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Abstract

Human pegivirus (HPgV) is a positive sense, single-stranded RNA virus of the
Flaviviridae family that is best characterized in the context of peripheral lymphocyte
infection. Our group recently reported HPgV infection in the central nervous system
(CNS) of two patients with fatal leukoencephalitis wherein HPgV NS5A antigen was
detected chiefly in glial cells in cerebral white matter. Brain derived viral sequences
from these patients revealed an 87-nucleotide deletion in the HPgV NSZ gene that
had not been previously characterized. Other related members of the Flaviviridae
family, including Zika virus (ZIKV) and West Nile virus (WNV), are known to cause
encephalitis, establishing a precedent that prompted further investigation into HPgV
as a putative causative agent of encephalitis. To date, HPgV has not been shown to
be an etiological agent in any disease and HPgV neurotropism has yet to be

investigated.

In this thesis, HPgV was shown to infect, replicate, and spread in human fetal
astrocytes in vitro. As HPgV has been described as a lymphotropic virus, this finding
expands our understanding of HPgV tropism and provides new evidence that HPgV
can infect CNS cells. Human microglia, the resident macrophages of the brain, were
also identified as being permissive to HPgV infection. Using a HPgV viral clone
containing the 87-nucleotide deletion in the NSZ gene, HPgV WT and ANS2 were
tested in parallel and HPgV ANS2 showed greater infectivity, replication and spread

in human astrocytes.
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Antiviral and proinflammatory responses to HPgV infection were also examined in
human astrocytes and microglia. Similar transcriptional profiles in HPgV WT and
ANS2-infected astrocytes were observed following infection of human astrocytes. In
contrast, human microglia showed differential induction of proinflammatory genes
such as interferon, following HPgV ANS2 infection compared to HPgV WT. Further,
cell death mechanisms were not activated in either microglia nor astrocytes
following infection with either HPgV WT or ANS2, unless infection was combined
with a second stimulus in the form of an inflammatory cytokine. Within the human
CNS, analysis of frontal cortical samples showed that HPgV infection was associated
with the suppression of several antiviral and proinflammatory genes compared to
uninfected patient samples. RNA deep sequencing analysis of patients in this cohort
recapitulated the suppression of various antiviral pathways in the CNS of HPgV-
infected patients and revealed the induction of specific neuroinflammatory
pathways. NOSZ2, which can either exert proinflammatory or immunomodulatory
effects, was identified by RNA sequencing as markedly induced in the CNS of HPgV-

infected patients.

This thesis provides previously unrecognized evidence that HPgV infects, replicates
and spreads in primary human astrocyte and microglia cultures, and an 87-
nucleotide deletion in the HPgV NSZ gene modulates these viral properties in vitro.
In addition, the differential immune responses observed following HPgV WT and

ANS?2 infection suggested that the NS2 gene might also modulate host immune
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responses. Lastly, the identification and analysis of seven new HPgV-infected
patients offered an opportunity to investigate the host responses in the CNS, which
had not previously been possible. These findings represent a substantial advance in

the understanding of HPgV biology within the context of the CNS.
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Chapter I: Introduction



1.1 Encephalitis
1.1.1 Clinical overview

Encephalitis is a severe and potentially fatal disorder characterized by inflammation
of the brain parenchyma and associated neurological dysfunction2. The word
encephalitis is derived from the ancient Greek terms enkephalos (brain) and itis
(inflammation). In developed countries, the incidence rate of encephalitis is
approximately 7 cases per 100,000 peoplel3. Typically, encephalitis presents with
clinical symptoms including headaches, fevers, encephalopathy, seizures, and other
neurological dysfunctions and deficits*>. Common causes of encephalitis include
acute viral infections of the central nervous system (CNS) and autoimmune
disorders; however, the etiology of encephalitis is unclear in 40-80% of patients,
and new pathogens are increasingly being discovered that have associations with
encephalitisl3. Children and the elderly are particularly vulnerable to encephalitis,
especially that of viral origin®. The incidence of encephalitis in children in both the
United States of America (USA) and England has increased over the past 10 years,

potentially due to increased usage of immunosuppressive therapies’.

The most recent diagnostic criteria for encephalitis established by the International
Encephalitis Consortium include the presence of encephalopathy, or altered
consciousness for at least a 24-hour period, and the presence of two of the
following: (i) fever, (ii) seizures or other focal neurological findings, (iii) CSF

pleocytosis (increased white blood cell count), (iv) abnormal neuroimaging



suggesting encephalitis, or (v) electroencephalogram (EEG) results suggesting

encephalitis®?.

