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ABSTRACT

The Polyomavirus JC (JCV) causes the demyelinating disease progressive
multifocal leukoencephalopathy (PML). Infection by JCV is very common in childhood
after which the virus enters a latent state, the mechanisms of which are poorly understood.
Under conditions of severe immunosuppression, especially acquired immunodeficiency
syndrome (AIDS), JCV may reactivate to cause PML. JC viral proteins expression is
regulated by the JCV non-coding control region (NCCR), which contains binding sites for
cellular transcriptional factors which regulate JCV transcription. Our earlier studies
indicate that reactivation occurs within glial cells due to the action of cytokines such as
TNF-a, which stimulate viral gene expression. In this study, we have examined the role of
cytokines interferon-a or - which, in contrast, have a negative effect on JCV
transcriptional regulation. Treatment of glial cells with interferon-a or -f increased the
endogenous level of C/EBPB-LIP in a time-dependent manner. Furthermore, the negative
regulatory role of interferon-a or -f in JCV early and late transcription and viral replication
was more pronounced in the presence of C/EBPB-LIP. Knock-down of C/EBPB-LIP (liver
inhibitory protein) by shRNA targeting C/EBPB-LIP reversed the inhibitory effect on JCV
viral replication. Therefore, these data suggest that interferon-a or -f negatively regulates
JCV through induction of C/EBPB-LIP, which together with other cellular transcriptional
factors may control the balance between JCV latency and activation leading to PML. This

balance may be regulated by proinflammatory cytokines in the brain, such as IFN-y.
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CHAPTER 1: INTRODUCTION

1.1.  JC Virus (JCV)

JCV is a human virus belonging to the Polyomaviridae family and was first
discovered in 1971 after being isolated from a patient with the initials J.C. The name
polyoma is derived from the Greek word of “poly” meaning many and “oma” meaning
tumors (Pietropaolo, V., et al., 2018); thus, polyomaviruses, such as JC are given that name
because they cause tumorous growths in the brains of animals. It is believed that most
adults get infected with JCV during childhood, but for most hosts the virus remains in a
latent state throughout adolescence and adulthood. (Hou, J., and Major, E., 2000; Khalili,
K., et al., 2006). During its latency state, JCV presents itself in an asymptomatic manner;
viral DNA can be detected through PCR, but expression of viral proteins is non-detectable
within hosts (Romagnoli, L., et al., 2009). The molecular mechanisms of latency are not
fully understood however, specific tissue types such as the kidney (Yogo, Y., et al., 1990),
tonsils (Monaco, M., et al., 1996), GI tract (Ricciardiello, L., et al., 2000) and brain (Elsner,

C., and Dorries, K., 1992) are known to harbor latent JCV.

While it is well known that JCV is acquired during childhood but remains latent,
the primary age of infection is still unknown. To determine the age of JCV acquisition, a
study conducted by Taguchi et al. examined serum from 384 children up to 10 years old
using hemagglutination-inhibition (HI) to test for HI antibodies against JCV (Taguchi, F.,

et al., 1982). Results showed that the frequency of antibodies against JCV in children



between the ages of 1-5 was 45% while in children between the ages of 6-10 showed a
frequency of 65%, showing a significant increase. Interestingly, the frequency of
antibodies remained between 65% and 90% in groups aged 11-20 and older (Taguchi, F.,
et al., 1982). In a similar study carried out by Comar et al. (2014), mesenchymal stromal
cells from 35 umbilical cord samples were investigated by qPCR for the presence of
various viral DNA. JCV DNA was detected in 1/35 samples suggesting early transmission
of JCV may occur (Comar. M, et al, 2014). Together these results suggest that in most
cases JCV is contracted before the age of 11, but may even be transmitted from mother to

child in utero.

Initially, the transmission of JCV was not well known. It was not until a research
group in Barcelona discovered JCV particles in raw urban sewage that a fecal-oral route as
a mode of transmission was considered (Bofill-Mas, S., et al., and Girones, R., 2003). Later
studies found JC viral genomic sequences in 75.8% of the upper and lower digestive tract
samples taken from 33 patients (Ricciardiello, L., et al, 2000). Other studies were able to
detect JCV DNA in tonsil tissue from 14 out of 32 donors exhibiting tonsillitis and tonsillar
hypertrophy (Kato, A., et al.,, 2004). These findings confirmed that the mode of

transmission for JCV is likely a fecal-oral route.

1.2.  JCV Genome, Life Cycle and Host Cell Interactions

JCV is 45 nm in length, non-enveloped, circular and double stranded (Tan, C., et
al., 2009). Its viral genome is about 5000 bp and contains two regions — early and late —

which are separated by a non-coding control region (NCCR) that contains the origin of



replication, promoter and enhancer sequence elements (Figure 1) (Romagnoli, L., et al.,
2009). The NCCR is highly variable and can contain determinants for the virulence of JCV
depending on the anatomical site (Ault, G., et al., 1993). The CY strain of the JCV NCCR
(Figure 1A) for example, is divided into six regions which contain binding sites for various
transcription factors (TFs), these binding sites undergo deletion and enhancement
processes that can generate variants (Pietropaolo, V., et al., 2003). The CY strain is
composed of 98 base pairs and has 2 insertions of 23 and 64 base pairs (Del Valle, L., and
Pina-Oviedo, S., 2019). The Mad-1 strain of JCV on the other hand, is also known as the
prototype strain and is responsible for the virulence of PML, as it was first isolated in 1971
(Frisque, R., et al., 1984) from the brain of a patient with PML (Maginnis, M., and Atwood,
W., 2009). Mad-1 is most commonly used in vitro and in vivo and is composed of two 98
base pair repeats (Figure 1A). The third JCV strain is Mad-4, which is similar to Mad-1
strain except its second repeat has a deletion of 19 base pairs (Figure 1A) (Del Valle, L.,

and Pina-Oviedo, S., 2019).

The NCCR is bidirectional promoter and regulates the expression of both early and
late gene expression (Romagnoli, L., et al., 2009). The early and late regions are transcribed
in opposite directions from complementary strands of DNA. The early region encodes non-
structural proteins, large (T) antigen, small (t) antigen and three other T antigen splice
variants: T’ 135, T°136 and T’165 (Figure 1B). Whereas the late region encodes for viral
structural proteins VP1, VP2, VP3 and agnoprotein (Figure 1B) (Pietropaolo, V., et al,

2018). There are also several binding sites for transcription factors and repressors in the



NCCR (Ferenczy, M., et al., 2012), these factors are able to influence replication as well

as early and late transcription (Pietropaolo, V., et al., 2018).

Large T antigen (TAg) is a 708 amino acid or 80 K-Dalton protein and is essential
for all polyomaviruses. JCV hijacks host machinery to transcribe TAg, prior to viral
replication and is crucial to DNA binding, JCV replication and late gene transcription
(Pietropaolo, V., et al., 2018; Reich, N., and Levine, A., 1982). Interestingly, TAg is also
able to modify host cellular signaling pathways, inducing quiescent cells to enter into S
phase so that JCV DNA is replicated and, its interactions with members of the
retinoblastoma (Rb) protein family results in cell cycle modulation (Pietropaolo, V., et al.,
2018; Suzuki, T., et al., 2010). However, in non-permissive cells, while JCV is unable to
replicate in these cells, TAg is still able to dysregulate various signaling pathways pertinent
to cell proliferation and DNA repair fidelity (Del Valle, L., and Khalili, K., 2010). Lastly,
TAg is known to be endogenously expressed in cell types susceptible to JCV infections
making these cells optimal for viral replication (Major, E., et al., 1985). Recent studies
have examined TAg’s role in various infections caused by members of the polyomavirdae
family. Given that TAg can influence cell cycle regulation and DNA transcription the role
of JCV and TAg in CNS tumorigenesis are being considered and further examined within
neuroscience (Ahye, N., et al., 2020). Similar to TAg, small t antigen (tAg) is also required
for viral DNA replication and is able to bind to the viral agnoprotein and Rb proteins in
order to influence cell cycle progression within host cells (Safak, M., et al., 2001). Similar

to the previous T proteins mentioned, T’ antigen splice variants have the ability to modulate



cellular growth pathways by altering the phosphorylation status of specific cell cycle

proteins.

The late region protein VP1, makes up the icosahedral structure of JCV which
contains the epitopes responsible for host cell recognition, innate immune response and
antibody production. Whereas VP2 and VP3 are trivial structural proteins, which mostly
contribute to JCV proliferation (Weissert, R., 2011). The late region also encodes
agnoprotein, which has been observed to be further involved in virus propagation and
release (Safak, M., et al., 2001; Suzuki, T., et al., 2010). Furthermore, agnoprotein has been
found to be directly linked with TAg and its role in cell cycle progression and DNA repair

(Del Valle, L., and Khalili, K., 2010).

After JCV establishes latency within the cell, the virus is trafficked to the brain by
B-lymphocytes after binding to B cell receptors (Wei, G., et al., 1999; Chapagain, M., et
al., 2010). It was previously thought that JCV was able to infect B cells and other
lymphocytes, however results collected by Wei et al. (1999) discovered that this may not
be the case and JCV is carried by lymphocytes via attachment to the plasma membrane but
does not actually infect these cells (Wei, G., et al., 1999). Interestingly, a more recent study
discovered that JCV was in fact able to infect B cells and further analysis confirmed the
presence of intact JCV virions within these cells. Thus, these results suggest that JCV may
nonproductively infect B cells and which then carry the virus to the brain upon lymphocyte
trafficking (Chapagain, M., et al., 2010). Once in the brain JCV can either remain latent or

become activated in immunocompromised individuals. JCV primarily infects glial cells,



specifically oligodendrocytes and astrocytes; this is largely due to the presence of glial-
specific transcription factors found within these cells; these TFs can bind to the NCCR of

JCV (Henson, J., et al., 1995).

The life cycle of JCV occurs at two locations — extracellularly and intracellularly —
when interacting with host cells. Viral infection of glial cells occurs when JCV
extracellularly binds to N-linked glycoprotein with a-2,3-linked sialic acid receptors and
serotonin receptors expressed on cell surface. Viral binding is mediated through VP1,
which is a pentameric protein making up JCV’s viral capsid (Maginnis, M., and Atwood,
W., 2009). Elphick et al. found that in addition to sialic acid receptors, JCV also required
the SHT24R to infect astrocytes, kidney epithelial cells, B lymphocytes, platelets, and other
glial cells. The expression of serotonin receptors on the surface of these cell types, accounts
for the various cell subsets and organs where latent JCV has been isolated (Elphick, G., et
al., 2004). After binding to receptors, JCV particles enter the cell using a clathrin-
dependent endocytosis; particles are then transported through the cytoplasm in early
endosomes and then caveosomes, which function as shuttles for viral particles to the
nucleus. Nuclear localization signals allow VP1 and importins expressed on the nuclear
surface to interact. The binding of VP1 to importins gains JCV particles entry through
nuclear pores to the nucleus (Maginnis, M., and Atwood, W., 2009; Pietropaolo, V., et al.,
2018). Once in the nucleus viral particles undergo DNA uncoating and utilize host cellular
machinery to: 1) replicate viral genome, 2) synthesize viral proteins, and 3) assemble viral
particles (Bhattacharjee, S., and Chattaraj, S., 2017). Completed viral particles lyse the host

cell and go off to infect neighboring cells.
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Figure 1. JCV Genome. (A) The control regions of the three different strains of JCV. (B) The
orientation of the early and late genes which are divided by the control region. This figure was
adapted from Del Valle, L., and Pina-Oviedo, S. (2019).



