohort and standard deviations were determined. The average 

number of expressed viral genomes was used for subsequent analyses as dictated in the 

figure legends. Additionally, the number of infected neurons in each infected brain region 

was determined for each mouse by counting the number of infected neurons in the four 

most infected serial sections of a brain region, and infectivity was averaged between mice 

in each cohort. Analyses were calculated according to the figure legends using GraphPad 

Prism software. 

Supplemental Tables 

Supplemental Table 1. Co-infection quantification during directional spread in in vitro and 

in vivo models. Numbers from top left: In vitro co-infectivity (average number of 

expressed viral genomes in infected cells) of PK15 cells inoculated with an MOI 5 (1); In 

vivo co- infectivity in the CB at 18 hpi with a dose of 106 pfu delivered intravitreally 

(published here); In vitro dissociated SCGs axonally inoculated with 106 pfu (published 
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here); In vivo RDS to the EW at 48 hpi (published here); In vitro neuronal compartment 

with dissociated SCGs inoculated with 105 pfu (1); In vivo RGCs inoculated with 106 pfu 

intravitreally (published here); In vitro ADS from dissociated SCGs to diffusion segregated 

PK15 cells (1); In vivo ADS from RGCs to the SC (published here). All numbers include 

standard deviations. 

 

 In Vitro In Vivo 

1o Infected Cells 
3.10 ± 0.29 3.00 ± 0.15 

Cells infected after RDS 
4.22 ± 0.85 3.00 ± 0.36 

1o Infected Neurons 
6.84 ± 2.43 5.35 ± 0.85 

Cells infected after ADS 
1.63 ± 0.07 1.32 ± 0.04 

 

Supplemental Figure Legends 

Fig. S1. Mouse-matched PRV route of spread comparison in wildtype C57/Bl6 mice. 

Mouse matched, paired comparisons of wildtype mice. Compared are all combinations of 

ADS sites to RDS sites within the same brain. In addition to the two sites published in Fig. 

5.3, an additional anterograde site, the dorsal portion of the Lateral Geniculate Nucleus and 

an additional retrograde site, the Olivary Pretectal Nucleus were included in the analysis. 
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Statistically significant differences were observed when comparing both ADS sites to both 

RDS sites.  

Fig. S2. PRV Us9 Null and gE Null Growth Curves. A. Us9 null growth curves including 

the tricolor viruses and the PRV161 parent strain. Around 106 PK15 cells in each well in a 

six-well dish were infected with an MOI of 10 or around 107 pfu/well. Wells were harvested 

in triplicate for each time point shown, then freeze/thawed twice and ultrasonicated prior 

to titering in six-well plates seeded with 106 PK15 cells. B. gE null growth curves including 

the tricolor viruses and the PRV758 parent strain were conducted in the same manner on a 

different day. 

Fig. S3. Comparisons between virus cohorts at intraocular sites 48 hpi. A. Coinfection in 

the CB at 48 hpi. There was no statistical significance between cohorts. B. Coinfection in 

the RGC layer of the retina at 48 hpi demonstrated no significant differences between the 

cohorts where ADS was observed.  
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Figure S1 Pairwise Comparison of the Extent of Coinfection in C57/Bl6 Mice 



76 

 

 

 

 

Figure S2 One Step Growth Kinetics of Mutant Tricolor Cohorts 
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Figure S3 Extent of Coinfection in the CB with Wildtype and Mutant Tricolor Viruses 
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CHAPTER FOUR 

 

CONCLUSIONS AND DISCUSSION 

 

 

 MOCI during Anterograde and Retrograde Spread 

In this dissertation, I presented evidence that two of the four prominent 

alphaherpesviruses (HSV-1 and PRV) undergo transneuronal spread with different but 

conserved Multiplicities of Cellular Infection (MOCIs) depending on the route or 

direction of spread to the murine Central Nervous System. During infection with 

wildtype, laboratory strains of PRV and HSV-1, the average number of virions that 

spread infection from one neuron to the next varied from just over one virion during 

anterograde spread (which involves axon-to-cell/neuron transmission events) to over 

three virions during retrograde spread (which involves somatodendritic-to-axon 

transmission events). Additionally, the high MOCI (around three) observed during 

retrograde spread was found to be dependent on the presence of a viral protein, Us9. In 

the absence of Us9, viruses spread with an MOCI closer to two. The exact mechanisms 

that differentiate low from high MOCIs during bi-directional infectious spread have yet 

to be elucidated. The differential regulation of MOCI, depending on the route of 

transmission, is an interesting phenomenon with potentially widespread impacts on 

herpes virology. In this section, I will propose models and hypotheses to explain the 

observed MOCIs detailed in prior chapters and present paths forward for future research. 
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Calculations of MOCI 

 Previous work established that the number of virions infecting a population of 

cells is Poisson distributed and the average number of expressed viral genomes can be 

calculated using the lambda equation [90]. Due to previously published data, we know 

that there is a cap on the number of expressed viral genomes that one cell or neuron can 

express and replicate [89, 143]. In the lambda equation, lambda represents the average 

number of expressed viral genomes per cell in a population of infected cells; n represents 

the number of cells in the sample of infected cells; and r1 represents the number of cells 

expressing a single tricolor virus, r2 represents the number of cells expressing two tricolor 

viruses, and r3 represents the number of cells expressing all three tricolor virus strains 

[90, 143].  

𝜆 = −3 ln (
1𝑟1  +  2𝑟2  +  3𝑟3

3𝑛
)   

Three different viruses were determined to be sufficient to characterize the Poisson 

distributions of the number of viruses infecting cells in a sample of infected cells per the  

above equation [89, 90]. Our data supports that the tricolor viruses are sufficient to 

characterize Poisson distributions in vivo, since the MOCIs during transneuronal spread 

approximated either one or three depending on the route of neuronal transmission [Herr 

et al. in preparation Chapter 3].    
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Figure 4.1 Anterograde Spread. A. Spread through the anterograde circuit involved 

coinfection of the retinal ganglion cells but the spread of a single virion during 

transmission events. B. Coinfection is required at the retinal ganglion cell level to reliably 

detect coinfection at secondary sites. 

Regardless, there are several caveats to using lambda values to quantify MOCIs in 

vivo. First, the MOCI may be limited by the extent of coinfection at a primary site. If only 

one virus infects most cells in the eye or at a primary site (Fig. 4.1a), the architecture of 

the circuit and not the route of transmission may dictate observed and calculated values 

of MOCI at secondary sites (Fig. 4.1). For example, we cannot calculate MOCI if a 

primary site is singularly infected with only one FP-expressing virus and that primary 

neuron synapses with only one secondary neuron. Should this be the case, we cannot 

calculate MOCIs at secondary sites of infection using the lambda equation as any one-

FP-expressing primary neuron can transmit any number of virions to a secondary neuron 

with the same result, single FP-expression (Fig. 4.1b).  However, with high extents of 

coinfection in cells and neurons at the primary site, we can gauge changes in the extents 

of coinfection at secondary sites. Secondly, there may be caveats in the selective 
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advantage and/or detectability of one tri-color viral strain over the others that affects 

calculations of MOCI in vivo [89, 90]. Given the near genetic equivalence of the three 

tricolor viral strains, the selective advantage of one virus over another should be minimal 

in vivo like it is in vitro [143, 149]. The fluorescent protein cassette inserts only vary by a 

few codons. Additionally, LUTS gates can be altered to enhance detection for specific 

FPs. Gates were used to make FP-expressing viral strains detected relatively equivalently 

[169]. Third, the relatively few tricolor viral strains, three, used in these experiments 

makes it more difficult to calculate MOCI values on the tail ends of any Poisson 

distribution. In this vein, there are a few differences between the observed distribution of 

one, two, and three FP-expressing cells and actual Poisson distribution of number of 

expressed viral genomes using the tricolor method: synaptically-connected, uninfected 

cells cannot be observed with the tricolor method, nor can any cell that expresses more 

than three different tricolor viruses. However, caps on the number of viral genomes that 

can be expressed in cells and neurons precludes many of the potential MOCI values at the 

right tail of the Poisson distribution [90]. 

  

Anterograde MOCI  

In prior studies, anterograde spread was found to result from a single virion 

initiating infection during spread from neurons to cells in vitro [143]. These events were 

live-imaged using fluorescent microscopy [31]. Live-imaging experiments with PRV and 

HSV-1 showed that successful axon-to-cell transmission events usually involve a single, 

enveloped virion. The enveloped virion undergoes anterograde transport within a 

transport vesicle toward an axon terminus before egressing from pre-synaptic densities 
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[143] (Fig. 4.2). Imaging studies have revealed that a single, enveloped PRV virion is 

packaged in a transport vesicle and trafficked via the kinesin, KIF1a, toward distal axons 

[49, 111]. The viral glycoprotein D (gD) is thought to be necessary to form varicosities at 

pre-synaptic densities, which provide the sites of axonal egress [123]. We believe the 

same process is at play during anterograde spread in the murine central nervous system.  

However, how exactly the anterograde spread process limits the successful transmission 

of viral particles mostly single virions remains to be elucidated.  