1.1.2 Neuropathology and pathogenesis

Although the causes of encephalitis are diverse (as discussed below), the
neuropathological presentation is remarkably consistent. In the brain parenchyma,
encephalitis is usually characterized by intense and dysregulated
neuroinflammation, breakdown of the blood-brain barrier (BBB), massive
infiltration of circulating lymphocytes, and sustained activation of astrocytes and
microglial®. This neuroimmune response is associated with the release of
neurotoxic inflammatory mediators such as cytokines and reactive oxygen species
(ROS), which can lead to bystander tissue damage, neuronal damage and
neurological dysfunction!!. Gliosis characterized by activation of microglia, the
resident macrophages of the brain, and astrocytes is often found during
encephalitis2, Early histological studies of humans who have died due to viral
encephalitis have shown striking inflammatory responses present in post mortem

tissuels3,

1.1.3 Causes of encephalitis
Viral
The most common cause of encephalitis is viral infection, with herpes simplex virus

type 1 (HSV-1) infection being the most prominent!4. To cause direct infection of the



CNS, a virus must cross the BBB and find a host cell permissive to maintaining viral
replication. Three common routes for viruses to enter the CNS compartment are: (i)
the virus travels along a peripheral nerve with subsequent infection of neurons in a
(trigeminal) ganglion or CNS neurons, (ii) systemic viremia that leads to viral
translocation across the BBB, or (iii) a “Trojan Horse’ mechanism wherein the virus
employs immune cells trafficking to the brain parenchyma to transport the virus
into the CNS15. Encephalitis due to viral infection can either be the sole neurologic
manifestation following infection, or it may occur in conjunction with myelitis,

neuritis or meningitis1®.

Autoimmune

Autoimmune encephalitis refers to a family of related disease processes that share
similar clinical features but are differentiated by specific antibody subtypes that
drive the immune attacks on the CNS7. Current literature suggests that two broad
categories of antibody-mediated encephalitis exist, comprised of (i) paraneoplastic
(neoplasm-associated) disorders with induced antibodies targeting intracellular
antigens (e.g. anti-Hu), and (ii) non-paraneoplastic syndromes wherein
autoantibodies target extracellular antigens such as ion channels and receptors (e.g.
anti-NMDA receptor antibodies)1718. Autoimmune encephalitis is usually associated
with antibodies that target CNS antigens and the pathology is likely mediated by an
accompanying cytotoxic T cell responsel®. Common autoantibodies that are

associated with non-paraneoplastic autoimmune encephalitis include anti-N-



methyl-p-aspartic acid (anti-NMDA) receptor antibody, anti-leucine-rich, glioma
inactivated 1 (anti-LGI1) antibody and the voltage-gated potassium channel (VGKC)

antibody?20. A common presenting sign in these patients are seizures!8.

Other types of encephalitides

Bacteria and fungi are rare causes of encephalitis, with reports of 3% and 1% in
encephalitis patients from previous studies, respectively!s. These infectious agents
typically cause meningitis although under certain conditions, encephalitis may occur
following invasion of the brain by either bacteria or fungi?l. Noninfectious mimics of
encephalitis also exist under certain circumstances, including but not limited to

vascular disease, neoplasms and certain drug intoxication effects22.

For the remainder of this thesis, I will focus upon the molecular drivers of
neuropathology in the context of viral encephalitis, as it is most pertinent to the

virus studies in this thesis.



1.2 Mechanisms of antiviral immunity in the central nervous
system

1.2.1 Innate and adaptive immunity in the brain

Innate Immunity

The innate immune response in the CNS is the first line of defense against viral
infections and other harmful microbes/molecules that might enter from the
periphery. All major CNS cell types (including neurons, oligodendrocytes, astrocytes,
and resident microglia/trafficking macrophages) express pattern recognition
receptors (PRRs) and can participate in the detection of viral genomes and virus-
encoded proteins, with astrocytes and microglia serving as the predominant
effectors of the CNS innate immune response?3. Several PRR families assist in the
recognition of pathogen-associated molecular patterns (PAMPs), including the Toll-
like receptors (TLRs), NOD-like receptors (NLRs), AIM2-like receptors (ALRs), RIG-
I-like receptors (RLRs) and C-type lectin receptors (CLRs), among othersZ425, These
PRRs may be present on the plasma membrane (TLRs/CLRs), within the cytoplasm
(NLRs/RLRs/ALRs), or on endolysosomes (TLRs)?2>. Ultimately, the ligation of PRRs
leads to the activation of proinflammatory transcription factors that direct antiviral

immunity.