1.3.  Progressive Multifocal Leukoencephalopathy (PML)

In individuals with compromised immune systems such as people with HIV/AIDS
or individuals with suppressed immune systems such as transplant and cancer patients, JCV
is re-activated and infects the CNS. There was a large spike in the incidence of PML during
the AIDS pandemic. Prior to the AIDS pandemic however, there were only a few hundred
cases of PML reported. During the early 1990s the incidence of PML increased up to 20
times as a result of the AIDS crisis. The association of PML and HIV may be explained by
an observed synergistic effect of HIV and JCV co-infection. /n vitro studies have
discovered that the HIV transactivator protein, Tat, stimulates the transcription and
replication of the JCV archetype as well as promotes the reactivation of JCV (Gosert, R.,
etal., 2010; Tada, H., et al., 1990; Daniel, D., et al., 2004). Over the last two decades with
the introduction of highly active antiretroviral therapy (HAART) and combined
antiretroviral therapy (cART) the incidence of PML declined among people with HIV
(Berger, JR., et al., 1995). A more recent peak in PML cases has been linked to the use of
immunotherapies to treat immune related disorders however, PML is seen in 1:1000
patients every 18 months (Goldberg, S., et al., 2002; Major, E., 2010; Kleinschmidt-
DeMasters, B., et al., 2005). More specifically, PML cases have been linked to the use of
Natalizumab, an anti-a4p1 and a4f7 integrin for treatment of Multiple Sclerosis and
Crohn’s disease. Similar immunomodulatory drugs have also been linked to the
progression of PML (Kleinschmidt-DeMasters, B., et al., 2005; Van Assche, G., et al.,

2005).



JCV reactivation and progression to PML in individuals with impaired immune
systems is strongly associated with increased variability of NCCR rearrangements caused
by replication driven mutational events (Wollebo, H., et al., 2015; Tan, C., et al., 2010).
Given that PML does not occur uniformly in at risk patient populations, this suggests that
additional factors may contribute to PML progression. Viral mutations may account for
increased neurovirulence of JCV. One such example are mutations of the JCV structural
protein VP1, these mutational changes have been linked to increased pathogenesis of PML
as well as heightened susceptibility and progression of the disease (Zheng, H., et al., 2005;
Sunyaev, S., et al., 2009; Gorelik, L., et al., 2011). In all cases, PML occurrence requires
dysfunction of the immune system as seen in immunocompromised or immunosuppressed
patients. However, in immunocompetent individuals or patients who underwent immune
reconstitution treatments, itis thought that CD8" and CD4" T cells play a role in PML
prevention and resolution (Gheuens, S., et al., 2011; Du Pasquier, R., et al., 2004). This is
further supported in cases where JCV reactivation has been reported among individuals
deficient in CD4" T cells, as seen in people with HIV (Ferenczy, M., et al., 2012; Khanna,

N., et al., 2009).

The pathogenesis of PML can be classified into three stages. In the first stage, the
non-pathogenic archetype virus infects immunocompetent individuals and establishes
latent infection in various organs and cell types (Cortese, 1., et al., 2021). Stage two occurs
in the case of prolong and profound impairment of host cellular immunity. The weaken
immune system allows for the reactivation of JCV and the accumulation of viral particles
containing mutated NCCRs, which then form neuropathogenic JCV prototypes (Cortese,

L., etal., 2021). Importantly, JCV can gain access to the brain during stage one and two via



the routes previously mentioned. Stage three refers to the clinical manifestation of PML
(Cortese, 1., et al, 2021). Given that PML was most commonly seen in
immunocompromised individuals, corrective immunological therapies have led to a fourth

stage of PML pathogenesis known as immune reconstitution (Cortese, I., et al., 2021).

Once PML is established within a host, the clinical manifestation of PML occurs
on a continuum and is affected by host immune response. Nonetheless, three main types of
PML can be observed within at-risk populations. The first is commonly referred to “classic
PML,” which occurs at one end of the spectrum and is categorized by the absence of
necessary antiviral immune activity (Cortese, 1., et al., 2021). In the middle of the
continuum are various combinations of clinical, imaging and histopathological features
suggesting various degrees of preserved immune function or that occur as result of immune
reconstitution, these clinical manifestations are referred to as “inflammatory PML”
(Cortese, L., et al., 2021). At the extreme end of the inflammatory PML spectrum is
widespread inflammation that often causes immune-mediated injury; this presentation is
referred to as “progressive multifocal leukoencephalopathy immune reconstitution
inflammatory syndrome” or PML IRIS (Cortese, 1., et al., 2021). Fourth? and last, PML
can manifest in an “asymptomatic” manner within various hosts. Among these types of
PML, the disease varies in its neuropathological, clinical, radiological and laboratory

manifestations.

Classic PML is categorized by lytic infection of oligodendrocytes, which causes
expanding areas of demyelination. The symptoms of classic PML vary depending on the
effected locations however, the most common symptoms include cognitive and behavioral

abnormalities, sensory and motor deficits, ataxia, aphasia and cortical visual changes

10



(Bartsch, T., et al., 2019; Miskin, D., et al., 2016). Histopathologically, classic PML
manifests as a multifocal demyelination, oligodendroglia with enlarged hyperchromatic
nuclei (abnormal, darkly pigmented nuclei), and, enlarged astrocytes with irregularly
shaped nuclei (Berger, J., et al., 2013). Active PML lesions can be divided into zones. Zone
1 or the leading edge of the lesion is characterized by swollen oligodendrocytes infected
with JCV viral particles. These oligodendrocytes show loss of some myelin-associated
proteins and axons in the zone 1 region. In zone 2, or the center of the lesions, deterioration
of cells is evident and loss of myelin producing proteins and axons is profound. Phagocytic
cells arealso present and function to clear up cellular and myelin debris. Extracellularly,
the space surrounding the lesion is enlarged with gliosis (scarring of the region) within the
parenchyma is evident (Brooks, B., et al., 1984). Furthermore, classic PML can be
identified through combined diagnostic tests: 1) manifestation of progressive neurological
symptoms, 2) faint but positive MRI detection of lesions and 3) JCV DNA detection in

cerebrospinal fluid by PCR.

cART therapy was introduced in order to reverse the immunodeficiency observed
in poeple with HIV and, while effective in suppressing HIV viral RNA, these therapies
inadvertently changed the spectrum of clinical presentations of PML. More inflammatory
symptoms and presentations were observed among people receiving immune reconstitution
therapies hence the term — inflammatory PML (Fournier, A., et al., 2017). In people had
successful cART therapy, JCV specific CD8" and CD4" T cells were present in their
periphery and showed stronger antiviral immune responses (Tan, C., et al., 2010). Despite
the noticeable immunological improvements against JCV, people who received immune

reconstitution therapies often exhibited worsening of the neurological signs and symptoms
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of PML, which coined the term immune reconstitution inflammatory syndrome or IRIS

(Fournier, A., et al., 2017; Engsig, F., et al., 2009).

Two types of IRIS have been observed among the at-risk population — paradoxical
IRIS and unmasked IRIS. In paradoxical IRIS, symptoms of previously diagnosed JCV
infections worsen while, in unmasked IRIS, a new inflammatory response against
subclinical JCV infection occurs and becomes clinically diagnosable (Falco, V., et al.,
2008; Summers, N., et al., 2019; Miiller, M., et al., 2010). Diagnostically IRIS PML
manifests as visible PML lesions in MRI imaging, and local oedema (Fournier, A., et al.,
2017; Haung, D., et al., 2007; Gheuens, S., et al., 2012). Presentations of these symptoms
are absent in classic PML. Furthermore, pathologically in comparison to classic PML, IRIS
PML has a distinct profile consisting of a large CD8" T cell population as well as CD138"
plasma cells and CD20" B cells populations (Vendrely, A., et al., 2005; Martin-Blondel,
G., et al., 2013). Whereas, the number of macrophages and microglia are similar to the
white cell populations observed in classic PML (Bauer, J., et al., 2015;). Thus, the most
prominent difference between classic PML and IRIS PML pathology is the lower number
of JCV infected cells observed in IRIS PML patients (Bauer, J., et al., 2015; Martin-

Blondel, G., et al., 2013).

Lastly, asymptomatic PML also known as subclinical PML can manifest long
before a clinical diagnosis. In rare cases, asymptomatic PML has been diagnosed at autopsy
in patients who had no prior history of PML or other neurological diseases (Vennegoor,
A., et al., 2011; Blair, N., et al., 2012; Phan-Ba, R., et al., 2012; Bayliss, J., et al., 2013;
Havla, J., et al., 2014). Consequently, it is thought that PML develops at a significantly

slower pace than the rapid end-stage classic or inflammatory PML course that is normally

12



observed in patients. This understanding may offer opportunities for early diagnosis and
intervention strategies. Furthermore, subclinical PML lesions, if present at all, manifests
more locally and most commonly in the frontal lobe (Wattjes, M., et al., 2015).
Additionally, in subclinical PML JCV detection within the CSF is often undetected. Lack
of detection hinders early diagnosis and inevitability delays management and likely leads
to the progression of PML (Wijburg, M., et al., 2018; Wattjes, M., et al., 2014; McGuigan,
C., etal., 2016). Thus, there is a great need for improvement of current diagnostic tools or

the development of highly sensitive diagnostic assays.

1.4. CAAT/enhancer binding proteins (C/EBPs)

The CCAAT/enhancer binding proteins (C/EBP) are a part of a family of
transcription factors made up of six core members to date (a., B3, ¥, 0, € and ) (Romagnoli,
L., etal., 2009). This family of proteins received its name upon the discovery of an optimal
DNA binding site — a symmetrical repeat RTTGCGYAAY, where Ris A or G,and Y is C
or T hence the CAAT portion within the family name (Osada, S., etal., 1996). The CCAAT
box motif is present in many cellular gene promoters making these proteins pivotal to
several cellular processes such as proliferation, differentiation, metabolism, and
inflammation (Ramyji, D., et al., 2002). C/EBPs can be found in various cell types such as
intestinal epithelial, neuronal and glial cells however, studies have revealed a link between
the functional relevance of these proteins and cell types inlcuding, hepatocytes, adipocytes
and hematopoietic cells (Ramji, D., et al., 2002). Despite the discovery of this binding site,
further studies revealed variations in the structures, properties and expression profilse of

these proteins and their isoforms.
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All C/EBP isoforms share sequence identity in the C-terminal 55-65 amino acid
residues. This region contains a bZIP domain, which is made up of a basic-amino-acid-rich
DNA binding region and a dimerization motif termed the ‘leucine zipper’ (Landschulz, H.,
et a., 1988; Vinson, R., et al., 1989). The leucine zipper consists of a repeat of four or five
leucine residues which then form an a-helical configuration (Figure 2) (Landschulz, H., et
a., 1989; Hurst, C., 1995). These regions are essential for DNA binding and changes within
the spacing between the leucine zipper and basic domain leads to loss of binding activity
(Agre, P., et al., 1989). Whereas, the specificity of DNA binding is mediated by a sequence
of amino acids within the basic region (Johnson, F., 1993). Binding of the bZIP domain to
DNA forms an inverted Y-shaped structure, each arm of the “Y” is made of the basic region
and binds to half of a palindromic recognition sequence in the DNA major groove (Figure

2) (Vinson, R, et al., 1989; Hurst, C., 1995).

Unlike the bZIP domain, the N-termini of the C/EBP proteins differ greatly with
the exception of three subregions that tend to be conserved in most members; these regions
are activation domains which function in stimulating transcription (Williamson, A., et al.,
1998; Angerer, D., et al., 1999; Tang, G., et al., 2001). Unlike the other members, C/EBP-
v lacks an activation domain and, as a result functions in the repression of gene transcription
by forming inactive heterodimers with other members (Cooper, C., et al., 1995). In addition
to activation domains, some of these proteins and their isoforms have negative regulatory
regions, however the function of these regions is not well understood amongst the C/EBP

members (Williams, C., et al., 1995; Pei, Q., et al., 1991).
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Despite the existence of the six genes that encode the TFs which make up the
C/EBP family, the number of proteins that are present within cells may actually be greater
than six. In the case of C/EBP-a and -3, for example, different sized polypeptides can be
produced by alternative translation within the same mRNA sequence resulting from a leaky
ribosome scanning mechanism (Descombes, P., et al., 1991; Ossipow, V., et al., 1993; Lin,
T., etal., 1993). As stated earlier, C/EBP members can also form heterodimers of various
familial combinations, these heterodimerizations are believed to be able to regulate gene
transcription, thus contributing to the diversity of proteins linked to C/EBP members.
Furthermore, the C/EBPs can form protein-protein interactions with other bZIP and non-

bZIP transcription factors further adding to the variation of expressed proteins within cells.