The anterograde spread of PRV and HSV-1 may represent a significant, 

conserved population bottleneck and a source of purifying selection affecting the fitness 

of the viral population within the host prior to inter-host transmission events. While 

genetically non-diverse populations can result in genetic drift and are generally 

considered less fit, viral population bottlenecks can enhance fitness in a viral population. 

Plant viruses are known to enhance the fitness of seeded viral populations through 

bottlenecks during cell-to-cell spread [151]. Enhanced fitness occurs through the 

elimination of “unfit” genomes from a founding population. Unfit genomes in the 

transmitting population are not self-sufficient and therefore require transcomplementation 

to be maintained within the transmitted viral population. By seeding only one viral 

genome upon transmission - and eliminating transcomplementation from the founding 

population - the founding population is more likely to be viable and cause lifelong 

infection in the next host. However, this idea is only conjecture as there is little to no 

experimental evidence to back this up in alphaherpesviruses. More research is necessary 
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to determine the impacts of the anterograde population bottleneck on alphaherpesviral 

population fitness.  

Superinfection Exclusion. Complicating MOCI during transneuronal spread, a 

process called superinfection exclusion (SIE) makes infected cells refractory to further 

infection. Within an infected tissue, this may have a profound effect on our 

experimentally observed MOCIs and the mechanisms that control and differentiate 

MOCIs in vivo. However, little experimental data supports the exact relevance of SIE in 

the context of host alphaherpesviral infection. It is unknown where and when SIE may  

 

 

Figure 4.2 Anterograde Transport. Anterograde transport involves viral glycoproteins 

(red spikes) gE, gI, and Us9 which are involved in virion envelopment and sorting. After 

sorting at the axon hillock, single virions are transported in vesicles to pre-synaptic 

densities where they undergo egress. 
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play a role, it is hypothesized to help determine the composition of the viral population 

and may synchronize the timing of infection thereby optimizing viral gene expression 

cascades and virion output. 

Viral and Host Components During Anterograde Spread. While many PRV and 

host proteins have been shown to affect the efficient anterograde transport and spread, 

specifically US9, gE/gI, and Type I and II IFN signaling, none of those proteins affected 

the MOCI during anterograde spread in the murine CNS [111, 167, 183-185]. The 

average MOCI is a function of both the average number of virions transmitted during a 

single transmission event (V) and the average number of successful transmission events 

that contribute to a single cell’s infection (E). SIE contributes to MOCI through limiting 

the average time frame (T) in which a sample of cells remain susceptible to consecutive, 

successful, alphaherpesviral transmission events; therefore, SIE may play a significant 

role in determining the average MOCI in an infected sample of cells.  

MOCI =  
𝑉 𝑥 𝐸

𝑇
 

The equation presented above is likely overly simplified but may apply to both 

anterograde and retrograde spread events. The major differences between anterograde 

and retrograde spread are hypothesized to lie in the number of spread events (E) that 

occur over the timeframe where cells remain susceptible to further infection if V=1 and T 

= 2.5 hours [149]. 
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Figure 4.3 Retrograde Spread. Retrograde spread involves the formation of fusion pores 

along sites of neuronal contact. After sorting and retrograde or anterograde transport to 

somatodendritic fusion pores, single virions are transported in vesicles to fusion pores 

where they accumulate before being transmitted across channels to synaptically 

connected axons. 

During anterograde spread, I hypothesize that the single virion transport and 

transmission event is widely conserved and limited to a timeframe greater than one virion 

per cell every 2.5 hours [143, 149].  

MOCI =  
1 𝑣𝑖𝑟𝑖𝑜𝑛 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 𝑥 1 𝑒𝑣𝑒𝑛𝑡

2.5 ℎ𝑜𝑢𝑟𝑠
 

While each of these factors affects the efficiency or number of transmission events that 

occur over a given time frame, the actual nature of the transmission event remains 

unaffected. There are two confounding variables that may impact the application of the 

result implying that the anterograde MOCI is constant between viruses and knockout 

systems to host systems and across alphaherpesviruses: 1) PRV is a pig virus and was 

studied in murine knockout systems, and 2) the roles of US9 and the gE/gI heterodimer 
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vary between alphaherpesviruses. Still, amino acid conservation between species and 

viruses suggest that anterograde transport and spread occurs with an average MOCI of 

one virion per event even in the absence of US9 and the gE/gI heterodimer. The only 

exception may be VZV as it causes neuronal fusion during shingles formation given the 

aberrant phenotypes of the neurons themselves during this fusion process, the mechanism 

of transmission to epithelial cells may be different [120]. However, one study  

does support that VZV transport vesicles contain single viral particles, like HSV-1 and 

PRV [186]. From imaging studies in vitro, the absence of US9 kills the ability of the 

virus to engage with the neuronal kinesin, KIF1a, an integral host component of 

anterograde transport [111]. 

Retrograde MOCIs 

Contrasting the relatively well-characterized process of anterograde spread, the 

process of retrograde spread is relatively uncharacterized, as there is no in vitro system 

with which to model these types of post-synaptic to pre-synaptic spread events (Fig. 3.3). 

Therefore, the in vivo, intravitreal injection system presented here provided an important 

attempt to comparatively quantify the MOCIs during anterograde and retrograde 

transneuronal spread events [168, 171]. In contrast to predominantly single virion 

transmission events during anterograde spread, we observed relatively high levels of 

coinfection (high MOCIs around three) after retrograde spread in the CNS, indicating that 

the MOCI and possibly the nature of retrograde transmission events is fundamentally 

different than during anterograde spread.   
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I hypothesize that retrograde viral transmission events involve a release of 

multiple viral particles into a single axon over a short period of time after virions 

accumulate along the somatodendritic plasma membrane. Accumulation of virion-

containing vesicles along the somatodendritic plasma membrane facilitates transmission 

of virions likely across somatodendritic-specific fusion pores created between neurons 

soon after cells become infected. Wildtype PRV-infected neurons are known to 

aberrantly increase action potential firing rates and become hyperpolarized by eight hours 

post-infection. The mechanism with which hyperpolarization occurs is through the 

formation of fusion pores between the somatodendritic plasma membrane of an infected 

neuron and the plasma membrane of a juxtaposed cell or axon. The process was describe 

to be glycoprotein B-dependent [187]. gB is an integral member of the viral fusion and 

entry complex. In infected neurons, gB is trafficked to axons as well as the 

somatodendritic plasma membrane. These fusion pores are fusion complex-dependent 

and may increase the efficiency of virion transmission in the retrograde direction relative 

to the anterograde direction [166].   

Viral and Host Components During Retrograde Spread. In addition to the roles of 

US9 and gE/gI during anterograde transport, the proteins contribute to retrograde, 

transneuronal spread [188]. HSV-1 Us9, in conjunction with HSV-1 gE, was recently 

found to negatively affect proper viral envelopment; and gE/US9 null virions tended to 

stick to cytoplasmic membranes within neurons thus reducing the efficiency of virion 

sorting and transport. These observations significantly contributed to our US9- and gE-

null models of retrograde spread (Fig. 4.4) [189]. Us9 is known to have very neuron-
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specific and virus-specific functions [189, 190], and is known to associate with gE to 

work collaboratively [191]. However, I hypothesize that the roles of PRV gE and Us9 are 

different than their HSV-1 homologues and different than each other during the 

retrograde spread of infection.  

 

Figure 4.4 Viral Glycoprotein Null Models of PRV Retrograde Spread. A. Us9 null PRVs 

are sticky which despite pore formation reduces the MOCI during retrograde spread. B. 

gE null PRVs have delayed formation of fusion pores and delayed spread but wildtype 

MOCIs.  

In Chapter 3, we found that gE null viruses spread through retrograde circuits 

with wildtype MOCIs but reduced efficiency or delayed cell-to-cell spread affecting the 

number of cells that became infected over a given time frame. I hypothesize that gE plays 

a role in the timing of somatodendritic fusion pore formation, thereby affecting the 
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number of cells that become infected during retrograde spread, as previously 

characterized with PRV Bartha. Supporting these hypotheses, infection with the PRV 

Bartha vaccine strain has been shown to delay hyperpolarization of infected neurons and 

the formation fusion pores between neurons [187]. Since PRV Bartha contains a large 

genomic deletion that ablates Us9, gE, and gI functions, I hypothesize that the previously 

observed delay in PRV Bartha fusion pore formation and hyperpolarization resulted from 

the lack of gE as opposed to null mutations in PRV Bartha’s other mutated genes. 

Viral and host components during retrograde spread. Additionally, chapter 3 

concluded that US9 null viruses exhibited reduced extents of coinfection (lower MOCIs) 

at secondary sites but spread infection to the same number of cells as wildtype viruses. 