Cytokines, chemokines, and other inflammatory mediators

PRR ligation leads to the activation and nuclear translocation of central
proinflammatory transcription factors such as nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), a crucial proinflammatory regulator
responsible for (among other things), the synthesis and release of cytokines such as
interleukin (IL)-1a, IL-13, IL-6, tumor necrosis factor alpha (TNF-a), and IL-1226,
Such cytokines have a wide variety of autocrine and paracrine effects in the CNS,
including engagement of additional intracellular proinflammatory signaling
pathways, disruption of the BBB, recruitment and migration of immune cells, and

activation of specific immune cell phenotypes??.

In both murine and cell culture models of viral encephalitis, IL-13 has been shown
to be elevated following viral infection; it can result in fever, increased BBB
permeability, and the production of additional proinflammatory cytokines and

inflammatory mediators!4.

Although crucial for clearance of viruses, many immune mediators exert off-target
effects that can contribute to neuroinflammation and tissue damage during viral
infections. For example, TNFa and IL-1f have well-documented cytotoxicity against
both neurons and oligodendrocytes through a variety of mechanisms, including
glutamate excitotoxicity and pyroptosis28. Thus, antiviral mechanisms might have

detrimental effects on the delicate CNS microenvironment.



Although cytokines are essential for minimizing viral spread and localizing infection,
innate immune responses are rarely sufficient in abrogating viral infection of the
CNS26. Cytokines, including IL-1(3, IL-6 and TNF-q, can cause disruption of the BBB
and allow leukocyte infiltration into the CNS to access the infection?2°. This
phenomenon is assisted by the release of chemokines, including RANTES, MIP-1a
and IP-10, a unique group of cytokines that have longer-range effects and promote

the recruitment of both innate and adaptive immune cells to the site of infection30.

In the context of encephalitis, inflammatory mediators including ROS,
prostaglandins (PGs) and nitric oxide (NO) play a crucial role in propagating CNS
inflammation. The production of ROS mediates several secondary mechanisms of
tissue damage during viral encephalitis, including affecting signaling pathways that
stimulate further production of cytokines and chemokines by microglia3l. The
overabundance of ROS is detrimental though, and leads to the deterioration of
neuronal cells and plays a significant role in exacerbating neuroinflammation and
tissue damage, with significant connections between ROS and neurodegenerative

diseases including Alzheimer’s disease, Parkinson’s disease and ageing32.

Two major classes of PG generating enzymes include cyclooxygenase-1 (COX-1) and
COX-2. COX-2 is inducible under inflammatory conditions and has been shown to

localize to neurons, astrocytes and endothelial cells in the CNS33. During encephalitis



and other inflammatory conditions, PGs can regulate the chemokine gradient in the

CNS33,

Nitric oxide synthase (NOS) has three isoforms in the CNS including: (i) NOS1 or
neuronal NOS (nNOS), in neurons, (ii) NOS2, or inducible NOS (iNOS), in microglia
and some astrocytes and, (iii) NOS3, or endothelial NOS (eNOS) in endothelial cells
and astrocytes33. Of particular interest, iNOS is not constitutively expressed by
astrocytes and microglia, although inflammatory stimuli such as inflammatory
damage, astrogliosis, or viral infection, induce its expression3435, The
overproduction of NO in the CNS has been identified as a major cause for several
neurological diseases3®. iINOS is also involved in catabolizing arginine in the CNS,
whilst a similar molecule, indoleamine 2,3-dioxygenase (IDO), is involved in
tryptophan metabolism in the CNS37. Both iNOS and IDO are induced by IFNy
expression and have been shown to regulate viral, bacterial and parasitic replication
in humans38. These factors in combination with the production of cytokines and

chemokines alter the inflammatory milieu of the CNS during encephalitis.

Interferon responses and host restriction factors in the brain

Depending upon the specific ligand detected, different PRRs transmit the danger
signal to the nucleus through a series of different downstream second messenger
proteins. For example, in the brain, astrocytes, neurons, and microglia constitutively

express TLR-3, TLR-7 and TLR-926, TLR-3 detects double stranded ribonucleic acid



(dsRNA) inside of endosomes after uptake by endocytosis, and its engagement
induces the type I interferon (IFN) response downstream of TIR-domain containing
adapter-inducing interferon-f3 (TRIF) activation and interferon regulatory factor 3
(IRF3) nuclear translocation3?. Another well-known antiviral defense mechanism is
the retinoic acid-inducible gene 1 (RIG-I) sensor, which detects dsRNA and signals
through the mitochondrial antiviral signaling protein (MAVS), located on the
mitochondrial surface#0. This pathway, similar to TLR3, induces IRF3/7
translocation and IFN induction. Previous work in this area has shown that both the
hepatitis C virus (HCV) protease and the human pegivirus (HPgV) protease can

cleave MAVS in an effort to evade the innate immune response3941,

Type I interferons (IFNa /) are essential cytokines that limit viral replication and
further viral infection. Multiple interferon-stimulated genes (ISGs), including IRF1
and MX1, are induced following activation of IRF3/742. IFNo/p are released and act
in an autocrine and paracrine manner through the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway to promote viral clearance; this
pathway has been well-studied in various CNS cell types, including neurons43. Loss
of the type I IFN-a/p receptor (IFNAR) in mice renders these animals more
susceptible to CNS viral infection and encephalitis, illustrating the importance of
IFNs to combatting viral neuropathogenesis2¢. The loss of IFNAR affects the severity

viral infections of the CNS in several ways, and it was observed that in the knock-out
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mice mentioned above, two members of the Flaviviridae family, WNV and Murray