Figure 2. Structure of C/EBPf’s leucine zipper and basic
region bound to DNA. Inverted Y-shaped structure of
C/EBP-f bound to DNA. (A) The Ileucine zipper
dimerization (grey) between chain A (green) and chain B
(teal) of C/EBP-B. (B) Binding of C/EBP-B’s arginine
residues (magenta) to the major groove of the DNA
backbone (multicolored spheres) and stabilization of the
bond by tyrosine (yellow). The structure was produced using
PyMOL software and PhosphoSitePlus databank reference
number P17676 (Tsukada, J., et al., 2011).

A
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1.5. C/EBPP and C/EBPB’s LIP Isoform

C/EBPs are able to produce polypeptide of varying sizes. In the case of C/EBP-J3,
at least three isoforms can be formed through alternative use of translation initiation codons
in the same mRNA sequence (Bellizzi, A., et al., 2015; Descombes, P., et al., 1991;
Ossipow, V., et al., 1993; Lin, T., et al., 1993) known as the full-length liver activating
protein or C/EBP-f3 (38 kDa), LAP (35 kDa) and liver-inhibitory protein or LIP (21 kDa).
LAP and LIP are the major proteins expressed within cells (Descombes, P., et al., 1991).
LAP contains both activation domains and negative regulatory domains, while LIP lacks
activation domains and has a single negative regulatory domain. Thus, LIP’s structure
allows it to act as a dominant negative inhibitor of C/EBP function by forming non-
functional heterodimers with other members (Descombes, P., et al., 1991). More pertinent
to my thesis project, LIP can also function as a negative regulatory to numerous other gene
transcription processes within cells. Expression of these proteins are particularly high in
the liver, intestine, lung, adipose tissue, spleen, kidney and myelomonocytic cells;
however, C/EBP-f is believed to be expressed in other cell types such as neurons and glial
cells (Chang, J., et al., 1990; Roman, C., et al., 1990; Cao, Z. etal., 1991; Williams, C., et

al., 1991).

Various cell culture-based and knockout mice model systems have been utilized to
further examine the functional importance of C/EBPs in various cell types and
physiological processes. C/EBP-f-deficient mice studies revealed that C/EBP-f is up-
regulated during macrophage differentiation and indicates a potential role in activation

and/or differentiation of these cells (Poli, V., 1998; Tanaka, T., et al., 1995; Screpanti, L.,
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et al., 1995). Further studies have also showed that C/EBP-f3 isoforms are required for
functional differentiation of mammary epithelial cells (Seagroves, N., et al., 1998). More
interestingly and relevant to this study, C/EBP-B functions in the regulation of gene
transcriptions in response to IL-1 and IL-6 (Akira, S., et al., 1990; Poli, V., et al., 1990).
Other studies have led to the identification of binding sites for C/EBPs in the regulatory
regions of various gene involved in inflammatory responses. Lastly, C/EBP-} can form
protein-protein interactions with other factors such as NF-kB, CREB/ATF, AP-1,
glucocorticoid receptor, hepatitis B virus X protein, and retinoblastoma (Rb) protein; thus,
the role of C/EBP-f3 within cells is apparent (Vallejo, M., et al., 1993; Lekstrom-Himes, J.,

etal., 1998; Wedel, A., et al., 1995).

The C/EBP member of interest for this thesis is the liver-inhibitory isoform (LIP)
of C/EBP-B. A previous study conducted by Bellizzi et al. showed that the induction of ER
stress by thapsigargin, which is an inhibitor of the ER calcium ATPase, increased the
expression of endogenous LIP (Bellizzi, A., et al., 2015). The increase expression of LIP,
a negative regulator of JCV, caused degradation of JCV T-antigen in a JCV-transgenic
mouse tumor cell line. Previous studies have showed that C/EBPs can be modulated by
cytokines such as TNF-a to increase viral expression of JCV. An additional study
examined C/EBP-B’s effect on HIV-1 replication in monocytes, through its binding to
HIV’s negative regulator (NRE) located in its long terminal repeat (LTR) which expresses
three C/EBP binding sites for C/EBP-f (Tesmer et al., 1993; Honda et al., 1998). Through
stable transfection of wild type and C/EBP mutant LTR reporter constructs into THP-1
cells, this group showed that C/EBP sites were required for HIV-1 LTR promoter

repression in macrophages (Honda et al., 1998). However, few studies have examined the
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ability of specific cytokines in decreasing JCV expression through increased expression of

inhibitory C/EBP-f.

1.6. Type 1 Interferon cytokine pathway and immunological function

Type I IFNs are the principal cytokines involved in antiviral responses and include
IFN-a and IFN-B among other members. The genes that encode type I IFNs are clustered
on chromosome 9 in humans and chromosome 4 in mice. (Koyama et al., 2008; Stenson,
D., and Medzhitov R., 2006; Pestka, S., et al., 2004; Chen, J., et al., 2004). Their essential
role in eliciting innate and adaptive immune responses to combat viral replication and
infection has been well established in ifnarl”~ mice studies (Hwang et al., 1995; Miiller et
al., 1994). Additionally, IFNs help to control viral infection in the CNS by inducing cell
junction tightening in microvasculature endothelial cells to restrict BBB permeability,
which has also been noted to occur in astrocytes, and neuroinvasion (Daniels et al., 2014;

Lazear et al., 2015a).

IFNs are produced by every cell type including neurons, astrocytes, and microglia,
and are stimulated through viral DNA recognition by pattern recognition receptors (PRRs)
(Lazear, H., et al., 2019). Viral DNA detection increases PRR signaling, which activates
IFN expression through the stimulation of IRF and NFkB transcription factors to induce
IFN-B to stimulate the first wave of IFN-stimulated genes (ISGs) (Lazear, H., et al., 2019).
IFN-a or -f binding to IFN alpha receptor 1 (IFNAR1) and IFN alpha receptor 2 (IFNAR2)
activates the JAK-STAT signaling pathway which leads to the formation of an IRF-9 and

phosphorylated STAT1 and STAT2 heterodimer complex to produce transcription factor
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ISGF3, which binds to IFN-stimulated response elements (ISREs) promoting the
expression of ISG leading to the production of antiviral effectors and additional type I IFNs
such as a and A (Figure 3A) (Lazear, H., et al., 2019). Through these signaling pathways,
IFNs control viral replication and stop viral spread through the induction of an antiviral
state in infected and uninfected cells, which is done by the promotion of antiviral effector

ISGs within infected and neighboring uninfected cells (Forero et al., 2019).

Transcription factors from the C/EBPs family are modulated by cytokines, like type
I IFNs, among other factors (Ramji, P., and Foka, P., 2002; Calkhoven et al., 2000). In
addition to C/EBPs being modulated by cytokines, cytokine genes such as TNF-a also have
C/EBP binding sites indicating that cytokines can be modulated by C/EBPs as well. In a
study done by Pope et al. transfection with inhibitory C/EBP-f repressed TNF-a promotor
activity supporting this theory (Pope, R., et al., 1995). Honda et al took these findings a bit
further and examined the role type I IFNs play concerning the C/EBP family transcription
factors and HIV-1 repression in macrophages. Through their experiments, they found that
the treatment of macrophages with IFN-B induced a dominant-negative C/EBP
transcription factor which repressed the HIV-1 LTR promoter. These findings suggest that
one mechanism of viral replication inhibition is by type I IFNs acting as a transcriptional
repressor (Honda et al., 1998). Thus, when coupled with type I [FNs C/EBP-3 may have a

stronger negative regulatory role against transcription of viral genes.
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1.7.  Type Il interferon cytokine pathways and immunological function

Type II IFNs consists solely of IFN-y, it is serologically and structurally distinct
from type I IFNs and thus binds to different receptors. Furthermore, the genes that encode
IFN-y are expressed on chromosome 12 in humans and chromosome 10 in mice also
differing from type I IFNs (Pestka, S., et al., 1987; Pestka, S., 1997; Parmar, S., and
Platanias, C., 2003). IFN-y plays an essential role in adaptive and innate immunity against
pathogens, moreover, these cytokines are released by various cell types such as natural
killer (NK) and natural killer T cells (NK T cells), CD4* and CD8" cytotoxic T cells, B
cells as well as antigen presenting cells (APCs) such as macrophages and dendritic cells
(DCs) (Frucht, D. et al., 2001; Kak, G., et al, 2018). During adaptive immunity T cells are
the major source of IFN-y, while NK cells and APCs secrete IFN-y during early host
defense (Boehm, U., et al., 1998; Kak, G., et al., 2018). Thus, this cytokine aids in
macrophage activation, upregulation of major histocompatibility complex (MHC) proteins
and modulation of helper T cell responses. However, in addition to its immunomodulatory
roles, through the activation of IFN-y’s signaling cascade, IFN-y controls CNS immune
surveillance and has been shown to be essential to normal brain physiology (Deczkowska,

A, etal, 2016).

Similar to type I IFNs, IFN-y’s biological effects occur through receptor mediated
signaling. IFN-y interacts with a heterodimeric complex receptor (IFN-yR), which is
present on IFN-y producing and non-producing cells, it is composed of a ligand binding
subunit (IFNGR1) and a signal transducing beta subunit (IFNGR2). IFN-y has a higher
binding affinity to IFNGR1 compared to IFNGR2 (Figure 3B) (Kak, G., et al., 2018).

Receptor ligand binding activates a downstream signaling cascade, which ultimately
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produces protective responses against pathogens and cancer cells within a host (Bach, E.,
et al., 1997; Kak, G., et al., 2018). Once IFN-y binds to its receptor, crosslinking of
IFNGR1 and IFNGR2 occurs leading to the phosphorylation of JAK1 and JAK2. Activated
JAKSs then phosphorylate the inactive transcription factor STAT1 (Figure 3B) (Ramana,
C.,etal., 2002), activated STAT1 homodimerizes and is translocated to the nucleus, there
it binds to GAS (gamma activated sequences) elements, which mediates transcription of
IFN-y associated genes needed for protective immunity (Figure 3B) (Kak, G., et al., 2018).
Activation of this pathway also triggers subsequent activation of other transcription factors
that function in T cell development, differentiation and lineage commitment (Kak, G., et
al., 2018). Furthermore, activation of the type II pathways also recruits other factors which
bind to IFN-y promoter driving the expression of IFN-y while concurrently silencing other
genes (Kak, G, et al., 2018; Afkarian, M., et al., 2002). Given the similarities and shared
proteins within the Type I and II IFN pathways, varying combinations of dimerized STAT
can modulate signaling outcomes. For example, IFN-a and IFN-$ mediated activation of
STAT4 is required for IFN-y production during viral infections, whereas STATI
negatively regulates IFN-a dependent induction of IFN-y expression (Nguyen, K., et al.,
2002). Thus, the immunological response and overall function of IFN-y during microbial
and viral infection may be mediated by cross talk between the two pathways or through

modulation of the type I IFN pathway.
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Figure 3. Type I and II interferon receptors and
activation of the JAK-STAT signaling cascade. (A)
Type I IFN receptors are made up of IFNARI and
IFNAR2 which are bound to TYK2 and JAKI,
respectively. Activation of the plasma membrane
receptors through ligand binding of type I IFNs, causes
subsequent phosphorylation and activation of STAT1 or
STAT?2. Following activation STAT1/2 forms a STATI-
STAT2-IRF9 complex. This heterodimer complex then
translocates to the nucleus and binds to interferon
stimulated response elements in DNA to elicit
transcription of proteins to carryout type I IFN mediated
cellular responses. (B) Type II IFN, IFN-y, receptors
consist of IFNGR1 and IFNGR2 with JAK1 and JAK2
attachments, respectively. Activation of the receptors
through ligand binding of IFN-y causes phosphorylation
and activation of STAT1. STAT1 homodimerizes and
translocates to the nucleus and bind to IFN-y activated
site (GAS) elements to facilitate the transcription of
proteins pertinent to IFN-y cellular responses. This figure
was adapted from Platanias, C. (2003).