Therefore, I hypothesize that US9 plays a role in transport to the somatodendritic plasma 

membrane the lack of Us9 reducing the transport of viral particles to the somatodendritic 

plasma membrane [192, 193]. If this hypothesis holds true, Us9 null PRVs would show 

hyperpolarization at eight hours post infection, like wildtype PRV, but particles would be 

stalled at cytoplasmic membranes and not trafficked efficiently to fusion pores along the 

somatodendritic plasma membrane. Effectively, this hypothesis would explain the 

reduction in retrograde MOCI with US9 null tricolor PRVs. Conversely, gE null PRVs 

would be trafficked to the somatodendritic plasma membrane (albeit with a slightly 

reduced efficiency), but hyperpolarization and fusion pore formation would be delayed 

relative to wildtype and US9 null PRVs. gE null PRVs have been shown to undergo 

reduced transport kinetics in vitro.         
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In the somatodendrites of infected neurons, microtubule polarity is more 

convoluted and less consistent than in axons [194]. It is possible that both anterograde 

and retrograde transport of vesicularized, enveloped virions occurs and is necessary for 

the efficient retrograde spread of infection. However, retrograde spread via neuronal 

somatodendrites remains difficult to visualize as no in vitro retrograde spread model 

exists [169]. PRV US9 is known to be necessary for anterograde transport while HSV-1 

US9 affects anterograde transport but is not necessary [118, 167]. Between HSV-1 and 

PRV, the importance for each protein in anterograde transport is switched and roles may 

be slightly different [118, 195].      

Without Us9, virions are not properly enveloped with the same efficiency, 

congregate at intercellular membranes, and fail to undergo transport from the cell body 

with the same efficiency as wildtype virions [189]. However, these studies were done 

with HSV-1 and there are significant differences in the function and importance of US9 

and gE between HSV-1 and PRV as previously detailed. We believe that this observation 

accounts for the reduced MOCI during retrograde, trans-neuronal spread. We hypothesize 

that the “sticky” particles cuts down on the efficiency of trafficking the entire distance to 

post-synaptic sites of egress thereby reducing the efficiency with which virus is 

transmitted from post-synaptic densities. The mechanism could affect either the number 

of events that release virions or the number of virions that are released during each event. 

Either way, less virions are successfully transmitted from post-synaptic densities to pre-

synaptic densities in the absence of PRV US9. It is entirely possible that the PRV 

function is not conserved between alphaherpesviruses. Alternatively, the functions may 
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be conserved between PRV and HSV-1. However, this would not support the presented 

hypotheses about PRV gE and US9 functions.   

SIE During Retrograde Spread. It is possible that SIE plays a role during the 

retrograde spread of infection in limiting the number of successful virion transmission 

events to a certain timeframe (approximately 2.5 hours after an event initiates infection) 

[149]. While fusion pores may increase the number of virions that are successfully 

transmitted between an infected neuron’s soma and an uninfected neuron’s axon, this 

modulation is likely facilitate by increasing the number of transmission events that occur 

over a short time frame.  

Paths Forward 

Despite the new-found knowledge of MOCI during transmission between neurons 

in the mouse Central Nervous System, MOCIs during many steps in the alphaherpesvirus 

infectious cycle remain unknown. No alphaherpesvirus MOCI has been definitively 

quantified during intercellular spread between cells in a host’s epithelial tissues. 

Furthermore, while latently infected neurons are thought to be infected with anywhere 

from one to 1,000 viral genomes, the number of viral genomes that reactivate from 

latency within these neurons remains unknown [146]. And, the numbers of viral genomes 

establishing latency in individual peripheral neurons are thought to have a wide 

distribution, making lambda values difficult to calculate despite various methods of 

detection [20, 21, 90, 146]. Lastly, the average number of viral particles successfully 

transmitted from an infected host to a naïve host has never been quantified. In addition to 

the relative unknowns, most quantification has only been done with two 
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alphaherpesviruses, HSV-1 and PRV. Therefore, it is possible that VZV and HSV-2 

spread within their hosts with different population dynamics than the two most studied 

viruses; therefore, MOCIs will need to be reverified with HSV-2 and VZV. 

Concordantly, VZV causes syncytia or fusion between neurons prior to shingles 

formation. This may alter the transmission and population dynamics of VZV during 

anterograde spread although single genomes have been shown to be contained within 

shingles-forming vesicles [186].      

While some of the above questions can be answered with available models and 

systems, some questions will require new technologies and imaging techniques. For one, 

tricolor viral infections can be used to track the spread of infection between cells in 

epithelial tissues. By using a flank scratch model of alphaherpesviral neuroinvasion, 

MOCIs in epithelial and peripheral nervous tissues can be assessed [196]. Epithelial 

inoculation over a small area with a high titer tricolor viral inoculum will hopefully lead 

to high levels of coinfection and infectious spread to surrounding epithelial cells outside 

the inoculation site. Secondary epithelial cells can be assessed using fluorescent 

microscopy and lambda values can be calculated after intercellular spread in the 

epithelium. Additionally, the number of viral genomes that reactivate from latency may 

similarly be calculated in vitro with the tricolor infection method, however this has yet to 

be tested.  

In contrast, the number of virions transmitted between hosts will require estimates 

of the genetic diversity generated during both cold sore formation within epithelial tissues 

and during asymptomatic host transmission events. One possible way to assess the 
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number of viral particles transmitted between hosts is through deep sequencing primary 

infections [197]. Tricolor infections cannot be used to quantify the number of virions 

transmitted between hosts because the single virion population bottleneck initiated during 

an axon-originating intercellular spread event occurs prior to an interhost transmission 

event, precluding tricolor analyses in secondary hosts. One potential work around would 

be to initiate epithelial infections with high titer bar-coded or tricolor inoculum and then 

track the spread of infection from that epithelium to a naïve host [90, 198]. In either 

circumstance, further quantitative methods potentially involving deep or pyro sequencing 

viral genomes contained within a primary mucosal epithelial lesion may be necessary to 

estimate the number of alphaherpesvirions transmitted between an infected and naïve 

host [199].  The interhost transmission of PRV could be calculated through initiation of 

infection in the porcine nasal mucosae [200].           

Additional insight is needed to understand the impacts of gE and Us9 on 

population dynamics during retrograde spread. Hypothetically, these proteins play a role 

both during fusion pore formation at post-synaptic densities and somatic plasma 

membranes and are necessary for the proper, efficient envelopment of viral particles 

[189]. However, how these proteins interact or facilitate the trafficking of potentially 

glycoprotein B and the formation of fusion pores will require further study. By using 

different molecular weight dyes to assess fusion pore formation during the course of 

infection, we could de-convolute some of the roles of PRV gE and Us9 during 

somatodendritic-originating transmission events and during the transport of viral particles 

in somatodendrites [190]. 
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Lastly, the function of US9 may be either conserved or not between 

alphaherpesviruses in the protein’s effect on retrograde MOCIs. Most data points toward 

non-conserved functions for US9 and its homologues in transport and anterograde 

trafficking [118, 167].  However, there may be a conserved function separate from 

transport and anterograde trafficking impacting the retrograde MOCI. There are several 

known functions for US9 including anterograde transport of vesicularized PRV through 

either direct or indirect engagement of a specific kinesin, proper envelopment of nascent 

HSV-1 viral particles, and potentially sorting of viral particles toward distal axons at the 

axon hillock [112, 118, 167, 189]. The impact of PRV US9 on the MOCI during 

retrograde spread in the murine central nervous system is a recent addition presented 

herein. This affect can and should also be assessed using HSV-1 and potentially VZV.  

Interestingly, the live, attenuated VZV vaccine strain, Oka, encodes a functional 

US9 homologue [201]. VZV has been successful in reducing the fatality and severe 

disease rates of primary chickenpox, and vaccination has reduced the incidence of 

shingles in the vaccinated population relative to those that contracted the 

alphaherpesvirus naturally [202]. However, the generation of VZV population diversity 

within a vaccinated host has shown some tendency to revert to more pathogenic strains of 

VZV [203]. If the function of US9 in reducing the retrograde MOCI is conserved 

between PRV and the VZV homologue, it is possible that deleting the homologue in the 

VZV vaccine strain could make the vaccine more efficacious. This could be 

experimentally tested by deleting the US9 homologue both using a wildtype and Oka 

genetic background.         
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In conclusion, this main scope of this dissertation performed two primary 

functions to advance the field of alphaherpesvirus research. Primarily, this work 

quantified the number of virions that infect individual neurons during two routes of 

transneuronal spread within a host. Anterograde spread was found to promotes single-

virion infection events, while retrograde spread was found to promote multiple virion 

infection events. Secondarily, this work identified one PRV factor, Us9, which impacts 

the ability of the virus to transmit multiple virions during retrograde spread. We believe 

this work is important as multiple virion spread events are thought to enhance 

diversification of the virus within its host and may contribute to both immune and 

vaccine evasion. Additionally, multiple virions spread events have been shown to 

increase the severity of recurrent pathology. For these reasons, the number of alphaherpes 

virions infecting single cells within a host should be considered when designing vaccines 

and treatments. 
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APPENDIX A 

TYPE I AND TYPE II INTERFERON SIGNALLING AFFECTS PSEUDORABIES 

VIRUS INFECTION. 
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In Chapter 3, an in vivo intravitreal model was used to assess coinfection in the 

central nervous system (Herr et. al in preparation [145, 204]). We began our experiments 

with the hypothesis that a host’s genetic background impacts the extent of coinfection in 

their tissues (the number of virions transmitted between cells). This hypothesis was, in 

part, formulated because mutations in some host innate immune signaling components 

impact the spread of infection between cells in a tissue [205, 206]. This is the case with 

other viruses as well as alphaherpesviruses [183, 185]. We assumed that the process of 

infection and coinfection were interdependent. In the process of refining our hypothesis, 

we tested some host mutations known to affect the extent of infection in host tissues. 

