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ABSTRACT 

Viruses inherently rely upon the host cell to produce infectious virions, and many viruses 

can infect several cell types. The type of cell used to produce a virus, i.e. the producer cell type, 

has been shown to alter the macromolecular composition of the virions that are produced. These 

alterations can change the capacity of virions to infect cells, spread within the host, and interact 

with the immune system. Herpes Simplex Virus Type-1 (HSV-1) is a ubiquitous human pathogen 

that can elicit disease outcomes ranging from the development of orofacial lesions to blindness 

or encephalitis. This range of disease is possible because HSV-1 replicates in multiple cell types. 

To study HSV-1 replication and disease, researchers must propagate virus that is subsequently 

used to establish infection in cell culture or animal models. Currently, there is no standard cell 

line used for the propagation of HSV-1 in research, although the vero cell is among the most 

used cell types for this purpose. We hypothesize that the producer cell type of HSV-1 alters the 

macromolecular composition and infectivity of the virions that are produced. To test this 

hypothesis, we propagated HSV-1 from African green monkey kidney cells (vero), immortalized 

human keratinocytes (HaCaT), and primary human foreskin fibroblasts (HFF-1). The capacity 

for virions to replicate was measured by quantifying viral gene expression, protein production, 

and the output of infectious virions from infected target cells. We also used liquid 

chromatography-mass spectrometry (LC-MS/MS) to quantify proteins that are incorporated into 

virions derived from each cell type. We found that HSV-1 derived from HaCaTs produce more 

viral protein and infectious virions from infected cells relative to HSV-1 derived from vero or 

HFF-1 cells. We also identified many viral and cellular proteins that are differentially 

incorporated into HSV-1 virions in a producer cell-dependent manner. This data suggests that the 

producer cell type of HSV-1 alters virion infectivity and protein composition, which may have 

implications for how the virus spreads in humans. In addition, these results allude to the 

possibility that the producer cell type may influence experimental outcomes in studies that 

investigate HSV-1 replication and pathogenesis.
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INTRODUCTION 

A brief history of herpes simplex virus type 1 (HSV-1) infection in 

humans 

HSV-1 has a long history of infecting human beings. The timing of the emergence of 

HSV-1 is currently under debate. Some estimates of its origin stem from the initial human 

migration out of Africa, whereas others estimate that HSV-1 originated approximately 7000 years 

ago (1,2). Regardless of the exact timing of its origins, humans and HSV-1 have long been 

bedfellows. Recently, HSV-1 DNA was extracted and sequenced from the teeth of deceased 

individuals from the UK, Russia, and the Netherlands. The sequences were obtained from 

individuals that had died as early as 253 CE and as recently as 1700 CE, illustrating the 

prevalence of the virus throughout human history (3). The virus infects ~67% of humans 

worldwide in the modern day (4). HSV-1 has long been recognized as a causal factor in severe 

disease and is among the first viruses of humans to be isolated and studied by science (5ï7).  

HSV-1 Disease 

HSV-1 has a broad cell tropism, meaning the virus can infect many different cell types in 

vivo. In the majority of cases, HSV-1 infection is either asymptomatic or causes manifestation of 

recurrent, self-resolving, lesions of the orofacial or genital epidermis and mucosa. However, 

broad tropism of HSV-1 can cause a wide range of disease outcomes in patients (Fig. 1) (8ï10). 

Severe disease is more common in immune compromised adults and neonates (11ï18). HSV-1 

disease is most severe when the virus replicates in the eye, central nervous system (CNS), or 

disseminates to multiple organs. Infection of the eye can result in Herpes stromal keratitis 
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(HSK). Although HSK typically resolves, reactivation of HSV-1 can cause recurrent infection of 

the corneal stroma. In developed nations HSV-1 causes blindness in more people than any other 

pathogen each year (8). HSV-1 is also the leading diagnosed cause of sporadic viral encephalitis, 

referred to as herpes simplex encephalitis (HSE). HSE has a high mortality rate in patients, even 

when treatment is administered. HSE is caused from the virus spreading from either the olfactory 

bulb to the central nervous system (CNS), resulting in forebrain HSE, or from neurons of the 

trigeminal sensory ganglia resulting in brainstem HSE (13). The broad tropism of HSV-1 is 

perhaps best observed, tragically, in neonates, where infection is often lethal (12,15,16). Mothers 

with HSV-1 infection within the genital tract can transmit the virus to the infant upon delivery. In 

neonates that become infected, the virus can disseminate within the skin, mucosa, eyes, brain, 

and multiple other organs. HSV-1 that has disseminated systemically or to the brain in neonates 

is typically lethal without treatment, and survival of HSE can result in the development of 

lifelong neurological disorders.  
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Figure 1: HSV-1 disease outcomes. HSV-1 can infect several tissue types, including those 

associated with the skin, peripheral nervous system, eyes, and central nervous system among 

others. Viral replication within these tissues can lead to mild symptoms or severe disease. 