1.8. CRISPR/Cas9 technology as a treatment option for JCV-PML infections

Throughout the last decade, CRISPR/Cas9 technology and CRISPR applications

have gained great momentum within the scientific community. This is mostly due to its

ability to mediate precise genome alterations, making this technology well-suited for gene

editing within a variety of cell types and organisms. CRISPR is an acronym for “clustered

regularly interspaced short palindromic repeats”, it is a microbial adaptive immune system

consisting of RNA-guided nucleases which are able to cleave foreign genetic elements

(Deveau, H., et al., 2010; Bhaya, D., et al., 2011; Ran, F., et al., 2013). Three types of

CRISPR systems have been identified amongst several bacterial and archaeal host; each
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system encompasses CRISPR-associated (Cas) genes, noncoding RNAs and direct repeats
and short variable sequences known as protospacers which make up the CRISPR RNA
(ctRNA) array (Ran, F., et al., 2013). However, the type II CRISPR system is believed to
currently be the best characterized system of use (Ran, F., et al., 2013). It consists of the
Cas9 nuclease, crRNA which are the guide RNAs and lastly, trans-activating crRNA
(tracrRNA) which contributes to the processing of the crRNA array into discrete units
(Garneau, J., et al., 2010; Gasiunas, G., et al., 2012). Furthermore, the crRNA and
tractrRNA can be merged together to create a chimeric, single-guide RNA (sgRNA) (Jinek,
M., et al., 2012). In order for the Cas9 nuclease to cleave genomic sequences the target
DNA must precede a protospacer adjacent motif which typically differs in other Cas9

orthologs (Jinek, M., et al., 2012).

The Cas9 system promotes genome editing by stimulating double strand breaks
(DSBs) within the target sequence (Urnov, F., et al., 2010; Hsu, P., and Zhang, F., 2012).
Cleavage by Cas9 causes the target genomic locus to undergo one of the two major
pathways of DNA damage repair — nonhomologous end joining (NHEJ), which is highly
error prone, or homology-directed repair (HDR), which is a high-fidelity pathway. When
the Cas9 system is utilized without a repair template, NHEJ occurs within the cell to re-
ligate DSBs. This process repairs the breaks using random insertion/deletion (indel)
mutations thus, NHEJ is typically used to mediate gene knockouts because the indel
mutations often lead to frameshift mutations and premature stop codons (Ran, F., et al.,
2013). Whereas, in conjunction with a repair template, HDR can generate precise

modifications at a target locus. The repair template can either be in the form of conventional
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double-stranded DNA targeting constructs or single-stranded DNA oligonucleotides,
which is more useful for making small genomic edits or eliciting single nucleotide
mutations (Ran, F., et al., 2013). However, unlike NHEJ, HDR is typically active only in
dividing cells furthermore, the efficacy of the outcomes from genomic editing can vary
depending on cell type, genomic locus and the repair template used (Saleh-Gohari, N., et
al., 2004). In this thesis, the CRISPR-Cas system derived from Streptococcus pyogenes
known as SpCas9 (Jinek, M., et al., 2012) was utilized to examine the knockout of a protein
pertinent to the type I IFN pathway in order to further examine the effect of type I IFN

signaling on the replication of JCV.

Given the relative lack of success within current treatment options for PML,
alternative treatment strategies are desperately needed. CRISPR/Cas9 technology may
prove to be a useful tool in combating the progression of JCV to PML as well as the overall
replication of the virus. In fact, the application of CRISPR/Cas9 to eradicate the genome
of JCV by targeting different regions of the viral genome has already been reported by two
groups (Wollebo, H., et al., 2015; Chou, Y., et al., 2016). Wollebo et al. (2015) utilized the
CRISPR/Cas9 technique to introduce mutations in the JC viral genome, specifically
inactivating the gene encoding TAg thus inhibiting viral replication. Their results showed
transient or conditional expression of Cas9 and gRNAs targeting the DNA sequences
corresponding to the N-terminal region of TAg and introduced mutations which interfered
with expression and function of the viral protein. Despite promising results by both groups,
future in vivo studies are needed in order to determine whether or not CRISPR/Cas9

targeting of JC viral genome is a feasible treatment option against JCV-mediated PML.
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1.9.  Thesis statement

The aim of this thesis is to investigate the implications of type I and II IFN signaling
and the role of C/EBPB-LIP on JCV infection. More specifically this thesis examines the
effect of type I IFNs specifically IFN a and B on JCV viral replication which proved to
have a negative effect on JCV transcriptional regulation. Furthermore, the results discussed
in this thesis show that treatments of IFN-a and -f increased endogenous levels of C/EBPf-
LIP in a time-dependent manner. Additionally, results also show that the negative
regulatory role of C/EBPB-LIP in JCV early and late transcription is more pronounced in
the presence of IFN-a and B cytokine treatments. Therefore, C/EBPB-LIP and type I IFNs
negatively regulates JCV, which together with other cellular transcriptional factors may
control the balance between JCV latency and activation leading to PML. Lastly, this thesis
also discusses the possible role inflammatory type II IFNs, specifically the IFN-y signaling
pathway, may play in the activation of latent JCV and progression of PML within
immunocompromised and immunosuppressed populations. Using current and past research
on IFN-y, we examine the possible immunological mechanisms in which active JCV
progresses to PML and how dysregulation of pathways related to type II IFNs may further
mediate this inflammatory process. Furthermore, this thesis utilizes previous research
findings in order to propose future directions to study type II IFN signaling pertaining to

the modulation of JCV.
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CHAPTER 2: METHODOLOGY

Cell culture and plasmids

Human TC620 oligodendroglioma cells and SVGA cells (SV40 T-antigen
transformed human glial cells) were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 25ug/mL
of Gentamicin (stock solution 50mg/mL cat. No 15750060 from Gibco™) in an
incubator at constant temperature of 37°C and constant injection of 5% CO;. The
reporter constructs JCVgany-LUC (JCVE) and JCVyae-LUC (JCVL) derived from the
plasmid pGL3 (Promega, Madison WI) and contained the full-length NCCR of JCV
Mad-1 strain (NCBI Reference Sequence: NC _001699.1) cloned into the Smal site
immediately upstream the luciferase gene in the early and late orientations,
respectively. The expression plasmid pCMV-C/EBPB-LIP (pLIP) was kindly
provided by Dr. Ueli Schebler, University of Geneva. In this plasmid, the cDNA
encoding the liver-enriched transcriptional-inhibitory protein (C/EBP- LIP, 20 kDa),
an isoform of the CAAT/enhancer binding protein beta (C/EBP-B), has been cloned
downstream the Cytomegalovirus promoter (CMV). The pcDNA6A (pcDNA™6/V5-
His A, cat. No V220-01 Invitrogen Life Technologies, Carlsbad, CA) was also used

as mock plasmid for the monitoring of transfection effect on cells viability.

Antibodies

The following antibodies were used to perform Western blots: mouse anti-a-

tubulin (B7) antibody (catalog no. SC-5286); mouse anti-GAPDH (6C5) antibody
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(catalog no. SC32233); rabbit anti-STAT1 (E-23) p84/p91 antibody (catalog no. SC-
346) and mouse anti-C/EBP-B (H7) antibody (catalog no. SC-7962) were all ordered
from Santa Cruz Biotechnology and were each stored in 4°C; anti-VP1 antibody
(AB597) was kindly provided by W. Atwood (Brown University, Rhode Island) and
was stored in -20°C; rabbit anti-phospho(Y701)-STAT1 (58D6) antibody (catalog no.
9167) and rabbit anti-lamin A/C antibody (catalog no. 2032) were all ordered from
Cell Signaling Technology and were stored at minus 20°C; mouse anti-FLAG M2
antibody (catalog no. F3165 from Sigma-Aldrich St. Luis, MO USA) was used to
detect FLAG-tag SpCas9 in Western Blot assay and it was stored at minus 20°C.
IRDye® goat anti-mouse 800CW (cat. No 926-32210 from LI-COR), IRDye® goat
anti-mouse 680RD (cat. No 926-68070 from LI-COR) and IRDye® goat anti-rabbit
680RD (cat. No 926-68071 from LI-COR) were used as secondary antibodies and
purchased from LI-COR, Inc. (Lincoln, NE). The mouse anti- C/EBP- (H7) antibody
(catalog no. SC-7962) was also used to perform Immunocytochemistry and Goat
Anti-Mouse IgG H&L (FITC) (cat. No ab6785 from abcam) was used as FITC

conjugated anti-mouse secondary antibody in this assay.

Recombinant Human Interferons - IFN-a and IFN-p treatment

SVGA cells were cultured at 70% confluency in a 6 wells plate and treated
with IFN-a 50 ng/ml (cat. No IFO07 ordered from Millipore Sigma) or IFN-f 100
ng/ml (cat. No [F014 ordered from Millipore Sigma) for 4,8,12,24,36 and 48 h. Total

cell extract were prepared and analyzed by western blot.
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CRISPR Cas9 knock out of STAT1

The genomic sequence of human STAT1 gene (NC_000002.12 Homo sapiens
chromosome 2, GRCh38.pl12 Primary Assembly, REGION: 190968989 —
191014250) was obtained from NCBI data base and STAT1 open reading frame was

determined using the Benchling online platform (www.benchling.com). Two gRNAs

targeting the human STAT1 Exonl15 and 16 was designed using Benchling CRISPR

design tool (www.benchling.com). The gRNA candidates were selected based on the

functional domain they target and the highest on target cleavage scores (Table 1,
Appendices). A pair of oligonucleotides for each targeting site were designed in
forward and reverse orientation as follow: STAT1lel5Fw 5’ — CAC CGT GCT GGC
ACC AGA ACG AAT G -3’ and STATI1el5Rev 5° — AAA CCA TTC GTT CTG
GTG CCA GCA C -3’ for exon 15 of STAT1 gene, STATlel6Fw 5° — CAC CGT
GGT TTG GTA ATT GAC CTC G — 3’ and STATlel6Rev 5 — AAA CCG AGG
TCA ATT ACC AAA CCA C-3’ forexon 16 of STATI gene (Table 1, Appendices).
Each oligonucleotide contains sticky ends for cloning in a tandem sgRNAs U6
cassettes in pX333 plasmid (Plasmid #64073 by Addgene) after sequential cutting by
Bbsl and Bsal (Wollebo, H., et al., 2006). The same plasmid expresses also the
CRISPR endonuclease SpCas9. The ligation mixture was transformed into competent
cells and the cloning of gRNAs were confirmed by Sanger sequencing using the

oligonucleotides described above as primers.
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Production of clonal derivatives of SVGA expressing SpCas9 and STATI-

specific gRNAs

SVGA cells were co-transfected with pX333 or pX333-derived plasmids
expressing the two STATI-targeting gRNAs (described above) and the plasmid
pKLV-U6gRNA (Plasmid #62348 by Addgene) containing the puromycin resistance
in a ratio of 5:1. Selection was done with 1 pg/ml puromycin and clones isolated by

dilution cloning.

Reverse transcriptase reaction

The STAT1 gRNAs expression were assessed on the whole RNA extracted
by the Rneasy Mini Kit following the manufactory protocol (QIAGEN, MD USA).
The RNA was retro-transcribed in cDNA by the M-MLV reverse transcriptase
(Invitrogen, CA USA) using the primer T404 (5 — AAA AGC ACC GAC TCG GTG
CCA C - 3’) that anneals on the SpCas9 sgRNA scaffold. The gRNAs specific
sequences were amplified by PCR from ¢cDNA using primer T404 as reverse and
primers STAT1el5Fw and STATlel6Fw as forwards (Table 1, Appendices). The

specific PCR products were visualized by electrophoresis on 2% agarose gel.