Valley encephalitis virus (MVEV), have increased viral load and neurovirulence*445,

Adaptive immunity

Adaptive immunity is characterized by long-lived, antigen-specific immune
(memory) responses, mediated primarily by B and T lymphocytes. Professional
antigen-presenting cells, such as dendritic cells, also participate in the generation of
the adaptive immune response through the presentation of antigenic peptides.
During homeostasis, the brain parenchyma is seemingly devoid of adaptive immune
cells, which are primarily compartmentalized to specific CNS structures such as the
meninges and choroid plexus4¢. Early observations regarding the relative lack of
adaptive immune cells within the brain parenchyma were fundamental to the
enduring concept of the CNS as an “immune privileged” environment. However, the
immune cell composition of the brain changes vastly under neuroinflammatory
conditions, a phenomenon which has been recently interrogated with single-cell
resolution using techniques such as single cell RNA-seq and mass cytometry

(cytometry by time of flight (CYTOF))#47.

In the context of viral infection, antigen-specific CD4+ and CD8+ T lymphocytes
accumulate in the CNS and can mediate antiviral immunity#8. The infiltration of both
CD8+ and CD4+ T cells play an important role in clearing viruses and other

pathogens from the CNS#°. The degree to which the adaptive immune response is
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functionally effective in clearing CNS infections is highly variable. For example, Zika
virus (ZIKV) infection has been shown to be independent of both Band T
lymphocytes based upon observations that Rag1 knockout mice have a similar
disease course to wild-type animals>?. However, both the adaptive and innate arms
of the immune system are necessary to not only control WNV infection in humans,

but to also clear the virus and reduce the ensuing immunopathogenesis>.

1.2.2 Cell death mechanisms in encephalitis

If an individual cell is unable to contain a viral infection, it is advantageous to the
host organism to remove that cell through a process of regulated cell death (RCD)
instead of permitting unrestricted viral replication. Many forms of RCD exist>2, of

which apoptosis and pyroptosis are two of the most pertinent for viral infections.

Apoptosis

Apoptosis is the most common cell death mechanism by which damaged, infected or
excess cells are eliminated>3. Although exceptions exist, apoptosis is widely
considered to be non-immunogenic, thus preventing the release of proinflammatory
molecules that would otherwise drive a cycle of local inflammation; for this reason,
in moderation, apoptosis represents one of the least harmful forms of cell death in

the CNS and is widely observed during normal CNS development>2.
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According to the Nomenclature Committee on Cell Death (NCCD), apoptosis may be
either intrinsic (initiated by microenvironmental alterations that cause
mitochondrial outer membrane permeabilization (MOMP) leading to direct
activation and execution by caspase-3) or extrinsic (initiated by
microenvironmental alterations that are detected by plasma membrane receptors,
leading to activation of caspase-8 and execution by caspase-3)>2. The process of
apoptotic cell death is thus conceptualized as a widespread, systematic and
protease-driven destruction of cellular structures, wherein executioner caspase-3
and -7 target hundreds of protein substrates to mediate a highly coordinated

process of cellular dismantling>4.

Virus-induced apoptosis of neurons in the CNS was first reported in Sindbis virus-
induced encephalitiss5. Nonetheless, because apoptosis is a commonly utilized
mechanism to remove infected cells, many viruses have evolved methods of
modulating apoptotic responses. Viruses from the flavivirus family have several
different proteins involved in regulating apoptosis of infected cells within the host,
either creating pro-survival or pro-apoptotic environments>6. As an example, both
Japanese encephalitis virus (JEV) and Dengue virus (DENV) activate ER-associated
protein degradation machinery in order to protect infected cells from cell death>e.
Taken together, viral modulation of apoptotic mechanisms can influence the ability

for the virus to spread within the host and cause virulence.
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Pyroptosis

On the other end of the inflammatory spectrum, pyroptosis is a highly
proinflammatory form of cell death that may occur during viral infections. Based on
NCCD guidelines, pyroptosis depends on the formation of gasdermin pores in the
plasma membrane following perturbations of intracellular or extracellular
homeostasis leading to activation of proinflammatory caspases>2. Unlike apoptosis,
pyroptosis is mediated primarily by the proinflammatory caspases-1/-4/-5/-11 and
ultimately results in cell membrane rupture and lysis, perpetuating a cycle of local

inflammation.

