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ABSTRACT 

Title: Viral and Host Factor Interactions in the Regulation of JC Virus Reactivation 

Candidate’s Name: Michael J Craigie 

Degree: Doctor of Philosophy 

Lewis Katz School of Medicine at Temple University, 2017 

Advisor: Ilker Kudret Sariyer, D.V.M., Ph.D.  

 

JC virus (JCV) is a human neurotropic polyomavirus and the etiologic agent of progressive 

multifocal leukoencephalopathy (PML), a demyelinating disease of the white matter. PML 

is primarily observed in immunocompromised patients, including patients with acquired 

immunodeficiency syndrome (AIDS) and those prescribed immunomodulatory therapies. 

During JCV infection, the virus encodes multiple viral proteins including T-antigen and 

agnoprotein. Originally, we demonstrated that T-antigen expression rescued 

serine/arginine rich splicing factor 1 (SRSF1)-mediated transcriptional suppression of JCV 

for both early and late promoter orientations. We demonstrated that T-antigen expression 

suppressed SRSF1 expression in glial cells through inhibition of SRSF1 transcription. We 

have recently shown that agnoprotein is secreted from transfected cells into the 

extracellular matrix, where it is internalized by neighboring uninfected astrocytes or 

microglia. The internalization of agnoprotein was found to impact astrocyte’s cytokine 

profile, with treatment of astrocytes with media containing agnoprotein resulting in a 

significant reduction in granulocyte-macrophage colony-stimulating factor (GM-CSF) 

secretion. Subsequent reporter gene analysis demonstrated that agnoprotein can suppress 

GM-CSF transcription, implicating a possible mechanism for the reduction of GM-CSF 

secretion. Likewise, the treatment of a human monocyte cell line, U-937, with agnoprotein 



 

 

iv 

 

resulted in decreased differentiation, dysregulated surface marker expression, and 

decreased phagocytic ability. Similarly, treatment of peripheral blood mononuclear cells 

with agnoprotein decreased cellular migration through an in vitro blood brain barrier 

model. These findings have suggested that extracellular agnoprotein modulates aspects of 

the immune response to JCV, primarily through suppression of GM-CSF secretion and a 

subsequent dysregulation on monocyte/macrophage function.  
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CHAPTER 1 

INTRODUCTION 

 

1.1. Polyomaviruses and JCV  

Polyomaviruses are a family of viruses first reported in 1953 by Ludwik Gross. 

Gross discovered that inoculating newborn mice with extracts from a mouse 

leukemia tumor was sufficient to induce tumor formation, resulting in the 

transforming agent classification as a “parotid agent”, named for the salivary gland 

(the parotid gland) in which tumor formation was typically induced (Gross, 1953). 

At the time, these agents were not classified as viral particles, however, research 

was continued by Stewart, Eddy, and Borgese, resulting in the characterization of 

the “parotid agent” as a tumor virus denoted the murine polyomavirus (Stewart et 

al, 1958). Following initial characterization, Sweet and Hilleman described a 

similar agent found in African green monkey kidney cells, named simian virus 40 

(SV40) (Sweet and Hilleman, 1960). Sharing similarities with the initial murine 

polyomavirus, SV40 possesses transforming capabilities and is oncogenic in mice 

and other rodent species (Eddy et al, 1962).  

 

Since the initial identification of murine polyomavirus and SV40, many other 

polyomaviruses have been identified in a variety of vertebrate hosts, including 

humans (Krumbholz et al, 2009). There are currently 76 identified polyomaviruses 

within four assigned and one unassigned genera (Polyomaviridae Study Group of 

the International Committee on Taxonomy of Viruses, 2016). The human 

polyomavirus JC virus is a member of the betapolyomavirus genus. 
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Polyomaviruses generally exhibit high species specificity and can infect only a 

narrow range of cells. In terms of cellular and species tropism, the proposed driving 

mechanism is the dependence on host and cell specific transcriptional factors 

required to initiate viral gene transcription since polyomaviruses depend entirely 

on host factors for transcription initiation (Ravichandran et al, 2006).  

 

All polyomaviruses possess a circular double stranded DNA genome contained 

within an icosahedral viral capsid. Like other polyomaviruses, JC virus is a non-

enveloped double stranded DNA virus with a circular genome of approximately 

5,100 base pairs, varying slightly between strain variants (Figure 1) (Ferenczy et 

al, 2012; Frisque et al, 1984). Neurotropic JCV variants isolated from PML-

patients generally possess a variant genome compared to the archetype strain, 

containing mutations primarily within the non-coding control region (NCCR) 

which contains the viral origin of replication and physically separates the early and 

late-coding regions. When JCV is shed in the urine of healthy patients, the virus 

contains the archetype linear non-coding control region, however viral particles 

found in the CSF of PML patients contain rearranged NCCRs, suggesting that 

mutations and rearrangements within the NCCR are essential to viral lytic infection 

(Gosert et al, 2010). Mutations within the NCCR are highly variable, but generally 

confer increased early gene expression and viral replication, resulting in greater 

infectivity and lytic disease progression (Gosert et al, 2010). The early coding 

region is transcribed prior to DNA replication and encodes the T-antigen proteins; 

Large T-antigen, small t-antigen, and three T’-splice variants. The T’-splice 
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variants are encoded following alternative splicing of the early coding region. The 

late coding region is transcribed simultaneously with DNA replication and encodes 

the viral capsid proteins (VP1, VP2, and VP3) as well as the regulatory agnoprotein.  

 

 

Figure 1:  JC Virus Genome. The Mad-1 JCV genome is 5,130 base pairs and contains the genes 

for 9 viral proteins. The early region, oriented in the counter-clockwise direction, contains the genes 

for large T-antigen, small t antigen, and the T’ splice variants (T’135, T’136, T’165). The late 

region, oriented in the clockwise direction, contains the genes for the capsid proteins (VP1, VP2, 

and VP3) and agnoprotein. The non-coding control region (NCCR) contains the origin of 

replication. (Reproduced with permission from Ferenczy et al, 2012 and the American Society for 

Microbiology) 

 

               During JCV infection viral proteins interact with both host and other viral factors, 

including cellular proteins and host DNA, during the infectious and replication 

cycles. The T-antigen proteins, including large T antigen, small t antigen, and the 

T’ splice variants, all possess multiple functional domains to support their roles in 

viral gene transcription and viral replication (Tyagarajan et al, 2006). The most 

significant function of the T-antigens is shifting the host cell from G0 into S phase 
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to induce cellular and viral replication (Dubbs et al, 1978). To initiate DNA 

replication, T-antigen interacts with two tumor-suppressors, retinoblastoma protein 

(pRb) and the transcription factor p53, which results in inactivation of the tumor 

suppressor proteins and subsequent bypass of cell cycle regulation, resulting in 

DNA replication due to induction of cellular proliferation (Ahuja et al, 2005; 

Campisi, 2003; Cobrinik, 2005; Sherr et al, 2002; Tyagarajan et al, 2006). From 

the late region genes, the virus produces four proteins, including three capsid 

proteins (VP1, VP2, and VP3), and the regulatory agnoprotein. The viral capsid 

proteins are primarily involved in cellular entry, with VP1 binding to negatively 

charged sialic-acid receptors on the cellular surface inducing viral particle 

endocytosis and entry into the cell (Dugan et al¸ 2008; Liu et al, 1998). The 

regulatory agnoprotein is a multifaceted protein with multiple functions throughout 

the viral life cycle. Studies have elucidated an essential role of agnoprotein during 

JCV infection, with an agnoprotein-negative JCV mutant strain losing infective 

capacity, resulting in no detectable viral protein expression (Okada et al, 2001; 

Sariyer et al, 2011). Likewise, agnoprotein has been proposed to function as a 

viroporin, a protein which modifies the permeability of the cellular plasma 

membrane, allowing for the release of viral particles following productive infection 

(Suzuki et al, 2010). Agnoprotein has also been implicated in modifying cellular 

pathways, including interactions with transcriptional activators and repressors as a 

method for regulating gene activation and to influence the activation of various 

DNA repair pathways (Darbinyan et al, 2004; Khalili et al, 2005; Safak et al, 2001).  
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JCV is a very ubiquitous virus, infecting upwards of 75% of the human population, 

although serotype positive rates varying greatly among different subpopulations 

(Bofill-Mas et al, 2000; Knowles et al, 2003; Major et al, 1998). Most JCV 

infections remain asymptomatic, with viral shedding in the urine and the presence 

of anti-JCV antibodies serving as evidence of viral infection (Berger et al, 2013a).  

 

Figure 2:  JC Virus Initial Infection Route. JC virus enters the body through the oral route, either 

through inhalation of viral particles or ingestion of virally contaminated water. After initiation viral 

entry, the virus spreads throughout the periphery and establishes latent sites of infection, including 

the kidney epithelial cells and hematopoietic progenitors within the bone marrow, resulting in 

periodic shedding of the virus within the urine. Within these sites, the virus undergoes genetic 

rearrangements, which allow for the development of PML during states of immunosuppression. 

(Reproduced with permission from Brew et al, 2010 and the Nature Publishing Group). 
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Currently, the mechanism of the initial JCV infection is not completely understood, 

however, multiple proposed models exist. The most commonly accepted model 

suggests that JCV enters the body through either respiratory-inhalation or oral-

ingestion of virally-contaminated food or water (Berger et al, 2006; Brew et al, 

2010; Calbrese et al, 2015) (Figure 2). This model arose due to data showwing JCV 

infection within tonsillar stromal cells and hematopoietic progenitor cells, 

suggesting that the primary route of infection is either orally or through the immune 

cells of the upper respiratory system (Monaco et al, 1996 and Monaco et al, 1998). 

 

Following initiation infection, the virus is trafficked throughout the body to 

peripheral sites by infected lymphocytes, including the bone marrow, lymph nodes 

and kidneys, allowing for the development of latently infected reservoirs (Tan et 

al, 2010). In the immunocompetent population, these sites remain latent 

indefinitely, however, changes in immune function may result in viral reactivation 

and eventual productive infection (Tan et al, 2010). The prevalent hypothesis 

suggests that suppression of immune function allows the virus to reactivate at latent 

peripheral sites, primarily within infected hematopoietic progenitors of the bone 

marrow, resulting in the development of latently infected mature B-lymphocytes. 

The infected lymphocytes facilitate the release of active viral particles, which 

eventually reach the central nervous system (CNS), resulting in oligodendrocyte 

infection and PML progression. One hypothesis explaining viral entry into the CNS 

is the “Trojan-horse” hypothesis, stating that latently infected B-cells cross over the 

blood-brain barrier (BBB), resulting in viral shedding from the infected B-cells and 
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infection of oligodendrocytes and astrocytes within the central nervous system 

(Monaco et al, 1996). This hypothesis is supported by studies in human 

immunodeficiency virus (HIV)-positive patients diagnosed with PML, in which 

chemokine (C-C motif) ligand 2 (CCL2) / monocyte chemoattractant protein 

(MCP-1) is upregulated, increasing the permeability of the BBB and ultimately 

increasing lymphocyte migration into the CNS, thus potentially inducing the 

migration of latently infected B-cells (Weiss et al, 1999). It is important to note 

than an alternative hypothesis posits that the brain itself may serve as a site of viral 

latency as JCV DNA but not viral proteins, has been found in the CNS of healthy 

patients (Degener et al, 1997).  

 

JCV is characterized by a significantly restricted host cell range due to various 

factors. The primary mechanism enforcing host specificity is that T-antigen 

proteins interact solely with human DNA polymerase, inhibiting viral replication 

in other species. Within humans, JCV infection is restricted to oligodendrocytes, 

astrocytes, kidney epithelial cells, tonsillar stromal cells, and bone marrow-derived 

lineages (Monaco et al, 1996; Houff et al, 1988; Major et al, 1992; Tornatore et al, 

1992; Monaco et al, 1998; Major et al, 1990; Atwood et al, 1992). The primary 

mechanism preventing cellular infection of JCV in non-permissive cells is 

inefficient viral binding to the cellular surface receptors due to faulty interactions 

between viral capsid proteins and host receptors preventing cellular entry and 

potential infection (Chen et al, 2002). However, JCV viral entry does not correlate 

with productive viral replication, and in a majority of permissive cell types, JCV 
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establishes either latency or a low-level persistent infection, primarily due to 

inefficient viral replication in non-glial cells (Monaco et al, 1996; Monaco et al, 

1998; Suzuki et al, 2001; Wei et al, 2000). The glial-tropism of JCV is mediated 

by many factors, including the presence of glial-specific transcription and 

replication factors, including Tst-1 (Tuberculin Skin Test Reactivity, Absence of), 

nuclear factor 1 (NF-1), and Sp1 (Specificity Protein 1), which are restricted to glial 

cells (Feigenbaum et al, 1987; Henson et al, 1992; Lynch et al, 1991; Nakshatri, et 

al, 1990; Wegner et al, 1993; Tada et al, 1989). Additionally, the JCV viral 

promoter shows increased activity in glial cells as opposed to non-glial cells, 

suggesting another mechanism driving the glial-tropism (Fiegenbaum et al, 1992; 

Kenney et al, 1984; Khalili et al¸ 1988). 

 

The cellular entry of viral particles into host cells requires the interaction of sialic-

acid containing receptors on the cell surface with the VP1 capsid protein (Dugan et 

al, 2008). The importance of sialic acids during cellular entry was elucidated by 

stripping permissive glial cells of both α(2,3-) and α(2,6-) sialic acid linkages and 

subsequently exposing the cells to viral particles, which showed that removal of 

sialic acids prevented JCV cellular entry (Dugan et al, 2008). However, when either 

α(2,3-) or α(2,6-) sialic acid linkages were restored individually, the cells regained 

their permissive nature, suggesting that both linkage types can be used by JCV to 

infect glial cells (Dugan et al, 2008).  
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Additionally, JCV has been shown to interact with the serotonin receptor, 5-

hydroxytryptamine receptor 2A (5HT2AR), for cellular entry into glial cells 

(Elphick et al, 2004). To assess if the serotonin receptor was sufficient for viral 

uptake, non-permissive HeLa and the human endothelial kidney (HEK293) cell line 

were transfected with plasmids encoding the serotonin receptor, after which they 

were exposed to JCV viral particles. Transfected cells were readily infected by JCV 

whereas non-transfected cells remained non-permissive to infection (Elphick et al, 

2004; Maginnis et al, 2010). Furthermore, histological samples from PML patients 

reveal significant increase in serotonin receptor expression in and around sites of 

lesions (Haley et al, 2015) (Figure 3). Baum et al showed that both chlorpromazine 

and clozapine, two antipsychotics which act as serotonin receptor antagonists, 

possess strong antiviral activity against JCV (Baum et al, 2003). These data have 

led to the hypothesis that the serotonin receptor may play a role in the glial tropism 

of JCV.  

 

 

Figure 3: Increase in Serotonin Receptor Expression Surrounding PML Lesions. Serial sections 

of demyelinated lesions within PML brain samples were analyzed for serotonin receptor expression 

with immunohistochemistry. Panel G shows sections stained with Luxol fast blue, which stains 

myelin. Non-stained regions, denoted by the square, show demyelinated sites corresponding to PML 
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lesions. Panel H shows sections stained for the serotonin receptor, showing increased expression 

of the receptor around the lesion site yet not in adjacent regions. (Reproduced with permission from 

Haley et al, 2015 and the American Society for Investigative Pathology). 

 

JCV genome nuclear translocation occurs through clathrin-dependent endocytosis 

(Ferenczy et al, 2012; Pho et al, 2000) (Figure 4). After viral binding to a 

permissive receptor, JCV is endocytosed in a clathrin-dependent manner and 

trafficked from clathrin-coated pits to Rab5-positive early endosomes (Querbes et 

al, 2004). The JCV-containing early endosome colocalizes with cholera toxin B in 

caveolin-1-positive late endosomes (Engel et al, 2011; Querbes et al, 2006). After 

entering the late endosomes, JCV is trafficked to the endoplasmic reticulum where 

it colocalizes with calregulin (Querbes et al, 2006).  

 

 

Figure 4: JCV Cellular Entry and Nuclear Translocation. Viral particles initiate viral entry by 

binding to either sialic-acid containing carbohydrate receptors or the serotonin (5HT2A) receptor, 

after which the virus is endocytosed, resulting in the formation of a clathrin coated pit. The virus is 
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then trafficked to an early endosome and subsequently co-localized with late endosomes. JCV is 

then hypothesized to be trafficked to the endoplasmic reticulum and subsequently the cytoplasm, 

resulting in the exposure of nuclear localization signals and eventual nuclear translocation of the 

viral genome (Reproduced with permission from Ferenczy et al, 2012 and the American Society for 

Microbiology). 

The importance of endoplasmic reticulum trafficking for JCV is unknown, however 

it is critical to the infectious process of other polyomaviruses. Since SV40 and JCV 

share many characteristics, it is hypothesized that the overall infectious process is 

similar between the viruses. During SV40 infection, viral trafficking to the 

endoplasmic reticulum results in capsid disassembly, allowing for virion exposure 

and cytoplasmic translocation (Schelhaas et al, 2007). In the cytoplasm, the capsid 

is further decomposed through exposure to low intracellular calcium 

concentrations, which results in the exposure of viral nuclear localization signals 

and subsequent nuclear translocation of the JCV genome, initiating viral 

transcription (Ishii et al, 1996; Kasamatsu et al, 1998; Nakanishi et al, 1996; 

Yamada et al, 1993).  

 

Within the nucleus, the viral genome serves as the template for host RNA 

polymerase II transcriptional machinery (Tada et al, 1989). Initial early gene 

transcription occurs without the presence of viral proteins and entirely utilizes host 

proteins, which is hypothesized to account for JCV cellular tropism at the 

transcriptional level (Raj et al¸1995). Initiation of early gene transcription occurs 

following NCCR interactions with host transcription factors, and as previously 

noted, the NCCR region is highly variable in PML-inducing JCV neurotropic 

variants and can vary between sites of persistence and productive infection, even in 

isolates obtained from the same patient (Gosert et al, 2010; Martin et al, 1985, 
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Martin et al, 1991; Marzocchetti et al, 2008; Tan et al, 2009; Tan et al, 2010). The 

JCV NCCR contains numerous transcriptional factor binding sites, including sites 

for Oct-6 (Octamer-Binding Transcription Factor 6), Tst-1, Pur-α (Purine Rich 

Element Binding Protein A), NF-1, and Spi-B, among others (Amemiya et al, 1992; 

Chen et al, 1997; Kerr et al, 1994; Marshall et al, 2010, Shivakumar et al¸1994; 

Tada et al, 1992; Wegner et al, 1993). One major difference among JCV variants 

is that the Madison-1 (Mad-1) variant NCCR contains two 98-bp tandem repeats 

whereas the Madison-4 (Mad-4) variant NCCR contains a deletion in the second 

tandem repeat, resulting in the deletion of the late-proximal TATA box (Marshall 

et al, 2012).  

 

JCV early gene transcription initiates following host transcriptional factor binding 

and interactions with the viral NCCR. Unlike many human DNA viruses, such as 

adenoviruses, JCV does not bring along any viral transcriptional activating 

proteins. For example, the adenoviral capsid proteins facilitate viral gene 

expression and viral replication, whereas JCV relies completely on host factor 

availability and binding (Schreiner et al, 2012). One host factor that mediates JCV 

transcription is NF-1, which binds to a site adjacent of the JCV promoter TATA 

box, thereby regulating JCV early gene transcription through mediation of RNA 

polymerase machinery binding to the promoter region (Shivakumar et al, 1994; 

Tamura et al, 1988). NF-1 is hypothesized to contribute to the glial tropism of JCV 

infection, since it is highly expressed in glial cells with limited or lacking 

expression in non-glial cells (Sumner et al, 1996). To test this hypothesis, CD34+ 
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precursor KG-1 cells, which are susceptible to JCV infection were differentiated 

with phorbol 12-myristate 13-acetate (PMA) treatment to decrease NF-1 expression 

resulting in a subsequent loss of susceptibility to JCV infection (Monaco et al, 

2001). However, differentiated cells transfected with an expression plasmid for NF-

1 class D regained permissiveness to JCV infection, suggesting that NF-1 class D 

has a regulatory role on JCV infection, although if this regulation was due to early 

gene transcription or another mechanism was not identified (Monaco et al, 2001).   

 

Additionally, the activator protein 1 (AP-1) family of transcription factors interacts 

with JCV to regulate early gene transcription and viral replication. Factors c-Jun 

and c-Fos, both AP-1 family members, interact with T-antigen to suppress T-

antigen mediated activation of early gene transcription and viral replication (Kim 

et al, 2003). By binding to T-antigen, c-Jun suppresses the binding of T antigen to 

the JCV early promoter region to suppress viral transcription and replication (Kim 

et al, 2003).  

 

After T-antigen expression, JCV shifts from early to late gene transcription 

simultaneously with the initiation of viral replication. The shift from early to late 

gene transcription is mediated by YB-1, pur-α, and T-antigen. Following nuclear 

translocation of the viral genome, pur-α binds to the viral lytic control element to 

facilitate and induce early gene transcription and T-antigen expression (Chen et al, 

1995). T-antigen then accumulates within the nucleus, resulting in T-antigen 

binding to the transcription factor YB-1 to form a complexed structure. The T-
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antigen: YB-1 complex binds to the lytic control element with a stronger affinity 

than pur-α, resulting in pur-α displacement and the initiation of JCV late gene 

transcription (Chen et al, 1995; Kerr et al, 1994; Safak et al, 1999; Safak et al, 

1999).  

 

After T-antigen expression, JCV DNA replication is initiated within permissive 

cells. JCV DNA replication is a very slow process, even within permissive glial 

cells. DNA replication is first detected at 3 to 5 days post-infection and remains 

detectable for several weeks (Feigenbaum et al, 1987; Khalili et al, 1987; Major et 

al, 1985). Many factors participate in viral DNA replication, including T-antigen 

and host DNA polymerase.  

 

Figure 5: JCV Co-localization with Promyelocytic Leukemia Bodies. Serial sections of PML 

lesions. Panel 1 shows sections stained for JCV capsid protein VP1 and promyelocytic leukemia 

bodies. Merged images show that VP1 co-localization with the promyelocytic leukemia bodies. 
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Panel 2 shows parallel sections stained for proliferating cell nuclear antigen and promyelocytic 

leukemia bodies. Merged images show that PML is highly expressed in proliferating cells. These 

data combined suggest that JCV co-localizes with promyelocytic leukemia bodies in proliferating 

cells. (Reproduced with permission from Shishido-Hara et al, 2008 and Oxford University Press). 

 

JCV DNA replication occurs within the nucleus at nuclear domain 10 (ND10) 

bodies, which are nuclear loci characterized by the accumulation of promyelocytic 

leukemia proteins, Daxx, Sp100, and other cellular factors (Gasparovic et al, 2009; 

Negorev et al, 2001). During JCV infection, the viral genome localizes at ND10 

bodies, which is hypothesized to promote viral replication due to the localization 

of many transcriptional activating factors at these bodies, including proliferating 

cell nuclear antigen (PCNA), which interacts with DNA polymerase for functional 

replication (Shishido-Hara et al, 2008) (Figure 5). 