Analysis of STAT1 gene sequence excision

Since the cleavage of DNA by Cas9 leaves behind characteristic DNA
excision, the sequence of the STAT1 gene from the SVGA cells stable for STATI
gRNAs was analyzed. Total genomic DNA was isolated from cells using a genomic

DNA purification kit according to the manufacturer’s instructions (NucleoSpin®
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Tissue kit by Macherey-Nagel) and the regions of the STATI gene that had been
targeted were amplified by PCR using flanking primers (Table 1, Appendices). The
PCR products were cloned into the TA cloning vector pcR2.1®-TOPO TA
(Invitrogen, CA USA) and positive colonies were sequenced by Sanger sequencing

using the oligonucleotides reported in Table 1 as primers.

Infection/transfection/shRNA depletion of CMV-pLip

SVGA cells, which are astrocytic cells that express SV40 T-antigen and
support JCV replication, were cultured at 60% confluency in a 6 wells plate and
infected with JCV Mad-1 at MOI of 1 for 2 hours. The virus inoculum was removed,
and the cell were transduced with Adeno-siRNA-LIP or Adeno-null (control) as
previously described (Romagnoli, L., et al., 2009). In experiments to test the effect of
C/EBPp -LIP overexpression in JCV replication, cells were transfected with either
2ug CMV-pLIP or pcDNAG6A (control) 24 hours after viral infection. The
transduction of the cells with Adeno vectors and transfection with CMV-pLip
continue on day 3 and 4 post infection respectively. 5 days post infection, the
efficiency of C/EBPB-LIP knockdown and its effect on viral replication was evaluated

by western blot. Supernatants were collected to measure the viral load by q-PCR.

Transient transfection assays

Experiments involving co-transfection of reporter plasmids and expression
plasmids were performed as previously described (Wollebo, H., et al., 2011). TC620

cells were transfected with reporter constructs alone (200ng) or in combination with
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the various expression plasmids. The total amount of transfected DNA was
normalized with empty vector DNA. When IFN-a or -f were used, 50ng/ml of IFN-
a or 100ng/ml of IFN- were added to the culture with a fresh media after six hours
of the transfection and the next day the same treatment was repeated. Assay for

luciferase were performed as previously described (Wollebo, H., et al., 2011).

Western blots

Westerns were performed as previously described (White, M., et al., 2006)
except that antibody was detected with the LI-COR system. Blots were incubated with
IRDye® Li-COR dyes and visualized with an Odyssey® CLx imaging System (LI-
COR, Inc., Lincoln, NE) using LI-COR Odyssey software. Band intensities were
quantified using the ImageJ software (NIH) and intensities normalized to equal

loading control.

Quantitative Real-Time PCR (Q-PCR)

The Q-PCR was performed using Mad-1 JCV-specific forward (nt 2392 to
2412) and reverse (nt 2467 to 2486) primers, at the final concentration of 200 and 400
nM respectively, plus 200 nM of Mad-1 JCV-specific probe (nt 2416 to 2436),
fluorescently labeled at the 5> with HEX. Ten microliters of cell culture supernatant
were directly analyzed in triplicate in 10 pL reaction mixture containing the above
primers and probe in 10X Buffer for Platinum® Taq DNA Polymerase (Invitrogen)

plus ANTPs mix (Invitrogen). Plasmid DNA containing the Mad-1 JCV genome was
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used to generate a standard curve against which the samples were analyzed using

Lightcycler® 480 (Roche) and LightCycler® 96 software (Roche).

Immunocytochemistry (ICC)

ICC was performed as described previously (White, M., et al., 2014). Briefly,
SVGA cells were cultured at 60% confluency in a 6 wells plate and transfected with
2ug of pLIP or pcDNAGA as well using 3.5ul./ug DNA of FUGENE® 6 Transfection
Reagent (cat. No E2691 from Promega, Madison WI). The cells were treated either
with IFN-a or IFN-B on days 1, 2 and 3 post transfections. Cells were fixed in 4%
paraformaldehyde in PBS for 10 minutes, washed, permeabilized for 5 min with 0.1
% Triton X-100, blocked with 5% normal goat serum for 60 min and incubated
overnight in 4°C with mouse anti- C/EBPB (H7) antibody at 1:200 dilution in 0.1%
BSA. Cells were then washed , incubated for 2 h with secondary FITC-conjugated
goat anti-mouse secondary antibody at a 1:400 dilution, washed, mounted with 4,6-
diamidino-2-phenylinole (DAPI)-containing mounting medium (VECTASHIELD,
Vector Laboratories Inc. Burlingame, CA), and the ICC images were acquired by BZ-
X800 Fluorescence Microscope (KEYENCE Corporation) and analyzed using the

dedicated software.

32



MTT assay

To asses cell viability after any treatment, MTT (3-(4,5-dimethylyhiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay was performed with Smg/ml MTT
(Amresco, Solon, OH) using an absorbance reader to determine optical density at a

wavelength of 570 and 620 nm.

Cell fractionation

Cells from each well of a 12 wells plate were harvested at the corresponding
time points (4h, 12h, 24h) after 1 treatment with type I IFNs (a or ) and the nuclear
and cytoplasmic proteins isolated by NE-PER™ Nuclear and Cytoplasmic Extraction
Reagents (cat. No 78835 from Thermo Scientific™, Rockford, IL USA) following

the protocol provided by the manufactory company.

Statistical Analysis

All the values on the graphs are presented as mean and the standard deviations
are reported as error bars on the histograms. Student’s ¢ test was used to analyze the
statistical significance and p values <0.05 were considered statistically significant.
The raw data were analyzed by JMP® Pro 15.1.0 statistical analysis software (SAS

Institute Inc., SAS Campus Drive, Cary, NC, USA 27513).
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CHAPTER 3: RESULTS

IFN-a or IFN- induces endogenous expression of C’EBPB-LIP

In an earlier study, it was shown that JCV noncoding control region contains
a single functional kB element that binds C/EBPB-LIP and mediate inhibition of JCV
early and late promoter (Romagnoli, L., et al., 2009). Honda et al. (1998) reported
that type I IFN induce the inhibitory C/EBPB-LIP isoform to inhibit the HIV LTR in
macrophages. Therefore, in this study the effect of IFN-a and IFN-f on the induction
of endogenous C/EBPB-LIP in glia cells (SVGA) was examined (Figure 4). The time
dependent experiment illustrated a significant increase of LIP expression after 36
hours (p = 0.0011) and 24 hours (p < 0.0001) of treatment with IFN-a (Figure 4A)
and IFN-f (Figure 4D), respectively. This expression significantly decreased after 36

hours of treatment with IFN- (p <0.0001) (Figure 4D).

The endogenous expression of STAT1 significantly increased compared to the
control group after 12 hours of treatment with IFN-a (p < 0.0001) or IFN-B (p =
0.0003) (Figure 4B and C respectively). Moreover, both IFN-a and IFN-f induced
the phosphorylated form of STATI after 24 and 36 hours of treatment, respectively

(Figure 4C and F respectively).
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Production of clonal derivate of SVGA cells expressing SpCas9 and STAT1

specific gRNAs

Since the treatment of SVGA cells with IFN-a and IFN-B also induces the
total and the phosphorylated form of STAT! (Figure 5B, C, E and F), we examined
the possible biological significance on JCV replication. To further understand the
functional consequence of STATI induction and activation by IFN-a in JCV life
cycle, the CRISPR Cas9 system to knock out STAT1 was applied. JCV infection of
STAT1-knock out clonal cell line was suppressed both in the presence and absence
of IFN-a, indicating that IFN-a exert its anti-JCV activity through a STATI-
indipendent manner (Figure 5). The STAT1 knock out was confirmed by western blot
(Figure 5A lanes 6 and 7) and by PCR (Figure 5B). A reduction of viral load in the
culture supernatant compared to the untreated control group was also observed by g-
PCR analysis (Figure 5C). The STATI1 gene sequence specifically targeted by the
endonuclease SpCas9 in presence of the gRNAs STAT1el5 and STAT1el6 (Figure
5D and E) was amplified by PCR for a final product of 2,109 bp. The endonuclease
activity of SpCas9 in presences of the two gRNAs determined an excision of 1,309
bp, resulting in a excision product sequence of 800 bp (Figure 5B). Finally, the

STAT]1 excision was confirmed by Sanger sequencing (Figure 5F).
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Figure 4. Endogenous expression of ¢/EBPB-LIP (LIP) after treatment with IFN-a or
IFN-B. Western blot on protein lysis from SVGA cells collected 4h, 8h, 12h, 24h, 36h and
48h after a single treatment with [IFN-a (A, B and C) or IFNJ (D, E and F), respectively, in

order to evaluate the endogenous expression of LIP (A and D). a-tubulin was used as loading

control and endogenous expression of STAT1 (B and E) and its phosphorylated form (C and
F) (phosphoSTAT!1 or pSTAT1) were also analyzed. For each panel, a densitometry

assessment of LIP and STAT1 was also included, using untreated SVGA cells as negative
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control. At 36 and 24 hours there was a significant increase in endogenous expression of LIP
after treatment with IFN-a (p < 0.01) and IFN-B (p < 0.0001) respectively; whereas an
important increase of STAT1 phosphorylation was observed at 24 and 36 hours after
treatment with IFN-a and IFN-f respectively. Standard deviation bars are depicted on the
graph. Student’s ¢ test was used to analyze the statistical significance of each treatment group
compared to the untreated negative control and p values <0.05 were considered statistically

significant. Note: * p = 0.05; ** p < 0.01; *** p<0.0001.

Figure 5:

— . e ey — SaCas9 (160 KDa) 5000 bp — g
e — - STAT1 (90 KDa) 2000bp - o D D D D - — - 2109 bp
- a-tubulin (55 KDa 8s50bp - == Presapp— -
( ) 500bp = 800 bp
—_— —_— = VP1 (40 KDa) =
1 3 4 5 6 7 M 1 2 3 4 5 6 7 dH,0
JCV Mad-1 _ + ¥ i " 4 4 JCV Mad-1 - + + + + + +
INF-o. + + + INF-aa - - + - + -  +
- R - p333spCas9 -~ - - 4+ 4+ - -
pa333speasd - - -+ o+ o - px333SpCas9+gRNAs el5-el6 - - - - -  +  +
px333SpCas9+gRNAs e15-e16 - - - + +
STAT1el5 gRNA
C 2.50E+05 D 650 bp—
1.81E+05 1.91E+05
S 2.00E+05 174405 1 200 bp —
% ’ 100 bp - -— e - 103 bp
‘a  1.50E+05
8 J—
2 S STAT1e16 gRNA
E 1.00e+05 650 bp— s 4
2 —
u S
G sooeioe 1.90E+04 200b
- -90E+ 1.72E+04 1.69E+04 P~
0.00es00 3EM = | ] 100bp = — - e - 103 bp
1 2 3 4 5 6 7 M 1 2 3 4 5 6 7 dH,0
JCVMad-1 - + + + + + + JCV Mad-1 - + + + + + +
INF-ou - - + - + - + INF-a - - + - + - +
px333SpCas9 - - - + + - - px333SpCas9 - - - + + - -
px333SpCas9+gRNAs e15-e16 - - - + + px333SpCas9+gRNAs e15-e16 - - - - - + +

E

PAM
STAT1e16 gRNA (-): 190984331 5'- TGGTTTGGTAATTGACCTCG AGG -3’ 190984315  STAT1el5 gRNA (-): 190985640 5'- TGCTGGCACCAGAACGAATG AGG -3’ 190985624
- - p —

~o - S aaeemmT T

. - /
. <
STATIFW > + < STATIRev
= exonts} I pr
190964358 - - 191020961
e} e ——+
exons: 25 24 23 22 21 20 19 18 1716 15 14/13 12 1 10 9/8 7 6 5 4 3 21
STAT1Fw PAM STAT1e16 gRNA PAM STAT1el5 gRNA STAT1Rev

px333SpCas9 STAT1 full length GGGGAGGGCAGAGCAAAATAAATA /256/ TTACCTCGAGGTCAATTACCAAACCAGGC /1280/ TCACCTCATTCGTTCTGGTGCCAGCATTT /468/ AGGGCGGCTCTGAATACCCTCAG
9+gRNAsSTAT1el15-e16 CAGAGCAAAATAAATA /256/ TTACCTCGAG: -/1309/ CGTTCTGGTGCCAGCATTT /468/ AGGGCGGCTCTGAATACCCTCAG
px333SpCas9+gRNAsSTAT1e15-e16 + INF&. GGGGAGGGCAGAGCAAAATAAATA /256/ TTACCICGA -/1309/- GTTCTGGTGCCAGCATTT /468/ AGGGCGGCTCTGAATACCCTCAG