HSV-1 replication and structure 

HSV-1 is a double-stranded DNA virus with a 152 kb genome. The genome is 

encapsulated by a proteinaceous icosahedral capsid. This capsid is surrounded by tegument 

proteins composed of a combination of mostly viral and some cellular proteins. The tegument 

layer, capsid, and genome are contained within the viral envelope, which is composed of a lipid 
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bilayer decorated with viral glycoproteins (Fig. 2). Despite its capacity to infect many cell types, 

the virus primarily infects keratinocytes associated with the skin or oral mucosa prior to 

spreading to neurons associated with the peripheral nervous system. HSV-1 infection of non-

neuronal cells results in lytic replication in which viral protein coding genes are expressed, and 

mature infectious virions are formed. These mature virions egress from the infected cell to 

establish infection in new cells (19).  

 

Figure 2: HSV-1 virion structure. HSV-1 is composed of a protein capsid that protects the 152 kb 

dsDNA genome. The capsid is surrounded by a tegument layer composed of multiple structural 

and non-structural viral proteins. The outer layer of the virion is made up of a lipid bilayer 

decorated with glycoproteins that are required for the binding of cellular receptors and entry into 

cells. 

HSV-1 can lytically replicate in neuronal cells, but the virus often instead establishes a 

latent infection in peripheral neurons (Fig. 3). Generally, latent HSV-1 infection of neuronal cells 

is described as the persistence of the viral genome within the nucleus of the neuronal cell in the 
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absence of viral protein synthesis. Few viral genes are expressed during latency including the 

latency associated transcript (LAT) and a subset of viral microRNAs (20ï22). The function of 

LAT during viral latency is not well understood, but it likely plays a role in the suppression of 

viral gene expression and reactivation in neurons (23). Infectious virions are not produced during 

latent infection. The trigeminal ganglion, which consists of sensory neurons, serves as a reservoir 

for HSV-1 latency in humans. Neurons that are latently infected allow the virus to persist within 

the human host, and viral spread can occur upon reactivation of HSV-1 in neurons. The 

mechanisms of reactivation are currently under investigation, but it is generally understood that 

conditions of stress can result in reactivation of the virus. Reactivation results in lytic replication 

of HSV-1 within the latently infected neuron. Mature virions are produced that can then spread to 

other neurons, non-neuronal cells and other hosts (19). 
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Figure 3: HSV-1 primary infection and reactivation. HSV-1 infects keratinocytes associated with 

the skin or oral mucosa during primary infection. The infectious virions that are produced 

eventually encounter neurons of the peripheral nervous system. Capsids that have entered 

neurons undergo retrograde transport from the neuronal axon to the nucleus. The dsDNA genome 

is injected into the neuronal nucleus, where the genome is maintained through latency in the 

absence of viral protein production. Reactivation of the virus causes lytic replication of HSV-1, 

which results in anterograde transport of capsids from the nucleus to the axon, where mature 

infectious virions egress. Virions derived from reactivated neurons spread to keratinocytes and 

other hosts. 

To establish infection within a cell, an HSV-1 virion must first bind to a viable cellular 

receptor expressed on the outer surface of the cellular plasma membrane (Fig. 4). These cellular 

receptors include nectin-1 and the herpesvirus entry mediator (HVEM). Binding of these cellular 

receptors is required for entry of the virion into the host cell to initiate replication. The viral 

envelope protein glycoprotein D (gD) is responsible for binding these cellular receptors, but 
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additional viral glycoproteins are required for entry of the virus into cells post-attachment. 