Many viruses that cause CNS infections have been shown to induce pyroptosis in the
host as an attempt to combat viral infection. ZIKV has been shown to increase IL-1§,
NLRP3 and caspase-1 transcripts in glial cell lines, all important in the execution of
pyroptosis>’. Similarly, pyroptosis has been described during HIV-1 infection as a
pathway by which CD4+ T cells are depleted during infection>8. At the same time,
multiple viruses have also developed ways of circumventing pyroptosis. For
example, Enterovirus 71 can cleave and inactivate the pyroptosis executioner

protein, gasdermin D>°.
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1.3 Human encephalitis-associated viruses

With viral encephalitis representing about 50% of encephalitis cases in the United
States®, it is necessary to understand how different viruses affect the CNS and the

similarities and differences present during infection.

1.3.1 Herpes simplex virus type 1 (HSV-1)

Herpes simplex associated encephalitis is almost exclusively caused by HSV-1, with
most infections acutely occurring in early childhood or in adults over the age of 5016.
The pathophysiology of CNS infection is not fully understood, although HSV-1
encephalitis is typically initiated by either primary infection or viral reactivation
from within the host16. Most patients present with acute or rapid onset of typical
encephalitis-associated signs including fever, headache, confusion and altered
behavior, although more serious deficits including seizures and cranial neuropathies
are also seen in HSV-1 encephalitis cases!6. Approximately a third of all patients
become comatose, with manifestations evolving over the course of infection!6. HSV-
1 encephalitis usually begins unilaterally with only one half of the brain affected,
with brain areas including the anterior and medial temporal lobes, frontal lobes,

thalamus and insular cortex being selectively targeted?®.
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1.3.2 Human immunodeficiency virus type 1 (HIV-1)

HIV-1 is a retrovirus that causes a persistent infection that progresses to death in
persons without antiretroviral therapy (ART) intervention®. The initial recognition
that HIV-1 affected the CNS came in 1983, when 50 patients were analyzed,
revealing a high prevalence of chronic progressive encephalopathy, later termed
HIV-1 dementia®l. Continued studies have now shown that approximately 20-50%
of HIV-1 infections lead to HIV-1-associated neurocognitive disorders (HAND) that
can include HIV-1 encephalitis (HIVE)#¢2, The neuronal damage and death seen in
HIVE is caused indirectly, wherein HIV-1 infects macrophages and microglia but not
neurons®3. This leads to accompanying neuronal injury that is indirectly caused by
the release of inflammatory molecules and viral proteins by infected glial cells,
damaging neurons and leading to abundant inflammation®4-66. HIVE typically
appears late during the course of infection, when the patients are severely
immunocompromised and results in atrophy, neuroinflammation and BBB

perturbation affecting both the white and grey matter®’.

1.3.3 Flaviviruses

The Flaviviridae family has several members that are known to be neurotropic, most
being prominent arthropod viruses that are associated with encephalitis cases in
North America®8. The Flavivirus genus consists of positive-single stranded
enveloped RNA viruses that typically include attachment molecules that are

essential for binding to host cell receptors®8. In general, it is known that many
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members of the Flaviviridae family rely on multiple cellular proteins and host cell
receptors for infection and viral propagation within the CNS¢8. Common receptors
used by flaviviruses include members of the CLR family and phosphatidylserine
receptors composed of TIM (T-cell immunoglobulin and mucin domain) and TAM
(TYRO3, AXL and MER)®°. Once attached to the cell, these viruses are sequestered
into membrane-bound vesicles where they are transported by the endocytotic
pathway through the cytosol until the viral envelope fuses with the endosomal
membrane and the viral nucleocapsid is released into the cytoplasm of the host
cellé8. The viruses in this family that are known to be neurotropic include Zika virus
(ZIKV), West Nile virus (WNV), Japanese encephalitis virus (JEV), Dengue virus
(DENV) Tick-borne encephalitis virus (TBEV) and Murray Valley encephalitis virus
(MVEV). Below I will focus on how each virus listed above enters the CNS as well as

the associated clinical features.