 

 

Figure 6: T-Antigen is Necessary for Functional JCV Replication. The DNA replication of JC 

virus was assessed for the wild type strain and two strains with mutations within the T-antigen 

coding region denoted T125A and T125D, corresponding to the amino acid mutation. At 0-, 10-, 

and 14-days post-JCV genome transfection, low-molecular weight DNA was collected and analyzed 

for replicated DNA. Strains with mutations in T-antigen, producing a non-functional protein, 

demonstrated no viral replication (Reproduced with permission from Tyagarajan et al, 2006 and 

the American Society for Microbiology). 

 

JCV large T-antigen is the primary viral driver of replication and functional lytic 

infection. JCV T-antigen mutant strains have inefficient viral replication and 
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infection does not result in cellular lysis (Tyagarajan et al, 2006) (Figure 6). To 

initiate viral replication, T-antigen binds to the viral origin of replication at the 

GAGGC pentanucleotide sequence, resulting in formation of a tertiary structure 

that mediates efficient viral replication (Amirhaeri et al, 1988; Frisque et al, 1983; 

Major et al, 1992). Likewise, T-antigen functions drives the host cell from G0 to S 

phase to induce viral replication through interactions with both pRb and p53 

(Bollag et al, 2000; Del Valle et al, 2001; Orba et al, 2009; Tavis et al, 1994; White 

et al, 2006).  

 

Although the mechanism of DNA replication for JCV is not completely understood, 

it is proposed to be analogous to SV40 DNA replication. During SV40 DNA 

replication, T-antigen forms a double hexamer structure and functions as a helicase 

while forming a complex with topoisomerase I, DNA polymerase α, and replication 

protein A to promote viral replication (Bullock et al, 1991; Fairman et al, 1988; 

Nesper et al, 1997) (Figure 7). After T-antigen binds to the viral origin of 

replication, it unwinds the genomic duplex and forms the pre-priming complex with 

replication protein A. This complex undergoes replication beginning with the 5’ 

end of the leading strand, which is interrupted after PCNA binds to the strand and 

displaces the polymerase complex. T-antigen interacts with DNA polymerase δ, 

PCNA, and replication factor C during the elongation aspect of replication (Lee et 

al, 1990; Tsurimoto et al, 1990; Weinberg et al, 1990). After replication is 

complete, the SV40 genome exists as two interlinked circles, however, 
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topoisomerase I and topoisomerase II function to cleave and religate the genomes 

separately (Nesper et al, 1997).  

 

Figure 7: SV40 Viral Replication. SV40 viral replication initiates with T-antigen binding to the 

SV40 origin of replication, resulting in unwinding of the double-stranded DNA through T-antigen 

helicase activity. DNA polymerase α binds to the primed complex, which results in the synthesis of 

viral DNA. (Reproduced figure obtained from National Institutes of Health and is in the public 

domain. Source: Molecular Cell Biology, 4th edition, Lodish H, Berk A, Zipursky SL, et al. New 

York: W. H. Freeman; 2000). 
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The immune system is the body’s primary defense against JCV reactivation and 

productive infection. In terms of JCV, it appears that a compromised adaptive 

immune system is the primary risk factor for productive infection (Gheuens et al, 

2010). Briefly, the adaptive immune system responds to viral infections through the 

function of antigen presenting cells (APCs), CD4+ and CD8+ T-cells. After an APC 

recognizes a pathogen, it presents the foreign antigen to CD4+ T-cells, which 

become activated after this priming. CD4+ T-cell activation induces the activation 

of CD8+ T-cells in addition to promoting the differentiation and maturation of B-

cells in the periphery. Activated CD8+ T-cells serve to eliminate virally infected 

cells. (Reuwer et al, 2017). Clearly CD4+ cells play a major role in controlling JCV 

infection, as a majority of PML patients have comorbidities affecting CD4+ counts, 

including HIV and CD4+ lymphocytopenia, among others (Casado et al, 2014; 

Haider et al, 2000; Puri et al, 2010; Weber F. et al, 2001; Weber T. et al, 2001). 

Additionally, CD8+ cell function appears to control JCV infection as well, with 

favorable PML prognosis associated with anti-JCV CD8+ activity (Khanna et al, 

2009a; Koralnik et al, 2002; Monaco and Major, 2015). While the cellular-

mediated aspect of adaptive immunity plays a major role in control of JCV 

infection, the role of B-cells and the humoral aspect of adaptive immunity is less 

clear (Ferenczy et al, 2012: Koralnik 2002; Koralnik et al, 2002; Reuwer et al, 

2017). When assessing at risk populations, a high antibody index in the JCV 

DxSelect™ test correlates with an increased risk of PML development (Lee et al, 

2013). Interestingly, 63 of 64 patient samples collected 6-180 months prior to PML 

diagnosis in natalizumab-treated patients tested JCV antibody positive (Lee et al, 
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2013). The only sample that tested negative was a sample taken 15 months prior to 

PML development, however a sample collected from the same patient 2 months 

prior to PML development was antibody positive (Lee et al, 2013). Validation 

assays showed a 50-60% serotype positive rate among all control groups, consistent 

with published literature (Kean et al, 2009; Knowles et al, 2003; Lee et al, 2013; 

Stolt et al, 2003). However, some studies suggest that the presence of neutralizing 

immunoglobulin G (IgG) antibodies to JCV variants correlates with PML survival. 

In the study by Ray et al, 6 AIDS+ PML patients were assessed for the presence of 

neutralizing antibodies to wild-type JCV and neurotropic variant strains of JCV. 

All six patients possessed neutralizing antibodies to the wild-type strain, however, 

no patient initially possessed neutralizing antibodies to the neurotropic variants. Of 

the six total patients, only three survived, and interestingly, each surviving patient 

developed high titers of neutralizing antibodies to their specific JCV neurotropic 

variant strain, whereas the non-survivors did not develop a significant neutralizing 

antibody titer (Ray et al, 2015). This data suggests that neutralizing antibodies may 

play a role in JCV regulation, however, further studies are required to elucidate 

their complete role. The primary complication with assessing the role of antibodies 

during JCV infection is the lack of comprehensive literature. When assessing PML 

development in patients with primary antibody deficiencies, there are a limited 

number of case reports (Gorelik et al, 2010; Plavina et al, 2014). Examples of PML 

development co-morbid with selective humoral immunodeficiency, as opposed to 

non-selective disorders such as lymphomas that affect both humoral and cellular-

mediated immunity, include a 4-year-old child with congenital 
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hypogammaglobulinemia, a 37-year old man with X-linked agammaglobulinemia, 

and a patient with Franklin disease and hypogammaglobulinemia (Bezrondik et al, 

1998; Tasca et al, 2009; Teramoto et al, 2003). Hypogammaglobulinemia is a 

condition characterized by a reduction in serum immunoglobulin levels, due to 

underlying immune system defects or secondary immunodeficient states. X-linked 

agammaglobulinemia, called Bruton syndrome, is a primary humoral immunity 

deficiency syndrome resulting from mutations within the Bruton tyrosine kinase 

gene, which is required for B-cell development and maturation. Patients with 

Bruton syndrome do not develop mature B-cells and produce no immunoglobulins. 

Franklin disease, also called gamma heavy chain disease, is a rare B-cell 

lymphoplasma cell proliferative disorder characterized by abnormal heavy chain 

immunoglobulin production, resulting in structural abnormalities due to truncated 

heavy chain proteins that cannot form disulfide bonds with the light chains of the 

antibody complex, forming non-functional antibodies.  The important note is that 

these cases are show that PML can develop in patients with humoral 

immunodeficiency with normal cellular immunity, although development of PML 

with functioning cellular immunity is extremely rare. Likewise, it is important to 

note that the cellular functions of B-cells and the presence of antibodies are 

intertwined, and the B-cell deficiency may be the risk factor for PML development 

as opposed to the hypogammaglobulinemia (Reuwer et al, 2017) 

  

One of the primary mechanisms of immune-mediated viral suppression is the 

release of cytokines and chemokines by a wide variety of cell types, including 
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leukocytes. To assess the role of soluble immune factors on JCV infection, JCV-

infected glial cells were treated with conditioned media from uninduced or induced 

peripheral blood mononuclear cells (PBMCs). Treatment of infected cells with 

conditioned media from induced PBMCs significantly suppressed expression of T-

antigen and inhibited viral replication (De Simone et al, 2015). To determine the 

exact factor responsible for viral suppression, multiple candidate cytokines were 

assessed for antiviral activity. Of the cytokines assessed, including interleukins, 

interferons, and other factors, only interferon gamma (IFN-γ) possessed significant 

antiviral effects (De Simone et al, 2015).  

 

1.2. SRSF1 and JCV 

While the immune system is viewed as the primary mechanism for controlling JCV 

infection, other non-immunological factors play a major role in JCV regulation and 

inhibition of viral reactivation. One example is the alternative splicing factor 

serine/arginine-rich splicing factor 1 (SRSF1), which is involved in the alternative 

splicing of human pre-messenger RNA (mRNA), non-sense mediated mRNA 

decay, micro RNA (miRNA) processing, and other necessary cellular functions 

(Das et al, 2014) (Figure 8).  

While playing a constitutive role in the host cell, SRSF1 also possess antiviral 

capabilities through impacting viral splicing and transcription in infected cells. 

Originally, SRSF1 was identified as a regulator of SV40 infection in which SRSF1 

was impacts early gene splicing to increase small t-antigen splicing and decrease 

large T-antigen early gene splicing (Ge et al, 1990). 
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Figure 8: Cellular Functions of SRSF1. The alternative splicing factor SRSF1 has multiple 

functions within the host cell, including miRNA processing, mTor activation, non-sense mRNA 

degradation, and alternative splicing. (Reproduced with permission from Das et al, 2014 and the 

American Association for Cancer Research). 

During the JCV infectious cycle, SRSF1 functions as a negative regulator through 

various mechanisms of viral suppression. SRSF1 primarily suppresses viral 

transcription and replication in glial cells through interactions with the JCV 

promoter DNA sequence (Sariyer and Khalili, 2011) (Figure 9). When primary 

human fetal astrocytes were treated with short hairpin RNA (shRNA) against 

SRSF1, resulting in SRSF1 gene silencing, and subsequently infected with JCV, 

there was a significant increase in viral protein production, suggesting that JCV 

replication is suppressed by SRSF1 expression (Sariyer and Khalili, 2011). SRSF1 
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also impacts the protein expression of all JCV proteins, most likely due to 

transcriptional suppression, and this inhibits the transforming properties of the T-

antigens (Uleri et al, 2011).  

 

Figure 9: SRSF1 Suppresses JCV Early and Late Gene Transcription. PHFA were transfected 

with luciferase reporter constructs for JCV-early (black bars) or JCV late (grey bars) alone or with 

increasing concentrations of an SRSF1 expression plasmid. SRSF1 expression resulted in a 

significant decrease of both JCV early and late gene transcription. (Reproduced with permission 

from Sariyer and Khalili, 2011 and Open Access PLoS Journal Group). 

 

While SRSF1 possesses a strong negative regulatory impact of JCV, viral proteins 

are hypothesized to possess the capability to rescue this suppressive mechanism. 

This thesis assessed if T-antigen expression in cells was sufficient to rescue 

transcriptional suppression mediated by the expression of SRSF1. A potential 

interaction between viral proteins and host cellular factors would represent a novel 

finding into the mechanisms underlying the reactivation of JCV from a latent state 

to a productive infection.  
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As previously mentioned, one of the major questions remaining for JCV is what 

factors are required for viral reactivation to occur. Two of the primary negative 

regulators of JCV are SRSF1 and the immune system. With the primary risk factor 

of PML development being immunosuppression, it is possible that the immune 

system regulates SRSF1 expression. If the immune system regulates SRSF1 

expression, it would explain how JCV can reactivate even in glial cells where 

SRSF1 is most highly expressed.  Recent studies elucidated the role of soluble 

immune factors in controlling SRSF1 expression, potentially serving as an antiviral 

mechanism. When astrocytes were treated with conditioned media from induced 

PBMCs there was a significant increase in SRSF1 expression, suggesting that 

immune activation serves to increase the expression of SRSF1, potentially as an 

antiviral mechanism (Sariyer R et al, 2016). When further assessed, treatment with 

conditioned media induced SRSF1 transcription, however, whether this mechanism 

was a direct interaction with the cytokines or indirect induction due to immune 

signaling pathway cascades remains unclear. Interestingly, data suggests that 

SRSF1 is the primary driver of cytokine mediated JCV transcriptional suppression. 

When SRSF1 expression was knocked down in cells using silencing RNA (siRNA), 

PBMC conditioned media treatment did not suppresses JCV transcription (Sariyer 

R et al, 2016) (Figure 10). Taken together, these data suggest that SRSF1 

expression is partially controlled by immune soluble factors and that this control 

plays a major role in preventing JCV reactivation.  
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Figure 10: SRSF1 Expression is Required for Soluble Immune-Factor Mediated JCV 

Transcriptional Suppression. PHFA were transfected with a luciferase reporter construct for JCV-

early alone or with SRSF1-siRNA to knock down SRSF1 expression or control NT-siRNA. SRSF1-

siRNA treatment inhibited soluble immune factor mediated JCV transcriptional suppression. 

(Reproduced with permission from Sariyer R et al, 2016 and Springer). 

1.3. Progressive Multifocal Leukoencephalopathy 

Progressive multifocal leukoencephalopathy is a neurological disease which 

presents with widespread, or multifocal, demyelination of both gray and white 

matter (Al-Tawfiq et al, 2015; Astrom et al, 1958; Gheuens et al, 2010; Wüthrich 

et al, 2009) (Figure 11). PML is the result of latent JCV reactivation and productive 

infection, which generally occurs during comorbid immunomodulatory conditions. 

During the course PML, multiple pathological changes occur which affect both 

glial cells and the surrounding neuronal axons. The primary cells presenting with 

JCV infection are oligodendrocytes, while astrocytes have also been shown to 

support productive infection (Kondo et al, 2014; Richardson-Burns et al, 2002). 
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After infection, both glial cell populations express viral proteins, resulting in 

oligodendrocyte swelling and lysis and the presentation of a “bizarre” astrocyte 

phenotype, with cellular lysis resulting in the focal destruction of myelin protein 

(Brooks et al, 1984; Cavanaugh et al, 1959; Piña-Oviedo et al, 2007; Wharton Jr et 

al, 2016). Due to destruction of myelin, there is widespread axonal dysfunction and 

a loss of neuronal cell bodies due to cellular insults on demyelinated axons due to 

lysis of infected cells, with the neuronal loss being a permanent outcome of PML 

in most cases (Roux et al, 2011; Wüthrich et al, 2009).  

 

Figure 11: PML Brain MRI Showing Lesion Sites. Brain MRI images of a 55-year-old man 

diagnosed with nodular lymphocyte predominant Hodgkin’s lymphoma. After diagnosis, patient 

underwent R-CHOP chemotherapy. After 5 cycles of chemotherapy, the patient was admitted with 

seizure activity, resulting in a CT and subsequent MRI of the brain. Imaging showed multifocal 

cortical and subcortical lesion sites (light areas). (Reproduced with permission from Al-Tawfiq et 

al, 2015 and Elsevier). 

 

While JCV latent infection is common throughout the population, development of 

PML remained rare until the AIDS epidemic and the widespread use of 

immunomodulatory antibody therapies. Initially, PML rarely developed and was 

only found in patients with underlying oncological conditions impacting immune 

function, including leukemias and lymphomas (Astrom et al, 1958; Richardson Jr.; 
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1961) (Table 1). While potential cases of PML exist dating back to the 1930s, the 

first recorded case of PML was in 1958, in which a patient suffering from chronic 

lymphocytic leukemia and Hodgkin’s lymphoma presented with pathologies 

similar to PML, including the development of white matter lesions throughout the 

CNS (Astrom et al, 1958; Bateman et al, 1945; Christensen et al, 1955; 

Hallervorden et al, 1930; Richardson et al, 1961, Winkleman et al, 1941).  

 

Table 1: Pathologic States Associated with Progressive Multifocal Leukoencephalopathy prior to 

the AIDS epidemic. Summary of 22 patients who developed PML between 1930 and 1961 and the 

comorbid pathological state.  (Reproduced with permission from Richardson Jr et al, 1961, 

Copyright Massachusetts Medical Society). 

 

 

 

PML became a prevalent condition following the HIV epidemic, as between 3-5% 

of AIDS patients develop PML during HIV infection (Khanna et al, 2009b). As 

JCV is normally maintained in a latent state by the immune system, it follows that 

risk for PML development occurs during immune suppression or 

immunomodulation. There are two primary groups of at-risk populations when 

analyzing PML patients, which are AIDS patients and patients undergoing 

immunomodulatory pharmacological therapies. The cohort with the highest risk of 
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developing PML remains AIDS patients, as PML occurs at a rate significantly 

higher in this cohort than in cohorts with other causes of immunosuppression 

(Bienaime et al, 2006; Focosi et al, 2010; Taoufik et al, 1998; Verma et al, 2004; 

Zheng et al, 2009).  

 

As a disease, AIDS has a widespread negative impact on the immune system and 

immunological function, as it presents with chronic immunosuppression, impacts 

cytokine release, shifts the body towards a more “pro-viral” cytokine profile, and 

increases the permeability of the BBB to increase infiltration of infected cells into 

the brain (Houff et al, 2008). Studies have suggested that HIV and JCV interact in 

a synergistic manner, resulting in PML occurrence in these patients. Both HIV and 

JCV remain latent in CD34+ progenitor cells and mature B-cells following the 

differentiation of the pro-B cells into B-cells, and can reactivate within the mature 

differentiated cells (Monaco et al, 1996; Houff et al, 2008; Monaco et al, 1998; 

Carter et al, 2010). Likewise, HIV Tat protein has been shown to interact with JCV 

by increasing JCV early and late gene transcription and increasing JCV propagation 

in Tat-expressing cells (Chowdhury et al, 1993; Chowdhury et al, 1990; 

Chowdhury et al, 1992; Nukuzuma et al, 2010; Stettner et al, 2009; Tada et al, 

1990). In vitro studies have demonstrated that Tat is secreted from infected cells 

and internalized by oligodendrocytes leading to the hypothesis that uptake of 

extracellular Tat by oligodendrocytes could be one of the initial mechanisms for 

JCV reactivation in AIDS patients (Ensoli et al, 1993; Daniel et al, 2004; Taylor et 

al, 1992; Enam et al, 2004). Infection with HIV also significantly increases the 
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permeability of the BBB and increases peripheral lymphocyte migration into the 

brain, both of which may result in increased trafficking of JCV-latently infected 

lymphocytes into the brain and eventual viral reactivation and PML development, 

primarily through Tat protein-mediated increased expression of CCL2/MCP-1 

(Puri et al, 2010; Ault et al, 1997; Berger et al, 2001; Petito et al, 1992). Data 

suggests some semblance of a relationship between JCV and HIV in which HIV 

changes the host conditions significantly to allow for JCV reactivation, however, 

the exact mechanisms of this relationship need to be determined. 

 

With the advent of monoclonal antibodies and other immunomodulatory therapies 

to treat a wide-range of diseases, it is not surprising that PML development is 

associated with some of these pharmacological agents. Typically, these therapies 

are used to treat autoimmune diseases, such as multiple sclerosis or rheumatoid 

arthritis, or lymphoproliferative diseases, such as lymphomas or leukemias. 

However, these therapies carry a substantial risk for the development of PML due 

to changes in the immune system function of these patients.  

 

An immunomodulatory therapy that carries a high risk for PML development is 

natalizumab, a humanized monoclonal antibody used to treat relapsing multiple 

sclerosis (MS). Natalizumab functions by binding to the α4 chain of very late 

antigen-4 (VLA-4), which mediates cell migration and infiltration into the CNS by 

binding to the vascular cell adhesion molecule (VCAM), allowing leukocytes to 

bind to the endothelial cells of blood vessels for extravasation out of circulation to 
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sites of inflammation (Engelhardt, 2008; Engelhardt and Kappos, 2008; Rice et al, 

2005). The hallmark of MS is chronic leukocytic infiltration into the brain, which 

is potently suppressed by natalizumab. Another effect of natalizumab treatment is 

impact on the B-cell population, functioning to increase CD34+ progenitor cells in 

the blood and bone marrow, increasing circulating pre-B and B cells in the 

periphery, and increasing the expression of factors involved in the differentiation 

of B cells from progenitor cells (Jing et al, 2010; Krumbholz et al, 2008; Lindberg 

et al, 2008). Importantly, one factor upregulated by natalizumab treatment is Spi-

B, a factor involved in promoting the differentiation of B cells which has also been 

found to increase JCV transcription, thus functioning as a potential mechanism for 

increased PML risk following natalizumab therapy (Marshall et al, 2010). 

Currently, it has been approximated that 3.85 per 1,000 patients undergoing therapy 

with natalizumab will develop PML, however, the true incidence remains to be 

determined (Ferenczy et al, 2012).  

 

There are many other immunomodulatory therapies that significantly increase the 

risk of developing PML over the course of the therapy. Rituximab is a humanized 

monoclonal antibody that targets CD20 that is used to treat hematological cancers, 

such as non-Hodgkin’s lymphoma, and autoimmune diseases, such as rheumatoid 

arthritis. Treatment with rituximab results in the destruction of peripheral B cells, 

since binding of the antibody to CD20 results in NK-cell mediated killing of B-

cells, as well as inducing apoptosis in targeted cells (Rudnicka et al, 2013). 

Destruction of peripheral B-cells functions to remove malignant or auto-reactive B-
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cells, resulting increased differenation of pre-B cells in the bone marrow. Since 

JCV is suggested to infect hematopoietic progenitors in the bone marrow, this 

treatment may serve to increase the population of JCV positive B-cells in the body 

(Major 2010; Reff et al, 1994; McLaughlin et al, 1998).  

 

Efalizumab is a humanized monoclonal antibody that targets CD11b and was used 

to treat psoriasis. Treatment with efalizumab functioned by disrupting leukocyte 

function-associated antigen type 1 (LFA-1) binding to intercellular adhesion 

molecular 1 (ICAM-1), which served to prevent the migration of T lymphocytes to 

sites of inflammation (Lebwohl et al, 2003). However, in 2009, efalizumab was 

withdrawn from the market by Genentech, Inc. due to the occurrence of PML 

following treatment, which was found in 1 in 500 patients treated with the drug.  

 

From these at-risk cohorts, it appears that the mechanism behind the increased risk 

of PML following immunomodulatory therapy is multifaceted, with the over-

arching theme being a significant decrease in immune surveillance as well as the 

differentiation of progenitor cells into terminally differentiated lymphocytes, 

potentially serving as a mechanism for dissemination of latent JCV into the CNS. 