Ultimately, the virion enters the cell via endocytosis or plasma membrane fusion in a cell-type 

dependent manner (24). Upon viral entry, the virion is shed of the viral envelope and the outer 

tegument proteins dissociate from the capsid. Several tegument proteins including ICP0 and 

virion host shutoff (VHS) serve to manipulate the infected cell into a state that is permissive to 

viral replication. ICP0 will be discussed further in the context of HSV-1 gene expression. VHS is 

a viral RNase that degrades cellular transcripts, prevents the synthesis of host proteins, and 

inhibits antiviral responses. Other tegument proteins, such as ICP4, are directly involved with the 

beginning stages of HSV-1 lytic replication post-entry. ICP4 is a transactivator of viral gene 

expression and is required for the regulation of viral transcription. The inner tegument proteins 

remain attached to the capsid (25). The capsid utilizes the microtubule network for transport to 

the nucleus. After docking with the nuclear pore, the capsid injects the HSV-1 genome into the 

nucleus to initiate viral gene expression (26).  
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Figure 4: HSV-1 replication cycle. 1) HSV-1 binds an appropriate cellular receptor and enters the 

cell using plasma membrane fusion or endocytosis. The tegument proteins dissociate from the 

capsid and the virion uses motor proteins to traffic along the microtubule network to the nucleus. 

2) Upon docking with the nuclear pore, the dsDNA genome is injected from the capsid into the 

nucleus. 3) Immediate-early genes are expressed, and the proteins regulate the expression of 

downstream early and late genes. 4) Expression of early genes produces viral proteins that are 

required for the replication of the HSV-1 genome. 5) Late gene expression produces the 

structural capsid proteins that. 6) The viral genome copies are packaged into the capsid. The 

capsid egresses from the nucleus into the cytosol in a process known as primary envelopment, 

and acquires proteins associated with the inner tegument layer. 7) The capsid is enveloped by 

membranes that contain proteins of the outer tegument layer as well as the glycoproteins in a 

process known as secondary envelopment. These membranes are likely derived from the trans 

Golgi network. 8) The virus egresses from the cell as a mature infectious virion that can infect 

new cells. 

HSV-1 lytic gene expression takes place as a regulated cascade of immediate-early, early, 

and late expression throughout infection (27). Immediate-early genes encode transcriptional 

activators and repressors that are required for the expression of early genes and regulation of 

HSV-1 transcription. In addition, the immediate-early gene ICP0 functions to inhibit antiviral 
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responses by the cell and also operates as a ubiquitin ligase to degrade cellular proteins (28ï33). 

Expression of early genes are required for the transition to late gene expression, and these genes 

encode proteins that are responsible for the replication of the viral genome including 

UL30/UL42, which make up the viral DNA polymerase (34). Late genes encode viral structural 

proteins, such as the major capsid protein VP5, that are required to form the capsid that protects 

and delivers the viral genome (35). The late genes also encode the viral glycoproteins that, 

among other functions, are required for binding and entry of the virus into cells. Capsids that 

contain a viral genome egress from the nucleus and enter the cytoplasm. Inner tegument proteins 

are assembled onto the capsid either upon or directly after nuclear egress. Cytoplasmic capsids 

are then enveloped within a lipid bilayer that contains the outer tegument proteins and viral 

envelope proteins prior to egressing from the cell as a mature, infectious virion through the 

plasma membrane (25,36) 

Propagation of HSV-1 for research 

HSV-1 was first isolated in 1919, and it was first established that the virus was a 

transmissible agent by infecting rabbits (5). Like all viruses, HSV-1 requires living cells to 

replicate. This made the ability to study the virus difficult early on because cell culture was still 

in its infancy. The scientific and medical interest in HSV-1 meant that models were needed to 

study viral infection, replication, and disease. Much of our modern understanding of HSV-1 

replication is derived from work in cell culture models. A cell line used to propagate and study 

viruses needs to be relatively cheap and easy to maintain. Immortalized cancer cell lines were 

and still are widely used for the study of viruses because of their propensity to continually 

divide. Interestingly, many of the cell lines that are used to study viruses that infect humans are 



10 

 

derived from other species and tissue types that are not necessarily relevant to disease (37). A 

primary example of this would be the widely used vero cell line for the propagation and study of 

HSV-1 in laboratories. The vero cell line is arguably the most common cell line employed for the 

growth of HSV-1 and other viruses that are used in downstream experiments (38,39). This cell 

line was initially isolated from the kidney of the African green monkey in 1962 (40). This 

relatively early isolation in combination with the ease of growth, its general susceptibility to viral 

infection and ability to produce high viral titers have all made the vero cell a staple of virology 

(39). It was even used by several labs to propagate SARS CoV-2 when it first emerged in late 