Zika virus (ZIKV)

ZIKV is an arbovirus and was first isolated from a sentinel monkey in Uganda in
194779, and since then has been shown to cause neurological disease in adults and
microencephaly in fetuses>?. The most recent outbreak of ZIKV in 2015 spread to

over 48 countries in the Americas wherein over 171,553 cases were reported as of

November 201671,
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Viral neuroinvasion and neurotropism

Several mechanisms of ZIKV transmission into the CNS are proposed, all of which
resemble what has been described previously in the above sections. The capacity for
ZIKV pathogenesis to be unaffected by interferon exposure suggests the virus has
the ability to evade or dismantle certain aspects of host viral defense mechanisms
and may potentially aid its efforts to gain access to the CNS72, Once inside the CNS, it
is believed that astrocytes are the main reservoir for ZIKV73. Other studies have
shown that ZIKV can directly infect human cortical neuron progenitor cells and
neural progenitor cells in vitro’+. ZIKV can also infect neurospheres and brain
organoid cultures thus reducing their viability and growth, resembling the

microencephaly phenotype?>.

Clinical manifestations

The major neurological clinical manifestation is microcephaly in newborns and
Guillain-Barré syndrome (GBS) in adults. GBS is characterized as a rapid-onset
weakness and sensory loss caused by damage of peripheral nerves by the immune
system’4. Microcephaly meanwhile, is a condition in which the brain of a fetus does
not fully develop, resulting from prenatal ZIKV infection causing encephalitis that is

manifested in newborns7?.
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West Nile virus (WNV)

WNV is currently the second most common cause of encephalitis worldwide and
was first introduced to North America in 199951, WNV has been found across the
globe, most prominently in the United States, North Africa and Europel®. Similar to
ZIKV, it is a member of the Flaviviridae family, is an arbovirus and has associations
with encephalitis. Encephalitis is the most common neurological presentation of
WNV infection, with approximately 50%-60% of neuroinvasive infections being

classified as encephalitis?e.

Viral neuroinvasion and neurotropism

WNV has been shown to cross the BBB leading to neuronal cell infection and
ensuing cell death, gliosis, and an influx of leukocytes leading to inflammation?é.
Neuroinvasion is dictated by viral structure proteins, in particular the E protein of
WNV51, Although the determinants of neuroinvasion are not fully known, it is
believed that WNV can gain entry to the CNS through several routes including, (i)
binding and penetration through epithelial cells lining brain capillaries, (ii)
breakdown of the BBB leading to WNV entry, (iii) infection of olfactory neurons
which spreads into the CNS to the olfactory bulb or (iv) a “Trojan Horse’ mechanism
that was described previously>!. After initial systemic infection and replication
inside the host, WNV can enter the CNS and propagate within neuron and myeloid

cells>1,
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Clinical manifestations

In approximately 1 in 150 WNV-infected patients, neurological involvement is
evident, termed ‘neuroinvasive disease’’7. WNV has a tendency to infect the
brainstem early during CNS invasion, but can also affect the basal ganglia, thalamus
and cerebellumé, Patients with WNV encephalitis present with typical encephalitis
features, although additional movement disorders are common including tremor,

parkinsonism and dyskinesiaZ®.

Japanese encephalitis virus (JEV)

In low income countries, JEV has become one of the most common causes of
encephalitis, with approximately 60% of the world population living in JEV endemic
areas’8. Further, JEV is the most common cause of encephalitis in Asia with an
estimated 35,000- 50,000 reported cases annually?>. Although JEV-associated
encephalitis is fatal in 25% of symptomatic cases, infection is asymptomatic in
approximately 90% of cases’87°. In the majority of cases, children and young adults

are predominantly affected?®.

Viral neuroinvasion and neurotropism

Little is known regarding the mechanisms by which JEV enters the CNS, although it
is known that viral entry and neuronal infection precede the breakdown of the BBB
in animal models of disease®’. Several proposed models for how JEV enters have

been proposed, including (i) the infection of endothelial cells lining brain capillary
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networks wherein the virus penetrates into the CNS and can infect microglia and
astrocytes, before spreading to neurons or (ii) JEV-infected immune cells travel to
the CNS through physiological routes including the choroid plexus into the

ventricular space®8.

Clinical manifestations

One of the most common outcomes of JEV encephalitis is seizures, with tremors and
overall rigidity presented frequently as welll¢. Typically, the basal ganglia, thalamus
and brainstem are most affected following neuroinvasion although JEV is often focal
and therefore few brain regions are affected®0. In endemic regions, JEV typically
infects children, although in newly affected areas JEV encephalitis has been seen in

both children and adults8!.

Dengue virus (DENV)

Commonly found in India, China, Southeast Asia, Africa and South America, DENV is
an arbovirus that has neurological manifestations in approximately 10% of patients
with DENV infection!®. Four serotypes of DENV exist, all of which are able to cause
Dengue fever and neurological disease82. Since the most common and well-
characterized complication of DENV infection is Dengue fever, little literature exists
regarding DENV-associated encephalitis. In order to diagnose DENV encephalitis,
CNS involvement and the presence of DENV RNA or antibodies must be present

within the CSF or brain parenchyma itself83.
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Viral neuroinvasion and neurotropism

Early studies suggested that DENV did not enter the CNS, although this has been
disproven over time with the detection of viral antigen, RNA and antibodies being
present within the CNS82. The ability for the virus to penetrate the CNS is not well
characterized, although many indirect effects of peripheral infection including the
immune response, metabolic abnormalities, shock, and liver failure all are important

in creating conditions allowing DENV to infiltrate the CNS84.