37



Figure 5. Effect of CRISPR/Cas9 editing of STAT1 on JCV replication. SVGA cell line
stable for the protein SpCas9 by itself or in combination with two specific single-guide RNAs
(gRNAs), STAT1el5 and STATlel6, targeting the exon 15 and 16 of STAT1 respectively,
were produce by the plasmid px333 (see Material and Methods), infected with the Mad-1
strain of JCV at MOI 1 and treated with [FN-a (100 ng/mL) for 24 hours. The cells were
harvested and analyze at 7 days post-infection (p.i.). (A) Fifty micrograms of total cell extract
were run on a 10% polyacrylamide SDS gel and analyzed by western blot for VP1, SpCas9
and STAT1. a-tubulin was run as loading control. (B) The STAT1 gene sequence, specifically
targeted by the endonuclease SpCas9 in presence of the gRNAs STAT1el5 and STATI1el6,
was amplified by PCR, electrophoresed on an agarose gel and visualized with ethidium
bromide. (C) The JC viral load was also assessed by Q-PCR in the culture supernatant. (D)
As the expression of the protein SpCas9 was confirmed by western blot (A), the gRNAs
expression was assessed by reverse transcription (see Material and Methods). Diagram of the
STAT] gene indicating the positions of PCR primers and gRNAs STATlel5 and STATl1el6.
The PCR primers amplified a sequence of 2,109 bp. The endonuclease activity of SpCas9 in
presences of the two gRNAs determined an excision of 1309 bp, generating a new sequence
of 800 bp. (F) Sequence analysis of PCR products for the STAT1 excision (800 bp) from
SVGA cell line stable for the protein SpCas9 and the specific gRNAs STATlel5 and
STATlel6.

IFN-a or IFN-B and C/EBPB-LIP cooperate to inhibit JCV early and late

transcription

In order to investigate the effect of IFN-a or IFN-B and C/EBPB-LIP over
expression alone or in combination on JCV early and late promoter, the reporter
constructs JCVgany-LUC (JCVE) and JCVirae-LUC (JCVL) containing the full-length
NCCR of JCV Mad-1 strain cloned immediately upstream the luciferase gene in the
early and late orientations, respectively were used. Treatment of the cells with IFN-«
or IFN-f inhibits both early and late transcription as assessed using luciferase reporter

plasmid (Figure 6). As previously shown by out group (Romagnoli, L., et al., 2009).,
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C/EBPB-LIP expression inhibits JCV early and late transcription. Synergistic
inhibitory effect of JCV early and late transcription was observed when cells
expressing C/EBPB-LIP treated with either IFN-a (Figure 6A and B) or IFNP (Figure
6C and D). A significant reduction of LIP overexpression was also observed after
treatment with IFN-B (Figure 6C and D lanes 5): this cytokine may affect the CMV
promoter under which the cDNA encoding the liver-enriched transcriptional-
inhibitory protein (LIP) has been cloned. Either treatment with IFN-a or IFN- and
C/EBPB-LIP expression had little effect on cell viability as measured by MTT assay

(Supplementary Figure 1, Appendices).
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Figure 6. Effect of pCMV-C/EBPB-LIP (pLIP) expression plasmid and IFN-o and IFN-
p on pJCVgary-LUC (JCVE) and pJCVy0ae-LUC (JCVL) reporter plasmids. Western blot
images of protein lysates from TC620 cells co-transfected with pLIP expression plasmid and
JCVE (A and C) or JCVL (B and D) reporter plasmid (containing the full-length NCCR of
JCV Mad-1 strain cloned immediately upstream the luciferase gene in the early and late
orientations, respectively) in presence or absence of IFN-a (A and B) or IFN-B (C and D)
treatment. a-tubulin was used as loading control and overexpression of LIP was analyzed.
For each panel, a densitometry assessment of LIP was also included and the luciferase assay
results from JCVE and JCVL respectively were reported. A drastic reduction of luciferase
signals from JCVE and JCVL vectors after the IFN-a or IFN-f3 treatment alone was observed.
This reduction was significantly pronounced after the co-transfection of the reported plasmids
JCVE (p = 0.05) (A) and JCVL (p < 0.01) (B) with the expression plasmid pLIP in presence
of IFN-a and the co-transfection of the reporter plasmids JCVE (p< 0.0001) (C) and JCVL
(p< 0.0001) (D) with the expression plasmid pLIP in presence of IFN-f. Student’s ¢ test was
used to analyze the statistical significance of each treatment group compared to the untreated
negative control and p values <0.05 were considered statistically significant. Note: * p =

0.05; ** p < 0.01; *** p< 0.0001
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Silencing of C/EBPB-LIP by an Adeno-shRNA reverse the inhibitor effect of LIP
on JCV replication

To investigate the effect of C/EBPB-LIP on JCV infection, SVGA cells with
JCV or transduced with Adeno-shRNA-LIP or Adeno-null (control) were infected
andtransfected with C/EBPB-LIP expression plasmid (Figure 7). JCV infection was
monitored by western blot for viral protein VP1 (Figure 7A, C, E and G) and by Q-
PCR for viral DNA in the culture supernatants (Figure 7D and H). shRNA depletion
of C/EBPB-LIP reverse the inhibitory effect of LIP expression. These results indicate
that C/EBPB-LIP has a significant role in the JCV replication. Cell viability was
maintained after treatment with IFN-a or IFN-, C/EBPB-LIP expression and Adeno-
shRNA-LIP and JCV infections as measured by MTT assay (Supplementary Figure

2, Appendices).

Stabilization of C/EBPB-LIP in the Nucleus after IFN-a or IFN-f treatment
Since C/EBPB-LIP inhibited both JCV transcription and replication,
immunocytochemistry was performed to investigate subcellular redistribution of
C/EBPB-LIP after IFN-a and IFN-B treatment. SVGA cells where transfected with
C/EBPB-LIP, treated with IFN-a and IFN-B for 24 hours and analyzed by
immunocytochemistry for C/EBPB-LIP. The distribution of C/EBPB-LIP was
revealed by mouse anti-C/EBP-f (H7) antibody (FITC, green) and nuclear DAPI
(blue) (Figure 8A and B). Treatment of IFN-a and IFN-f led to the stabilization of
translocated C/EBPB-LIP in the nucleus compared to the control and treated controls.

Moreover, in order to confirm the nuclear localization of C/EBPB-LIP after treatment

41



with IFNs, a cell fractionation assay was performed, cells were harvested at

corresponding time points (4h, 12h, 24h) after 1 treatment with [FNa (C) or IFN

(D), and the nuclear and cytoplasmic proteins were isolated. C/EBPB-LIP was stable

in the nucleus and the IFN-f} treatment contribute to stabilize the nuclear localization

of this protein (Figure 8D).
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Figure 7. Effect of Adeno-siRNA-LIP on JCV-infected SVGA cells transiently
transfected with C/EBPB-LIP expression plasmid in presence or absence of IFN-a or
IFN- treatment. Western blot on protein lysis from SVGA cells co-infected with JCV Mad-
1 at MOI of 1 and Adeno-siRNA-LIP at MOI of 5 after co-transfected with pLIP and
treatment with IFN-a (A, B, C and D) or IFN-B (E, F, G and H) for 5 days. On the 5" day
post-infection (p.i.), the cells were harvest in order to evaluate the expression of LIP (B and
F) and the late capsid protein VP1 (C and G) by western blot and to measure the viral load in
the supernatant culture media was measured by quantitative PCR (Q-PCR) (D and H). The
Western blot analysis have shown a significant reduction of LIP overexpression after Adeno-
siRNA-LIP infection (p< 0.0001) (A, B, E and F lane 5). Moreover, reduction of VP1
expression after the IFNs treatment and Adeno-siRNA-LIP infection was observed (A, C, E
and G lane 3 and 4 respectively). On the other hand, the JC viral load in the supernatant
detected by Q-PCR was significantly reduced after IFNs treatment and overexpression of LIP

(D and H lane 3 and 4 respectively).
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Figure 8. Stabilization of C/EBPB-LIP in the nucleus after IFN-a or IFN-B treatment.
Immunocytochemistry (ICC) of SVGA cells transiently transfected with pLIP and treated
with IFN-a (A) or IFN-f (B) for 24 hours. After blocking, the slides were incubated overnight
with mouse anti-C/EBP-B (H7) antibody (FITC) and then mounted with medium containing
DAPI. The ICC image were acquired by BZ-X800 Fluorescence Microscope (KEYENCE
Corporation) and analyzed using the dedicated software in order to calculate the percentage
of FITC/DAPI merge. In both treatment with IFN-a and or IFN-f, significant overlapping of
FITC and DAPI signal was observed (IFN-a: p = 0.05 and IFN-B: p < 0.01), indicating
C/EBPB-LIP enrichment in the nucleus. In order to confirm the nuclear localization of
C/EBPB-LIP after treatment with [FNs, a cell fractionation assay was performed, cells were
harvested at corresponding time points (4h, 12h, 24h) after 1 treatment with IFN-a (C) or
IFN-B (D), and the nuclear and cytoplasmic proteins were isolated. Student’s # test was used
to analyze the statistical significance of each treatment group compared to the untreated

negative control and p values <0.05 were considered statistically significant.
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Figure 9:
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Figure 9. Schematic representation of a novel mechanism of JCV transcription and
replication control by IFN-a or IFN- by producing a dominate negative isoform LIP
of C/EBP-B. IFN-a and IFN-B binding to IFN receptor (IFNR) activates the signaling
pathway which leads to the formation of an phosphorylated STAT1 and STAT2 heterodimer
complex to produce transcription factors which binds to IFN-stimulated response elements
(ISREs) leading lead to the production of antiviral effectors (Lazear, H., et al., 2019) (1.).
Through these signaling pathways IFNs control viral replication thus viral spread through the
induction of an antiviral state in infected and uninfected cells (Forero, A., et al., 2019). In
addition to the JAK-STAT pathway, interferons have shown to exert their antiviral activity
by modulating the function of some transcriptional factors such as C/EBP-f§ families (Ramji,
D., Foka, P., 2002; Calkhoven, C., et al., 2000) (2.). In this study, the dominate negative
isoform LIP of C/EBP- has been shown to be stable in the nucleus after treatment with IFN-
a and IFN-B, and its interaction with the JCV NCCR (Romagnoli, L., et al., 2009) inhibit
JCV life cycle (3. And 4.)
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CHAPTER 4: DISCUSSION

4.1.  Type Il interferon signaling and C/EBP-p mediated JCV suppression

Interferons (IFNs) are key defenses against viral infections (Ng, C., et al.,
2016). A variety of viruses can hijack the IFNs system, particularly type I IFNs, to
produce viral proteins that can suppress immune response against virus infection
(Samuel, C., et al., 2001). As reported previously, the LIP isoform of C/EBP-f cab
function as a negative regulator of JCV transcription for both the early and late
promoter (Romagnoli, L., et al., 2008). The LIP isoform of the CCAAT/enhancer
binding proteins has been identified as a cellular protein that is upregulated upon ER
stress and involved in degradation of polyomavirus JC T-antigen (Bellizzi, A., et al.,
2015). IFN-a induces the inhibitory LIP isoform of C/EBP-B to suppress the HIV
LTR in macrophages. (Honda, Y., et al., 1998; Dudaronek, J., et al., 2007). Here, we
have described a new role of LIP in conjunction with the Type I IFN system to
regulate JCV transcription and replication. The results in this thesis demonstrate that
IFN-a or IFN-f treatment of glial cells induces a dominant negative LIP isoform of
C/EBP-B in a time dependent manner and this induction of LIP isoform is associated
with inhibition both JCV viral replication and transcription in our experimental
approach. Furthermore, we have shown here that LIP isoform of C/EBP-B cooperate

with these two cytokines to inhibit JCV life cycle.