As immunomodulatory antibodies are being used now more than ever to treat a 

wide range of diseases, there is the potential that a potential side effect of the drug 

will be PML development. Antibody therapies that result in PML development will 

continue to elucidate mechanism of JCV control by the immune system.  
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Figure 12: Histopathological Features of PML. Panel A shows frontal lobe sections of a PML 

patient stained with Luxol fast blue, showing large focal areas of widespread demyelination. Panel 

B shows enlarged oligodendrocytes presenting with inclusion body containing nuclei, the hallmark 

of productive JCV infection as well as a characteristic “Bizarre astrocyte” with increased 

chromatin presence and lobulated nuclei. (Reproduced with permission from Sweet et al, 2002 and 

John Wiley and Sons Publishers.). 

 

The primary pathological feature of PML is multifocal demyelination as opposed 

to monofocal demyelination due to the widespread dissemination of the viral 

particles within the CNS, suggesting multiple infection origin sites (Berger et al, 

2013b). Demyelination results in the formation of PML lesions of various size, with 

the minimal size being roughly 1 mm in diameter upwards to centimeter-sized 

diameters. In terms of histopathological features, the primary feature is infected 

oligodendrocytes characterized by the presence of viral inclusion bodies in the 

nuclei of infected cells, the loss of chromatin structure due to viral replication, and 

abnormally large nuclei due to the presence of viral particles (Al-Tawfiq et al, 

2015; Shishido-Hara, 2010; Sweet et al. 2002) (Figures 12 and 13). Likewise, 

infected astrocytes present with a “bizarre astrocyte” phenotype, which generally 

encompasses lobular hyperchromatic nuclei (Figures 12 and 13). In terms of 

lymphocytic infiltration, PML lesions are generally devoid of the presence of 

leukocytes, however, some patients have significant inflammatory cell infiltrates, 
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generally a symptom of reconstitution of the immune system and improved long-

term prognosis (Kepes et al, 1975; Richardson Jr et al, 1983)  

 

 

Figure 13: PML Lesion Histology. Brain biopsy of a 55-year-old man diagnosed with nodular 

lymphocyte predominant Hodgkin’s lymphoma and PML. Panels A-C show lesion sites with 

oligodendrocytes containing viral inclusion bodies and decreased chromatin presence at different 

magnifications (A: 10x, B: 20x, C: 40x). Panel D shows widespread myelin loss with axonal 

preservation. Panel E shows a normal brain region for myelin comparisons. (Reproduced with 

permission from Al-Tawfiq et al, 2015 and Elsevier). 

 

 

In addition to PML, JCV is the etiologic agent of three other diseases; JCV granule 

cell neuronopathy (JCVGCN), JCV encephalopathy (JCVE) and JCV meningitis 

(JCVM). JCVGCN is characterized by JCV productive infection restricted to 

granule cell neurons within the cerebellum. Granule cell neuronal productive 

infection results in cerebellar atrophy in the absence of white matter lesions, 

suggesting that the JCV variant is not infecting oligodendrocytes as expected during 
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JCV reactivation (Koralnik et al, 2005). The first reported case of JCVGCN was 

found in a 43-year old woman presenting with neurological deficits 15 months after 

HIV-seropositivity, including slurred speech, unsteady gait, dizziness, weakness, 

and vision deficits (Koralnik et al, 2005). MRI analysis revealed cerebellar atrophy 

without accompanying white matter abnormalities. This patient was the first patient 

where JCV productive infection of granule cell neurons was shown (Figure 14). 

 

Figure 14: JCV Granule Cell Neuronopathy Histology. MRI of a 43-year-old woman diagnosed 

with HIV. After 15 months, the patient presented with motor deficits and imaging studies were 

completed. Panel A shows cerebellar atrophy at the arrow head. Panel B shows no white matter 

abnormality within the brain. (Reproduced with permission from Koralnik et al, 2005 and John 

Wiley and Sons Publisher Group). 

 

 

 JCVE is characterized by JCV productive infection of cortical pyramidal neurons 

(Dang et al, 2012; Wüthrich et al, 2009). Cortical pyramidal neuronal productive 

infection results in diffuse cortical lesions in the absence of white matter lesions 

and necrosis at the gray matter-white matter junctions (Wüthrich et al, 2009). The 

first reported case of JCVE was found in a 74-year old woman presenting with 

progressive aphasia and cognitive deficits five months after completing radiation 
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and chemotherapy for non-small-cell lung cancer. MRI analysis revealed multifocal 

cortical lesions found in the temporal, parietal, and frontal cortexes (Figure 15). 

This patient was the first patient where JCV productive infection of cortical 

pyramidal neurons was shown. 

 

Figure 15: JCV Encephalopathy Histology. MRI of a 74-year-old woman diagnosed with non-

small-cell-lung cancer. Five months after completing chemotherapy, the patient presented with 

neurological deficits and progressive aphasia and imaging studies were completed. Panel A shows 

lesion sites in both cerebral hemispheres at the arrow heads. Panel B shows imaging 3 months after 

the initial images, in which additional cortical areas have developed lesion sites and there is 

necrosis at the gray matter-white matter junctions (Reproduced with permission from Wüthrich et 

al, 2009 and John Wiley and Sons Publisher Group). 

 

 The first reported case of JCVM was found in a 38-year old woman previously 

diagnosed with systemic lupus erythematosus (SLE) presenting with sudden onset 

of altered consciousness, fever, and headache (Viallard et al, 2005). The patient had 

meningeal syndrome with neck stiffness and double vision, but did not have focal 

neurological deficit. Previous reports have detected JCV DNA in the CSF of 
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meningitis patients without immunosuppression or factors that would result in 

meningitis, leading to the hypothesis that JCV may be the etiologic agent (Behzad-

Behbahani et al, 2004). This presented case demonstrates that JCV infection is an 

etiologic agent that must be considered during the onset of meningitis.  

 

1.4. Hypothesis and Proposed Aims 

Presently, the factors resulting in PML reactivation remain unknown. Wholly, the 

immune system functions to prevent JCV reactivation, with extremely limited cases 

of PML in patients with no immunosuppression at the time of PML development 

(Crossley et al, 2016; Sethi et al, 2012). Additionally, research has elucidated that 

many cellular factors function to prevent or inhibit JCV reactivation without 

entirely relying on immune system function. Our laboratory has focused on the role 

of SRSF1, a host alternative splicing factor, which has been shown to negatively 

regulate JCV transcription and replication. Outside research has focused on the role 

of cellular transcription factors, such as YB-1 and c-Jun, in the regulation of JCV 

transcription and replication. Based on this research, it would be prudent to 

postulate that there are many other host factors that regulate JCV reactivation 

through various steps within the viral life cycle. However, with a majority of the 

research focusing on either host factor impact on the virus or viral protein 

interactions with the virus during infection, a niche of JCV research has arisen 

focusing on how viral factors interact and modulate host factor and immune system 

regulation of JCV. Following immunosuppression, we hypothesize that interactions 

between JCV regulatory proteins and the neuroimmune signaling between 
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peripheral immune cells and glia in response to JCV infection regulates JCV gene 

expression and viral replication in glial cells. To investigate this proposed 

hypothesis, we present two specific aims, encompassing the experiments required 

to discern the validity of the hypothesis.  

 

Specific aim #1 focuses on viral protein interactions with host factors, primarily 

with the strong JCV-negative regulator SRSF1. Throughout Chapter #3 of this 

thesis, we will present experiments completed to assess the molecular interplay 

between T-antigen and SRSF1 in the control of JC virus gene expression in glial 

cells. This specific aim was conceived by preliminary data characterizing SRSF1 

as a strong negative regulator of JCV transcription and replication within glial cells 

(Sariyer and Khalili, 2011) (Figure 9). We investigated the role of JCV regulatory 

proteins, T-antigen and agnoprotein, in regulation of SRSF1-mediated viral 

transcriptional suppression. Our results suggest that T-antigen rescues JCV 

transcriptional suppression by suppressing SRSF1 transcription and subsequent 

protein expression through a possible interaction with the SRSF1 promoter region. 

These results reveal a novel viral mechanism for bypassing host negative 

regulation.  

 

Specific aim #2 focuses on viral protein interactions with the immune system, 

primarily via agnoprotein release by infected glial cells. Throughout Chapter #4 of 

this thesis, we will present experiments completed to assess how extracellular 

agnoprotein mediates the immune response to JC virus infection. This specific aim 
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was conceived by preliminary data proposing that agnoprotein is released from 

infected glial cells (Otlu et al, 2014) (Figure 16).  

 

Figure 16: Agnoprotein is released from JCV Infected Glial Cells. SVG-A cells were infected with 

JCV Mad-1 and growth media was collected and 24-hour intervals following infection, up to day 

10. At day 9, whole-cell lysates were collected as well. Collected growth media underwent 

immunoprecipitation for agnoprotein and VP-1 with whole cell extracts serving as controls for 

protein expression. Immunoprecipitation showed that agnoprotein is present within the media 

following cellular infection. (Reproduced with permission from Otlu et al, 2014 and Elsevier). 

 

Our data suggests that agnoprotein is released from cells and internalized by non-

infected astrocytes and microglia, resulting in agnoprotein-mediated GM-CSF 

transcriptional suppression and subsequent reduction of GM-CSF release. 

Additionally, our data suggests that extracellular agnoprotein mediates monocytes 

and macrophage function by impacting differentiation, surface marker expression, 

phagocytosis, and migration to sites of neuroinflammation. These results reveal a 

novel immunomodulatory function of agnoprotein and suggest a possible 

mechanism partly involved in the limited inflammation observed at PML lesions.  

 

The totality of these experiments can be found within this thesis, in which the 

culmination of the experiments has supported the validity of the proposed 
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hypothesis. Inevitably, as has been the case since time immemorial, further research 

is required to completely elucidate the mechanisms resulting in viral reactivation. 

Here, we have presented the discovery of novel functions of JCV viral proteins, 

thereby furthering the development of a complete model for JCV reactivation.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1.  Cell Culture and Transfection 

The human oligodendroglioma cell line, TC620, was obtained from American 

Type Culture Collection (ATCC) and used to mimic oligodendrocytes, the primary 

cell type infected by JCV. TC620 cells were grown in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) and penicillin/streptomycin (100 μg/mL). Cells were maintained at 37° C in 

a humidified incubator with 5% CO2.  

The human glioblastoma cell line, T98G, was obtained from ATCC and used to 

mimic astrocytes, which are hypothesized to be impacted by JCV reactivation and 

PML. T98G cells were grown in DMEM supplemented with 10% heat-inactivated 

FBS and penicillin/streptomycin (100 μg/mL). Cells were maintained at 37° C in a 

humidified incubator with 5% CO2.  

The human monocyte cell line, U937, was obtained from ATCC and used to 

mimic monocytes, one of the major immune cells that is hypothesized to be 

impacted by JCV and PML. U937 cells were grown in Roswell Park Memorial 

Institute (RPMI) 1640 media supplemented with 10% heat-inactivated FBS and 

penicillin/streptomycin (100 μg/mL). Cells were maintained at 37° C in a 

humidified incubator with 5% CO2.  

Primary human fetal astrocytes (PHFA) were obtained from a fetal donor brain 

provided by the Comprehensive NeuroAIDS Core (CNAC) facility at the Lewis 

Katz School of Medicine of Temple University. PHFA were used to mimic primary 
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astrocytes throughout the aforementioned experiments. PHFA were cultured in 

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F12) 

supplemented with 10% heat-inactivated FBS, penicillin/streptomycin (100 

μg/mL), GlutaMax (100 μg/mL), and insulin (100 μg/mL). Cells were maintained 

at 37° C in a humidified incubator with 5% CO2. 

Primary human fetal brain endothelial cells (PHFBE) were obtained from a fetal 

donor brain provided by the CNAC facility at the Lewis Katz School of Medicine 

of Temple University. PHFBE were used to mimic endothelial cells of the blood-

brain barrier throughout monocyte migration assays. PHFBE were cultured in 

Clonetics Endothelial Cell Basal Medium-2 supplemented with FBS, 

hydrocortisone, human fibroblast growth factor, vascular endothelial growth factor, 

R3-IGF, recombinant insulin-like growth factor, ascorbic acid, human epidermal 

growth factor, GA-1000, and heparin. Cells were maintained at 37° C in a 

humidified incubator with 5% CO2. 

Primary human fetal microglia (PHFM) were obtained from a fetal donor brain 

provided by the CNAC facility at the Lewis Katz School of Medicine of Temple 

University. PHFM were used in part of the phagocytosis assay. PHFM were 

cultured in DMEM/F12 supplemented with 15% heat-inactivated FBS, gentamycin 

(50 μg/mL), L-glutamine (100 μg/mL), fungizone (50 μg/mL), insulin (100 

μg/mL), D-biotin (10 ng/mL) and NI supplement (Sigma #N6530). Cells were 

maintained at 37° C in a humidified incubator with 5% CO2. 
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2.2. Primary Monocyte Isolation and Culture 

Primary human monocytes were isolated from whole blood provided by Biological 

Specialty Corporation (Colmar, PA) using the StemCell Technologies EasySep™ 

Human Buffy Coat CD14 positive selection kit. The blood was diluted 1:1 in 

EasySep™ Buffer and centrifuged at 200g for 30 minutes at room temperature with 

acceleration and breaking set to the lowest setting to prevent red blood cell lysis 

and disruption of the leukocyte band. After centrifugation, the concentrate 

leukocyte band was transferred to a 14-mL polystyrene round-bottom tube for 

monocyte isolation. To remove remaining red blood cells, an equal volume of 

EasySep™ red blood cell (RBC) lysis buffer was added and the solution was mixed. 

For an example isolation, 4.5 mL of buffy coat was combined with 4.5 mL of RBC 

lysis buffer, resulting in 9 mL of diluted sample. To the diluted sample, 450 μL of 

CD14 positive selection cocktail containing anti-CD14 clone BA-9 antibody (50 

μL antibody cocktail per mL sample) was added and the solution was incubated at 

room temperature for 15 minutes. The antibody cocktail contains a tetrameric 

antibody complex, with two antibody regions, one against CD14 to bind to the cell 

and one against dextran to bind to the magnetic nanoparticles. After incubation, 450 

μL of EasySep™ whole blood magnetic nanoparticles (50 μL magnetic 

nanoparticles per mL sample) were added and mixed, followed by 10 minutes of 

incubation at room temperature. After incubation, 1 mL EasySep™ buffer was 

added to the sample to reach a final volume of 10 mL. The tube was then placed 

into a “Big Easy” EasySep™ magnet and incubated for 10 minutes at room 

temperature. After this incubation, the magnet was quickly inverted, and the 
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supernatant was emptied, after which the tube was removed from the magnet and 

10 mL of EasySep™ buffer was added to the tube. The tube was placed into the 

magnet again and incubated for 5 minutes at room temperature. The magnet was 

again quickly inverted to remove the supernatant and another 5-minute incubation 

was performed after the addition of another 10 mL of EasySep™ buffer. After three 

total isolation steps (one 10-minute isolation and two 5-minute isolations), the tube 

was removed from the magnet and the cells were resuspended in RPMI 1640 media 

supplemented with 10% FBS.  

Isolated primary human monocytes used to assess monocyte migration in a blood-

brain barrier model. Primary human monocytes were grown in RPMI 1640 media 

supplemented with 10% heat-inactivated FBS and penicillin/streptomycin (100 

μg/mL). Cells were maintained at 37° C in a humidified incubator with 5% CO2.  

 

2.3. Plasmid Constructs 

The pcDNA3.1-T-Antigen expression vector construct was described previously 

(Craigie et al, 2015). Briefly, the T-antigen gene was PCR amplified and subcloned 

into the pcDNA3.1 (+) expression vector at the EcoRI restriction enzyme site.  

The pcGT7-SRSF1 expression plasmid was kindly provided by Javier F. Cáceres 

(Medical Research Council Human Genetics Unit, Western General Hospital, 

Edinburgh, Scotland, United Kingdom) and was described previously (Cáceres et 

al, 1997). Briefly, SRSF1 cDNA was PCR amplified and subcloned into the 

pcGTHCFFLT7 expression vector at XbaI/BamHI restriction enzyme sites. The 

resulting vector expresses the NH2-terminal epitope tag of MASMTGGQQMG, the 
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first 11 amino acids of the bacteriophage T7 gene 10 capsid protein (Cáceres et al, 

1997).  

The pcGT7-agnoprotein expression plasmid was described previously (Otlu et al, 

2014). Briefly, the JCV agnoprotein coding sequence was PCR amplified and 

subcloned into the pcGTHCFFLT7 expression vector at XbaI/BamHI restriction 

enzyme sites. The resulting vector expresses the NH2-terminal epitope tag of 

MASMTGGQQMG, the first 11 amino acids of the bacteriophage T7 gene 10 

capsid protein (Cáceres et al, 1997). 

The luciferase reporter constructs pLuc.JCV-Early and pLuc.JCV-Late were 

described previously (Wollebo et al, 2011). Briefly, the full-length JCV Mad1 

NCCR was PCR amplified and subcloned into the SmaI restriction enzyme site 

immediately upstream of the luciferase gene in the pGL3 luciferase reporter vector 

by blunt end cloning (Promega, Madison, Wisconsin, USA).  

The pLuc.SRSF1 luciferase reporter construct was created by subcloning the PCR 

amplification of the SRSF1 promoter region from the -1000 to +49 region into the 

pGL3 luciferase reporter vector at the BamHI restriction enzyme site upstream of 

the luciferase gene.  

The GM-CSF luciferase reporter construct, pLuc.GMCSF, was kindly provided by 

Peter Cockerill (College of Medical and Dental Science, Institute of Biomedical 

Research, University of Birmingham, UK) and was described previously (Cockerill 

et al, 1999). Briefly, the GM-CSF promoter was PCR amplified for the -627 to +28 

region and subcloned into the pXPG luciferase reporter plasmid at the HindIII 

restriction enzyme site upstream of the luciferase gene.  
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To create the JCV bi-directional dual reporter plasmid, the full-length JCV Mad1 

NCCR was PCR amplified and subcloned into the pSF-Renilla-Photinus vector 

(Sigma-Aldrich, OGS595) at the NotI/EcoRI restriction enzyme sites between the 

firefly luciferase and renilla luciferase genes.  

 

2.4. MBP Recombinant Agnoprotein Production 

E. coli maltose binding protein (MBP) fused with JCV agnoprotein fusion protein 

complexes were produced using DH5α E. coli cells transformed with the pMAL-

c5X-JCV-Agno-Full Length plasmid kindly provided by Dr. Sami Saribas and 

previously described (Saribas et al, 2011). The full length agnoprotein gene was 

inserted into the pMAL-c5x vector in the same translational reading frame as the 

maltose-binding protein gene (malE), resulting in the expression of MBP-

agnoprotein fusion protein complexes. Transformed E. coli was grown overnight 

in 100 mL LB media supplemented with ampicillin (100 μg/mL). After overnight 

growth, the culture was split and diluted 1:10 in a total volume of 500 mL of fresh 

LB media supplemented with ampicillin (100 μg/mL) and glucose (2g/L) and was 

grown at 37° C for 2-3 hours until the optical density at 600 nm reached 0.5, 

corresponding to optimal confluency. MBP production was induced by incubation 

with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 3 hours at 37° C. 

Cultures were harvested by centrifugation at 10,000 RPM for 30 minutes using a 

Thermo Scientific F12-6X500 LEX rotor. Bacterial pellets were resuspended in 10 

mL amylose column buffer (20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM 

EDTA). The mixture was incubated on ice for 30 minutes with lysozyme and 
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protease inhibitor cocktail to degrade the bacterial cell wall, after which lysis was 

completed through 40 pulses with a sonicator. The lysates were cleared by 

centrifugation at 15,000 RPM for 30 minutes using a Sorvall HB-6 rotor, after 

which the supernatants were collected for MBP processing. The cleared lysates 

were incubated overnight with 800 μL of amylose fast flow resin beads, which bind 

to MBP, at 4° C overnight. The next day, beads were centrifuged at 3,000 RPM for 

5 minutes using a Sorvall RT7 plus centrifuge to pellet the MBP-bound amylose 

resin beads. The supernatant was removed, and beads were washed three times in 

amylose column buffer to remove remaining unbound proteins. To ensure that 

efficient binding occurred, 5 μg of beads were separated on a 10% SDS-PAGE gel 

and visualized with Coomassie blue staining. Once the presence of MBP was 

determined, the MBP-agnoprotein complexes were eluted from the beads by 

incubation with 10 mM maltose buffer overnight at 4° C at a 1 μg/μL concentration.  

After overnight incubation, samples were centrifuged, and the supernatants were 

collected for cleavage of the fusion protein. Agnoprotein was cleaved from the 

fusion protein complex using Factor Xa protease (New England BioLabs 

#P8010S), which cleaves at the Ile-(Glu/Asp)-Gly-Arg cleavage site, present 

between the MBP and the fused agnoprotein protein (Eaton et al, 1986; Nagai et al, 

1985; Quinlan et al, 1989). For cleavage, 50 μg of MBP-agnoprotein were treated 

with 1 μL of Factor Xa in 2 mM CaCl2 buffer overnight at 23° C. Following 

cleavage, residual MBP was removed by incubation with amylose fast flow resin 

beads. Concentration of the final recombinant agnoprotein (rAgno) was determined 
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and protein quality and immunogenicity were assessed through Western blot using 

an anti-agnoprotein antibody.  

2.5. Western Blot Assay 

Cells were harvested using trypsin incubation at different times based on 

experimental conditions. Detached cells were collected and centrifuged at 1,800 

RPM in a Sorvall RT7 centrifuge for 5 minutes. Cellular pellets were resuspended 

in TNN lysis buffer (150 mM NaCl, 40 mM tris pH 7.4, 1% NP-40, 1 mM DTT, 1 

mM EDTA) supplemented with protease inhibitors and rotated for 1 hour at 4° C 

to ensure efficient lysis. After lysis, samples were centrifuged at 14,000 RPM for 

10 minutes at 4° C in a VWR centrifuge. Supernatants were collected, and protein 

concentration was determined using a Bradford assay with a Genesys 10S Vis 

spectrophotometer. Western blots were completed with 60 μg of protein extracts 

unless otherwise noted. Protein extracts were boiled at 95° C for 10 minutes to 

ensure efficient denaturing. Denatured samples were resolved through sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). For small 

proteins, such as agnoprotein, 18% acrylamide gels were used and for larger 

proteins, such as T-antigen, 10% acrylamide gels were used. After resolution, 18% 

gels were transferred to 0.2-micron nitrocellulose membranes at 250 mA for 30 

minutes at 4° C and 10% gels were transferred to 0.45-micron nitrocellulose 

membranes at 60 mA overnight at 4° C, both transfers completed in transfer buffer 

(25 mM tris pH 7.4, 200 mM glycine, 20% methanol). After transfer, membranes 

were blocked with 10% non-fat dry milk in 1X phosphate-buffered saline (PBS) 

containing 1% Tween-20 (PBST) for 1 hour at room temperature. Membranes were 
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then incubated with primary antibodies diluted in 5% non-fat dry milk PBST 

overnight at 4° C, undergoing constant rocking. Membranes were washed three 

times with PBST and incubated for 1 hour at room temperature with 1:5000 

secondary antibody diluted in PBST. Membranes were washed three times with 

PBST and visualized with the Odyssey CLx Imaging System (LI-COR). Primary 

antibodies and secondary antibodies used for Western Blotting are listed in Table 

2. 