Some of those host mutations were in Type I and Type II Interferon (IFN) signaling 

components [205-208]. Type I IFNs consist of two cytokines, IFN-α and IFN-β which 

bind to a heterodimeric receptor on cell surfaces consisting of two proteins IFNAR1 and 

IFNAR2, while Type II IFN consists of IFN-γ which binds to a heterodimeric receptor on 

cell surfaces consisting of IFNGR1 and IFNGR2 [209].  Contrary to our hypothesis, the 

absence of Type I and Type II IFN signaling did not significantly impact the number of 

virions transmitted between neurons in the central nervous system. However, ablation of 

these innate immune signaling pathways did, as expected, impact the extent of infection 

at secondary sites [206]. 

Introduction 

IFN signaling has been shown to be important for antiviral effects [185]. IFNs are 

thought to regulate CNS infection for many viruses, including alphaherpesviruses [183, 

185]. Type I and II IFN signal transduction have been shown to impact the number of 
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successful axonal transmission events [183, 185, 208, 210-212]. In humans, 

polymorphisms in cellular signaling pathways involved in IFN signal transduction and 

expression have been shown to predispose individuals to severe central nervous system 

disease [213, 214]. In mice, Type I and II IFN signaling-deficiencies result in alterations 

in the number of neurons infected during spread to and from neurons, but the extent to 

which coinfection occurs during the IFN-deficient spread of infection was unknown 

[183]. 

Observationally, mutations in some innate immune signaling components 

predispose humans to severe alphaherpesviral pathology, like viral encephalitis [214]. 

Since severe pathology can result from quasispecies (viral strains) present in diverse viral 

populations and coinfection is necessary to maximize diversification, those host signaling 

pathways known to predispose individuals to severe pathology were prime candidates 

thought to impact viral coinfection within a host [28, 144]. Mutations in several host 

components predispose humans to severe alphaherpesviral pathology. Many of these 

mutations lie upstream of IFN signaling pathways. IFN responses result from multiple 

cytokines that can interact with their receptors. Type I IFN consists of IFN-alpha and 

IFN-beta cytokines. These Type I IFNs can initiate an antiviral signal to cells after 

binding to the IFNAR1/2 heterodimeric receptor [215]. The receptor consists of a 

heterodimer present at the plasma membrane and initiates signaling through the Jak/Stat 

pathway [216]. Analogously, the IFN-γ cytokine initiates signaling through the IFN-γ 

receptor [217]. In both cases, downstream signaling cascades result in changes in gene 

expression and initiation of an antiviral and antiproliferative cellular state [209]. Some 
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mutation known to predispose people to Herpes Simplex Encephalitis include but are not 

limited to mutations in Toll-like receptor 3 (TLR3), UNC-93B1, STAT1, TYK2, IFI16, 

and NEMO. Characterized mutations in these proteins impair downstream host antiviral 

responses to various types (I, II, and/or III) of IFN [213, 216].  

Only certain cell types are IFN signal competent [215, 217, 218]. Both IFNAR1 

and IFNAR2 proteins compose the Type I IFN receptor and are relatively highly 

expressed in host nervous tissues (https://www.ncbi.nlm.nih.gov/gene/3454#gene-

expression; https://www.ncbi.nlm.nih.gov/gene/3455). However, there is relatively low 

IFNG1 expression on the cells surface of most neurons 

(https://www.ncbi.nlm.nih.gov/gene/3459; https://www.ncbi.nlm.nih.gov/gene/3460) 

[183, 209]. There appears to be some crosstalk where Type I IFN expression can result in 

the down regulation of the Type II IFN receptor [209]. 

 Type I and II IFN signal transduction is known to affect the intercellular spread of 

herpesviruses in several ways [206]. Type I IFN signaling is known to affect the extent of 

infection both in vivo and in vitro [183, 211, 219]. In vitro, the viral titers are enhanced in 

the absence of Type I IFN signaling relative to wildtype cells. Additionally, during 

spread from neuronal axons to cells in vitro, the number of cells infected has been shown 

to be enhanced in the absence of Type I IFN signaling [183]. The absence of type II IFN 

signaling has been shown to add to the effect of the absence of Type I IFN signaling 

[212]. Since the rate at which cells become infected increases the number of viral 

particles feeding through intercellular spread circuit, we believed that the number of cells 

infected also impacts the number of virions initiating infection. Therefore, Types I and II 
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IFN signaling provided prime candidates to assess potentially aberrant coinfection 

phenotypes.     

Results 

To understand if IFN Type I and II signaling influences PRV coinfection, Type I 

and Type II IFN signal transduction deficient (IFNAR1-/- and IFNγ-/-) mice were 

intravitreally inoculated with the wildtype PRV Becker-derived tricolor inoculum. The 

extent of infection was calculated by counting the relative number of infected cells or 

neurons in the host tissue. The extent of coinfection was calculated after tricolor infection 

using the Poisson distribution of one, two, and three fluorescent protein (FP)-expressing 

cells in an infected tissue sample [143].  

Initially, we hypothesized that the genetic background of the host impacts the 

level of coinfection. Therefore, we compared the extents of infection and coinfection 

between C57/Bl6 and Balb/C mice. Balb/C mice have been shown to be more susceptible 

to severe PRV infection. Therefore, around 106 p.f.u. of tricolor PRV inoculum was used 

to intravitreally inoculate cohorts of wildtype C57/Bl6 and Balb/C mice. After 48 hours 

of monitoring, the mice were euthanized, and their eye and brain tissues were harvested. 

 



101 

 

 

 

 

Figure 5.1 Genetic background affects infection. A. The extents of coinfection were 

similar between C57/Bl6 and Balb/C mice both during anterograde and retrograde spread 

in the central nervous system. B. The extents of infection at anterograde sites were 

greater in C57/Bl6 mice while there was no significant difference between the extent of 

infection at retrograde sites.  

 

After fixation, the tissues were sectioned and fluorescently imaged. While the number of 

cells infected at retrograde sites of spread were greater in Balb/C mice, the extent of 

infection at anterograde sites was enhanced in C57/Bl6 mice. There were no significant 

differences in the extents of coinfection at either anterograde or retrograde sites with 

either genetic background of mouse (Fig. 5.1). 

After testing the effects of the genetic background on the extent of coinfection, we 

sought to look at knockout mice deficient in type I and type II IFN signaling components. 

First, we assessed the extent of coinfection at the primary sites of infection, the ciliary 

body and the retinal ganglion cell layer. During IFN-signaling-deficient infections, cells 

within the retinal ganglion cell layer and the ciliary body in IFNAR1-/- and IFNγ-/- mice 

exhibited similar extents of coinfection to wildtype mice at 48 hpi (Fig. 5.2). There were 
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neither significant differences in the average number of expressed viral genomes between 

IFNAR1-/- mice on a C57/Bl6 background and wildtype C57/Bl6 mice in the ciliary body 

nor retinal ganglion cell layer of the retina. Similarly, there were neither significant 

differences in the average number of expressed viral genomes between IFN-γ-/- mice on a  

Figure 5.2 Ocular coinfection absent IFN signaling. A. The extent of PRV coinfection in 

the ciliary body in mutant IFN-deficient mice and the wildtype cohorts. B. The extent of 

PRV coinfection in the retinal ganglion cells in the retina in mutant IFN-deficient mice 

and the wildtype cohorts. 

Given that there were no significant differences in the extent of coinfection at 

primary sites between the four genetically distinct mouse cohorts, IFN-deficient brains 

were analyzed for both the extents of infection and coinfection (Fig. 5.3). Spread through 

the anterograde route in IFNAR1-/- mice resulted in an average number of expressed viral 

genomes in the Superior Colliculus of around one. There was neither a significant 

difference in the number of neurons infected nor the average number of expressed viral 

genomes when comparing spread to the Superior Colliculus between wildtype and 

IFNAR1-/- mice (both on a C57/Bl6 background). Similarly, spread through the 
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retrograde route produced no significant differences in coinfection in IFNAR1-/- mice 

relative to wildtype mice. In contrast, the Edinger-Westphal Nuclei in IFNAR1-/- mice 

showed a significant increase in the number of neurons infected relative to background 

matched wildtype mice (Fig. 5.3b). The absence of Type I IFN signal transduction 

enhances the number of successful retrograde spread events but not the levels of 

coinfection after those retrograde spread events. 

Given the enhanced extent of infection after spread through the retrograde route in 

IFNAR1-/- mice, we hypothesized that the low level of infection previously observed 

during gE null tricolor spread could be rescued during IFNAR1-/- mouse infections. 

Therefore, 106 pfu gE null tricolor inoculum was injected intravitreally into five IFNAR1-

/- mice. Tissues were harvested 48 hours later.  

Figure 5.3 Infectious spread in IFNAR1-/- mice. A. The extent of coinfection between 

WT and IFNAR-/- mice cohorts. B. The extent of infection in IFNAR-/- mice increased 

around two-fold relative to wildtype mice during the retrograde but not anterograde 

spread of infection. 