Luciferase reporter analysis of JCV early and late promoter activity in TC620

cells demonstrated that overexpression of LIP inhibits JCV transcription and this
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effect is more pronounced in the presence of IFN-a or IFN-. Western blot analyses
of JCV infected SVGA cells showed the down regulation of viral VP1 and JCV
replication when LIP is over expressed. This observation was further supported by
experiment that showed silencing of LIP by shRNA reverse the inhibitory effect of
LIP on viral protein expression and replication. This indicates that inhibition of JCV
replication is associated with suppression of JCV promoter activity indicating that
LIP transcriptional downregulation of viral promoter is one of the mechanisms of
attenuation of viral replication. Our observation suggests the existence of the
molecular interplay between the type I [IFNs system and C/EBP-f transcription factors
that may regulate JCV life cycle. Since C/EBP-B isoforms are the predominant
transcription factors which are regulated by signal transduction pathways and induced
by inflammatory stimuli and given that C/EBP- DNA binding element is essential
for JCV promoter inhibition, IFN-a or IFN-B treatment in conjunction with the
inhibitory LIP isoform of C/EBP-B is likely responsible for inhibition of both JCV
replication and transcription. The abrogation of the inhibitory effect of LIP expression
on both JCV transcription and replication by shRNA targeting LIP strongly supports

this conclusion.

One level of regulation of C/EBP-J is subcellular localization (Ramji, D., Foka,
P.,2002). Immunochemistry analysis showed that IFN-a or IFN-f treatment of SVGA
cells overexpressing LIP resulted in cytoplasm to nucleus relocation and stabilization
of LIP. Thus, further supporting the importance of LIP in JCV life cycle. It has

previously been reported that IFNs negatively regulate JCV (Co, J., et al., 2007;
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Assetta, B., etal., 2016) and replication was significantly inhibited by IFNs in primary
human fetal glial cells and neutralizing anti-IFN antibodies rescued the inhibitory
effect of IFN. Assetta et al. (2016) found JCV infection of primary human renal
epithelial cells induced IFN production and activated interferon-stimulated gene
(ISG) expression. In the later study, it was also noted that phosphorylated STAT1 and
IFN regulatory factor-9 (IRF9) translocated to the nucleus in JCV-infected cells and
that blocking the IFNAR and neutralization of IFN-a and IFN- partially relieved
inhibition of JCV infection (Assetta, B., et al., 2016). Here we found that IFN-« or
IFN-B treatment of glial cells induced STATIl expression and STATI
phosphorylation. However, infection of the STAT1 knock-out clonal cell line with
JCV in the presence or absence of IFN-a suppressed viral replication indicating that
IFN-a exerts its anti-JCV activity via an independent STAT1 induction or activation.
Furthermore, the suppression of T-antigen expression upon IFN-a treatment of glia
cells was not observed indicating a different mechanism of JCV anti-viral activity by

these cytokines (supplementary figure 3, Appendices).

Although the exact mechanism of how IFN-a and IFN-f induce the expression
of LIP is not fully understood, an earlier study by Dudaronek et al. (2007)
demonstrated that CUGBP1 (RNA binding protein) is required for IFN-f mediated
induction of LIP isoform to suppress SIV replication in macrophages (REF). The
study by Honda et al. (1998) showed an increase in the level of endogenous LIP by
IFN-a treatment of macrophages, which is associated with repression of HIV LTR

(REF). Currently, it is not exactly understood how IFN-a or IFN- mediated induction
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of LIP suppresses JCV viral transcription and replication. JCV, like other neurotropic
viruses, has a latency period; its reactivation leads to PML (Major, E., 2010).
However, there are many critical areas where our understanding of JCV biology is
incomplete. Specifically, the mechanism by which latent JCV reactivate to cause
PML. It is speculated that the cross talk between type I IFN signaling cascade and
C/EBP- transcription factors may be essential in controlling the balance of JCV
latency and reactivation under immunosuppression. In summary, the data presented
here provide evidence of a novel mechanism of JCV transcription and replication
control by IFN-a or IFN-B by inducing the dominate negative isoform of C/EBP-f,

which is able to modulate the JCV life cycle (Figure 9).

4.2.  Proposed future directions to study the effect of type II interferon
signaling on JCV

Given IFN-y’s proinflammatory function its role in JCV infection and
progression to PML deserves to be examined in more detail. IFN-y is capable of
coordinating various protective functions in order to strengthen immune
responses against a wide variety of infections and cancers (Kak, G., et al., 2018).
IFN-y signaling enhances antigen processing and presentation, increases
leukocyte trafficking, induces an anti-viral state thus boosting anti-microbial
functions and even affects cellular proliferation and apoptosis. IFN-y’s essential
immunomodulatory effects are further reinforced by the fact that mice
possessing disruptions in the IFN-y gene or receptor become susceptible and

succumb to infectious diseases (Kak, G., et al., 2018). The protective benefits of

49



IFN-y are also witnessed in regard to viral infections of the CNS. For example, a
study conducted by Baird et al. showed that IFN-y prolongs survival of varicella-
zoster virus-infected human neurons i/n vitro (Baird, N, et al, 2015).
Nonetheless, many virulent pathogens have evolved mechanisms to evade IFN-
y endowed immune-protection. These defensive mechanisms along with other
factors may lead to over-activity of IFN-y which then cause excessive tissue
damage, necrosis and inflammation (Kak, G., et al., 2018). IFN-y hyperactivity
may contribute to disease pathologies and thus may function in the progression
of JCV to PML. Therefore, further examination into the IFN-y signaling cascade
and IFN-y mediated host-pathogen interactions are critical to understanding
disease mechanisms such as PML and the proinflammatory profiles observed

within infected hosts (Kak, G., et al,, 2018).

Previously, De Simone et al. (2015) showed the anti-JCV activity of IFN-y.
Their results indicate that IFN-y inhibits JCV replication in glia cells by suppressing
T-antigen expression and this down regulation effect is caused by inhibiting
translational initiation through a decrease in the phosphorylation of p70, S6K, 4EP1
and AKT. Therefore, based on this previous study it is evident that IFN-y can
modulate JCV however, the exact mechanism in which JCV progresses to PML has
yet to be elucidated. Ultimately, additional research is needed in order to
examine IFN-y’s role in this process and whether or not additional genes,

cytokines and pathways contribute to this progression.
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LRRK2 Gene and IFN-y Signaling

Recent studies have shed new light on the role of type II IFN signaling in
normal brain function, brain aging and human neurodegenerative diseases (Olah, M.,
etal.,2018; Salih, D., etal., 2019; Panagiotakopoulou, V., et al., 2020). Given a recent
discovery linking IFN-y to selective vulnerability of dopaminergic neurons (DA), one
particular study by Panagiotakopoulou et al. (2020) examines a link between the
expression network signatures of Parkinson’s disease (PD) loci and type II IFN
signaling. Additionally, In PD patients, increased IFN-y levels in the serum, and
increased IFN-y production by peripheral CD4+ T cells have been observed relative
to healthy controls further solidifying the link between neurodegenerative diseases
like PD and type II signaling. Given these findings this group wanted to further
examine the link between IFN-y and the human leucine-rich repeat kinase 2 (LRRK?2)
gene which is the most common genetic cause of PD (Panagiotakopoulou, V., et al.,
2020). The most compelling finding regarding IFN-y and the LRRK?2 gene is that
LRRK2 is an IFN-y target gene (Gardet, A., et al., 2010; Thévenet, J., et al., 2011)
and its expression is upregulated in immune cells upon IFN-y stimulation as well as
exposure to various pathogens among other mediators (Hakimi, M., et al., 2011;
Gillardon, F., et al., 2012). Panagiotakopoulou et al. (2020) showed that IFN-y
synergizes with the LRKK2 gene mutation to suppress AKT phosphorylation in
human DA neurons (REF). Their results also showed that IFN-y also suppressed
AKT activation in human macrophages, suggesting that neuronal IFN-y signaling

shares similarities with peripheral immune cell signaling.
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While these findings mostly pertain to Parkinson’s Disease, given that
this kinase is expressed in macrophages, monocytes and microglia; they may
shed new light on IFN-y’s role in the progression of JCV to PML. For example, a
recent study conducted by Shutinoski et al. (2019), discovered that LRRK2 is
abundantly expressed in human tissues during inflammation. To examine
LRRK2’s role in inflammatory processes, they stained various tissue types
including human brainstem tissues infected by HIV and human cerebral cortex
samples infected by rabies virus. In all cases they detected robust LRRK2
reactivity in infiltrating and intravascular leukocytes. Consequently, since
treatments of IFN-y initiated changes in the function of macrophages and
neurons in Panagiotakopoulou et al.’s study, dysregulation of IFN-y signaling
may also elicit similar changes in JCV infected tissue and cells. Furthermore,
since the functionality of the LRRK2 gene extends beyond PD, over expression of
this gene due to dysregulation in IFN-y signaling is worth examining more
closely, especially within 7n vitro studies using JCV infected cells and eventually
through in vivo using patents with PML or ex vivo studies using tissue samples
from PML patients. In addition, dysregulation of IFN-y signaling has also been
shown to alter the shuttling of peripheral immune cells to the CNS upon infection
(Panagiotakopoulou, V., et al., 2020), thus, the mechanisms in which IFN-y
signaling effect the BBB, peripheral immune system and, glial response to JCV

infected cells should be examined further as well.
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IFN-y Dependent Response to Type I IFN Signaling in Astrocytes and Microglia

It is well known that microglia and astrocytes are the resident immune cells
of the CNS; they are essential for timely innate responses to injury, autoimmune
attacks and infection (Russo, M., and McGravern, D., 2015; Zegenhagen, L., et al.,
2016). Regarding infection, the early responses mediated by these cells are able to
attract peripheral immune cells in order to temper viral replication and infection
within the CNS. Thus, glial cell dysregulation and cross talk between cytokine
signaling cascades may also contribute to the progression of JCV infection to PML.
In fact, a study conducted by Hwang et al. (2018) examined the mediated protection
of type I IFN signaling in astrocytes against viral encephalomyelitis as well as how
astrocytic signaling of type I IFNs regulates type II IFN dependent responses. This
study used mGFAPcre IFNAR™™ mice to assess how the ablation of IFNAR in
astrocytes affects the pathogenesis of a glial and neurotrophic murine coronavirus

(MHV).

Excision of IFNAR in astrocytes resulted in severe encephalomyelitis and
mortality by 7 days post infection whereas, the infected control IFNARYT mice
exhibited mild clinical symptoms and no fatalities. Additionally, their findings
showed uncontrolled viral spread throughout the CNS parenchyma of mGFAPcre
IFNAR™ mice as well as increased viral spread to neurons and microglia in addition
to astrocytes. The dramatic viral spread observed occurred despite elevated and
sustained mRNA levels for IFN-a, IFN-B and ISGs. While their results showed

normal levels of IFN-y production, defective type II IFN signaling was implicated by
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impaired induction of IFN-y dependent MHC class II expression on microglia.
Overall, their results suggest that IFN-o/p signaling in astrocytes is essential in
limiting CNS viral spread but also promotes an IFN-y mediated antiviral, protective

state (Hwang, M., et al., 2018).