Table 2: Antibodies Used for Western Blot, Immunocytohemistry, and Immunohistochemistry. A 

representative table to the antibodies used in all experiments. 
 

Target Epitope Species Experimental Usage Manufacturer 

Agnoprotein (IgG) 

#7903 

Rabbit 

polyclonal 

Western Blot, 

ELISA, ICC, IHC 

Lampire Biologics 

Agnoprotein (serum) 

#7903 

Rabbit 

polyclonal 

Western Blot Lampire Biologics 

Β-Tubulin Mouse 

monoclonal 

Western Blot Li-Cor 

GAPDH Mouse 

monoclonal 

Western Blot Cell Signaling 

Technology 

GM-CSF Mouse 

monoclonal 

Western Blot, IHC R&D Systems 

SRSF1 Rabbit 

polyclonal 

Western Blot Abcam 

SV40 T-Antigen Mouse 

monoclonal 

Western Blot, IHC EMD/Millipore 

JCV VP1 Mouse 

Monoclonal 

IHC Dr. Robert Atwood, 

Brown University 
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2.6. Luciferase Reporter Assay and Dual Reporter Assays  

T98G were plated in 6-well tissue culture dishes and transiently transfected with a 

luciferase reporter plasmid. The luciferase reporter plasmids used assessed either 

the promoter activity of SRSF1 (-1000 to +49 base pair region) or the promoter 

activity of GM-CSF (-627 to +48 base pair region). At 48-hours post-transfection, 

cells were harvested with trypsin and actively lysed with Promega reporter lysis 

buffer. Lysed cells were centrifuged at 14,000 RPM for 10 minutes at 4° C in a 

VWR centrifuge. Supernatants were collected, and luciferase activity was assessed 

by combining 20 μL supernatant with 100 μL luciferase assay reagent (LAR II) 

provided by Promega and mixing. Luminescence activities were assessed using a 

Zylux Corporation Femtomaster FB12 luminometer and corrected for protein 

concentration.  

Secondary - Anti-

mouse 800 

Goat anti-

Mouse 

Western Blot Li-Cor 

Secondary -Anti-

rabbit 680 

Goat anti-

Rabbit 

Western Blot Li-Cor 

Secondary -

Biotinylated 

Goat anti-

Rabbit 

IHC Vector 

Secondary - 

Biotinylated 

Goat anti-

Mouse 

IHC Vector 

Secondary -Alkaline 

Phosphatase 

Goat anti-

Rabbit 

IHC Pierce 

Secondary -Alkaline 

Phosphatase 

Goat anti-

Rabbit 

IHC Pierce 
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TC620 were plated in 6-well tissue culture dishes and transiently transfected with 

the luciferase-renilla duel reporter plasmid, in which the luciferase protein is under 

control of the JCV late region promoter and the renilla protein is under control of 

the JCV early region promoter. At 48-hours post-transfection, cells were harvested 

with trypsin and actively lysed with Promega reporter lysis buffer. Lysed cells were 

centrifuged at 14,000 RPM for 10 minutes at 4° C in a VWR centrifuge. 

Supernatants were collected, and luciferase activity was assessed by combining 20 

μL supernatant with 100 μL luciferase assay reagent (LAR) II provided by Promega 

and mixing, after which luciferase luminescence activity was read. Renilla activity 

was assessed by adding 100 μL Stop-and-Glo® buffer to the supernatant-LAR 

mixture and mixing, after which the renilla luminescence activity was read. 

Luminescence activities were read using a Zylux Corporation Femtomaster FB12 

luminometer and corrected for protein concentration. 

2.7. Chromatin Immunoprecipiation Assay 

A chromatin immunoprecipitation (ChIP) assay was used to assess possible 

interactions between JCV T-antigen and the SRSF1 promoter region as a 

mechanism for transcriptional suppression. T98G cells were plated in a 100-mm 

tissue culture dish and transfected with 10 μg of pcDNA3.1-T-antigen. At 48 hours 

post transfection, proteins and DNA were cross-linked with 1% formaldehyde 

(volume/volume). Following crosslinking, cells were harvested trypsin incubation. 

After trypsin, cells were collected and centrifuged at 1,800 RPM in a Sorvall RT7 

centrifuge for 5 minutes. Pellets were resuspended in TNN lysis buffer (150 mM 

NaCl, 40 mM tris pH 7.4, 1% NP-40, 1 mM DTT, 1 mM EDTA) supplemented 
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with protease inhibitors and rotated for 1 hour at 4° C. Cell lysates were sonicated 

40 times with a Cole-Parmer Instruments Ultrasonic Processor sonicator for 

effieicent chromatin fragmentation. Fragmented lysates were incubated overnight 

with Protein G beads pre-bound with anti-Large-T-Antigen antibody for 

immunoprecipitation. Following immunoprecipitation, samples were centrifuged at 

3000 RPM for 5 minutes in a Sorvall RT7 centrifuge and the pelleted Protein G-

beads were washed twice with low salt wash buffer (0.1% SDS, 1% Triton X-100, 

2 mM EDTA, 20 mM Tris-HCl pH 8.0, and 150 mM NaCl), twice with high salt 

wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 

and 500 mM NaCl), once with lithium chloride wash buffer (0.25 M LiCl, 1% NP-

40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.0) and twice 

with TE buffer (10 mM Tris pH 8.0, 1 mM EDTA).  Bound proteins were eluted 

from beads by incubation with ChIP elution buffer (1% SDS, 100 mM NaHCO3) 

and supernatants were collected after centrifugation. Bound DNA was purified by 

reversing protein-DNA cross-links through treatment with 5 M NaCl, after which 

the DNA was purified with phenol-chloroform extraction to remove any remaining 

proteins and precipitated with ethanol precipitation. Purified DNA fragments were 

analyzed with PCR analysis to amplify the SRSF1 promoter region using the 

following primers: SRSF1-Promoter-Forward (-1000 to +47): 

5’ACCTTCCAAAGCTTTCCAGATTTCAG-3’ and SRSF1-Promoter-Reverse 

(+47 to +27): 5’-ACCTTCCACTCGAGGAAGGAAACAGC-3’. PCR 

amplification of the SRSF1 promoter region used the following conditions: 95° C 
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for 5 minutes, 35 cycles of 95° C for 30 seconds, 58° C for 40 seconds, 72° C for 

65 seconds, and 72° C for 10 minutes.   

2.8. Enzyme-Linked Immunosorbent Assay 

An enzyme-linked immunosorbent assay (ELISA) was used to assess extracellular 

agnoprotein concentration from the growth media of pcGT7-agnoprotein 

transfected TC620. TC620 cells were plated in 100-mm dishes and transiently 

transfected with 10 μg of pcGT7-agnoprotein or pcGT7-alone. At 48 hours 

following transfection, conditioned growth media (CM) was collected and 

centrifuged to remove cellular debris. A 96-well plate was coated overnight with 

50 μL of sample and 150 μL ELISA coating buffer (0.05 M Sodium Carbonate-

Bicarbonate, pH 9.6) at 4° C. After coating, wells were washed three times for five 

minutes each with washing buffer (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, 

pH 8.0) to remove any non-bound proteins. Wells were blocked with 200 μL assay 

buffer (50 mM Tris, 0.14 M NaCl) containing 10% bovine serum albumin (BSA) 

for 2 hours at room temperature. After blocking, samples were incubated overnight 

at 4° C with anti-agnoprotein IgG primary antibody diluted 1:800 in 200 μL assay 

buffer. Wells were washed three times for 5 minutes each with washing buffer, after 

which secondary antibody, anti-rabbit-horseradish peroxidase (HRP)-conjugated 

was added at a 1:1500 dilution in 200 μL assay buffer and incubated for two hours 

at room temperature. Wells were then washed three times for 5 minutes each to 

decrease potential background readings resulting from unbound HRP-conjugated 

secondary antibody.  
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To induce color change, wells were incubated with 100 μL TMB (3,3’,4,4’-

tetramethylbenzidine) solution. TMB reacts with HRP to produce a blue colored 

solution. Incubation time was determined based on the observed color change, with 

typical incubation time ranging from 10 to 30 minutes. Incubation was stopped 

when the highest standard concentration samples reached a medium blue color. To 

stop the reaction, 100 μL of stop solution (0.16 M sulfuric acid) was added, 

changing the color of the solution from blue to yellow. Absorbances were measured 

at 450 nm and recorded. 

The concentration of the samples was determined based on a standard curve using 

MBP-agnoprotein as the standard. Standard concentrations of MBP-agnoprotein 

were 1000, 500, 250, 125, 62.5, 31.25, 15.625, and 0 ng/mL.  

2.9. Immunocytochemistry 

To assess extracellular agnoprotein uptake in astrocytes and microglia, PHFA or 

PHFM were plated in two-well chamber slides with 500,000 cells per well and 

cultured until confluent, after which cells were treated with CM-control or CM-

agnoprotein (CM-agno) for 48 hours. Extracellular agnoprotein presence was 

confirmed via ELISA and western blot. Cells were treated at 0 hours and 24-hour 

time points, with treatments consisting of 1 mL of fresh media and 1 mL of 

conditioned media. At 48 hours, cells were fixed with 1 mL ice-cold acetone and 

methanol (50:50 mixture) for 1 minute and washed five times with 1X PBS. Slides 

were blocked with 1 mL of 10% BSA in 1X PBS for 1 hour at room temperature. 

Slides were incubated overnight with rocking at 4° C with primary anti-agnoprotein 

IgG antibody diluted 1:300 (3.5 μL in 1 mL) in 5% BSA in 1X PBS. After overnight 
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incubation, slides were washed five times with PBS to remove any unbound 

antibody and incubated with secondary antibody solution, 1:500 FITC-rabbit or 

1:500-Rhodamine-rabbit, in 5% BSA in 1X PBS for 2 hours at room temperature 

with gentle rocking. After secondary antibody, slides were washed five times with 

1X PBS and cover slips were mounted using Vectashield mounting medium 

containing 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories) for DNA 

staining and nucleus localization.  

Slides were visualized using a Leica Fluorescent microscope (Leica Biosystems 

Inc.) to visualize internalized agnoprotein and DAPI corresponding to cellular 

nuclei.  

The impact of extracellular agnoprotein on monocyte/macrophage surface marker 

expression was assessed by treating differentiating monocytes with CM-control or 

CM-agno. U937 cells were plated in a two-well chamber slide (1,000,000 cells per 

well) and induced for differentiation with 100 ng/mL PMA treatments for 24 hours. 

Cells were treated with 1 mL CM-control or CM-agnoprotein in addition to 1 mL 

fresh RPMI 1640 media at 24 and 48 hours post-induction. At 72 hours, cells were 

fixed with 1 mL ice-cold acetone and methanol (50:50 mixture) for 1 minute and 

washed five times with 1X PBS. Slides were blocked with 1 mL of 10% BSA in 

1X PBS for 1 hour at room temperature. Slides were incubated overnight with 

rocking at 4° C with primary anti-CD16, anti-CD68, or anti-CD71 antibody diluted 

1:300 (3.5 μL in 1 mL) in 5% BSA in 1X PBS. After overnight incubation, slides 

were washed five times with 1X PBS to remove any unbound antibody and 

incubated with secondary antibody solution, 1:500-Rhodamine-mouse, in 5% BSA 
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in PBS for 2 hours at room temperature with gentle rocking. After secondary 

antibody, slides were washed five times with 1X PBS and cover slips were mounted 

using Vectashield mounting medium containing DAPI (Vector Laboratories). 

2.10. Immunohistochemistry 

To confirm the in vitro data suggesting that extracellular agnoprotein impacts GM-

CSF release, immunohistochemistries (IHCs) were completed on PML lesions 

obtained from AIDS-positive PML patients and normal brain frontal cortex control 

sections. AIDS-positive PML-positive samples were kindly provided by the 

Manhattan HIV Brain Bank (MHBB) headed by Susan Morgello, M.D., and normal 

brain frontal cortex sections were kindly provided by the CNAC facility at the 

Lewis Katz School of Medicine of Temple University headed by Kamel Khalili, 

Ph.D. Tissues were formalin fixed and paraffin-embedded prior to mounting as 5 

μm sections.  

After obtaining sectioned and mounted parallel tissue sections, slides were 

incubated overnight at 60° C to soften the paraffin, after which paraffin was cleared 

by three 30-minute incubations in xylene. After de-paraffinization, tissue sections 

were hydrated with an alcohol series consisting of two three-minute incubations in 

100% ethanol, two three-minute incubations in 90% ethanol, two three-minute 

incubations in 70% ethanol, and two three-minute incubations in distilled water. 

After the hydration series, sections underwent antigen retrieval with a 30-minute 

incubation in citrate buffer (10 mM citric acid, anhydrous, pH 6.0) at 95° C. After 

antigen retrieval, the process of development differed based on the chromogen 

used, either DAB (3,3’–diaminobenzidine) peroxidase or vector red.  
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When using DAB peroxidase, the endogenous peroxidases in the tissue were 

quenched through a 20-minute incubation in methanol containing 3% hydrogen 

peroxide. Sections were washed three times in 1X PBS. Sections were blocked with 

1X PBS containing 5% normal horse serum for 2 hours at room temperature. After 

blocking, slides were rinsed with 1X PBS and incubated with anti-GM-CSF 

primary antibody diluted 1:25 in 1X PBS containing 0.1% BSA overnight at 4° C. 

Following overnight incubation, slides were washed three times in 1X PBS and 

incubated for 2 hours with secondary antibody (goat-anti-mouse-HRP) diluted at 

1:200 in 1X PBS containing 0.1% BSA. Slides were washed three times in 1X PBS 

and incubated with avidin-biotin complex for 1 hour, after which sections were 

washed. Slides were then incubated with SIGMAFAST DAB (Millipore Sigma 

#D4293) solution for 5 minutes, after which slides were washed in tap water and 

counterstained.  

When using Vector® red, tissue sections were not quenched with hydrogen 

peroxide in methanol for endogenous peroxidase activity since the signal is 

determined by alkaline phosphatase (AP) activity. Since there are low levels of AP 

in the brain, tissue sections were not blocked for endogenous AP activity. Tissue 

sections designated for Vector® red staining were blocked in 1X PBS containing 

5% normal horse serum for 2 hours at room temperature. After blocking, slides 

were rinsed with 1X PBS and incubated with anti-GM-CSF primary antibody 

diluted 1:25 in 1X PBS containing 0.1% BSA overnight at 4° C. Following 

overnight incubation, slides were washed three times in 1X PBS and incubated for 

2 hours with secondary antibody (goat-anti-mouse-AP) diluted at 1:200 in 1X PBS 
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containing 0.1% BSA. Slides were washed three times in 1X PBS and incubated 

with Vector® red alkaline phosphate substrate kit solution (Vector Laboratories 

Incorporated, #SK5100) for 30 minutes in the dark. After, sections were washed in 

alkaline phosphatase buffer (150 mM Tris, 0.1% Tween-20; pH 8.3) and 

counterstained.  

Slides were counterstained through incubation in hematoxylin for 15 minutes 

followed by a 10-minute wash with running tap water. Tissue sections were then 

dehydrated with an alcohol series of two three-minute incubations in 70% ethanol, 

two-three minute incubations in 90% ethanol, and two-three minute incubations in 

100% ethanol. Slides were then cleared with xylene with two 30-minute 

incubations and cover slips were mounted with Richard-Allan Scientific mounting 

solution (Fischer Scientific #4111). After mounting, cells were imaged using a 

Keyence BZ-X710 All-in-One Fluorescence Microscope (Keyence Corporation of 

America).  

2.11. Cytokine/Chemokine Array 

PHFA were plated in 60 mm tissue-culture treated dishes and grown until 

confluence. After reaching confluency, cells were treated with CM-control or CM-

agnoprotein for 24 hours. At 24 hours, conditioned media was aspirated and fresh 

DMEM:F12 media was added to the wells and incubated for 24 hours. After 

incubation, media was collected and centrifuged at 3000 RPM for 5 minutes in a 

Sorvall RT7 centrifuge to eliminate cellular debris. Cleared media was processed 

with a RayBiotech C-Series human cytokine antibody array C3. Briefly, the 

cytokine array membrane was placed into the RayBioTech provided tray and 
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blocked for 30 minutes at room temperature with the provided blocking buffer. 

After blocking, wells were aspirated and 1.5 mL of diluted growth media from 

treated cells (750 μL growth media with 750 μL blocking buffer) was added to each 

well and incubated for 4 hours at room temperature. Media was then aspirated from 

the wells and membranes were washed three times in Wash Buffer I and twice in 

Wash Buffer II, both provided by RayBioTech. After the washes, membranes were 

incubated with the provided biotinylated antibody cocktail for 2 hours at room 

temperature. Each membrane was washed as previously described. Membranes 

were then incubated for 2 hours at room temperature with the provided HRP-

Streptavidin solution and washed again as previously described. Membranes were 

transferred onto a flat section of plastic wrap and covered with 500 μL of the 

provided detection buffer mixture for two minutes at room temperature. After the 

incubation, membranes were immediately covered with another section of plastic 

wrap to form a “sandwich” structure. This structure was then transferred to a 

Fischer Biotech Autoradiography Cassette and covered with two pieces of 

autoradiography film (GeneMate) which underwent exposure for roughly 10 

minutes. After exposure, the films were developed with a Kodak X-OMAT 2000A 

processor and cytokine intensities were analyzed using Adobe Photoshop CS5.  

2.12. MTT Cell Proliferation Assay 

To measure cellular viability, an MTT colorimetric assay was used, which assesses 

NADPH-dependent cellular metabolism. The primary principle behind the 

mechanism involves the conversion of soluble MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) into the insoluble formazan, which can be 
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solubilized by strong acids, resulting in a color change corresponding to the level 

of cellular metabolism (Liu et al, 1997; Mosmann et al¸1983). 

 

Cells (T98G, TC620, PHFA, PHFM, and U937) were plated in a 6-well dish and 

treated with CM-control, CM-agnoprotein, MBP, or recombinant agnoprotein for 

48 hours. At 48 hours, 200 μL of MTT solution (5 mg/mL MTT in 1X PBS) was 

added into each well and incubated for 2 hours at 37° C. After 2 hours, media was 

collected and centrifuged to pellet any floating cells. Following centrifugation, 1 

mL of MTT solvent (100 mL isopropanol, 0.1 % NP-40, 4 mM HCl) was added 

into each well and cellular pellets were resuspended in 1 mL of MTT solvent and 

added into their respective wells, resulting in a total of 2 mL of MTT solvent per 

well. The MTT solvent was collected and the absorbance at 570 and 630 nm 

(reference read) were determined using a ThermoScientific Genesys 10S Vis 

Spectrophotometer. The absorbance at 630 nm was subtracted from the absorbance 

at 570 nm to yield the experimental absorbance value.  

2.13. Monocyte Differentiation Assay 

Monocyte attachment served as a model of differentiation following agnoprotein 

treatments of U937 cells to determine if agnoprotein suppresses monocyte 

differenation into macrophages. Briefly, U937 cells were plated in a 6-well tissue 

culture dish and pulsed with 100 ng/mL PMA to induce differentiation and 

simultaneously treated with either CM-control CM-agnoprotein, MBP or 

recombinant agnoprotein. At 2 hours, PMA-containing media was removed and 

fresh media was added and cells were re-treated with the appropriate conditions.  
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At 24, 48, and 72 hours wells were washed with fresh media to remove unattached 

cells. At these time points, 5 representative phase contrast images were collected 

for each condition. Each image was analyzed and attached cells, which were 

characterized as differentiated macrophages, were quantified. The total number of 

cells for each condition were averaged and plotted onto a bar graph with standard 

deviations.  

2.14. Phagocytosis Assay 

Monocyte, macrophage, and microglia phagocytosis served as a model of the 

function of myeloid-derived cells following treatments with agnoprotein. For the 

phagocytosis assay, four cell types were used, U937 cells, U937-derived 

macrophages, human primary macrophages, and PHFM. U937 cells were plated in 

a 96-well plate and were pulsed with 100 ng/mL PMA to induce differentiation and 

treated with either CM-Control CM-agno, MBP or recombinant agnoprotein 

simultaneously. U937-derived macrophages were pre-derived from U937 cells 

plated in a 96-well plate that were pulsed with 100 ng/mL PMA for 2 hours to 

induce differentiation and sub-cultured for 3 days prior to agnoprotein treatments. 

Primary human macrophages were derived from primary human monocytes plated 

in a 96-well plate that were pulsed with 100 ng/mL PMA for 2 hours to induce 

differentiation and sub-cultured for 3 days prior to agnoprotein treatments. PHFM 

were plated in a 96-well plate and pulsed with 100 ng/mL PMA for activation and 

treated with either CM-Control CM-agno, MBP or recombinant agnoprotein 

simultaneously. All cell types contained a non-PMA treated control and a PMA-
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only treated control for quantification purposes. Likewise, all conditions were 

completed in triplicate.  

To assess phagocytosis, the ThermoScientific Vybrant™ Phagocytosis Assay Kit 

(ThermoScientific #V-6694) was used. At 48 hours after treatments, agnoprotein-

containing media was aspirated from each well and 100 μL of fluorescein-labeled 

Escherichia coli K-12 bioparticles (1 mg/mL) resuspended in Hanks’ balanced salt 

solution (HBSS) was added to each well. Cells were incubated with the E. coli 

particles for 2 hours at 37° C. After 2 hours, the wells were aspirated and treated 

with 100 μL of trypan blue for 1 minute, to quench extracellular fluorescence to 

prevent background readings from non-phagocytosed E. coli particles. Trypan blue 

was aspirated from each well and the fluorescence was measured for each well 

using 480 nm excitation and 520 nm emission spectra with a Fischer Scientific 

Multiskan FC microplate reader.  

The effect of agnoprotein on phagocytosis was determined using PMA-only treated 

cells as the basal level of phagocytosis.   

2.15. Blood-Brain Barrier Model 

Agnoprotein suppression of monocyte migration towards activated astrocytes was 

assessed using a blood-brain barrier model. The designed BBB model (Figure 17) 

utilizes a Corning Transwell™ permeable support for 6-well plates with a 3.0 μm 

polyester membrane (Corning #3452) to mimic the permeable BBB. This 

membrane allows for migration of monocytes from the top chamber into the bottom 

chamber following either astrocyte activation or the presence of migratory stimuli, 

such as GM-CSF.  
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Figure 17: Blood-Brain Barrier Model. A schematic representation of the blood-brain barrier 

model used for PBMC and monocyte migration assays. PHFA were cultured in a 6-well tissue 

culture dish and co-incubated with a 3.0 μm Transwell permeable support confluent with PHFBE. 