Clinical manifestations

Encephalitis is not normally seen following DENV infection and in patients with
DENV encephalitis, CSF cellularity appears normal in 75% of patients®2. Clinical
symptoms are therefore not outlined in the diagnosis for DENV encephalitis,
although case reports have suggested that the criteria include (i) a fever, (ii)
cerebral involvement, (iii) the presence of antibodies to DENV in the CSF and (iv)
exclusion of other viral pathogens present®>. A recent report showed chronic
encephalitis associated with DENV infection of the CNS in an individual with

progressive dementias®.

Tick-borne encephalitis virus (TBEV)
TBEV consists of three subtypes including the (i) European (TBEV-Eu), (ii) Siberian
(TBEV-Si) and (iii) Far Eastern (TBEV-FE)®87 subtypes. Each viral subtype is found

across Eastern Europe and into Eastern Asia, although the different subtypes are all
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carried by different strains of ticks. Different viral subtypes are also associated with
varying degrees of pathogenesis within a host88. TBEV is transmitted to humans
from the saliva of a tick within minutes of a bite and can be sustained within

multiple generations of ticks87.

Viral neuroinvasion and neurotropism

TBEV enters the brain through the hematogenic pathway using infected blood
cells88. Similar to other flaviviruses, the exact mechanism is unknown although the
common viral entry routes have been proposed: (i) infection of olfactory neurons or
peripheral nerves, (ii) viral infection of endothelial cells lining brain vessels, (iii)
crossing of the BBB following infection or (iv) a ‘“Trojan Horse’ mechanism relying
on viral infection of infected leukocytes that traffic into the CNS88. Once inside the
CNS, the virus causes brain damage through several mechanisms including cytotoxic
T cell infiltration, microglial activation and proliferation, neural degeneration and

inflammatory cell death®8.

Clinical manifestations

Viral infection is broken down into two stages, with the second stage including a
clinical spectrum ranging from mild meningitis to overt encephalitis8’. TBEV
preferentially affects large neurons in the grey matter including the basal ganglia,

medulla oblongata, spinal cord, brainstem or cerebellar Purkinje cells*. Within
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patients, TBEV-Fe causes the most severe forms of CNS disease with mortality rates

ranging from 5-20% among infected patients’”.

Murray Valley encephalitis virus (MVEV)

Similar to other flaviviruses, MVEV is an arbovirus that is endemic to Australia and
New Guinea. The majority of MVEV cases occur during outbreaks, such as that which
occurred in 1974 when 58 cases of MVEV-associated encephalitis cases were
identified®9. Since then, it is believed that MVEV was contained within zoonotic foci
within Australia until the next outbreak, which occurred in 2011, with 17 confirmed

cases?0,

Viral neuroinvasion and neurotropism

Little is known about how MVEV gains access to the CNS or its pathogenesis within
the CNS, although one study reported that MVEV preferentially induces neuronal
injury in the olfactory lobe and hippocampus within 5 days of infection®l. A recent
study described a single MVEV encephalitis case (out of three total) in which viral
antigens and RNA were detected solely in neurons, suggesting this virus is primarily

neuronotropic?2.
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Clinical manifestations

MVEYV cases present in a seasonal pattern, with most occurring between February
and June?3. It is thought that anywhere between 1 in 150 to 1 in 1000 infections
result in neurological disease, including encephalitis®*. MVEV encephalitis have a
variety of presentations, but four clinical patterns have been observed during MVEV
encephalitis which are (i) relentless progression to death, (ii) spinal cord
involvement causing paralysis, (iii) brainstem involvement and tremor or (iv)
encephalitis followed by complete recovery?4. The fatality rate following MVEV

encephalitis is high, approaching 25%389.

Hepatitis C virus (HCV)

HCV is an enveloped single-stranded RNA (ssRNA) virus in the Flaviviridae family.
HCV is known to be hepatotropic and cause hepatitis in its host; it is the virus most
closely related to HPgV in terms of its genome structure?. An estimated 71 million
people worldwide are chronically infected and many of these individuals are unable
to access the healthcare necessary to treat HCV?®, In terms of HCV neurotropism,
many reports have shown that HCV ribonucleic acid (RNA) can be detected in the
CNS, although the presence of negative strand RNA (signifying viral replication) has
not completely been validated?”. Viral RNA has been detected from isolated
microglia and astrocytes, although neither viral antigen nor HCV receptors have
been detected in vivo on human microglia or astrocytes®’. A study has also reported

that brain microvascular endothelial cells (BMEC), a major component of the BBB,
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support HCV replication in vitro®8. Overall, both the notion that HCV is neurotropic

and the possible association with encephalitis remain controversial.