2019, although this practice generally fell out of favor because propagation of SARS CoV-2 from 

vero cells select for mutations that lead to a loss in viral infectivity in vivo (41). Despite the 

popularity of the vero cell, several other cell lines have been used for the propagation and study 

of HSV-1. These cell lines include BHK-21 and HeLa cells. BHK-21 is an immortalized kidney 

fibroblast cell line first isolated from Syrian gold hamsters in 1961 (42). HeLa is a cervical 

cancer cell line isolated in 1951 and served as the first human cell line ever isolated (37). HSV-1 

can infect many cell types both in vitro and in vivo. Interestingly, the type of cell used to produce 

a virus, i.e. the producer cell type, has been shown to change the infectious properties and 

molecular composition of the virions that are produced for several viruses (43). These factors 

have led our group to question whether the producer cell type of HSV-1 alters virion properties, 

specifically comparing virions derived from the historically relevant vero cell to those derived 

from cell lines that are medically relevant to HSV-1 disease. 
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Infectious virion composition 

Mature HSV-1 virions consist of both viral and cellular proteins. Several studies have 

used mass spectrometry to determine the proteomic contents of HSV-1 virions by purifying 

virions away from cellular material. These analyses have identified at least 44 viral proteins and 

49 cellular proteins that are incorporated into mature virions, although the list of identified 

virion-associated proteins varies greatly depending on the study (44ï46).  

The viral proteins that make up a virion play an important role in establishing successful 

infection within a cell. There are structural proteins that are used to form the viral capsid that 

houses the double-stranded DNA (dsDNA) genome which are absolutely required for capsid 

formation. In addition, as previously discussed, a subset of glycoproteins are attached to the viral 

envelope that are critical to viral entry into cells (47). However, the tegument layer of mature 

virions features the most diverse array of proteins in the virion as far as function (25,48). Several 

of these functions were described earlier in the chapter regarding the tegument proteins ICP0, 

ICP4, and VHS. The function of the cellular proteins that are incorporated into the virions are 

largely unknown in the context of viral infection, although a previous study demonstrated that 

preventing the incorporation of a subset of these cellular proteins can dampen the viral 

replication capacity of progeny virions (49). 

There may be several reasons as to why the results from proteomics studies of HSV-1 

virions feature inconsistencies in the specific viral and cellular proteins that are detected. First, 

several purification schemes have been used to isolate virions from cellular material. Most 

purification schemes utilized by HSV-1 virologists rely upon ultracentrifugation on a density 

gradient or cushion formed by various substrates. Virions are separated from cellular material on 
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this gradient based on their unique density relative to other viral assemblies or cellular 

components. The substrates that are chosen for this process often differ between studies, such as 

sucrose or Ficoll, and the choice of substrate may affect virion purity (44ï46). Second, the 

identification of viral proteins often relies upon mass spectrometry analysis. Mass spectrometry 

has greatly increased in sensitivity over time (50). This increase in sensitivity has likely led to 

detection of virion-associated proteins or non-virion associated contaminating proteins that were 

previously not detected (51). Third, each set of published data has relied upon identification of 

proteins of a different strain of HSV-1. Strain variability is not well studied regarding HSV-1. 

However, strains differ in their infectious properties and genomic sequences (52). HSV-1 strains 

can have varying replication capacities in both neuronal and non-neuronal cell types and elicit 

different disease severity. For example, the HSV-1 strain McKrae replicates at higher levels in 

the nervous system and causes more severe disease in animal models relative to other viral 

strains (53ï58). Replication differences between strains may alter molecular interactions that are 

happening within infected cells to the point where protein incorporation into virions becomes 

distinct for each strain. Fourth, different types of cells have been utilized to generate HSV-1 

virions for mass spectrometry in each data set. HSV-1 incorporates both viral and cellular 

proteins into virions. Because different cell types express unique proteomes, the molecular 

interactions that occur between viral and cellular proteins within different cell types likely 

change in the context of HSV-1 infection. These differences in molecular interactions may 

change the pool of both viral and cellular proteins that are available for incorporation into 

virions.  
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The problems highlighted in reference to the identification of proteins in HSV-1 virions, 

specifically regarding strain and producer cell type-dependent differences that alter virion 

composition, extend to the HSV-1 literature as a whole. Scientific papers in the field often 

produce contradictory findings because of the use of different experimental systems. Some of 

these experimental systems rely upon different HSV-1 strains for infection and/or different cell 

types to produce HSV-1 for use in subsequent experimentation. While strain-dependent 

differences in viral replication have been experimentally documented when studying HSV-1, the 

effect that the producer cell type has on HSV-1 is often overlooked. Very few studies have tested 

whether the producer cell type can alter the macromolecular composition of virions. 