PBMCs or monocytes were added into the Transwell insert and migration was assessed at various 

time points. Different experimental conditions altered treatments of PHFA, including treatments 

with recombinant agnoprotein or LPS. 

 

Briefly, PHFA were seeded in a 6-well tissue culture dish and cultured for 48 hours.  

Simultaneously, primary human fetal brain endothelial cells (PHFBE) were seeded 

onto the Transwell permeable supports in a separate 6-well tissue culture dish and 

grown for 48 hours until developing a confluent layer mimicking the BBB. After 

48 hours, PHFA media was replaced with a low serum version, which contained 

3% FBS instead of the normal 10% FBS and the permeable supports were added 

into the PHFA-seeded wells, resulting in co-cultured wells containing PHFA and 

PHFBE. The use of low serum media was preempted by developmental studies 

showing that the serum within the media induces monocyte migration, presumably 

through low level activation of astrocytes, however the mechanism was not 

assessed. Do to this,  low serum media was used to reduce the levels of background 

monocyte migration without significantly impacting cellular viability (Figure 36).  
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After 24 hours of co-culture of the PHFA and PHFBE, astrocytes were activated 

with 10 ng/mL E. coli 026:B6 lipopolysaccharides (LPS) (Sigma-Aldrich #L8274) 

for 24 hours. Previous studies have shown the use of LPS as an inducing agent for 

neuroinflammation (Gorina et al, 2011; Li et al, 2016; Tarassishin et al, 2014). 

Concurrent with LPS activation, PHFA were treated with recombinant agnoprotein 

at concentrations of 50, 100, and 200 ng/mL. At this time, 1 million PBMCs or 3 

million primary human monocytes were added into the top chamber of the well. At 

3-, 6-, and 24-hours post-activation, cellular migration through the endothelial cell 

layer was assessed with phase microscopy and cell counting using a 

hemocytometer. Since monocytes are non-adherent cells, migrated monocytes 

typically remained in suspension, allowing for counting migrated cells in the media. 

However, the process of monocyte migration and astrocyte activation both serve to 

induce monocyte differentiation into adherent macrophages, thus phase contrast 

images furthered the assessment of the total number of migrated cells. Experiments 

were completed in triplicate and the average monocyte migration was calculated.  
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CHAPTER 3 

MOLECULAR INTERPLAY BETWEEN T-ANTIGEN AND SPLICING 

FACTOR, ARGININE/SERINE-RICH 1 (SRSF1) CONTROLS JC VIRUS GENE 

EXPRESSION IN GLIAL CELLS 

3.1. Introduction 

One of the primary cellular factors involved in regulation of JC virus gene 

transcription and replication is the host splicing factor SRSF1. Multiple studies 

have shown that JCV is negatively regulated by SRSF1 at multiple levels of the 

viral life cycle (Sariyer et al, 2011; Sariyer, I.K. et al, 2016; Sariyer, R. et al, 2016, 

Uleri et al, 2011; Uleri et al, 2013) (Figure 9). The anti-JCV fucntions of SRSF1 

initiate by association with the JCV promoter region, contained within the NCCR, 

thereby interfering with polymerase activity and ultimately suppressing viral 

transcription (Sariyer et al, 2011). Since time immemorial, there has existed a cat-

and-mouse game between viruses and the host organisms that they infect, with the 

host developing antiviral mechanisms, from the bacterial clustered regularly 

interspaced short palindromic repeats (CRISPR) – CRISPR-associated system 

(Cas) system to the complex immune system in higher order species (Westra et al, 

2012). While the host has evolved many antiviral mechanisms, viruses have 

evolved as well, developing strategies to bypass host defense mechanisms, 

primarily through utilization of viral regulatory proteins. It was hypothesized that 

JCV, in a similar mechanism as many other human viruses, can bypass host defense 

mechanisms, such as the suppressive functions of SRSF1, through the actions of 

the viral proteins, either through functions of the T-antigens or the regulatory 
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agnoprotein (Chin et al, 2001; Duschene et al, 2010; Goldmacher et al, 1999). 

Within this section, we present studies assessing the role of JCV regulatory 

proteins, Large T-antigen and agnoprotein, in rescuing SRSF1-mediated viral 

suppression of JCV transcription.  

 

3.2. Results 

3.2.1. SRSF1-Mediated Suppression of JCV Early and Late Gene Transcription is 

Rescued by Large T-Antigen 

The ability of JCV proteins to bypass SRSF1 mediated negative regulation of early 

and late gene transcription was assessed through a luciferase reporter assay. PHFA 

were plated in a 6-well tissue culture plate with 100,000 cells per well and grown 

until confluency. After becoming confluent, cells were transiently transfected in 

triplicate with luciferase reporter constructs containing the JCV early or late 

promoter sequence (pLuc.JCV-Early or pLuc.JCV-Late) with varying 

combinations of the following expression plasmids: SRSF1 (pcGT7-SRSF1), T-

antigen (pcDNA3.1-T-antigen), or agnoprotein (pcGT7-agnoprotein). 

Transfections of pLuc.JCV-Early or pLuc.JCV-Late used 2 μg of plasmid DNA, 

while expression plasmids were used at 3 μg per plasmid, with pcDNA3.1-empy 

vector used to normalize the total amount of transfected DNA to 8 μg per well. At 

48 hours post-transfection, cells were harvested using trypsin and centrifuged, with 

the resulting cellular pellet resuspended in Promega reporter active lysis buffer and 

rotated for 1 hour at 4° C. After lysis, samples were centrifuged to pellet cellular 

debris. After centrifugation, 20 μL of the supernatant was added to 100 μL of 
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luciferase assay reagent (LAR). The luciferase activity was read using a 

luminometer and corrected for protein concentrations for each sample.  

 

Figure 18: SRSF1 mediated suppression of JCV-early and -late gene transcription is rescued by 

T-Antigen. A. PHFA were transiently transfected with the pLuc.JCV-Early plasmid and the listed 

combinations of expression plasmids for SRSF1, T-antigen, or agnoprotein. At 48 hours, cells were 

harvested and lysates were analyzed by luciferase reporter assay. Luminescence was determined 

and corrected for protein concentrations. B. Western blot analysis of whole cell lysates was 

completed in parallel to the samples in panel A. C. PHFA were transiently transfected with the 

pLuc.JCV-Late plasmid and the listed combinations of expression plasmids for SRSF1, T-antigen, 

or agnoprotein. At 48 hours, cells were harvested and lysates were analyzed by luciferase reporter 

assay. Luminescence was determined and corrected for protein concentrations. D. Western blot 

analysis of whole cell lysates was completed in parallel to the samples in panel C. (Reproduced with 

permission from Craigie et al, 2015 and the Virology Journal under the Creative Commons 

Attribution 4.0 International License).     

 

Untransfected cell lysates served as the negative control for luciferase activity 

(Figure 18A and 18C, Lane 1). The corrected luciferase activity was normalized to 
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the basal transcriptional activity, which was determined by transfection with 

pLuc.JCV-Early or pLuc.JCV-Late plasmid alone (Figure 18A and 18C, Lane 2). 

To reproduce SRSF1-mediated JCV transcriptional suppression of both early and 

late genes, SRSF1 was overexpressed, resulting in a 50% decrease in JCV early 

gene transcriptional activity and almost complete suppression of JCV late gene 

transcriptional activity (Figure 18A and 18C, Lane 3).  

 

After determination of basal JCV transcription levels and reproducing SRSF1-

meidated transcriptional suppression, the impact of JCV proteins T-antigen and 

agnoprotein on JCV gene transcription, primarily in regard to rescuing capabilities 

when co-expressed with SRSF1, was assessed. SRSF1-mediated transcriptional 

suppression of both JCV early and late regions was rescued by the expression of T-

antigen, even when SRSF1 was over-expressed, suggesting that T-antigen drives 

viral transcription and rescues SRSF1-mediated transcriptional suppression (Figure 

18A and 18C, Lane 3). However, no rescuing ability was observed with agnoprotein 

expression. Dual expression of agnoprotein and SRSF1 resulted in no deviation 

from SRSF1-mediated suppression, suggesting that agnoprotein does not drive JCV 

transcription or impact SRSF1-mediated transcriptional suppression (Figure 18A 

and 18C, Lane 4).  

 

Additionally, the impact of T-antigen and agnoprotein alone on JCV early and late 

transcription was assessed. Expression of T-antigen resulted in a significant 

increase in both JCV early and late gene transcription (Figure 18A and 18C, Lane 
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5). When taken in combination with the rescuing capability of T-antigen when co-

expressed with SRSF1, confirming that T-antigen induces JCV early and late gene 

transcription and may interact with SRSF1 to inhibit SRSF1-mediated 

transcriptional suppression. Expression of agnoprotein did not impact JCV early 

gene transcription whereas JCV late gene transcription was suppressed in the 

presence of agnoprotein (Figure 18A and 18C, Lane 6).  

 

To ensure that changes in transcriptional activity were the result of SRSF1 

overexpression or T-antigen and agnoprotein expression, western blot analysis of 

the whole cell protein lysates were completed in parallel to the luciferase assays 

from the same experimental set-up (Figure 18B and 18D). Overexpression of 

SRSF1 substantially decreased T-antigen expression, with SRSF1-overexpression 

having no impact on agnoprotein expression in co-transfected cells (Figure 18B and 

18D, Lanes 4-8). 

 

3.2.2. Large T-Antigen Suppresses SRSF1 Expression in Glial Cells 

Next, the mechanism of T-antigen induced rescue of SRSF1-mediated JCV 

transcriptional suppression was assessed. The initial hypothesis proposed that T-

antigen alters SRSF1 expression to bypass SRSF1-mediated transcriptional 

suppression. To assess protein expression levels, PHFA and T98G cells were plated 

in a 6-well tissue culture dish and transfected with 0, 2, and 6 μg of pcDNA3.1-T-

Antigen, with total DNA normalized with pcDNA3.1-empty, resulting in an 

increasing amount of T-antigen expression within the cells. At 48 hours, cells were 
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trypsinized and whole cell extracts were collected and pelleted with centrifugation 

at 1,800 RPM for 5 minutes. Cellular pellets were lysed with TNN lysis buffer and 

rotated for 1 hour at 4° C, followed by centrifugation at 14,000 RPM for 10 minutes 

to pellet cellular debris, with the supernatant being collected for further analysis. 

The endogenous cellular expression of SRSF1 and the transfection efficiency of T-

antigen expression was assessed via Western Blotting.  

 

Figure 19: T-Antigen Suppresses SRSF1 Expression in Glial Cells. A. Western blot analysis for 

SRSF1 expression of PHFA transiently transfected with increasing concentrations of T-antigen. 

Grb2 served as the loading control. B. Quantification of SRSF1 expression levels from panel A 

following protein level correction. C. Western blot analysis for SRSF1 expression of T98G 

transiently transfected with increasing concentrations of T-antigen. GAPDH served as the loading 

control. D. Quantification of SRSF1 expression levels from panel C following protein level 

correction.  E. Quantification of endogenous SRSF1 expression between T98G cells and PHFA 

following protein level correction. Western blot is shown as the insert with GAPDH serving as the 

loading control.  (Reproduced with permission from Craigie et al, 2015 and the Virology Journal 

under the Creative Commons Attribution 4.0 International License). 

 

SRSF1 expression in PHFA significantly decreased at 1x and 3x concentrations of 

T-antigen expression, quantified as a 60% decrease in SRSF1 expression over three 
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replicates (Figure 19A and 19B). A similar trend occurred in T98G-transfected 

cells, with increasing expression of T-antigen resulting in a 60% decrease of 

SRSF1-expression at the highest expression of T-antigen (Figure 19C, 19D). 

Protein levels were assessed by Western Blot for Grb2 in PHFA and GAPDH in 

T98G, showing that the decrease in SRSF1 expression was a direct result of T-

antigen expression as opposed to differences in loaded protein amounts.  

The endogenous level of SRSF1 in T98G and PHFA was assessed by Western 

Blotting. Over three replicates, the quantified expression of SRSF1 was found to 

be 50% less in PHFA as opposed to T98G cells. This result is confirmed by multiple 

studies suggesting that SRSF1 expression is increased in cancer cells as opposed to 

primary cells, such as PHFA (Anczukow et al, 2015).             

  

3.2.3. Large T-Antigen Suppresses SRSF1 Transcription in Glial Cells 

With T-antigen suppressing SRSF1 expression, the mechanism behind this 

suppression in glial cells was investigated. T98G cells were plated in a 6-well tissue 

culture plate with 100,000 cells plated per well and were grown until confluency. 

After becoming confluent, cells were transiently transfected with luciferase reporter 

constructs containing the SRSF1 -1000 to +48 bp promoter region (pLuc.SRSF1-

1000) with increasing concentrations of viral protein expression plasmids encoding 

either T-antigen (pcDNA3.1-T-antigen) or agnoprotein (pcGT7-agnoprotein). 

Transfections of pLuc.SRSF1-1000 used 2 μg of plasmid DNA, while expression 

plasmids were used at 2 or 4 μg per plasmid (for 1X and 2X concentrations), with 

pcDNA3.1-empy vector used to normalize the total amount of transfected DNA. At 
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48 hours post-transfection, cells were harvested with trypsin, collected, and 

centrifuged. The resulting cellular pellet was resuspended in Promega reporter 

active lysis buffer and rotated for 1 hour at 4° C. After lysis, samples were collected 

and centrifuged to remove cellular debris. After centrifugation, 20 μL of the 

supernatant was added to 100 μL of luciferase assay reagent. The luciferase activity 

was read using a luminometer and corrected for protein concentrations for each 

sample. Untransfected cell lysates served as the negative control for luciferase 

activity (Figure 20A, Lane 1). The corrected luciferase activity was normalized to 

the basal transcriptional activity, determined by transfecting cells with 

pLuc.SRSF1-1000 plasmid alone (Figure 20A, Lane 2). When T-antigen was 

expressed, SRSF1 promoter activity decreased in a dose dependent manner, with 

1X T-antigen expression suppressing SRSF1 transcription by 40% and 2X T-

antigen expression suppressing SRSF1 transcription by 60%. When agnoprotein 

was expressed, there was no discernable impact on SRSF1 transcription. Cells were 

also transfected with the green fluorescent protein expression vector pSELECT-

GFP in 1x and 2x concentrations to assess transfection efficiencies. Fluorescent 

microscopy analysis of live cells showed a transfection dependent increase of GFP 

expression (Figure 20A, upper panel of bar graph).  All conditions were completed 

in triplicate and the graphed values are the averages of the three replicates. 

To ensure that deviations in transcriptional activity were the result of T-antigen and 

agnoprotein expression, western blot analysis of the whole cell protein lysates were 

completed in parallel to the luciferase assays from the same experimental set-up 

(Figure 20B). GAPDH served as the protein loading control.  
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Figure 20: T-Antigen Suppresses SRSF1 Transcription. A. PHFA were transiently transfected 

with the pLuc.SRSF1 and increasing concentrations of T-antigen or agnoprotein expression 

plasmids. At 48 hours, cells were harvested and lysates were analyzed by luciferase reporter assay. 

Luminescence was determined and corrected for protein concentrations. B. Western blot analysis 

of whole cell lysates was completed in parallel to the samples in panel A.  (Reproduced with 

permission from Craigie et al, 2015 and the Virology Journal under the Creative Commons 

Attribution 4.0 International License). 

 

3.2.4. Large T-Antigen Associates with the SRSF1 Promoter to Inhibit 

Transcription 

With data suggesting that T-antigen suppresses SRSF1 expression via suppression 

of SRSF1 transcription, we assessed the mechanism of T-antigen mediated 

transcriptional suppression. The primary hypothesis postulated that T-antigen, a 

well-documented DNA binding protein, interacts with the SRSF1 promoter region 

and suppresses RNA polymerase binding to the promoter to suppress SRSF1 
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transcription. To assess this hypothesis, a ChIP assay was used to probe potential 

protein-DNA interactions. T98G cells were plated in 100 mm dishes and grown 

until confluency, at which point they were transfected with 10 μg of either 

pcDNA3.1-T-antigen or pcDNA3.1-empty as the negative control. At 48 hours, 

cells were treated with formaldehyde to cross-link existing protein-DNA 

complexes, allowing for pull-down and subsequent amplification of DNA 

fragments associated with target proteins. After cross-linking, cells were lysed 

using TNN buffer and the resulting lysis solution was sonicated to fragment 

chromatin to facilitate immunoprecipitation and PCR amplification. The lysates 

underwent overnight immunoprecipitation with Protein G beads pre-bound with 

anti-Large T antigen antibody. After immunoprecipitation, lysates were centrifuged 

to pellet the Protein G beads, which were washed in lysis buffer prior to protein 

elution. Bound proteins were eluted with ChIP elution buffer (1% SDS, 100 mM 

NaHCO3), after which the beads were pelleted and the protein-DNA complex 

containing supernatant was collected for further processing. After elution, samples 

were treated with 5M NaCl to reverse cross linking, followed by treatments with 

proteinase and RNase to remove protein and RNA fragments. The resulting DNA 

fragments were purified with phenol: chloroform extraction to remove impurities 

followed by ethanol precipitation. The DNA fragments underwent PCR 

amplification of the SRSF1 -1000 to +49 promoter region (PCR primers can be 

found in Materials and Methods, Section 2.7).  
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Figure 21: T-Antigen Suppresses SRSF1 Transcription via Interactions with the Promoter 

Region. T98G cells were transfected with T-antigen and DNA-protein complexes were cross-linked 

at 48 hours. The complexes were used for ChIP analysis. Purified DNA was amplified for the SRSF1 

-1000 to +49 bp promoter region. In lane 2, the pLuc-SRSF1 plasmid served as the positive control 

following DNA amplification. In lanes 3 and 4, samples from cells transected with control vector or 

pcDNA3.1-T-Ag underwent immunoprecipitation using normal mouse serum as controls prior to 

PCR amplification. In lanes 5 and 6, samples from cells transected with control vector or 

pcDNA3.1-T-Ag underwent immunoprecipitation using anti-SV40-T-Antigen antibody prior to PCR 

amplification (Reproduced with permission from Craigie et al, 2015 and the Virology Journal under 

the Creative Commons Attribution 4.0 International License). 

 

PCR amplification of the pLuc.SRSF1-1000 plasmid served as the positive control 

(Figure 21, Lane 2). Transfected cells were also subjected to immunoprecipitation 

with normal mouse serum (NMS) as a control, showing no background associated 

of the pSRSF1 with the protein-G beads (IP-NMS, Figure 21, Lanes 3 and 4). 

Untransfected cells showed no SRSF1 promoter amplification following 

immunoprecipitation, while T-antigen transfected cells showed amplification of the 

SRSF1 promoter following T-antigen immunoprecipitation, suggesting a possible 

interaction between T-antigen and the SRSF1 promoter (Figure 21, Lanes 5 and 6). 

However, this data does not discriminate between direct and indirect interactions, 

requiring further analysis to determine the mechanism.  

3.3. Discussion 

A major aspect of viral infections is the race between the host’s ability to recognize 

the viral infection and either quarantine the virus or destroy the virus and the viral 
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ability to avoid detection or bypass the antiviral mechanisms. This race results in 

an interplay between host regulatory factors, including the immune system and 

antiviral proteins, and viral regulatory proteins. This interplay determines if the 

virus initiates productive viral infection or if the regulatory factors eliminate the 

virus. However, in terms of actual viral infection, the interplay is not so straight-

forward. When analyzing JCV infection, the virus bypasses some host mechanisms, 

preventing viral elimination and forming latent sites of low level infection, 

however, the virus is still regulated by other aspects of the host, which inhibits 

productive infection in a majority of the population.  

 

With cellular factors exerting a negative pressure on viral transcription and 

replication, viruses have evolved to utilize their regulatory proteins to bypass host 

regulation. A seminal example of this is human cytomegalovirus (HCMV) infection 

and productive viral transcription and replication. After initial host and cellular 

entry, the immune system detects HCMV presence, resulting in induction of 

interferon gamma production and release. The activation of the interferon gamma 

signaling pathway results in the upregulation of other antiviral factors, including 

viperin, an iron-sulfur cluster-binding antiviral protein (Chin et al, 2001; Duschene 

et al, 2010; Shaveta et al, 2010). When HCMV initially infects a permissive cell 

type, the virus encodes a viral protein, viral mitochondrial inhibitor of apoptosis 

(vMIA), which interacts with viperin during the infectious process to traffic viperin 

to the mitochondria (Seo et al, 2011). Additionally, the virus induces viperin 

expression through an IFN-dependent pathway, resulting in the expression of 
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viperin, but notably resulting in redistribution of viperin from the endoplasmic 

reticulum to the Golgi apparatus and mitochondria (Chin et al, 2001; Seo et al, 

2011). Redistribution of viperin results in disruption of cellular metabolism and 

enhancement of HCMV infectivity (Al-Barazi et al, 1996; Colberg-Poley et al, 

2000; Goldmacher et al, 1999; Goldmacher et al, 2002; Seo et al, 2011).  

 

JCV likewise expresses viral regulatory proteins, primarily T-antigen, that are 

required for productive viral infection. During JCV infection, assuming the virus 

bypasses immune regulation, SRSF1 serves as a major cellular antiviral factor. 

Prior to this study, SRSF1 was identified as a strong negative regulator of JCV 

through suppression of viral transcription and replication, thereby suppressing the 

expression of viral genes (Sariyer and Khalili, 2011; Uleri et al, 2011; Uleri et al, 

2013). The aim of this chapter focused on assessing the interplay between SRSF1 

and JCV viral proteins. The results presented within show that T-antigen rescues 

SRSF1-mediated JCV transcriptional suppression of both the early and late regions. 

T-antigen expression was found to suppress the expression of SRSF1 by 

suppressing SRSF1 transcription, resulting in viral transcriptional rescue. With T-

antigen possessing DNA binding capabilities, the ability of T-antigen to interact 

with the SRSF1 promoter was investigated as a method of transcriptional 

suppression. The results showed that T-antigen possibly interacts with the SRSF1 

promoter region, potentially serving as a mechanism to suppress SRSF1 

transcription and subsequent expression within cells.  
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CHAPTER 4 

MODULATION OF THE NEUROIMMUNE REGULATION OF JC VIRUS BY 

INTRACELLULAR AND EXTRACELLULAR AGNOPROTEIN 

4.1. Introduction 

After initial JCV infection, the virus disseminates to peripheral sites where it forms 

long term latent infections, including the kidneys, tonsillar stromal cells, 

hematopoietic progenitor cells within the bone marrow, and potentially the brain 

(Dubois et al, 1997; Monaco et al, 1996; Monaco et al, 1998; Tan et al, 2010). 