104 

 

 

 

IFNAR1-/- mice showed enhanced infectivity compared to wild-type mice at the 

retrograde site of spread following intravitreal inoculation. But, there was again no 

statistical difference in neuronal coinfection at the retrograde site (Fig. 5.4). Additionally, 

upon analysis of gE null infections at the primary site, we discovered formation of what 

we came to call an epiretinal membrane and macular puckering along the retina (Fig. 

5.5). Very few retinal ganglion cells remained fluorescent at 48 hours after inoculation 

despite cells remaining infected in the inner nuclear layer. When compared to wildtype 

infections gE null infections exhibited significantly different ocular pathology and 

fluorescent cell distribution. 

Figure 5.4 Rescue of gE Null Tricolor Infection A-D. Representative pictures of the 

Edinger Westphal Nuclei (EWs) from WT C57/Bl6 mice inoculated with WT Tricolor 

Viruses (A.) gE Null Tricolor Viruses (B.) and IFNAR-/- mice on a C57/Bl6 background 

inoculated with WT Tricolor viruses (C.) or gE Null Tricolor Viruses (D.). E. The extent 

of coinfection in the EWs of each mouse and virus pairing. F. The extent of infection in 

the EWs of each mouse and virus pairing. 
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Whatever process or processes affect ocular pathology during gE null tricolor infection, 

these processes were found to be Type I IFN-independent. 

In parallel experiments, IFNG-/- mice on a Balb/C background were intravitreally 

inoculated and compared to a wildtype Balb/C control group. IFNG-/- mice exhibited 

enhanced coinfection in the ciliary body, compared to Balb/C controls (Fig. 5.5). But, this 

neither correlated with statistically significant differences in coinfection nor infection at 

the retrograde and anterograde sites in the brain. From these results, Type II IFN signal 

transduction affected the extent of coinfection at the primary site of infection, but not at 

sites of spread in the brain. In summary, Type I IFN signal transduction affects the extent 

of infection after spread through retrograde but not anterograde routes, while Type II IFN 

signaling may only have a slight impact on coinfection at the primary site of inoculation.  
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Figure 5.5. Ocular Pathology during gE Null Infection. A. Wildtype mouse eye infected 

with wildtype tricolor viruses for 48 hours. B. Close-up image of the arrow in A. C. ERM 

formation during gE null virus infection. FP expression along or near the posterior 

portion of the lens. D. Macular pucker and FP expression along or between the posterior 

portion of the lens and the retina. 
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Figure 5.6 Infectious spread in IFNG-/- mice. A. The extent of coinfection in the Superior 

Colliculi (ADS) and Edinger Westphal Nuclei (RDS) of the two mice cohorts. B. The 

extent of infection at the ADS and RDS sites in the various mice cohorts.    

Conclusions and Discussion 

  In these sets of experiments, we decoupled Type I and II IFN signaling, which 

affects the number of cells infected in a circuit over a given time interval, from the extent 

of coinfection.  Given the importance of these innate immune signaling components, 

viruses have co-evolved complex mechanisms with which to evade the host’s innate 

immune system [220]. While HSV-1 and HSV-2 encode antagonists of IFN-driven 

antiviral responses [210, 221], PRV encodes no such homologue [2]. While the extent of 

coinfection is similar between HSV-1 and PRV (HSV-1 is found in appendix B), these 

experiments used PRV in the intravitreal injection model. It is possible that minor 

differences in the extents of coinfection were not statistically detected, and that PRV 
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coinfection may be less dependent on IFN responses than some of the human pathogens 

that encode IFN antagonist proteins.  

This data is paradoxical, because the number of cells infected at a site remain a 

function of mounting a successful antiviral response through paracrine Type I IFN 

signaling, but the number of cells infected does not correlate to the number of virions 

infecting each cell. In the context of the specificity involved in trans-synaptic spread of 

alphaherpesviruses, our data is not entirely discordant with recently published work by 

Leib and colleagues. Their experiments used a revised Campenot Chamber to explore 

HSV-1 infection in peripheral sensory neurons treated with IFN-β at their axon termini in 

the N compartment. After axonal treatment with IFN-β, a high infectious dose of HSV-1 

was used to inoculate the N compartment. After IFN-β pretreatment, there was a four-log 

decrease in viral titer in the S compartment. This effect was not dependent on antiviral 

signaling in the soma of peripheral sensory neurons. However, the decrease in viral titer 

also did not correlate to a decrease in the accumulation of viral genomes in S 

compartment nuclei. Furthermore, Leib and colleagues examined a null virus, Δγ34.5. 

The HSV-1 gene, γ34.5, affects IFN signaling by dephosphorylating IRF3, a transcription 

factor involved in ISG activation. There is no homologous PRV gene. With the γ34.5 null 

HSV-1 recombinant, accumulation of HSV-1 genomes in the nuclei after retrograde 

transport was deficient regardless of IFN-β pretreatment suggesting the recombinant virus 

has a retrograde transport defect. With other IFN sensitive viruses such as poliovirus and 

VSV, axonal pretreatment with IFN-β prior to axonal infection results in fewer viral 

genomes reaching the nuclei of neurons compared to vehicle treated neurons. In a mouse 
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deficient in IFN-β signal transduction, PRV retrograde-directed neuroinvasion results in 

accumulation of WT levels of viral genomes in the nuclei of infected neurons much like 

during WT HSV-1 axonal infection. Since there is no γ34.5 homologue in PRV, a non-

homologous viral gene product may have a γ34.5-like function during PRV 

neuroinvasion [183].       

Our data suggests the mechanism by which cells become infected with a specific 

number of viral genomes during productive alphaherpesviral infection results partially 

from the nature of the neuronal transmission event. This must be the case, since high dose 

infections result in up to an average of eleven expressed viral genomes per cell or neuron.  

Furthermore, we suspect the co-infection after directed spread from neurons is affected 

by a superinfection exclusion mechanism initiated by secondary cells and neurons around 

two hours after a first virion enters a cell and the initiation of superinfection exclusion is 

independent of Type I IFN signal transduction [149].   

Alphaherpesviruses have been known to exclude incoming virions for decades. 

However, the mechanism was previously believed to be dependent on the viral 

glycoprotein, gD [147, 222, 223].. The mechanism was believed to occur around 6-8 hpi 

upon gD expression. Glycoprotein D is expressed on the membrane and binds available 

Nectin-1 thereby blocking entry of other viral particles as Nectin-1 is the major entry 

receptor for HSV-1 [223]. However, the superinfection exclusion mechanism is now 

known to be gD independent and occurs as early as 2 hpi [149]. We hypothesize, the 

superinfection exclusion mechanism comes into play during anterograde-directed spread. 

Not only are there single virion transmission events, those single virion transmission 
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events must occur at egress sites at a rate less than one virion per two- to three-hour 

period. During retrograde-directed spread, either a bolus of virus is released toward the 

axon of a neuron or single virions are released at a rate greater than three virions every 

two hours. Either way, the superinfection exclusion mechanism likely contributes to viral 

population diversity at secondary sites of infection.  

We hypothesize restricting population diversity during anterograde-directed 

spread provides a fitness advantage for the virus during specific events like cold sore 

formation and transmission to new, susceptible hosts [151]. Single virion transmissions 

out to the periphery ensure against trans-complementation at peripheral sites of infection 

[143]. Therefore, only infectious virions with functional genomes are transmitted to new, 

susceptible hosts. Additionally, herpesviruses are known to reactivate upon stressing the 

tissue where the viral genomes lie latent [129, 224]. Upon formation of a cold sore in the 

case of HSV-1, the virus is then recirculated back to the trigeminal ganglion in the 

infected host [129]. Should episomal, latent viral genomes be damaged over decades 

residing in the peripheral nervous tissue of the host, this single virion purification and re-

establishment of latency provides a mechanism for purifying selection (like a plaque pick 

during maintenance of a viral stock) and could serve to counteract viral DNA degradation 

over time, again ensuring that the viral genomes latent in the trigeminal tissue are 

infectious and fit [14, 225, 226]. Should single virion transmission events serve as a 

mechanism for purifying selection, purifying selection in a unidirectional fashion 

supports the concept that viral diversity is maintained within the host after axonal 

infection and upon the establishment of peripheral neuronal infection as well as during 
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neuropathological spread to the brain. During the long course of alphaherpesviral 

infection, multiple quality control checkpoints are necessary to ensure long-lasting viral 

infection and spread to new hosts. Upon productive retrograde-directed spread from a 

neuron, around three viral genomes go on to productively infect receiving neurons. 

However, after anterograde-directed spread from neurons only one virion is transmitted 

to receiving cells or neurons [143]. In better understanding the mechanisms by which the 

virus and host modulate viral population dynamics throughout the course of infection, we 

hope to zero in on a limiting mechanism that shrinks viral populations and can prevent 

the neuron-originating spread of infection. Around 54% of the US population is infected 

with HSV-1 and most people experience some sort of pathology because of the viral 

infection whether cold sores or in rare cases viral encephalitis [227]. HSV-1 resides only 

in a human reservoir and despite nearly a century of research on the virus, there is still no 

cure. 