It is important to note that JCV is a DNA virus while the virus examined in
the study by Hwang et al. is an RNA virus. Despite the obvious differences in the
pathogenesis of these viruses, the implications of Hwang et al.’s findings in regard to
JCV and cytokine signaling are limitless. In fact, it would be interesting to replicate
this study using animal models for JCV such as — Syrian hamsters (Walker, D., et al.,
1973; Varakis, J., et al., 1978), rats (Ohsumi, S., et al., 1985; Oshumi, S., et al., 1986)
or squirrel monkeys (Houff, S., et al., 1983; London, W., et al., 1983) — as previously
described in the literature. However, one limitation worth noting is that PML is often
difficult to replicate in animal models and previous JCV studies using animal models
resulted in the development of a wide variety of tumors and mortality within the
animal groups discussed above. Nonetheless, these experiments were conducted
several years ago; given the scientific advancements of animal models and research,
it would be beneficial to re-evaluate and adjust these protocols to current animal
model protocols. Thus, these animal models may not be the best method to use and a
new approach or entirely new animal model might be needed in order to examine the
pathogenesis of JCV and cytokine signaling further. Aspects of Hwang et al.’s study
could potentially be replicated within induced pluripotent stem cell (iPSC)—derived

human brain organoids. This physiologically applicable 3D model could provide
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insight into how JCV infected cells affect the microenvironment between neuronal
subtypes and glial cells. Additionally, iPSC studies may also elucidate the role of both
type I and II IFN signaling in JCV pathogenesis. Unfortunately, this technique has yet
to be applied to JCV research however, over the last few years it has gained great
momentum within the neuroscience community and may one day be modified to
ensure that cerebral organoid cultures are permissive for neurotrophic viruses such as

JCV and a wide variety of other disorders and diseases.

IFN-y Mediated C/EBP- Modulation

An additional direction to consider when examining the mechanisms in which
IFN-y may modulate JCV replication, is the dominant negative mitogen-activated
protein kinase kinase or MEKK1. A dated study by Roy et al. (2002) revealed that
MEKKI plays a role in the activation of C/EBP-B expression in response to IFN-y.
Previously, Roy et al. revealed that C/EBP-f3 induces gene transcription through
an IFN-response element called y-IFN-activated transcriptional element (GATE).
Furthermore, they were able to show C/EBP-f3 can be affected by IFN-y signal
transduction (Roy, S., et al,, 2000). Together Roy et al.’s findings suggest two
important things; first, MEKK1 is an upstream regulator of IFN-y induced
signaling to GATE through C/EBP-f3 and feeds into the extracellular signaling-
regulated protein kinase (ERK) pathway to stimulate gene expression. Secondly,
their results show that C/EBP-f is an IFN-stimulated gene and can be stimulated
by not only type I but also II IFNs. In Roy et al.’s study C/EBP-f3, most likely the

LAP isoform, appears to be acting as a transcriptional activator oppose to a
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transcriptional negative regulator as seen in the results discussed in this thesis.
Despite these discrepancies, the pathway in which MEKK1 and IFN-y interact
may prove useful in modulating the gene expression of JCV using isoforms of

C/EBP-.

IFN-y’s role in the progression of JCV to PML in people with HIV

Given the well-known link between HIV and JCV/PML, exploring the
immunological response to JCV during concurrent infection with HIV would provide
valuable insight into how JCV progresses to PML. Many studies have examined the
significance of pro-inflammatory cytokines in HIV pathogenesis especially the role
of IFN-y in both the control of viral replication and exacerbation of the infection.
A paper written by Roff et al. (2014) uses clinical data and previous research to

specifically discuss the significance of [IFN-y in HIV infections.

IFN-y expression in acute and chronic HIV infection tends to vary among
people. The overall understanding, however, is that cytokine expression and
immunologic profiles in people with HIV tend to be more proinflammatory and
augment HIV infection rather than immunoregulatory to hinder infection (Naranbhai,
V., etal., 2012). However, in some people IFN-y with concurrent treatment of ART
have been shown to control HIV pathogenesis; the exact mechanism in which and
why this occurs in some people and not others have yet to be elucidated (Roff, S., et
al., 2013). Thus, IFN-y and cytokines that enhance the type II IFN pathway are being

considered as a treatment to restore T cell number and function within HIV patients.
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Nonetheless, the proinflammatory functions of cytokines and IFN-y greatly
contribute to the onset of opportunistic infections (Roff, S., et al., 2013). The balance
between the immunoregulatory and proinflammatory functions of these cytokines
need to be examined further, understanding how these mechanisms shift roles will
provide insight into the progression of JCV infection to PML within

immunocompromised and immunosuppressed populations.

Examining the function of cytokines in regard to patients with hindered
immune systems in vivo proves to be a challenge, as many factors contribute their
function. Animal model studies have provided great insight into the pathogenesis of
infections such as HIV and autoimmune disorders such as MS. However, as
previously mentioned, animal studies fail to accurately recapitulate JCV infection and
PML pathogenesis. Therefore, cerebral organoids may prove to be a great technique
to concurrently examine JCV and HIV pathogenesis within the proper cell types. A
current study by Dos Reis et al. (2020) developed a 3D human brain organoid
(hBORG) model containing neurons, astrocytes and HIV-infected microglia. Their
results indicate that the novel microglia incorporated hBORG model, accurately
represents in vitro, the pathogenesis of HIV compared to the standard 2D
experimental model (Dos Reis, R., et al., 2020). Furthermore, this novel protocol
could potentially illuminate the unique features of human brain physiology during
infection with human-specific CNS viruses such as JCV. Thus, this study could also
be modified to examine not only type II IFN proinflammatory profiles of JCV but

also interactions between JCV, HIV and PML.
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CHAPTER 5: CONCLUSION

Adults typically acquire JCV during childhood and for most hosts, the virus remains
in a dormant state throughout adolescence and adulthood. (Hou, J., and Major, E., 2000;
Khalili, K., et al., 2006). In adults with compromised or suppressed immune systems such
as people with HIV or MS however, the virus reactivates and can progress to the devasting
disease PML. The pathogenesis and exact mechanism in which JCV transitions to PML is
still unknown. However, it is believed that immunoregulatory cytokine pathways may

function in JCV reactivation and thus its progression to PML.

This thesis explicitly examines the role of type I and II IFN signaling on the
replication and activation of JCV in two aspects. First, we examined the role of type I IFNs
and the transcription factor C/EBP-B3 on JCV replication. Second, we propose four future
research directions and one new experimental technique that may be fruitful in identifying
the ways in which type II IFNs, IFN-y, influence the activation and progression of JCV

to PML.

The results discussed in this thesis showed that IFN-a and IFN-B induced
endogenous levels of C/EBPB-LIP in glia cells (SVGA) in a time dependent manner.
Furthermore, endogenous expression of STAT1 significantly increased after 12 hours of
treatment with IFN-a only but both IFN-a and IFN-f induced the phosphorylated form of
STAT]1 after 24 and 36 hours of treatment. Given the STAT1 and pSTATT1 results, whether
or not STAT1 modulates JCV replication using applied CRISPR-Cas9 system to knock out

STAT1 was also examined. The results showed, that JCV infection of STAT1-knock out
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clonal cell line was suppressed both in the presence and absence of IFN-a, indicating that
IFN-a exerts its anti-JCV activity through a STATI1-indipendent manner. Second, to
investigate the effect of IFN-a or IFN-B and C/EBPB-LIP over expression alone or in
combination on JCV early and late promoter, the reporter constructs JCVga1y-LUC (JCVE)
and JCVLae-LUC (JCVL) containing the full-length NCCR of JCV Mad-1 strain cloned
immediately upstream the luciferase gene in the early and late orientations were used. A
synergistic inhibitory effect of JCV early and late transcription were observed when cells

express C/EBPB-LIP treated with either IFN-a or IFN.

Thirdly, to investigate the effect of C/EBPB-LIP on JCV infection, SVGA cells
were infected with JCV or transduced with Adeno-siRNA-LIP or Adeno-null (control) and
transfected the cells with C/EBPB-LIP expression plasmid shRNA depletion of C/EBPp-
LIP reversed the inhibitory effect of LIP expression. These results indicate that C/EBPp-
LIP has a significant role in the JCV replication. Since we showed that C/EBPB-LIP
inhibits both JCV transcription and replication, we preformed immunocytochemistry (ICC)
to investigate possible subcellular redistribution of C/EBPB-LIP after IFN-a and IFN-f
treatment. ICC staining revealed that treatment of IFN-a and IFN-f lead to translocation

and stabilization of C/EBPB-LIP to the nucleus.

These results suggest that type I IFNs, specifically IFN-a and IFN-f, have an
immunoregulatory role in the suppression of JCV replication. Given these promising
results, additional cytokine pathways should be examined to see if and how they function
in suppression of JCV infection and progression to PML. A recent study by De Simone et

al. (2015) uncovered anti-JCV activity of IFN-y in vitro however in people with HIV, IFN-
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y can function as a regulator of viral replication or contribute to viral activity. Therefore,
additional studies, both in vivo and in vitro, are needed in order to examine IFN-y’s effect
on JCV replication and PML progression. Purposed in this thesis are several future
directions and techniques in which IFN-y’s role in JCV infection can be further

elucidated.
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APPENDICES

Table 1. STAT1el6 and STAT1el5 single guide RNAs sequence for CRISPR Cas9 knock down
of STAT-1 and primer designed for excision assay

gRNASs nucleotide positions* strand Sequence (PAM)

STATlel6 190984331-190984315  minus 5’- TGGTTTGGTAATTGACCTCG
AGG -3’

STATlel5 190985640-190985624  minus 5’-TGCTGGCACCAGAACGAATG
AGG -3

primers nucleotide positions* strand Sequence

STATI1Fw 190984026-190984046  plus 5’-
GGGGAGGGCAGAGCAAAATAA
-3’

STAT1Rev  190986115-190986134  minus 5’- CTGAGGGTATTCAGAGCCGC

-3’

* The nucleotide positions are referred to STAT1 ENSGO00000115415 - RefSeq:
NC_000002.12 Homo sapiens chromosome 2, GRCh38.p12 Primary Assembly)

81



JCVL

133.11

JCVE

14000 140.00
115.79 12149 119.57 119.23 117.26 1579

12341
12000 12000 1579 11416
10000 10000
10000 — - - - e —— - 10000 ——, - —— — - —_— -
50.00 80.00
60.00 60.00
2000 w000
20.00 20.00
000
- - +
- +

0D (595-620)/Neg CTRL (%)
0D (595-620)/Neg CTRL (%)

0.00

ICVep, LUC + ¥ .
P e - - * : * T pOee - + + +
o - - - N . N INF@ - - - + - +
mock - + + + _ _ pLIP - - - - + +
mock - + + + - -
140.00 140,00
2140 12341 12132
12000 115.79 121, 11856 119.23 s 12000 115.79 112.86 1579
g 100.00 i g
Z 100 - — -— — -— — - T e - 0000 __ __ I __ _
5 5
§ wo § o
£ g
§ 60.00 g 0.00
e n
E' 40.00 2 4000
° 8
20.00 2000
0.00
0.00
PICVeyUC - - + + + o aovgeue - _ + + . +
INFB - - - + - + _ _ _ + _ +
pUP - - - - - + + I:Ijg - - - - + +
mock - + + + - - mock - + + + - -

Supplementary Figure 1. MTT assay on TC620 cells used for the luciferase assay assess
the possible cytotoxic effect of transient transfection and IFNs treatment on the assay outputs.
The co-transfection of pLIP with the reporter plasmid JCVE and JCVL does not have any
effect on TC620 cell viability comparing to the untreated cells both in presence and absence

of IFNs treatment.
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Supplementary Figure 2. MTT assay performed to assess the effect of Adeno-siRNA-LIP
on JCV-infected SVGA cells transiently transfected with C/EBPB-LIP expression plasmid, in
presence or absence of IFN-a or IFN-f treatment, in order to assess the possible cytotoxic
effect of transient transfection, IFNs treatment and viral infections on the assay outputs. The
co-infection of SVGA cells transiently transfected with pLIP does not have any effect on
SVGA cell viability comparing to the untreated cells both in presence and absence of INFs

treatment.
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Supplementary Figure 3. IFN-a treatment does not affect the stability of T-Antigen
(TAg). PHFA were transfected with TAg expression plasmid and treated with IFN-a (100
ng/ml), as indicated, for 24 or 48 hours before harvesting. Untransfected control PHFA and
cells treated with denatured IFN-a (heat inactivated) were also included in the experiment.
Fifty micrograms of total cell extract were electrophoresed on a 10% polyacrylamide SDS

gel and analyzed by Western blot for TAg. Alpha-tubulin was the loading control.
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