Typically, JCV remains latent while the immune system functions normally, 

however, the virus can reactivate following the onset of immunosuppression, 

resulting in the development of PML. During PML, JCV primarily infects 

oligodendrocytes, resulting in cellular lysis and multifocal demyelination 

throughout the brain with widespread tissue damage (Houff et al, 1988).  

 

The physiological changes required for JCV reactivation are not completely 

elucidated. Analysis of PML patient similarities reveals almost all patients had 

immunosuppression simultaneously to PML development, yet the aspects of 

immunosuppression are not the same. Some patients present with a reduced T-cell 

population, some patients have suppression of T-cell function, while other patients 

have increased B-cell proliferation.  

 

The clinical presentation of JCV is well understood, with the clinical hallmark of 

PML lesions being the general lack of lymphocytic infiltration, with histological 
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analysis of PML lesions showing a lack of leukocytes. However, some patients 

have significant inflammatory cell infiltrates, generally a symptom of PML 

combined with immune reconstitution inflammatory syndrome (PML-IRIS) (Kepes 

et al, 1975; Richardson Jr et al, 1983). The lack of widespread inflammation 

appears to contradict what would be expected as the clinical outcome of widespread 

lytic infection throughout the brain. Current literature reveals limited information 

of the immunobiology of JCV reactivation within the CNS, particularly glial cells, 

and the roles of various viral and host factors in JCV regulation. As PML occurs 

primarily within immunosuppressed patients, it is proposed that the molecular 

interplay between JCV proteins and the neuroimmune signaling pathways controls 

JCV reactivation and productive infection resulting in PML development.   

 

While assessing potential mechanisms of limited inflammation, one possible 

functional target group are the JCV regulatory proteins, primarily agnoprotein. 

Within the late coding region, JCV contains the gene for agnoprotein, a small 

regulatory protein that is produced simultaneously with viral replication (Frisque et 

al, 1984). During viral infection, agnoprotein localizes to the cytoplasm and 

perinuclear regions of the cells, both in vitro and within histological analysis of 

PML lesions (Del Valle et al, 2002; Okada et al, 2001; Okada et al, 2002). The 

functions of agnoprotein are multifaceted, with one study suggesting that 

agnoprotein functions as a viroporin which increases plasma membrane 

permeability to increase infectivity and release of viral particles due to data 

showing that agnoprotein deletion mutants have suppressed viral release and 
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propagation and the viral particles that are released are defective in viral DNA 

contents (Sariyer et al, 2011; Suzuki et al, 2010). Agnoprotein also interacts with 

other viral proteins, particularly T-antigen, to enhance the T-antigen DNA binding 

activity to the viral origin of replication (Saribas et al, 2012). Yet, agnoprotein may 

also possess an extracellular role, as it has been shown to be released from infected 

glial cells during the viral life cycle (Otlu et al, 2014).  

 

One possible role for secreted agnoprotein is to serve as an immunomodulatory 

protein, to either facilitate the viral infection of uninfected cells by priming the cells 

for a pro-viral environment or by functioning to mask viral infection, preventing 

the immune system from recognizing the viral infection and mounting a sufficient 

antiviral response. Within this section, we investigated the role of extracellular 

agnoprotein in modulation of the host-immune response to the JCV infection cycle 

within the CNS.  

 

4.2. Results 

4.2.1. Agnoprotein is Released from Transfected Cells 

To assess the immunomodulatory role of agnoprotein, agnoprotein release from 

cells was determined as a potential mechanism to modulate immune signaling 

pathways in uninfected cells. As JCV predominantly infects oligodendrocytes, our 

model utilized TC620 cells, an oligodendroglioma cell line. TC620 cells were 

cultured in a 100 mm-dish at a concentration of 500,000 cells per well and 

transiently transfected with 10 μg of pcGT7-Agnoprotein or pcGT7-empty vector 
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for control. At 48 hours, conditioned media was collected, and cells were 

trypsinized, collected and pelleted with centrifugation. After pelleting, cellular 

pellets were lysed with TNN lysis buffer and rotated for 1 hour at 4° C, followed 

by centrifugation to remove cellular debris, with the supernatant being collected for 

further analysis. To assess the presence of extracellular agnoprotein, conditioned 

media underwent immunoprecipitation. The conditioned media was precleared 

with Protein G beads to remove antibodies present in the media, primarily from the 

supplemented fetal bovine serum. Precleared conditioned media was incubated 

overnight with Protein G beads pre-bound with anti-agnoprotein antibody at 4° C. 

Following overnight incubation, beads were washed with lysis buffer and heated to 

95° C to denature bound proteins prior to visualization with Western Blotting. Both 

whole cell lysate samples and conditioned media immunoprecipitation were 

resolved on a 15% polyacrylamide gel prior to transfer to 0.2 μm nitrocellulose 

membrane and incubation with anti-agnoprotein antibody. Whole cell lysate 

samples showed agnoprotein expression following transfection (Figure 22A, Lanes 

1 and 2). After immunoprecipitation, conditioned media samples were positive for 

agnoprotein, suggesting that agnoprotein is released from transfected cells (Figure 

22A, Lanes 3 and 4).  

To quantify released agnoprotein in conditioned media, a direct ELISA was used. 

Conditioned media samples were coated onto a 96-well plate overnight, after which 

wells were blocked and incubated with anti-agnoprotein IgG antibody overnight. 

After primary antibody incubation, wells were incubated with anti-rabbit HRP 

conjugated secondary antibody and washed before treatment with TMB substrate, 
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which is oxidized in the presence of peroxidases to a diimine, resulting in the 

development of a blue color that is dependent on the amount of HRP in the well. 

Diimine development is stopped by treatment with 0.16 M sulfuric acid, which 

results in the blue color changing to a yellow color. The absorbance spectra of both 

CM-control and CM-agnoprotein samples were assessed at 405 nm. For 

quantification purposes, MBP-agnoprotein complexes were used to calculate the 

standard curve. An average concentration of 50 ng/mL of agnoprotein was 

determined for multiple CM-agno collections (Figure 22B).  

To ensure that extracellular agnoprotein was not released due to cellular death, an 

MTT viability assay was performed assessing TC620 viability following 

transfection with pcGT7-agnoprotein. TC620 cells were plated in a 6-well dish and 

transiently transfected with pcGT7-alone or pcGT7-agnoprotein. At 48 hours, cells 

were incubated for 2 hours with MTT substrate at 37° C, after which media was 

aspirated and cells were incubated with MTT solvent (100 mL isopropanol, 0.1 % 

NP-40, 4 mM HCl) for 10 minutes with rocking. The MTT solvent was collected 

and the absorbance at 570 and 630 nm (reference read) were determined using a 

ThermoScientific Genesys 10S Vis Spectrophotometer. The absorbance at 630 nm 

was subtracted from the absorbance at 570 nm to yield experimental absorbances. 

Normal TC620 viability was characterized using untransfected cells. Each 

condition was completed in triplicate, after which average viability and standard 

deviations were collected. This data shows that transfection with an agnoprotein 

expression vector has no impact on cellular viability, suggesting that extracellular 
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agnoprotein is not the byproduct of cell death or lysis following transfection (Figure 

22C).  

 

Figure 22: Agnoprotein is released from Transfected Cells. A. Western blot analysis of whole cell 

lysates and growth media collected from TC620 cells transfected with an agnoprotein expression. 

Growth media was subjected to immunoprecipitation for agnoprotein prior to western blot analysis. 

B. ELISA analysis of agnoprotein concentration within collected conditioned media. Standard 

values were obtained with recombinant agnoprotein. C. MTT viability assay of untransfected TC620 

cells or TC620 cells transfected with empty vector or an agnoprotein expression vector.  Reproduced 

with permission from Craigie et al, 2017, Journal of Neuropharmacology, in press.  

 

 

4.2.2. Extracellular Agnoprotein is Internalized by Glial Cells 

To assess if extracellular agnoprotein is internalized by glial cells, PHFA and 

PHFM were treated with CM-control and CM-agnoprotein. Primary human glial 

cells were plated in a 6-well tissue culture dish and grown until confluent. At 

confluency, PHFA and PHFM were treated for 48 hours with CM-control or CM-
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agnoprotein, after which whole cell lysates were collected and analyzed for 

agnoprotein uptake via Western blotting. Both astrocytes and microglia showed 

agnoprotein uptake following conditioned growth media treatment (Figure 23). 

 

Figure 23: Agnoprotein is internalized by Glial Cells. Western blot analysis of PHFA and PHFM 

treated with CM-control or CM-agno for 48 hours to assess for agnoprotein internalization. Whole 

cell lysates of TC620 untransfected or agnoprotein transfected cells served as controls.  Reproduced 

with permission from Craigie et al, 2017, Journal of Neuropharmacology, in press. 

 

To further assess extracellular agnoprotein uptake, PHFA and PHFM were plated 

in 2-well chamber slides and grown until confluent. At confluency, cells were 

treated with CM-control or CM-agno for 48 hours. At 48 hours, cells were fixed 

with ice cold acetone: methanol mixture (50:50) and processed for 

immunocytochemistry to assess agnoprotein uptake. After fixation, cells were 

blocked with 5% BSA in 1X PBS for 2 hours and incubated with 1:300 anti-

agnoprotein antibody overnight. Slides were washed and incubated with 1:500 anti-

rabbit-FITC for PHFA or 1:500 anti-rabbit-rhodamine red for PHFM prior to 

staining with DAPI and mounting. After mounting, cells were visualized with a 

Leica Fluorescent Microscope to assess agnoprotein uptake and localization. Both 
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astrocytes and microglia showed robust agnoprotein uptake with perinuclear and 

cytoplasmic agnoprotein localization (Figure 24). 

 

Figure 24: Internalized Agnoprotein shows Cytoplasmic and Perinuclear Localization. 

Immunocytochemistry analysis of PHFA and PHFM treated for 48 hours with CM-control or CM-

agno. At 48 hours, cells were fixed and processed for immunocytochemistry to visualize 

extracellular agnoprotein internalization. Reproduced with permission from Craigie et al, 2017, 

Journal of Neuropharmacology, in press. 

 

4.2.3. Intracellular Agnoprotein Suppresses GM-CSF Release by Astrocytes 

With agnoprotein being released by infected cells and subsequently internalized by 

primary glial cells, it was hypothesized that agnoprotein modulates the immune 

response to the virus through dysregulation of the cytokine profile of glial cells. 

The cytokine/chemokine profile of PHFA was assessed using a RayBioTech C3 

cytokine array to test the media cytokine levels of 42 various cytokines. PHFA were 

treated with either CM-control or CM-agnoprotein for 24-hours, resulting in 
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agnoprotein uptake as previously shown. At 24-hours, conditioned media was 

removed from the cells and fresh media was added. After another 24 hours, the 

media was collected, and the media cytokine/chemokine profile was analyzed with 

the RayBioTech C3 cytokine array kit. Provided antibody coated membranes were 

blocked and subsequently incubated with growth media from CM-control or CM-

agnoprotein treated cells. After incubation, membranes were incubated with 

biotinylated antibody prior to incubation with labeled streptavidin. Membranes 

were then developed through x-ray development and analyzed for cytokine 

intensities. The release of GM-CSF was significantly reduced following CM-

agnoprotein treatment in contrast to CM-control treatment (Figure 25A). To 

quantify changes in GM-CSF release, the intensities from the cytokine array 

membrane were determined, revealing that CM-agnoprotein treatment resulted in a 

forty percent decrease of released GM-CSF. Comparison of positive control 

intensities and other various cytokines showed no significant differences, 

suggesting that reduction of GM-CSF release was specific to agnoprotein treatment 

and not a widespread decrease in cytokine release by treated cells or differences 

between membranes (Figure 25B).  
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Figure 25: GM-CSF Release is suppressed by Agnoprotein Internalization. A. RayBioTech 

Human Cytokine Array C3 analysis of growth media of PHFA treated with CM-control or CM-agno 

for 24 hours. After treatments, fresh media was added and collected after 24 hours and analyzed 

for the concentration of 42 human cytokines within the media. Cytokine intensities were normalized 

to positive control signals. B. Quantification of relative GM-CSF expression in the media following 

CM-control or CM-agno treatments after intensity normalization to positive controls. Reproduced 

with permission from Craigie et al, 2017, Journal of Neuropharmacology, in press. 

 

4.2.4. Extracellular Agnoprotein and Recombinant Agnoprotein have no Impact on 

Primary Cell Viability 

After determining that extracellular agnoprotein is internalized by glial cells, 

resulting in suppression of GM-CSF transcription and decreased GM-CSF release, 

the role of agnoprotein was assessed using a recombinant agnoprotein system. This 

system is preferential to conditioned media treatments due to the ability to assess 

various extracellular agnoprotein concentrations. Recombinant agnoprotein was 

produced using an MBP-based recombinant protein expression system. For 

recombinant agnoprotein, the transformed E. coli strain was kindly provided by Dr. 
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Sami Saribas and was previously published (Saribas et al, 2011). Briefly, the DH5α 

E. coli strain was transformed with pMAL-c5x-JCV-Agno-Full Length, a plasmid 

containing the full length agnoprotein sequence fused with the MBP expression 

gene containing ampicillin resistance. The transformed E. coli strain was cultured 

overnight in 100 mL of Luria-Bertani (LB) media containing 100 μg/mL ampicillin. 

The following day, the overnight culture was split into two fractions and diluted 

1:10 with fresh LB media containing 100 μg/mL ampicillin and 2 g/L glucose, 

resulting in a final volume of 500 mL for each fraction, and incubated at 37° C for 

3 hours. After 3 hours, cultures were induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) treatments, which induces the expression of the MBP 

fusion protein, in this instance MBP-agnoprotein. Protein expression occurred for 

3 hours, after which bacteria was harvested by centrifugation and the resulting 

bacterial pellet was resuspended and lysed with lysozyme treatment prior to further 

lysis via sonication. Sonicated lysates were centrifuged to remove cellular debris, 

and the cleared lysates were incubated overnight with amylose fast flow resin 

beads. These beads form a cross-linked matrix allowing for the isolation of MBP-

complexes. After overnight incubation, the beads were pelleted and washed to 

remove unbound proteins prior to elution of the MBP-agnoprotein complex with 

10 mM maltose buffer. Eluted samples were assessed through 10% polyacrylamide 

gel separation followed by Coomassie blue staining.  

 

After elution, MBP-agnoprotein complexes were cleaved with Factor Xa protease, 

a serine endopeptidase which cleaves the fusion protein complex at the Ile-(Glu-
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Asp)-Gly-Arg cleavage site present between the MBP and the fused agnoprotein 

protein (Eaton et al, 1986; Nagai et al, 1985; Quinlan et al, 1989). Following 

cleavage, samples were incubated overnight with amylose fast flow resin beads to 

bind and eliminate the residual MBP and MBP-agnoprotein complexes, leaving 

purified recombinant agnoprotein.  

 

After purification, recombinant agnoprotein was assessed via Western blotting to 

ensure immunogenicity (Figure 26). MBP-Agno and cleaved MBP-agnoprotein 

were assessed, with MBP-agnoprotein showing a band at 52 kDa, corresponding to 

the fusion protein, with cleaved recombinant agnoprotein showing bands at 12 kDa 

and 8 kDa, corresponding to the dimer and monomer forms of agnoprotein, 

respectively (Figure 26, Lanes 4 and 5). Whole cell lysates from control or pcGT7-

agnoprotein transfected TC620 cells served as controls for agnoprotein signal 

(Figure 26, Lanes 1 and 2). MBP alone served as a control to ensure that the MBP 

protein had no cross-reactivity with the agnoprotein antibody (Figure 26, Lane 3).  
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Figure 26: Recombinant Agnoprotein from the Bacterial MBP-Expression System.   Western blot 

analysis of MBP, MBP-Agno, and recombinant agnoprotein (MBP-Agno Factor Xa cleaved and 

MBP purified). Agnoprotein dimer and monomer forms are highlighted at 12 and 8 kDa, 

respectively. Reproduced with permission from Craigie et al, 2017, Journal of Neuropharmacology, 

in press. 

 

While agnoprotein was shown to have no impact on the viability of the 

oligodendroglia cell line, it was important to assess the impact of extracellular 

agnoprotein on primary cell types. Since cancer cell lines possess characteristics 

not present in primary cells, it remained a possibility that extracellular agnoprotein 

may impact primary cell viability. PHFA and PHFM were plated in a 6-well dish 

and treated with CM-control, CM-agnoprotein, MBP, or recombinant agnoprotein. 

At 48 hours, cells were incubated for 2 hours with MTT substrate at 37° C, after 

which media was aspirated and cells were incubated with MTT solvent for 10 

minutes with rocking. The MTT solvent was collected and the absorbances at 570 

and 630 nm (reference read) were determined using a ThermoScientific Genesys 
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10S Vis Spectrophotometer. The absorbance at 630 nm was subtracted from the 

absorbance at 570 nm to yield our experimental absorbance value. Normal PHFA 

and PHFM viabilities were characterized using untreated cells. Each condition was 

completed in triplicate, after which average viability and standard deviations were 

collected. This data showed that treatment with extracellular agnoprotein, either in 

CM-agnoprotein or recombinant agnoprotein form, had no impact on cellular 

viability, suggesting that extracellular agnoprotein does not impact PHFA (Figure 

27A) or PHFM (Figure 27B) viability. 

 

Figure 27: GM-CSF Release is suppressed by Agnoprotein Internalization. A. MTT cellular 

viability assay for the assessment of PHFA viability following treatment with CM-control, CM-agno, 

MBP, or recombinant agno. Cellular viabilities were normalized to untreated PHFA. B. MTT 

cellular viability assay for the assessment of PHFM viability following treatment with CM-control, 

CM-agno, MBP, or recombinant agno. Cellular viabilities were normalized to untreated PHFM.  

Reproduced with permission from Craigie et al, 2017, Journal of Neuropharmacology, in press. 

 

4.2.5. Agnoprotein Inhibits GM-CSF Transcription 

With extracellular agnoprotein suppressing GM-CSF release from glial cells, the 

impact of extracellular agnoprotein on GM-CSF transcription was investigated. 

TC620 cells were plated in a 6-well tissue culture plate with 100,000 cells plated 
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per well and were grown until confluency. After becoming confluent, cells were 

transiently transfected in triplicate with luciferase reporter constructs containing the 

GM-CSF -627 to +48 base pair promoter region (pLuc.GM-CSF) and either co-

transfected with the viral protein expression plasmid encoding agnoprotein 

(pcGT7-agnoprotein) or treated with CM-control or CM-agnoprotein. 

Transfections of pLuc.GM-CSF used 2 μg of plasmid DNA, while pcGT7-

agnoprotein was used at 2 μg per plasmid, with pcGT7-empy vector used to 

normalize the total amount of transfected DNA. Conditioned media treatments 

consisted of 2 mL fresh DMEM supplemented with 10% FBS mixed with 2 mL 

conditioned media. At 48 hours post-transfection, cells were harvested with trypsin, 

collected, and centrifuged and the resulting cellular pellet was resuspended and 

lysed with Promega reporter active lysis buffer by rotation for 1 hour at 4° C. After 

lysis, samples were centrifuged to pellet cellular debris. After centrifugation, 20 μL 

of the supernatant was added to 100 μL of LAR. The luciferase activity was read 

using a luminometer and corrected for protein concentrations for each sample. To 

ensure no background luciferase activity was occurring, untransfected cell lysates 

served as the negative control (Figure 28A and 28B, Lane 1). The corrected 

luciferase activities were normalized to the basal transcriptional activity, 

determined by transfecting cells with pLuc.GMCSF plasmid alone (Figure 28A and 

28B, Lane 2). When agnoprotein was expressed through co-transfection, GM-CSF 

promoter activity significantly decreased while co-transfection with the control 

vector had no impact on GM-CSF transcription (Figure 28A, Lane 3 and 4). 

Similarly, extracellular agnoprotein treatments with CM-agnoprotein significantly 
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suppressed GM-CSF promoter activity while CM-control treatments had no impact 

on GM-CSF transcription (Figure 28B, Lane 3 and 4). All conditions were 

completed in triplicate and the graphed values are the averages of the three 

replicates. These combined data suggest that agnoprotein internalization or 

expression is sufficient for GM-CSF transcriptional suppression.  

 

Figure 28: Intracellular and Extracellular Agnoprotein Inhibit GM-CSF Transcription. A. 

Luciferase assay to assess GM-CSF transcription in TC620 cells following intracellular expression 

of agnoprotein. Luminescence activity was assessed and corrected for protein concentration and 

normalized to basal GM-CSF transcriptional activity. Graphed values are the averages of three 

replicates with the standard deviations. B. Luciferase assay to assess GM-CSF transcription in 

TC620 cells following treatments with extracellular agnoprotein. Luminescence activity was 

assessed and corrected for protein concentration and normalized to basal GM-CSF transcriptional 

activity. Graphed values are the averages of three replicates with the standard deviations. 

Reproduced with permission from Craigie et al, 2017, Journal of Neuropharmacology, in press. 

 

4.2.6. GM-CSF Suppresses JCV Early and Late Gene Transcription 

With agnoprotein specifically suppressing GM-CSF transcription and decreasing 

the GM-CSF release by glial cells, it was proposed that GM-CSF may serve an anti-

viral function regarding JCV infection and PML development. The first anti-viral 
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function assessed was the impact of GM-CSF on JCV transcription for both early 

and late promoter regions. As previously described, the JCV genome contains a bi-

directional NCCR with a bi-directional promoter region to induce either early or 

late JCV gene transcription in an orientation dependent manner. To assess GM-

CSF regulation of JCV early and late gene transcription, TC620 cells were plated 

in a 6-well tissue culture plate with 400,000 cells plated per well and were grown 

until confluency. After becoming confluent, cells were transiently transfected with 

the JCV bi-directional luciferase-renilla dual reporter constructs containing the 

early and late JCV promoter regions (pbJCV) and co-transfected with the viral 

protein expression plasmid encoding T-antigen (pcDNA3.1-T-ag) and treated with 

1 and 10 μg/mL of recombinant GM-CSF. The pbJCV construct is designed so that 

renilla expression is controlled by the JCV early region promoter orientation and 

luciferase expression is controlled by the JCV late region promoter orientation 

(Figure 29A). Transfections of pb.JCV used 2 μg of plasmid DNA, while 

pcDNA3.1-T-ag was used at 2 μg per plasmid, with pcDNA3.1-empty vector used 

to normalize the total amount of transfected DNA.  

 

At 48 hours post-transfection, cells were harvested with trypsin, collected, and 

centrifuged. The resulting cellular pellet was resuspended and lysed with Promega 

reporter active lysis buffer and rotated for 1 hour at 4° C. After lysis, samples were 

collected and centrifuged to pellet cellular debris. After centrifugation, 20 μL of the 

supernatant was added to 100 μL of LAR. The luciferase activity was read using a 

luminometer. After luciferase activity was determined, 100 μL of Stop-and-Glo® 
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solution was added and the renilla activity was determined using the luminometer. 

Luciferase and renilla luminescence values were corrected for protein 

concentrations. 