 

Materials and Methods 

 

Mice 

Eight to ten-week-old mice of various genetic backgrounds were kept and bred in 

house at the Montana State University Animal Resources Center. Bl6/C57 mice (Bussey 

Institute for Research in Applied Biology) were genetically manipulated by E.E. Schmidt 

and J. Prigge to establish an in house IFNAR1-/- line. Balb/C and congenic IFNG-/- mice 

(Frederick Cancer Research Facility, National Cancer Institute, Frederick, MD) were also 

maintained and bred in house. Mice were fed and watered ad libitum and maintained in 

rooms with a 12-hour photoperiod under HEPA-filtered barrier conditions. Intravitreal 
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inoculations and subsequent 48-hour housing occurred in a segregated BSL-2 room under 

the same conditions. All mice were treated according to the institutional IACUC 

approved protocol.   

Intravitreal Inoculations 

High titer stocks of each of the PRV tricolor viruses were produced and titered on 

PK15 cells. Equal infectious doses of each of the three tricolor, recombinant viruses for 

each cohort were combined to generate the viral inoculum. Mice were weighed, deeply 

anaesthetized with isofluorane, eight microliters of viral inoculum at around 5 x 108 

pfu/mL was loaded into a primed Hamilton syringe equipped with a 33-gauge needle. 

The needle was inserted into the scleral tissue below the orbit of the right eye delivering 

approximately 1x106 pfu suspended in 2uL viral DMEM intravitreally. The needle was 

held stationary after inoculum delivery for two minutes before being carefully withdrawn 

and observed to minimize leakage. In each experimental group, three to five mice were 

injected in the right eye. After intravitreal inoculation, mice were monitored every six to 

ten hours for signs of distressed. After eye injections and at eight-hour intervals, 0.15 

mg/kg Buprenex (Buprenorphin) was delivered sub-cutaneously in 500uL DPBS for pain 

management and hydration therapy. C57/Bl6 eyes and brains infected with wildtype 

tricolor PRV were harvested at 12, 18, 24 and 48 hpi. For all other mouse groups, eyes 

and brains were only harvested at 48 hpi [169].  

Tissue Collection 

At 12, 18, 24 or 48 hpi, mice were injected intraperitoneally with a terminal dose 

of Fatal Plus solution containing Sodium Pentobarbitol (400mg/mL). Once mice were 
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unresponsive and their heart rates slowed significantly, they were subjected to 

thoracotomy and transcardially perfused with 0.1% saline solution. Following the saline 

flush, tissue was perfused and fixed with 4% Paraformaldehyde-Lysine-Periodate 

solution (PLP) through the aorta to fix tissues [228, 229]. Mice were decapitated and 

brains and right eyes were extracted. Infected eyes and brains were further fixed in PLP 

overnight then transferred to a 20% sucrose solution for 24 hours for cryoprotection. The 

brains and eyes were transferred to a 30% sucrose solution for at least 24 hours and 

stored in that solution until tissues were processed (Protocol Courtesy of J.P. Card).  

Tissue Processing and Image Collection 

Infected eyes taken at 12, 18, 24, and 48 hpi were mounted in OCT before they 

were serially cryosectioned along the sagittal plane on a Cryostat (Zeiss) in 10um 

sections at -20oC. Eyes were mounted on subbing solution-treated slides and 

polymerizing mounting media containing DAPi (Vectashield, Vector Labs, Burlingame, 

CA) was added prior to coverslipping. Only cells and neurons in the RGC layer of the 

retina and the CB were counted in intraocular images. Brains were mounted in 30% 

sucrose on a freezing microtome stage (Physitemp, Clifton, NJ). Brains were coronally 

sectioned in 36 um serial sections at -18oC on a horizontal sliding microtome (AO 

Optical). Brain sections were binned into six groups. One bin was arrayed and mounted 

on slides. Slides were imaged within 24 hours after mounting. Epifluorescence imaging 

was performed on a Nikon Ti-Eclipse (Nikon Instruments, Melville, NY) inverted 

microscope equipped with a SpectraX LED (Lumencor, Beaverton, OR) excitation 

module and fast switching emission filter wheels (Prior Scientific, Rockland, MA). 
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Fluorescence imaging used paired excitation/emission filters and dichroic mirrors for 

CFP, YFP and TRITC (Chroma Technology Corp., Bellow Falls, VT). All images were 

acquired with an iXon 896 EM-CCD (Andor Technology LTD, Belfast, NI) camera using 

NIS-Elements software. Image tiles with a 20x ELWD Phase objective were acquired to 

assess FP expression in eye sections. Brain regions specific to either anterograde spread 

or retrograde spread were imaged with the 20x ELWD to acquired detailed localization 

and FP expression images for subsequent data analysis. 

Image Analysis 

Wildtype C57/Bl6 eyes taken from 12, 18, 24, and 48 hours post-infection cohorts 

(five to ten mice) were imaged and around 1,000 FP-expressing nuclei in infected ciliary 

bodies and retinal ganglion cell layers were hand counted. The Poisson distributions of 

one, two, and three FP-expressing nuclei were used to calculate the average number of 

expressed viral genomes at each of those primary sites of infection at each time point 

[90]. To analyze spread to the brain, one sixth of the brain was imaged from each mouse 

in 48 hpi cohorts. For each of these mice, around three to four brain sections showed 

region-specific fluorescence for each the retrograde Edinger-Westphal Nucleus, 

retrograde Olivary Pretectal Nucleus, anterograde Superior Colliculus, and anterograde 

dorsal Lateral Geniculate Nucleus. Regions and their respective boundaries were 

identified using the online Allen coronal mouse brain atlas (http://www.brain-map.org/). 

Images of brain sections were taken on the inverted fluorescent scope with equivalent 

exposure times and analyzed using equivalent LUTs gates.  

MATLAB Analysis 
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A MATLAB script was used to process the images of the FP-expressing nuclei 

collected via inverted fluorescent microscopy. The script input a folder of images and 

grouped them by name, and then processed the images in order to count the number of 

nuclei infected with viruses containing one of each of the three fluorescent tags (red, 

yellow, and blue). First, the individual red, yellow (green), and blue (RGB) images were 

converted to binary black and white images (BW) based on a manually chosen threshold 

of 0.15 (15%) using the MATLAB function: im2bw. Then the connected components of 

each of the BW photos were determined using the MATLAB function: bwconncomp. The 

connected components with fewer than 20 pixels were assumed to be noise or incomplete 

and were eliminated. The number of nuclei infected by two or three viruses was then 

determined by considering the overlap of pixels for the connected components of each of 

the individual RGB images. Here the overlap of two or three fluorescent tags is determined 

as the intersection of pixels expressing two or three of the colors respectively. The 

percentage of overlap was then calculated by comparing the number of pixels in the 

intersection to the number of pixels in the smallest connected component considered. Those 

components with more than 50% overlap of pixels from any two colors were from the same 

nuclei, and the connected components expressing all three fluorescent labels was 

determined by the components expressing more than 30% overlap of pixels for connected 

components from all three of the RGB images. For statistical analyses, around 1,000 

fluorescent nuclei were counted per brain region for each mouse cohort. The image analysis 

establishes a Poisson distribution of one, two and three FP-expressing nuclei. The same 

analyses were performed for wildtype C57/Bl6, wildtype Balb/C, IFNG-/-, IFNAR1-/- mice 
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infected with gE null, Us9 null or wildtype tricolor PRVs. The distributions were used to 

calculate the average number of expressed viral genomes per infected cell or neuron for 

each mouse and each expressed viral genome copy number was averaged between mice in 

the cohort and standard deviations were determined. The average number of expressed 

viral genomes was used for subsequent analyses as dictated in the figure legends. 

Additionally, the number of infected neurons in each infected brain region was determined 

for each mouse by counting the number of infected neurons in the four most infected serial 

sections of a brain region, and infectivity was averaged between mice in each cohort. 

Analyses were calculated according to the figure legends using GraphPad Prism software. 
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Coinfection and Recombination with HSV-1 

 Recombination between Herpes Simplex Virus-1 (HSV-1) strains diversifies viral 

populations [14, 230]. Diverse alphaherpesviral populations are capable of evading 

vaccines and antivirals [7, 231]. Yet, the rules that govern HSV-1 coinfection and 

population diversification remain largely unknown [230]. The proportion of recombinant 

progeny can be used assess population diversification. Therefore, four engineered HSV-1 

viruses were used to gauge coinfection and viral population diversity. We assessed 

coinfection during transneuronal spread in the murine CNS and the proportion of 

recombinant progeny after a transneuronal spread event in vivo and over multiple 

intercellular spread events in vitro. Neuronal tissues facilitated a significant degree of 

recombination after multiple intercellular spread events even when the levels of 

coinfection at those sites were relatively low. Understanding HSV-1 population 

diversification through recombination informs treatments and therapeutic design [226, 

230]. 