Furthermore, a dearth of knowledge exists as to how the producer cell type of HSV-1 virions 

impacts the infectious properties of the virus. We hypothesize that the producer cell type alters 

the macromolecular composition and infectious properties of mature HSV-1 virions. 

Research aims and hypotheses 

HSV-1 virology has historically relied upon the use of several cell lines to propagate 

HSV-1 for research. Previous studies have found that the producer cell type of many viruses can 

alter virion properties (43). This phenomenon has received little attention in the context of HSV-

1, but a previous study using the HSV-1 strain KOS previously showed that the viral proteins 

ICP0 and ICP4 are incorporated into virions in a producer cell-dependent manner (59). The 

impact of this producer cell-dependent incorporation on infectivity was never determined. The 

study also relied on western blot for protein identification and quantification, which is a targeted 

analysis with undefined sensitivity for virion protein content. We hypothesize that the producer 

cell type of HSV-1 alters the capacity of the virions that are produced to lytically replicate in 
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target cells. This includes the ability of virions to express viral genes, viral proteins, and produce 

infectious virions. We also hypothesize that the incorporation of both viral and cellular proteins 

into virions is producer cell type dependent. It is important to determine whether the producer 

cell type of HSV-1 alters virion quality for several reasons. First, several cell lines are used for 

HSV-1 propagation in the laboratory. This lack of consistency may alter experimental results and 

interpretations of HSV-1 research and lead to a lack of reproducibility of scientific results. 

Second, this question has relevance to HSV-1 disease in humans because the virus infects many 

cell types in vivo. If the producer cell type of HSV-1 alters the proteomic composition and 

infectious capacity of virions, this could have implications for how the virus causes disease and 

spreads within and between hosts.  

Chapter 2 is a manuscript published in Future Virology that reviews previous studies of 

producer cell-dependent effects on viruses. These viruses are associated with the Coronaviridae, 

Flaviviridae, Herpesviridae, Orthomyxoviridae, Retroviridae, and Togaviridae. The review 

discusses producer cell-dependent alterations to the macromolecular composition of virions 

including the genome, lipidome, glycome, and proteome. The review also covers producer cell-

dependent changes to virion infectivity, spread, and immune recognition. The summary of 

literature in this review offers guidance into how the producer cell type of HSV-1 may change 

virion quality and which experiments we should perform to test our hypothesis. 

Chapter 3 is a manuscript that has been submitted for peer review in the Journal of 

Virology. The experiments in this chapter directly test the hypothesis that the producer cell type 

of HSV-1 alters the infectious capacity of virions and their proteomic composition. The capacity 

for HSV-1 to replicate was tested by producing the virus from vero, immortalized human 
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keratinocyte (HaCaT) cells, and primary human foreskin fibroblast (HFF-1) cells. Vero cells 

were chosen due to their current and historical relevance in HSV-1 research as a propagation cell 

line for experimentation. HaCaT and HFF-1 cells were selected as a comparison because they 

more closely resemble a cell type that HSV-1 would encounter in humans. HSV-1 replication 

was measured by quantifying viral protein production and the output of infectious virions from 

infected target cells. Our data clearly demonstrates that the producer cell type of HSV-1 alters the 

infectious properties of virions. In addition, an LC-MS/MS based quantitative analysis of viral 

and cellular proteins associated with HSV-1 virions purified from each cell line demonstrated 

that the producer cell type alters virion protein content. 

Chapter 4 provides further data supporting the hypothesis that the producer cell type 

alters HSV-1 infectivity. This chapter uses two different strains of HSV-1 to test our hypothesis. 

Two separate assays were used to monitor producer cell-dependent changes to viral gene 

expression. First, viral transcript abundance of HSV-1 McKrae was measured from infected cells 

using quantitative reverse-transcription PCR (qRT-PCR). Second, a fluorescent reporter HSV-1 

strain 17 was employed to visualize the timing of gene expression using live imaging fluorescent 

microscopy. The data not only reaffirms that the producer cell alters virion infectivity but also 

shows that producer cell-dependent effects apply to multiple HSV-1 strains.  

Chapter 5 provides an overall conclusion to the data presented in this dissertation and 

what it might mean in the context of HSV-1 infection. It also offers future directions to further 

test how the producer cell type may alter HSV-1 virion infectious properties and macromolecular 

composition. Some of the future experiments proposed include the use of neurons as a model to 
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study producer cell-dependent effects on HSV-1, as neurons are the reservoir for latent HSV-1 

infection. 
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