 

Figure 29: GM-CSF Suppresses JCV-early and –late Gene Transcription.  A. Schematic model of 

the JCV bi-directional dual reporter system used for JCV transcriptional assays. B. Dual reporter 

assay to assess JCV-early gene transcription in TC620 cells following GM-CSF treatments of 1 and 

10 μg/mL. Renilla luminescence activity was assessed and corrected for protein concentration and 

normalized to basal JCV transcriptional activity. Graphed values are the averages of three 
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replicates with the standard deviations. C. Dual reporter assay to assess JCV-late gene 

transcription in TC620 cells following GM-CSF treatments of 1 and 10 μg/mL. Luciferase 

luminescence activity was assessed and corrected for protein concentration and normalized to basal 

JCV transcriptional activity. Graphed values are the averages of three replicates with the standard 

deviations. Reproduced with permission from Craigie et al, 2017, Journal of Neuropharmacology, 

in press. 

 

To ensure no background luciferase activity, untransfected cell lysates served as 

the negative control (Figure 29B and 29C, Lane 1). The corrected luciferase activity 

was normalized to the basal transcriptional activity, determined by transfecting 

cells with pbJCV plasmid alone (Figure 29B and 29C, Lane 2). When pbJCV 

transfected cells were treated with GM-CSF, there was a dose-dependent decrease 

in both early and late JCV transcription (Figure 29B and 29C, Lanes 3 and 4). With 

10 μg/mL treatments of GM-CSF, JCV early gene transcription was suppressed by 

80% while JCV late gene transcription was suppressed by 60% (Figure 29B and 

29C, Lane 4). In the model system, expression of T-antigen did not impact JCV 

early gene transcription and possessed no rescuing ability of JCV early gene 

transcription following GM-CSF treatments (Figure 29B, Lanes 5-7). Additionally, 

the expression of T-antigen induced JCV late gene transcription, however, GM-

CSF treatments decreased this induction to basal levels at the 10 μg/mL GM-CSF 

dosage (Figure 29C, Lanes 5-7).  

 

All conditions were completed in triplicate and the graphed values are the averages 

of the three replicates. These combined data suggest that GM-CSF possesses 

antiviral capacity by suppressing JCV early and late gene transcription.  

 

 



 

 

96 

 

4.2.7. Agnoprotein Suppresses U937 Differentiation  

GM-CSF is a hematopoietic growth factor which stimulates monocyte 

differentiation into macrophages and serves as a chemoattractant for monocytes 

(Burgess et al, 1978; Hamilton, 2002; Metcalf, 1979). Since agnoprotein suppresses 

GM-CSF transcription, the impact of extracellular agnoprotein on monocytes, the 

target of GM-CSF, was assessed. The ability of extracellular agnoprotein to 

suppress monocyte differentiation and attachment determined since GM-CSF 

induces monocyte differentiation; thus, it was hypothesized that extracellular 

agnoprotein may potentially disrupt this process. p 

 

Figure 30: Extracellular Agnoprotein Suppresses U937 Differentiation.  Phase contrast images 

of U937 cells pulsed with PMA to induce differentiation and subsequently treated with CM-control, 
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CM-agno, MBP, or recombinant agno. Untreated U937 served as control images. Images are 

representative sections from the 48-hour time point. Reproduced with permission from Craigie et 

al, 2017, Journal of Neuropharmacology, in press. 

 

The human monocyte cell line, U937, were plated in a 6-well dish with 1,000,000 

cells per well. After plating, cells were pulsed with 100 ng/mL PMA for 2 hours to 

induce differentiation from suspension-based monocytes into attached 

macrophage-like cells. Following the PMA pulse, cells were treated with either 

CM-control, CM-agnoprotein, MBP, or recombinant agnoprotein at 50 ng/mL. At 

24-, 48-, and 72-hours, unattached cells were removed, and phase contrast images 

were taken for each condition to determine the amount of differentiated, or 

attached, cells. Small representative sections of these images were enlarged for 

visualization purposes (Figure 30).  

After imaging, ten representative images of different regions were selected, and the 

total number of attached cells was counted and averaged to determine the average 

number of cells attached. To determine cellular attachment based on factors present 

within the media, U937 cells were plated and not treated with PML.  

 

At 48 hours, the number of attached cells served as the background attachment level 

showing a low number of attached cells, with around 400 cells per image section 

(Figure 31, Lane 1).  To determine normal differentiation rate, U937 cells were 

plated and pulsed with PMA with no subsequent treatment conditions. At 48 hours, 

the number of attached cells served as the maximum differentiation level, with 

attached cell counts averaging 1600 cells per image section (Figure 31, Lane 2). 
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Figure 31: Quantification of U937 Differentiation in the Presence of Agnoprotein.  U937 

differentiation and attachment following PMA induction and treatments with CM-control, CM-

agno, MBP, or recombinant agno was assessed through cell counting and represented as a bar 

graph. Reproduced with permission from Craigie et al, 2017, Journal of Neuropharmacology, in 

press. 

 

Two treatment groups existed, the first group using conditioned media with the 

second group using either MBP or recombinant agnoprotein, with both treatment 

groups serving to assess the impact of extracellular agnoprotein on monocyte 

differentiation and attachment. U937 were plated and pulsed with PMA for two 

hours and subsequently treated with 50% CM-control or CM-agnoprotein. At 48 

hours, CM-control treated U937 attached similarly to untreated PMA-induced cells, 

with attached cell counts averaging 1600 cells per image section (Figure 31, Lane 

3). However, when U937 were pulsed with PMA and subsequently treated with 

CM-agnoprotein, there was a significant reduction in monocyte differentiation. At 

48 hours, CM-agnoprotein treated U937 showed a significant suppression in 

cellular attachment compared to PMA-induced cells, with attached cell counts 



 

 

99 

 

averaging less than 800 cells per image section (Figure 31, Lane 4). Like 

conditioned media treated cells, the recombinant protein treatment group resulted 

in extracellular agnoprotein significantly suppressing U937 cellular attachment. At 

48 hours, MBP treated U937 attached similarly to untreated PMA-induced cells, 

with attached cell counts averaging 1600 cells per image section (Figure 31, Lane 

5). However, when U937 were pulsed with PMA and subsequently treated with 

recombinant agnoprotein, there was a significant reduction in monocyte 

differentiation. At 48 hours, recombinant agnoprotein treated U937 showed a 

significant decrease in cellular attachment compared to PMA-induced cells, with 

attached cell counts averaging less than 800 cells per image section (Figure 31, 

Lane 4). 

 

4.2.8. Extracellular Agnoprotein does not Impact U937 Cellular Viability 

As agnoprotein treatments significantly decreased U937 attachment, the question 

arose asking if cellular attachment was suppressed as a secondary effect of 

agnoprotein decreasing cellular viability, thus resulting in few cells present as 

opposed to specifically altering the differentiation process. 

 

To assess U937 viability, 1,000,000 cells were plated in a 6-well dish and pulsed 

with 100 ng/mL PMA to induce differentiation and simultaneously treated with 

CM-control, CM-agnoprotein, MBP, or recombinant agnoprotein. At 48 hours, 

cells were incubated for 2 hours with MTT substrate at 37° C, after which media 

was aspirated and cells were incubated with MTT solvent for 10 minutes with 
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rocking. The MTT solvent was collected and the absorbance at 570 and 630 nm 

(reference read) were determined using a ThermoScientific Genesys 10S Vis 

Spectrophotometer. The absorbance at 630 nm was subtracted from the absorbance 

at 570 nm to yield our experimental absorbance value. Normal U937 viability was 

characterized using untreated PMA-induced cells. Each condition was completed 

in duplicate, after which average viability and standard deviations were collected.  

 

 

Figure 32: Agnoprotein has no Impact on U937 Viability.  MTT cellular viability assay for the 

assessment of U937 viability following pulsing with PMA and subsequent treatment with CM-

control, CM-agno, MBP, or recombinant agno. Cellular viabilities were normalized to untreated 

PMA-induced U937. Reproduced with permission from Craigie et al, 2017, Journal of 

Neuropharmacology, in press. 

 

This data showed that treatment with extracellular agnoprotein, either in CM-agno 

or recombinant agnoprotein form, had no impact on cellular viability, suggesting 

that extracellular agnoprotein does not impact U937 viability and that cellular 

attachment differences are not an artifact of decreased viability (Figure 32). 
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4.2.9. Agnoprotein Dysregulates U937 Surface Marker Expression 

Since agnoprotein suppresses monocyte differentiation, it was proposed that 

agnoprotein may also dysregulate the expression of various surface markers on the 

differentiated macrophages. To assess this, U937 cells were plated in a two-well 

chamber slide (500,000 cells per well) and pulsed with 100 ng/mL phorbol 

myristate acetate treatments for 2 hours to induce differentiation. At 24-hours, 

induced cells were treated with 50% CM-control or CM-agnoprotein in fresh RPMI 

1640 media at 24- and 48-hours post-induction. At 72-hours, cells were fixed with 

ice-cold acetone: methanol (50:50 mixture) and subsequently washed. Slides were 

blocked with 10% BSA in 1X PBS for 1 hour at room temperature. Slides were 

incubated overnight with rocking at 4° C with primary anti-CD16, anti-CD68, or 

anti-CD71 antibody diluted 1:300. After overnight incubation, slides were washed 

and incubated with secondary antibody solution, 1:500-Rhodamine-mouse, for 2 

hours at room temperature with gentle rocking. After secondary antibody, slides 

were washed and mounted using Vectashield mounting medium containing DAPI 

(Vector Laboratories). 
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Figure 33: Agnoprotein Dysregulates U937 Surface Marker Expression. Immunocytochemistry 

analysis of U937 pulsed with PMA and treated for 48 hours with CM-control or CM-agno. At 48 

hours, cells were fixed and processed for immunocytochemistry to visualize expression of CD16 (A), 

CD68 (B), and CD71 (C). Reproduced with permission from Craigie et al, 2017, Journal of 

Neuropharmacology, in press. 

 

CM-agnoprotein treated U937 cells expressed significantly reduced CD16 than 

CM-control treated U937 cells, with the total number of cells being similar (Figure 

33, Panel A). For CD68, there appeared to be no difference in the surface marker 

between CM-control and CM-agnoprotein treatments (Figure 33, Panel B). The the 

expression of CD71 was increased on CM-agnoprotein treated cells as opposed 

CM-control treated cells (Figure 33, Panel C). These data suggest that agnoprotein 



 

 

103 

 

dysregulates the surface marker expression of macrophages, further supporting 

previous data that extracellular agnoprotein impacts monocytes.  

 

4.2.10. Extracellular Agnoprotein Suppresses Phagocytosis 

With extracellular agnoprotein suppressing monocyte differentiation and 

attachment as well as dysregulating surface marker expression, the potential for 

extracellular agnoprotein to alter monocyte function was assessed. The primary 

function of macrophages is phagocytosis, a process that is impacted by surface 

marker expression, including CD14 and CD16 (Nagarajan et al, 1995; Schiff et al, 

1997). To assess phagocytosis, four cell types were used, including U937 cells, 

U937-derived macrophages, human primary macrophages, and microglia. U937 

were plated in a 96-well plate with 100,000 cells per well. After plating, cells were 

pulsed with 100 ng/mL PMA for 2 hours to induce differentiation from suspension-

based monocytes into attached macrophage-like cells and simultaneously treated 

with CM-control, CM-agnoprotein, MBP, or recombinant agnoprotein for 24 hours. 

U937-derived macrophages were obtained by plating 100,000 U937 in a 96-well 

plate and pulsing with 100 ng/mL PMA for 2 hours. After 2 hours, fresh media was 

added, and the cells were sub-cultured for 3 days until a confluent layer of 

macrophages was present. After sub-culturing, cells were treated with either CM-

control, CM-agnoprotein, MBP, or recombinant agnoprotein for 24 hours. U937-

derived macrophages were utilized to ameliorate phagocytosis assay value 

differences based on a different number of attached cells between conditions. As 

shown in figures 29 and 30, agnoprotein reduced monocyte differentiation into 

macrophages, resulting in a reduction of the number of cells present at 72 hours. 
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To avoid this pitfall, U937 cells were differentiated into macrophages prior to 

agnoprotein treatments and were denoted as U937-derived macrophages. Human 

primary macrophages were obtained by plating 100,000 human primary monocytes 

in a 96-well plate and pulsing with 100 ng/mL PMA for 2 hours. After 2 hours, 

fresh media was added, and the cells were sub-cultured for 3 days, resulting in a 

population of macrophages. After sub-culturing, cells were treated with either CM-

control, CM-agnoprotein, MBP, or recombinant agnoprotein for 24 hours. Primary 

human fetal microglia were plated in a 96-well plate with 100,000 cells per well 

and simultaneously treated with CM-control, CM-agnoprotein, MBP, or 

recombinant agnoprotein for 24 hours. At 24 hours, media was aspirated and 100 

μL of fluorescein-labeled Escherichia coli K-12 bioparticles was added to the cells 

and incubated for 2 hours, resulting in phagocytosis of the E. coli particles. After 2 

hours, E. coli particles were removed, and trypan blue was added, which serves to 

quench extracellular fluorescence of non-phagocytized particles, for one minute. 

After trypan blue incubation, the fluorescence of each well was determined through 

480 nm excitation and 520 nm emission spectra. Fluorescence values were 

corrected for background readings prior to determination of the net effect of 

agnoprotein on phagocytosis.  
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Figure 34: Agnoprotein Inhibits Myeloid-Derived Cells Phagocytic Ability. Phagocytosis assay 

using the Vybrant phagocytosis assay kit. After treatments with fluorescently labeled E. coli 

particles, the fluorescence of U937 cells (A), U937-derived macrophages (B), primary human 

macrophages (C), and PHFM (D) was assessed to determine the relative amount of E. coli particles 

that were phagocytosed. Fluorescence values were corrected for background fluorescence and 

normalized to PMA-induced conditions. Reproduced with permission from Craigie et al, 2017, 

Journal of Neuropharmacology, in press. 

 

For U937 monocytes, extracellular agnoprotein treatment, through either CM-

agnoprotein or recombinant agnoprotein, resulting in a significant reduction of 

phagocytic activity by 50% on average (Figure 34A). A similar trend was seen for 

macrophages; however, the suppression was not as strong although it did remain 

significant, with agnoprotein treatment of both U937 macrophages and human 
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primary macrophages suppressing phagocytic ability by 40% on average (Figure 

34B, 34C). Within the CNS, the prominent macrophage-like cells are microglia. 

Extracellular agnoprotein treatment of primary human fetal microglia suppressed 

phagocytic ability by 50% on average (Figure 34D). Together, these data suggest 

that agnoprotein significantly suppresses the phagocytic ability of myeloid-derived 

cells in vitro.  

  

4.2.11. Extracellular Agnoprotein Decreases Monocyte Migration Across a Blood-

Brain Barrier Model in Response to Astrocyte Activation 

Since the hallmark feature of PML is limited inflammation, it was hypothesized 

that extracellular agnoprotein may leukocyte infiltration to lesions. With previous 

results showing that agnoprotein suppresses monocyte differentiation, dysregulates 

surface marker expression, and suppresses phagocytosis, it was proposed that 

agnoprotein may possess other immunomodulatory functions. To assess the impact 

of extracellular agnoprotein on monocyte migration, a BBB model was developed. 

The designed BBB model (Figure 35) utilizes a Corning Transwell™ permeable 

support for 6-well plates with a 3.0 μm polyester membrane (Corning #3452) to 

mimic the permeable BBB. This membrane allows for migration of monocytes 

from the top chamber into the bottom chamber following either astrocyte activation. 
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Figure 35: Blood-Brain Barrier Model. A schematic representation of the blood-brain barrier 

model used for PBMC and monocyte migration assays.  

 

Within the BBB model, PHFA were seeded at 250,000 cells per well in a 6-well 

tissue culture dish and cultured for 48 hours. Simultaneously, 250,000 PHFBE were 

seeded onto Transwell permeable supports in a separate 6-well tissue culture dish 

and grown for 48 hours until developing a confluent layer mimicking the BBB. The 

first requirement was to determine background leukocytic migration through the 

model. As serum in the media can activate astrocytes at low levels to induce 

monocyte migration, differences in migration were assessed between normal (10%) 

and low (3%) serum medias. After 48 hours, the PHFA media was replaced with 

either normal serum media or low serum media and the permeable supports were 

added into the PHFA-seeded wells, resulting in co-cultured wells containing 

astrocytes and brain endothelial cells. Simultaneously, two wells containing normal 

medium were treated with CM-control or CM-agnoprotein to assess migration in 

the presence of agnoprotein. After treatments, 1,000,000 PBMCs were added into 
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the top portion of model system and migration was assessed at 6, 24, and 48 hours 

through cell counting. 

 

Figure 36: Serum Induces PBMC Migration across the BBB Model. PBMC migration assay using 

the pre-described BBB-model. Differences in PBMC migration between 10% serum (red), 10% 

serum with CM-control (green), 10% serum with CM-agno (purple), and 3% serum (blue) 

treatments were assessed at 6, 24, and 48 hours and graphed. Reproduced with permission from 

Craigie et al, 2017, Journal of Neuropharmacology, in press. 

 

The model system containing only normal serum media yielded the highest rates of 

migration, with upwards of 50,000 cells per mL migrating at the 48-hour time point. 

The model system containing low serum media yielded the lowest rates of 

migration, with only 10,000 cells per mL migrating at the 48-hour time point. When 

comparing CM-control and CM-agnoprotein treated wells, the CM-control well had 

migration rates similar to the normal serum media, with an average of 45,000 cells 

per mL having migrated by the 48-hour time point. Interestingly, CM-agnoprotein 

treatment suppressed PBMC migration in response to low level astrocyte 
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activation, with an average of 25,000 cells per mL migrating (Figure 36). These 

data suggest that the serum concentration within the media impacts migration rates, 

resulting in the use of 3% serum media for other iterations of the BBB-model.  

 

After determination that agnoprotein impacts PBMC migration, the focus was 

shifted towards monocyte migration following the activation of astrocytes based on 

previous data suggesting that agnoprotein impacts GM-CSF, thus leading to the 

hypothesis that monocytes are the primary PBMC cell type impacted by 

extracellular agnoprotein. During PML, there is widespread tissue damage which 

would, in theory, activate astrocytes, resulting in the release of pro-inflammatory 

cytokines and leukocyte infiltration. In PML, leukocyte infiltration is not generally 

observed, leading to the hypothesis that extracellular agnoprotein impacts astrocyte 

activation or cytokine release, resulting in the suppression of infiltration. To assess 

this, the BBB-model was used as described above. Within this migration assay, 

human monocytes purified from whole blood was used in place of the entire 

leukocyte fraction of whole blood. To induce monocyte migration, primary human 

fetal astrocytes were activated with LPS as previously described (Gorina et al, 

2011; Li et al, 2016; Tarassishin et al, 2014). Since monocytes are non-adherent 

cells, migrated monocytes remained in suspension, allowing for counting migrated 

cells in the media. However, the process of monocyte migration and astrocyte 

activation both serve to induce monocyte differentiation into adherent 

macrophages, thus phase contrast images furthered the assessment of the total 

number of migrated cells.  
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Figure 37: Agnoprotein Decreases Monocyte Migration across the BBB Model. Monocyte 

migration assay using the pre-described BBB-model. Differences in monocyte migration following 

LPS-activation of PHFA and LPS-activated PHFA treated with recombinant agnoprotein were 

assessed by cell counting at 3, 6, and 24 hours. The experiment was completed in triplicate and 

averages and standard deviations were calculated and graphed. Reproduced with permission from 

Craigie et al, 2017, Journal of Neuropharmacology, in press. 

 

Without LPS activation, there was a minimal level of background monocyte 

migration through the transwell support. At 24 hours, the background count for 

migration was 50,000 cells per mL. When astrocytes were activated with LPS 

treatments, monocyte migration was significantly increased, with an average of 

400,000 cells per mL migrating during the 24-hour time course. These data 

demonstrated that astrocyte activation induces monocyte migration through the 

designed BBB-model. When LPS-activated astrocytes were treated with 

recombinant agnoprotein there was a dose-dependent decrease in monocyte 
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migration. At the lowest concentration of agnoprotein, 50 ng/mL, monocyte 

migration was reduced to less than 300,000 cells per mL, representing a 25% 

decrease in cellular migration. With 100 ng/mL of agnoprotein, monocyte 

migration was 200,000 cells per mL, representing a 50% decrease in cellular 

migration from the LPS only condition. With the highest concentration of 

extracellular agnoprotein, 200 ng/mL, monocyte migration was reduced to 150,000 

cells per mL, representing a 66% decrease in cellular migration (Figure 37). 

Experiments were completed in triplicate and the average monocyte migration was 

calculated. Taken together, these results suggest that extracellular agnoprotein 

functions decreases monocyte migration in response to astrocytic activation.  

 

4.2.12. Immunohistochemical Analysis of PML Lesions for Agnoprotein, VP-1, and 

GM-CSF 

The presented in vitro data suggests that agnoprotein is released from 

oligodendrocytes and internalized by astrocytes and microglia, resulting in the 

suppression of GM-CSF transcription and expression. Additionally, agnoprotein 

decreased monocyte migration in response to a model of neuroinflammation. To 

validate this data in vivo, immunohistochemical analysis of PML lesion sites kindly 

provided by the Manhattan HIV Brain Bank headed by Susan Morgello, M.D., and 

normal brain frontal cortex tissue samples were kindly provided by the 

Comprehensive NeuroAIDS Core Facility at the Lewis Katz School of Medicine of 

Temple University headed by Kamel Khalili, Ph.D. were completed.  
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Tissue samples from 3 AIDS+PML+ patients were provided, denoted MHBB #547, 

MHBB #624, and MHBB #010084. The provided tissue samples were paraffin 

embedded and subsequently sectioned at 5.0 μm and mounted prior to 

immunohistochemical staining.  

 

 

Figure 38: GM-CSF Histology in Normal Frontal Cortex. Normal brain frontal cortex sections 

were prepared and immunohistochemically analyzed for GM-CSF expression. Magnifications are 

10x (Panel A), 20x (Panel B), and 40x (Panel C). Panel D is an increased zoom of the section 

denoted by the rectangle in Panel C.   

 

To confirm the in vitro data that agnoprotein was released from infected cells, 

lesion sites were stained for the JCV viral capsid protein VP1, agnoprotein, and 
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GM-CSF in addition to hematoxylin and eosin staining. Since VP1 is only present 

within JCV infected cells, this staining pattern allows for the identification of cells 

surrounding lesion sites that are actively infected with JCV. Additionally, GM-CSF 

levels were analyzed to determine if cells around PML lesions expressed reduced 

GM-CSF as the in vitro data suggests. 