Introduction 

Herpes Simplex Virus-1 (HSV-1) is a successful and diverse human pathogen 

[15]. The virus’ success is three-fold: HSV-1 infects more than half of the world 

population; infections are lifelong; and infected hosts experience only a minimal loss in 

fitness [4, 15]. Depending on the region and culture, HSV-1 seropositivity is estimated 

between 54% in the United States to around than 80% in some developing countries [4, 

227, 232]. The virus is usually contracted before the age of five, often after a kiss; once 
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infected, the host will remain infected for the rest of his or her life [1, 4]. The number of 

HSV-1 genomes infecting the world population at any given time greatly exceeds the 

number of humans on the planet, resulting in a large viral population that is genetically 

diverse [233]. HSV-1 strains vary between individuals and geographic regions [233, 

234]. Additionally, HSV-1 populations are composed of many unique viral strains within 

a single human host [235]. This population diversity is generated in infected cells through 

two primary means: 1) through recombination between genetically distinct HSV-1 

genomes and 2) through errors introduced during viral genome replication [14]. 

Recombination occurs when two HSV-1 strains exchange genome fragments; thus, 

recombination between genetically distinct genome fragments results in diversification 

[236]. In contrast, the HSV-1-encoded DNA-dependent DNA polymerase has high 

fidelity, for a virus [14]. Recombination has been shown to occur frequently in humans 

[15]. For this reason, recombination is likely the primary mechanism driving HSV-1 

diversification and evolution [28, 230]. 

Coinfection with two or more HSV-1 strains within the same cell is required for 

recombination to maximally diversify populations [28]. Recombination requires nuclear 

genome replication and occurs early during the replication of HSV-1 double-stranded 

DNA genomes [237, 238]. Therefore, recombination likely occurs between the 

coinfecting genomes (the founders) [236, 237]. The extent of coinfection within a tissue 

depends on the Multiplicity of Infection (MOI) [230]. MOI provides an average 

infectious dose: in vitro, the number of virions that infect each cell varies. The number of 

infectious units infecting a sample of cells is Poisson-distributed [1](2013 Fields p. 42-
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50). In vivo, calculations of MOI are much more difficult, as the viral inoculating dose 

and the number of susceptible cells in an infected tissue may not be known [136]. 

Therefore, MOI is not known during many of the stages of human HSV-1 infection [24]. 

Still, cellular coinfection must occur within certain host tissues, because recombination 

between different circulating strains occurs frequently in humans [15, 28, 239].  

The stages of the viral infectious cycle may dictate where and when viral 

populations diversify through recombination. The infectious cycle involves transmission 

between tissues within a host and, since coinfection is required for recombination, 

recombination may be tissue-type-dependent. Primary HSV-1 infections typically occur 

in the oral mucosae [1]. Whether coinfection occurs in the oral mucosae remains 

unknown [24]. From the mucosae, the virus spreads to innervating sensory neurons [17, 

240]. A high extent of coinfection is known to occur in the sensory; therefore, the sensory 

ganglia and neurons provide a possible site of viral population diversification [146]. 

Occasionally, reactivation of viral genomes in the sensory ganglion spread infection from 

neurons back to the orofacial epithelium, resulting in a cold sore [17]. During spread 

from a sensory neuronal axon to the epithelium, a single virion seeds the infection. The 

viral populations establishing cold sores lack coinfection, lack diversification, and likely 

experience significant founder effects [143]. During the typical HSV-1 infectious cycle, 

populations potentially diversify within neurons [140, 143].  

Outside the typical HSV-1 infectious cycle, severe pathology may also drive 

genetic diversification [241, 242]. Certain subsets of the infected patient population are 

predisposed to severe pathology; especially immunocompromised patients and the very 
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young are prone to Central Nervous System (CNS) infections [164]. The virus can spread 

to the CNS via multiple pathways: during primary infection, after transmission from the 

peripheral sensory ganglia, or after ocular infection. When the virus reaches the CNS, 

neurons become productively infected and the viral infection spreads quickly across 

synapses, resulting in Herpes Simplex Encephalitis (HSE). HSE can be severe, with one 

third of patients dying and around 96% experiencing lifelong, neurological sequalae [243, 

244]. While immunocompromised patients are more commonly stricken with HSE and 

other severe forms of HSV-1 infection, immunocompetent patients can become similarly 

infected [245, 246].  In both cases, a significant amount of viral population diversity has 

been observed in clinical isolates from encephalitic infections [247, 248].   

Viral populations consisting of different strains reach equilibrium over time. 

Equilibrium involves stabilization of the proportion of different strains within a viral 

population [249]. A strain’s proportion of the overall population at equilibrium depends 

on the strain’s fitness. However, fitness is relative and varies depending on a vast array of 

selective pressures [14, 226]. The selective pressures on a viral strain are likely variable 

in different hosts and tissues, which affects the composition of a viral population at 

equilibrium. While one strain may be well-suited (relative to other strains) to establish a 

neuronal infection, it may not be well-suited (relative to other strains) to establish a large 

cold sore.  

Understanding the mechanisms of HSV-1 population diversification and 

recombination is integral to rational vaccine development [226, 230]. All previous HSV-

1 vaccine trials have failed. During those failed trials, with population diversity likely a 
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contributing factor [250]. Similarly, recombination is thought to be the main factor that 

contributed to the failure of a vaccine for the related alphaherpesvirus, Pseudorabies 

virus, which infects pigs [2, 6, 7]. In China, vaccination programs in swine populations 

that were once successful appear to be losing efficacy. Circulating strains are now 

resistant to the vaccine [7]. Thus, recombination is thought to play a prominent role in 

producing diverse viral populations capable of therapeutic escape.  

The HSV-1 population in a human host typically inhabit and cycle between two 

tissue types, neurons and cells in the epithelium [15, 17]. There is significant genetic 

diversity between the HSV-1 strains within a host; thus, coinfection can result in 

diversifying recombination events [176, 186, 251]. Where those strains undergo 

recombination remains largely unknown. Here, we used tricolor HSV-1 viruses and 

another engineered virus with a fluorescent marker on the opposite end of the HSV-1 

viral genome relative to the tricolor strains to probe coinfection and the generation of 

recombinant progeny after single and multiple trans-neuronal spread events in vivo. 

These experiments elucidate some of the factors that contribute to diversifying 

recombination. 

Results 

Virus Construction and Characterization 

To explore recombination between two HSV-1 strains, tricolor viruses were 

previously engineered and another virus was engineered to drive expression of a 

fluorescent marker on the opposite end of its viral genome [90]. (Gabby Law performed 

the cloning and characterization while I trained her and did the initial genetic 
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engineering.) These sites were chosen, because most recombination events can then be 

visualized - they result in either the loss of all fluorescent markers or the gain of both 

fluorescent markers, and genomic insertions at these sites are well tolerated and do not 

significantly impact viral replication rates [252-254].  One virus, OK12, was previously 

engineered to drive nuclear-localized Yellow Fluorescent Protein (YFP) expression 

during cellular infection. The YFP cassette was previously knocked into the HSV-1 

Strain 17 viral genome in the UL region at the UL37/38 locus [90]. A second virus, 

MT002, drives Cyan Fluorescent Protein (CFP) expression in infected cells. A Turq2 

expression cassette (referred to as CFP) was knocked into the US1/2 locus of the same 

parent strain.  

Coinfection with HSV-1 using the Intravitreal Injection Model 

 We used the previously described intravitreal injection model to assess the 

average number of expressed viral genomes per neuron or cell in the eyes and the brains 

of mice (Herr et al. in resubmission [90, 168, 171]). Using this model, we injected 106 

pfu of high titer HSV-1 tricolor inoculum intravitreally into C57/Bl6 mice [168, 169]. 

Coinfection was assessed in the eye and at the Superior Colliculus and Edinger Westphal 

Nucleus in the brain. In vivo quantitation was not possible due to sub-threshold 

expression of the RFP-expressing virus. However, using the CFP- and YFP-expressing 

viruses, anterograde spread resulted in single color neurons in the Superior Colliculi of 

mice while retrograde spread to the Edinger Westphal Nuclei of mice resulted in mostly 

two-color neurons (Fig. 6.1). 



124 

 

 

 

 

Figure 6.1 HSV-1 Coinfection. Left: anterograde spread to the Superior Colliculus. Right: 

retrograde spread to the Edinger-Westphal Nucleus. 

Effect of trans-neuronal spread events in vivo 

After examining directional spread in neurons, we were interested in examining 

multiple intercellular spread events within a host. HSV-1 causes fulminant ocular and 

brain infections in mice and humans. During encephalitic infections, the virus spreads 

trans-neuronally (from neuron-to- neuron) across neuronal synapses. We hypothesized, 

within a host, host factors increase the selective pressures and alter the composition of the 

population during multiple trans-neuronal spread events relative to in vitro cell culture 

systems. Therefore, a mouse eye injection model was used to track the spread of 

coinfection from the eye (primary site) to sites in the brain. A secondary site in the brain 

isolated a viral population that had undergone one trans-neuronal spread event. Also, a 

tertiary site in the brainstem was titered and analyzed. The viral population at the tertiary 

site had undergone several trans-neuronal spread events. Around 106 pfu of the MT002 

and OK12 mixed inoculum was injected intravitreally into the mouse eye. At 72 hours 

post-infection, the brains and eyes were harvested, dissected, processed, and titered. In 



125 

 

 

 

the eye, 20% of the progeny were recombinant with an even split between dual 

fluorescent and dark recombinants. At the secondary site in the brain, 26% of the progeny 

were recombinant with around 18% containing no FP. In the brain stem, over 50% of the 

progeny were recombinant. Less than 4% of the progeny produced in the brain stem were 

dual FP-expressing recombinants (Fig. 6.2). The abundance of recombinant progeny in 

the brain stem was higher than what had been observed in vitro over four serial passages 

at an MOI of 10. It is unknown whether the population of viruses in the brain stem reflect 

equilibrium in this system. Likely, the selective pressures on the viral strains are greater 

in vivo during trans-neuronal spread than in vitro during serial passage. These selective 

pressures resulted in, a population composed of a higher proportion of both overall 

recombinant progeny and the dark recombinant virus. (Gabby Law titered the viruses 

while I helped count recombinant progeny and performed the intravitreal injections and 

tissue harvests.)   