 

Initially, normal frontal cortex sections were processed to assess basal GM-CSF 

staining within the brain. The sections were de-paraffinized and stained with anti-

GM-CSF primary antibody and developed using the DAB chromogen system, 

producing a vibrant brown signal. GM-CSF staining was characterized as 

associated with cell bodies throughout the cortex (Figure 38). At 40x magnification, 

GM-CSF staining shows a punctate pattern and limited background staining (Figure 

38C and 38D). 

 

When analyzing the lesion sites within the donated PML-positive tissue sections, 

donor MHBB #547 had the most defined lesion sites, presenting with two large 

lesions, denoted lesion site A and lesion site B, with significant agnoprotein and 

VP1 staining (Figure 39). Lesion site A was observable macroscopically through 

the wide-spread cell loss, observable at both 2x magnification (Figure 39, panels 

A-D). When assessing agnoprotein, a strong signal is observed surrounding the 

lesion site, with significant cellular-association in addition to a dispersed staining 

pattern, possibly corresponding to extracellular agnoprotein (Figure 40, 10x and 

40x magnification, panel A). For GM-CSF levels for lesion site A, imaging shows 
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limited staining surrounding the lesion site, suggesting that although cells are 

infected with JCV and there is significant cell death at the lesion, there is limited 

expression of GM-CSF, especially compared to the control normal frontal cortex 

GM-CSF staining pattern (Figure 40, 10x and 40x magnification, panel B). While 

agnoprotein staining is robust around the lesion site, there are significantly less VP-

1 positive cells surrounding the lesion (Figure 40, 10x and 40x magnification, panel 

C). As previously mentioned, VP-1 positive cells correspond to productively 

infected cells, primarily oligodendrocytes, allowing for quantification of the 

number of JCV infected cells at the lesion site. 

 

For lesion site A, there were 60 cells characterized as agnoprotein positive 

compared to 25 cells characterized as VP-1 positive (Figure 40, 10x magnification, 

panel A and C). As shown in vitro (Figures 22-24), these results suggest that 

agnoprotein may be released from infected cells and internalized by uninfected VP-

1 negative cells. The hematoxylin and eosin staining for lesion site A shows marked 

cellular decrease within the lesion in addition to potential leukocytic infiltration in 

the center of the demyelinated lesion (Figure 40, 10x and 40x magnification, panel 

D).  

 



 

 

115 

 

 

Figure 39: Agnoprotein, GM-CSF, VP-1, and H&E Histology for PML Brain MHBB #547 

Lesion Sites A and B. Lesion site A in MHBB #547 was identified and assessed for expression of 

viral proteins agnoprotein (Panel A), GM-CSF (Panel B), VP-1 (Panel C), and stained for H&E 

analysis (Panel D). Lesion site B in MHBB #547 was identified and assessed for expression of viral 

proteins agnoprotein (Panel E), GM-CSF (Panel F), VP-1 (Panel G), and stained for H&E analysis 

(Panel H). 
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Figure 40: Agnoprotein, GM-CSF, VP-1, and H&E Histology for PML Brain MHBB #547 

Lesion Site A. Lesion site A in MHBB #547 was identified and assessed for expression of viral 

proteins agnoprotein (10x and 40x magnification, Panel A), VP-1 (10x and 40x magnification, 

Panel C), GM-CSF (10x and 40x magnification, Panel B), and stained for H&E analysis (10x and 

40x magnification, Panel D). The black rectangle denotes the area corresponding to the 40x 

magnification images for all sections.  
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Figure 41: Agnoprotein, GM-CSF, VP-1, and H&E Histology for PML Brain MHBB #547 

Lesion Site B. Lesion site A in MHBB #547 was identified and assessed for expression of viral 

proteins agnoprotein (10x and 40x magnification, Panel A), VP-1 (10x and 40x magnification, 

Panel C), GM-CSF (10x and 40x magnification, Panel B), and stained for H&E analysis (10x and 

40x magnification, Panel D). The black rectangle denotes the area corresponding to the 40x 

magnification images for all sections.  
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Lesion site B presented overall with a similar staining pattern to lesion site A 

(Figure 39, panels E-H). Overall, there was a significant loss of cells within the 

lesion site with agnoprotein forming a border around the lesion, with both cell-

localized and non-cell localized staining patterns (Figure 41, 10x and 40x 

magnification, panel A). For GM-CSF levels for lesion site B, imaging shows 

limited staining surrounding the lesion site, suggesting that although cells are 

infected with JCV and there is significant cell death at the lesion, there is limited 

expression of GM-CSF (Figure 41, 10x and 40x magnification, panel B). Likewise, 

VP1-positive cells were fewer than agnoprotein positive cells, once again 

suggesting that agnoprotein may be released from infected cells and internalized by 

uninfected cells (Figure 41, 10x and 40x magnification, panel A and C). The 

hematoxylin and eosin staining for lesion site B shows potential leukocytic 

infiltration in the center of the demyelinated lesion, with the potential infiltrating 

leukocytes being GM-CSF positive (Figure 41, 10x and 40x magnification, panel 

B and D). In combination, these in vivo data support the in vitro conclusions that 

were made, primarily that agnoprotein is released from infected cells and 

internalized by uninfected cells and that agnoprotein suppresses GM-CSF release 

and expression around lesion sites.  

4.3. Discussion 

The human immune system possesses two primary response pathways for 

eliminating pathogens from the body, cell-mediated immune responses or humoral-

mediated immune pathways. Cell-mediated immunity is driven by the activation of 

phagocytes, such as monocytes and neutrophils, the function of T-lymphocytes, 
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primarily CD8+ cytotoxic T-cells, and cytokine release in response to the presence 

of the pathogen. Humoral immunity is driven by B cells, but in general refers to 

immune control of pathogens through antibodies or complement proteins.  

In regard to JC virus, cellular immunity pathways are the primary regulators of viral 

reactivation in a majority of the population (Koralnik, 2002). Both JCV reactivation 

and PML development generally presents within immunosuppressed patients, 

either with co-morbidities depleting T-cell function or pharmacological 

interventions targeting leukocyte migration into the CNS to prevent immune 

function, although PML development can occur within patients with immune 

recovery and function (Crossley et al, 2016; Koralnik, 2002; Sethi et al, 2012; 

Weber F. et al, 2001; Weber T. et al, 2001). The most prevalent example of cellular 

immune suppression leading to JCV reactivation and PML development can be 

found in AIDS patients, in which the virus targets CD4+ T-cells and macrophages, 

resulting in large scale cell loss (Berger et al, 2001).  

 

As previously mentioned, one of the histological hallmarks of PML is limited 

leukocyte infiltration to lesions and the overall lack of inflammation, contrasting 

what is expected with multifocal demyelination and the resulting tissue damage 

from a lytic infection (Cinque et al, 2009; Koralnik, 2002; Santa Cruz et al, 2016; 

Richardson et al, 1961; von Einsiedel et al, 1993). However, JCV is also the 

etiologic agent of other diseases, including the inflammatory JC virus 

encephalopathy (Dang et al, 2012; Wüthrich et al, 2009). JCVE results from the 

productive infection of cortical pyramidal neurons, resulting in necrosis at the gray 
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matter-white matter junction and inflammation. The JCV strain isolated from a 

JCVE patient revealed a 143 base pair deletion in the agnoprotein gene, resulting 

in the production of a truncated peptide. While no published data has assessed the 

functional domain of agnoprotein required for the immunomodulatory effect 

described herein this thesis, we hypothesize that the deletion in the agnoprotein 

gene of the JCVE isolate results in disruption of the functional domain. If the 

hypothesis that agnoprotein suppresses inflammation during PML is valid, then the 

inflammation seen within JCVE may be partly explained by the mutant agnoprotein 

peptide. Further studies are required to completely identify functional domains 

within the agnoprotein protein, especially regarding its immunomodulatory 

function. Our data suggests that the truncated peptide found in JCVE isolate strains 

lacks the domains required for immunomodulation, however, studies must be 

completed to validate that hypothesis.  

 

Viral proteins serving an immunomodulatory role can be found throughout 

literature, with the neurotropic rabies virus serving as an example. Similar to JCV, 

rabies virus is neurotropic and preferentially infects the CNS, although rabies 

infects neurons as opposed to oligodendrocytes for JCV. After the initial viral entry 

into the body, rabies infects muscular tissue and initiates low levels of viral 

replication due to muscle tissue not being a productive infection site. The virus 

eventually reaches muscle-associated motor endplates through binding with 

acetylcholine receptors, resulting in viral entry into the peripheral nervous system 

and trafficking to the CNS via motor neurons (Gluska et al, 2014; Hemachudha et 
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al, 2013). Within the CNS, the virus replicates within neurons, leading to the 

production and release of the rabies virus phosphoprotein. Neighboring cells 

internalize the phosphoprotein where it suppresses the transcription of many 

antiviral genes, including the interferons (α, β, γ) and myxovirus resistance protein 

1, within both infected and uninfected cells (Scott et al, 2016; Srithayakumar et al, 

2014).  

 

Rabies virus release of phosphoprotein appears analogous to JC virus release of 

agnoprotein in terms of modulating the immune response to the infectious cycle. 

Our data revealed that agnoprotein is released from cells in a process not mediated 

by cell death and internalized by non-infected glial cells, serving to decrease the 

transcription and expression of GM-CSF, a cytokine with antiviral functions 

against JCV infection. Our data also reveals that agnoprotein treatments suppress 

the function of myeloid-derived cells, particularly through inhibiting monocyte 

differentiation, phagocytosis, and decreasing migration in response to activated 

glial cells. Through the presented data, a model was developed in which 

extracellular agnoprotein-mediated suppression of GM-CSF serves to induce 

evasion of the immune response through reduction in peripheral monocyte 

infiltration to PML lesions (Figure 42).  

 

The neuroinflammatory process is the host response to a myriad of CNS insults, 

including infectious pathogens, such as measles, herpes, and HIV, through 

autoimmune diseases of the CNS, such as MS, or through traumatic brain injury 
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(Gendelman 2002). However, as the CNS requires a precisely tuned 

microenvironment as to not permanently damage long-living cell types, such as 

neurons, there is a fine balance in the neuroinflammatory response, with high levels 

of activation resulting in widespread tissue damage and destruction, such as the 

case of meningitis, and with too low levels of activation not clearing the 

inflammation-inducing agent. The immune system has many mechanisms to induce 

neuroinflammation, with one primary mechanism being the release of CCL2/MCP-

1 within the CNS (Conductier et al, 2010). During neurodegenerative diseases and 

neuroinflammation, monocytes are primarily recruited into the CNS to sites of 

tissue damage, with monocyte recruitment mediated by monocyte chemoattractant 

proteins, primarily CCL2/MCP-1 (Conductier et al, 2010).  

 

An example of a CCL2/MCP-1 driven disease state is HIV-associated dementia 

(HAD). During primary HIV infection, viral particles enter the brain through either 

migration within infected lymphocytes or monocytes across the BBB or through 

free viral particle entry into the cerebral spinal fluid (CSF) and eventual migration 

into the brain (Booss et al, 1987; Eggers et al, 2017). With CNS entry, a potential 

complication is the development of HAD, an inflammatory condition characterized 

by HIV encephalitis (HIVE) and astrogliosis (Price et al, 1988; Price and Brew, 

1988). For clinical prognosis, the severity of HAD/HIVE is correlated monocyte 

infiltration into the CNS, where the migrated monocytes produce neurotoxic agents 

including pro-inflammatory cytokines, free radicals, and nitric oxide (Glass et al, 

1995; Kaul et al, 2001). It was shown that HIV TAT protein upregulates 
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CCL2/MCP-1 production, resulting in the increased monocyte migration observed 

during HAD/HIVE (Cinque et al, 1998; Conant et al, 1998). Notably, PHFA are 

the primary cell type in HAD/HIVE that express increased CCL2/MCP-1 

production (Conant et al, 1998; Lehmann et al, 2006). Since PML occurs primarily 

in AIDS patients, CCL2/MCP-1 was also assessed as a potential cytokine target of 

extracellular agnoprotein, especially since CCL2/MCP-1 induces monocyte 

migration into the CNS. Our results show that extracellular agnoprotein does not 

suppress CCL2/MCP-1 release, yet whether it has any impact on CCL2/MCP-1 

mediated pro-inflammatory signaling remains to be determined.  

These results demonstrated a novel immunomodulatory function of extracellular 

agnoprotein within the CNS to limit monocyte migration through the BBB. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

5.1. Conclusions 

To summarize, the first part of this thesis focused on viral protein interactions with 

host factors, primarily SRSF1. Our results have elucidated a novel role of T-antigen 

in rescuing SRSF1-mediated suppression of JCV gene expression within glial cells 

(Figure 42).  Initially, JCV enters the body and infects permissive cells, 

characterized by the presence of sialic acid-associated receptors or serotonin 

receptors, allowing for VP1 binding to the receptor and endocytosis of the viral 

particle. After the virus is endocytosed, it is transported through the cell, resulting 

in viral genome nuclear transport. Within the nucleus, without any negative cellular 

regulation, viral genes are transcribed and subsequently spliced and translated into 

the viral proteins. However, viral transcription and splicing is negatively regulated 

by the host cellular splicing factor SRSF1 (Sariyer and Khalili, 2011; Sariyer IK et 

al, 2016; Sariyer R et al, 2016; Uleri et al, 2011; Uleri et al, 2013). Immune system 

functional changes can alter SRSF1 expression within the cells, serving as a 

mechanism for viral transcription and replication to occur, even in the presence of 

SRSF1, albeit at low levels. Our data suggests that once T-antigen is expressed, it 

rescues SRSF1-mediated suppression of both viral early and late gene transcription. 

As the model suggests, T-antigen is expressed and then functions to inhibit the anti-

viral effects of SRSF1, including negative regulation of viral transcription and 

splicing. Our data suggests that T-antigen interacts with the SRSF1 promoter to 

suppresses SRSF1 transcription, ultimately reducing SRSF1 protein expression 



 

 

125 

 

within infected cells. This suppression allows JCV transcription, splicing, and 

translation to occur without inhibition, resulting in eventual cellular inundation 

with viral particles, leading to cellular lysis and the focal lesions observed in PML.  

 

Figure 42: Molecular Interplay between T-antigen and SRSF1 in Regulation of JCV 

Transcription and Gene Splicing. Schematic representation of the interactions between SRSF1 and 

T-antigen in regulation of JCV transcription and early gene splicing.  

 

The second part of this thesis focused on viral protein interactions with the immune 

system, primarily via agnoprotein release by infected glial cells. Our results 

elucidated a novel immunomodulatory role of extracellular agnoprotein during JCV 

infection within the CNS (Figure 43). After initial infection, JCV remains latent 

within the body at peripheral sites as well as potentially within the brain (Degener 
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et al, 1997; Tan et al, 2010). In the healthy population, the immune system controls 

viral reactivation through prototypical anti-viral functions, including potent 

suppression of viral replication by interferon gamma (De Simone et al, 2015). 

Within this thesis, we propose that T-antigen expression drives viral transcription 

and downstream viral protein expression through inhibition of the anti-viral 

functions of SRSF1. After agnoprotein is expressed in infected cells, it is released 

into the extracellular space, resulting in uptake by uninfected glial cells (Otlu et al, 

2014). Since the hallmark pathological feature of PML is characterized as the focal 

destruction of myelin due to lysis of infected oligodendrocytes, we hypothesize that 

the widespread tissue damage should activate astrocytes, resulting in 

proinflammatory signaling, including the release of GM-CSF to induce monocyte 

migration to sites of tissue damage. We propose that the uptake of extracellular 

agnoprotein by uninfected cells results in suppression of GM-CSF release, thus 

decreasing monocyte chemoattraction to sites of tissue damage within PML lesions. 

Additional functional assays revealed that agnoprotein suppresses many functions 

of monocytes, including monocyte differentiation into macrophages, phagocytosis 

of myeloid-derived cells, including microglia, and surface marker expression, 

leading to a dysregulated macrophage phenotype. Taken together, these data 

elucidate a novel mechanism of agnoprotein during JCV infection and potentially 

reveal a major mechanism explaining the limited leukocyte infiltration and 

inflammation observed in a majority of PML patients. 
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Figure 43: Role of Extracellular and Intracellular Agnoprotein in the Neuroimmune Response 

to JC Virus. Schematic representation of the interactions between extracellular agnoprotein and 

GM-CSF in regulation of leukocyte infiltration and monocyte maturation within the CNS in 

response to JCV infection. 

 

5.2. Future Directions 

When assessing JCV reactivation, the major unknown is the exact process of viral 

reactivation. The question “what is required to induce or inhibit viral reactivation?” 

remains at the forefront of JCV research. From a general perspective, one would 

propose that normal immune function inhibits viral reactivation, yet it is inevitably 

more complicated than solely immune system control. Analyzing cases of PML 

underlies this statement, in which it is possible to broadly look at the risk factors 

for PML development, such as AIDS or those on monoclonal antibody therapies. 
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For example, AIDS patients are the primary population in which PML development 

occurs, however it is not yet possible to predict which HIV patients will develop 

PML and why. One could hypothesize that immune cell counts, primarily the CD4+ 

T-cell count, would be correlated with PML risk, yet no data supports this 

conclusion (Crossley et al, 2016). Since JCV infection is in such a high percentage 

of PML high risk populations, the major question becomes why does patient A 

develop PML while patient B, with the same underlying conditions and the same 

JCV infection, not develop PML. The prevailing hypothesis is that the immune 

system is not the only regulatory of JCV, with a wide variety of other “non-

immunological” factors affecting viral reactivation.  

 

To further elucidate the mechanisms of JCV reactivation, we propose a wide variety 

of exploratory experiments designed to further isolate the exact controllers of viral 

reactivation. The first proposed experimental plan focuses on potential genetic 

predispositions to JCV, which could serve to additionally identify potential 

negative regulators of the virus. As previously mentioned, between 3-5% of the 

HIV/AIDS positive population develops PML. Presently, the genetic differences 

between the population that develops PML and the population that does not develop 

PML are not understood. There potentially exists differences between these 

populations, with mutations within discovered or potential negative regulators of 

JCV, thus ameliorating their suppressive functions, could be assessed through a 

genome-wide association study. Briefly, we could compare the genomes of PML 

patients to non-PML patients with the same underlying conditions, whether it be 
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AIDS or multiple sclerosis, as well as PML patients with differing underlying 

conditions, to determine mutations or expression profiles that are significantly 

correlated with the development of PML. This data may potentially elucidate novel 

proteins or signaling pathways that control JCV reactivation.  

 

Likewise, it would be pertinent to further analyze agnoprotein modulation of the 

GM-CSF signaling pathway. The data presented herein demonstrates that 

extracellular agnoprotein significantly modulates GM-CSF production, thereby 

potentially regulating or impacting the GM-CSF signaling pathway. A novel 

analysis of the GM-CSF signaling pathway via digital droplet PCR (ddPCR) would 

elucidate any alterations within this signaling pathway. Additionally, ddPCR could 

be used to assess colony stimulating factor 1 (CSF1), also called macrophage 

colony stimulating factor (MCSF), promoted macrophage differentiation as a 

potential target of extracellular agnoprotein. While extracellular agnoprotein did 

not significantly alter CSF-1 levels in the cytokine array, our data suggests that 

agnoprotein does significantly modulate monocyte to macrophage differentiation. 

When regarding monocyte to macrophage differentiation and macrophage function, 

a prevalent hypothesis that exists is the existence of two primary macrophage 

subpopulations, denoted M1-like macrophages and M2-like macrophages 

(Hamilton 2008) (Figure 44). During normal homeostatic conditions within tissues, 

macrophages tend to exist in the M2-like phenotype, which is regulated by M-CSF 

signaling (Hamilton 2008). M2-like macrophages typically function in tissue repair 

and scavenging and are anti-inflammatory (Stanley et al, 1997). However, when 
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homeostasis is interrupted, as is the case during viral infections and inflammation, 

the M2-like macrophages are exposed to pro-inflammatory cytokines, and the 

switch to the M1-like phenotype is driven by GM-CSF in addition to interferon 

gamma and LPS. The M1-like macrophages continue to drive the inflammatory 

state through expression of proinflammatory cytokines, such as tumor necrosis 

factor alpha (TNF-α), IL23, and IL12 (Fleetwood et al, 2007; McKenzie et al, 

2006).  

 

 

Figure 44: Impact of M-CSF and GM-CSF on Macrophage Phenotypes. Under normal 

conditions, macrophages are typically exposed to M-CSF, resulting in an M2-like phenotype, which 

can be described as “anti-inflammatory” or “repair” oriented. However, during inflammatory 

conditions, GM-CSF release polarizes macrophages to an M1-like phenotype, resulting in the 

expression of pro-inflammatory cytokines. (Reproduced with permission from Hamilton 2008 and 

Nature Publishing Group). 

  

 Our hypothesis is that agnoprotein decreases GM-CSF expression, shifting 

macrophages towards an M-CSF regulated, or an M-2 like, phenotype. Since CSF-

1 promoted macrophage differentiation acts through the M-CSF receptor, we 

propose that differences would exist within the CSF1-promoted macrophage 
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differentiation pathway between agnoprotein treated macrophages and non-treated 

macrophages (Kharbanda et al, 1995; Rohrschneider et al, 1997). This data may 

potentially elucidate novel cellular factors impacted by extracellular agnoprotein 

and may reveal the mechanism of agnoprotein-mediated suppression of monocyte 

differentiation and function.  

 

The final proposed future direction is to assess the immunomodulatory role of 

agnoprotein in an animal model. The data presented within this thesis proposes that 

extracellular agnoprotein suppresses PBMC and monocyte migration across a 

blood-brain barrier model, yet, if this phenomenon occurs outside of the model 

system has not been assessed. Idealistically, an animal model for JCV would exist, 

in which the animals would be infected with a wild-type strain of productive 

neurotropic JC virus and an agnoprotein-mutant of the same strain. In this system, 

immunohistochemistry of CNS sections would assess leukocyte infiltration to 

determine differences in the number of infiltrating cells with and without 

agnoprotein during the course of infection. However, a JCV animal model still does 

not exist, despite the efforts of multiple labs (White et al, 2015). As a JCV animal 

model does not exist, a secondary option would be to use an animal model of 

leukocyte infiltration into the brain, with a strain of mice susceptible to 

experimental autoimmune encephalopathy, an animal model for multiple sclerosis, 

being a potential candidate (Terry et al, 2016). One potential mouse strain is the 

C57BL/6 mouse, in which experimental autoimmune encephalopathy (EAE) can 

be induced with immunization of myelin oligodendrocyte glycoprotein (MOG) 35-
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55 peptide (Kuerten et al, 2007).  With leukocyte infiltration being a hallmark of 

this model, it provides in vivo conditions to test the ability of agnoprotein to 

suppress migration through the blood-brain barrier. Experimental animals would 

be immunized with MOG to induce EAE and monocyte migration into the brain. 

After immunization, animals would be treated with recombinant agnoprotein or 

vehicle and monocyte migration and EAE progression would be assessed to 

determine if agnoprotein treatment suppress monocyte migration in vivo and to 

elucidate a potential therapeutic use of agnoprotein. 
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