Discussion 

Using FP-expressing HSV-1 strains, coinfection and population diversity was 

gauged by assessing color expression profiles and the proportion of recombinant viral 

strains in the population, respectively. The presence or absence of coinfection and the 

extent of coinfection within a tissue should, hypothetically impact the rate at which that 

state of equilibrium is reached [139].  
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Figure 6.2 HSV-1 Recombination. A. The proportion of recombinant and parent progeny 

viruses at the primary site of infection 72 hours after intravitreal inoculation. B. The 

proportion of recombinant and parent progeny viruses in the Superior Colliculi of 

infected mice 72 hours after intravitreal inoculation. C. The proportion of recombinant 

and parent viral progeny in the Edinger Westphal Nuclei of the mouse brain 72 hours 

after intravitreal inoculation. D. The proportion of recombinant and parent viral progeny 

several synapses removed from the eye in the brain stem 72 hours after intravitreal 

inoculation.  

In vivo, population dynamics favored a higher proportion of recombinant progeny 

over multiple intercellular spread events than in vitro systems. This coincided with the 

rapid outgrowth of the dark recombinant population. It is unknown whether the tissue 

type, host species, or another variable provided the additional selective pressures to favor 

the increased selection against the FP insertions. Additionally, there was a more profound 

skew toward dark recombinants even after a single trans-neuronal spread event, reflecting 
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different fitness values in vivo than in vitro. Overall, the population composition over 

multiple trans-neuronal spread events in vivo was different than multiple intercellular 

spread events in vitro – changes in the population dynamics reflect increased rates of FP 

loss, especially YFP in the CNS, and the ability to produce a higher proportion of 

recombinants in the CNS than in cell culture systems.                

 We hypothesized that there would be differences in the equilibrium based on 

selective pressures, which vary between tissues and hosts [255]. Dose during serial 

passage has been shown to affect the replicative rate and percent of recombinants in the 

population [14, 26]. But, dose does not significantly affect the state (proportions of each 

viral species) at which a viral population reaches equilibrium [255]. Given that the rate of 

replication is dependent on the infectious dose, progeny produced by eight hours post 

infection at an MOI of 1 disproportionately represent the progeny produced by the 26% 

of cells infected with multiple virions. At an MOI of 10, nearly all cells are infected with 

two or more virions. We hypothesize, the factor of time and dose on the length of the 

replicative cycle affected the assessment of inoculating dose on equilibrium given that 

infections with an MOI of 1 skew toward results found with higher MOIs. The variable 

replicative rates (faster replicative rates in cells that become infected with more virions) 

may help favor the establishment of equilibrium in a population by reducing the 

likelihood of strain extinction. Furthermore, the founders during the next round of 

infection are more likely to be recombinant as coinfected cells produce the earliest 

progeny. Below this threshold at which a viral population can reach equilibrium, 
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significant founder effects favor genetic drift and the out-competition of less fit viral 

strains.   

 To understand the diversification of viral populations in their hosts, we need to 

better calculate the generation of those recombinant strains within tissues and be better 

able predict the state at which viruses reach equilibrium. To calculate both of those 

values, we need to understand the viral fitness values between generations, tissues, and 

hosts. Understanding these parameters of viral fitness and diversification could aid in 

rational vaccine development and broaden our understanding of therapeutic escape. Here, 

we found that selective pressures in a host are much more dynamic than in vitro systems, 

and that neurons provide a likely site for HSV-1 population diversification.  

PRV Infection of Tata Binding Protein Mutant Cell Lines 

 Herpesviruses have cascading gene expression profiles that are tightly temporally 

regulated. The correct temporal and ratiometric expression of viral genes is integral to the 

establishment of productive infection and the colonization of a host [81]. Herpesviral 

genes are classified into one of three or four groups depending on the temporal kinetics of 

expression. Immediate Early or IE genes are expressed without co-expression of any 

other viral genes. Most of these genes are themselves viral transcriptional activators [47, 

256]. In HSV-1, there are five IE genes: ICP0, ICP4, ICP22, ICP27, and ICP47 [47]. In 

contrast, Pseudorabies virus only has one true IE gene, IE180. IE180 is an ICP4 

homologue [2]. These genes function to both inhibit IE gene expression and activate 

Early (E) and Late (L) genes [44]. 
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Herpesviruses co-opt host cell machinery to transcribe viral genes [257]. Both 

host and viral transcription factors aid in preferentially altering transcriptional 

preferences from host to viral genes [258]. One host transcription factor is utilized by all 

human and herpesviral genes, Tata Binding Protein (TBP) [60]. TBP is evolutionarily 

conserved from archeobacteria to humans [259]. While all mammalian gene expression is 

dependent upon the presence of Tata-Binding Protein (TBP), only around 10-20% of 

human gene expression is dependent upon specific interactions between TBP and its 

DNA sequence element, the TATA Box [74]. In contrast, nearly all herpesviruses and 

many other DNA viruses disproportionately depend upon specific interactions between 

TBP and TATA boxes to initiate viral gene transcription [62, 260]. TBP consists of a 

relatively conserved C-terminal DNA binding domain, and an intrinsically unstructured 

N-terminal domain whose function is poorly defined [259, 261, 262].  

Prior to transcription initiation, TBP binds to TATA elements via its C-terminal 

DNA binding domain and cooperatively assembles with other proteins to form pre-

initiation complexes (PICs) on core promoter elements both on host and viral genes 

[262]. These PICs help position RNA Pol II at the start of genomic open reading frames 

(ORFs). TFIID is by far the most widely utilized complex during viral transcription 

initiation [77, 263]. TFIID consists of over 70 peptides that cooperatively recruit RNA 

Pol II to transcription initiation sites [262].  
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Figure 6.3 Diagram of WT TBP and dN TBP loci in the cell lines used. The WT muTBP 

consists of an N-terminus and C-terminus. In the dN cell line, the N-terminal a.a. 26-137 

are deleted and two flag tags flank a.a. 1-25.  

Results 

Using two previously characterized cell lines derived from mice, we were able to 

assess infection with PRV in wildtype and dN muTBP embryonic fibroblast cells lines 

[264]. We initially observed that titers were very low in the TBP immortalized embryonic 

fibroblast (iMEF) cells line. Therefore, we performed one step growth curves using the 

wildtype and dN TBP iMEF lines. The dN TBP iMEFs appeared to be arrested in the 

eclipse phase of growth with relatively few to no progeny virus produced beyond what 

was thought to be residual remaining virus. This contrasts the wildtype iMEF line which 
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produced over 100 pfu per cell at later time points. (Growth curves were performed and 

titered by Robert Melgren.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Viral growth in wildtype and dN TBP cell lines. Initial observations at 24 

hours post infection of each cell type with both PRV and HSV-1 are at top. Growth 

curves were assessed over a 24-hour period in the two cell lines at bottom. 
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Figure 6.5 Superinfection exclusion with wildtype and dN cell lines. Very little 

superinfection exclusion was observed at T2 in the dN TBP iMEFs. 

After looking at the viral growth curves, we sought to assess the impact the N-

terminus of TBP may have on viral superinfection exclusion. Superinfection exclusion is 

the process by which an infected cell becomes refractory to further infection by late-

arriving virions. Therefore, we infected either wildtype or dN TBP iMEFs with a first, 

CFP-expressing virus then followed with infection at various time intervals with a second 

virus that drives expression of YFP [149]. We found that superinfection exclusion was 

diminished in the dN TBP iMEF line using PRV (Fig. 6.5).  
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Figure 6.6 Rescue of dN iMEF with wildtype TBP expression in trans. At left is the 

control infection of wildtype and dN TBP iMEFs. Center is the control transfection of a 

plasmid that drives expression of the fluorescent protein mCherry (mCh) then 24 hours 

later we infected with a virus that drives YFP expression. At right, a plasmid was 

transfected that drives expression of mCherry and the wildtype TBP construct then 24 

hours later, the cells were infected with the YFP virus.  

 

Lastly, we assessed whether we could rescue the cell lines through in trans 

expression of different TBP constructs. We constructed various plasmids that either drove 

expression of just the fluorescent protein mCherry or drove expression of mCh and 

wildtype TBP. The mCh and mCh + wildtype TBP plasmids were used to transfect either 

wildtype or dN TBP iMEF cells in culture. After 24 hours, the cells were infected with a 

PRV strain that drives expression of yellow fluorescent protein (YFP). After another 24 

hours, cells were harvested and titered for viral output (Fig. 6.6). (Robert Melgren again 

assisted with the generation and acquisition of this data.) 
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