1.4 Human pegivirus (HPgV)

1.4.1 Viral classification

HPgV is a positive sense, single-stranded RNA virus and a member of the
Flaviviridae family. Since its discovery in 1967, HPgV has alternatively been known
as GB virus C (GBV-C) and hepatitis G virus (HGV), after a surgeon with the initials
G.B. used human sera from patients with presumed viral hepatitis to cause hepatitis
in marmosets??. The classification of HGV was subsequently predicated on the
assumption that the virus was hepatotropic although later evidence proved the
virus did not replicate in the liver and the HGV was eventually renamed human

pegivirus, in which “pegivirus” represents “persistent G” virus100.

At least 7 different HPgV genotypes exist across the world, with HPgV genotype 2
being most prevalent in North America and Europel0l. HPgV genotype 1 and 5 are
predominantly found in Africa. The main genotype in China is genotype 3 although
genotype 7 has also been detected in China as well101, One study identified that in
populations of intravenous drug users (IDUs) genotype 7 was most prevalent in the
Yunnan province in China, while another study in Beijing, China demonstrated that

genotype 3 was most common in men who have sex with men (MSM)
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populations102103 Based on these studies, it initially seemed plausible that the route
of transmission might dictate the genotype of HPgV present within a given
population, although this was disproven!%4. Finally, HPgV genotypes 4 and 6 are
predominantly found in Asian countries as well, including Japan, China and the

Philippines101,

1.4.2 Epidemiology

Transmission of HPgV can be either vertical (maternal-fetal transmission) or
horizontal (sexual exposure or exposure through contaminated blood products)105,
The prevalence of HPgV infection in the general population ranges from 1-4% in
developed countries, with up to 20% prevalence in developing nations106-108,
Previous studies have suggested that women are about two times more likely than
men to be infected with HPgV, although conclusive evidence regarding sex
differences influencing viral infection has yet to be provided°. Based upon the
transfusion frequency worldwide, at least 7,000 people worldwide are expected to

receive HPgV contaminated blood products each day?>.

1.4.3 Viral genome

The genome (approximately 9.5 kb in size) contains a long open reading frame
(ORF) flanked by 5’ and 3’ untranslated regions (UTRs) and is organized similarly to

the HCV genome106110,111 3]though the capsid-encoding domain remains to be
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defined. The ORF is translated to form a single polyprotein which is post-
translationally cleaved by both viral and host proteases10. Cleavage of this
polyprotein is predicted to generate two envelope proteins, E1 and E2, along with
six non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) including a
helicase, a protease, and a RNA-dependent RNA polymerase!!2. HPgV viral proteins
and their putative functions in viral replication and during HIV-1 co-infection can be

found below [Table 1.1].

Table 1.1: HPgV proteins and their putative functions.

Protein | Putative Function

E1l Forms a heterodimer with E2 and inserted into viral envelopel13
E2 Viral entry into the cytosol114
Inhibits CXCR4 -and CCR5-tropic HIV-1 replication108
NS2 Viral proteasell3
NS3 NTPase and helicase functions (C-terminal)113
Trypsin-like serine protease (N-terminal)113
NS4A Co-factor for serine proteasells

NS4B Enhances stability and enzymatic activity of NS3/NS4A proteasel1>

NS5A Promotes Th1 polarization108
Inhibits CXCR4 -and CCR5-tropic HIV-1 replication108

NS5B RNA-dependent RNA polymerasel13

1.4.4 T-cell modulation

HPgV E2 has been extensively studied and has been shown in vitro to inhibit T-cell
receptor (TCR)-mediated T cell activation by competing for Lck phosphorylation
sites116, This phenomenon was seen in HPgV-infected human CD4+ and CD8+ T
lymphocytes, and uninfected bystander cells116. Further, the E2 peptide has been

shown to inhibit IL-2, an essential cytokine necessary for the activation,
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proliferation and function of T cells117. Further, IL-2 is also an inducer of
proinflammatory cytokines including IL-6, IL-18 and TNFa!18. Taken together, these
two observations highlight the ability of the virus to modulate host immune
activation following HPgV infection, improving its ability to sustain a productive

infection within a host.

1.4.5 Tissue tropism

As previously mentioned, HPgV was initially named hepatitis G virus, which was
eventually changed after it was determined that the virus was unable to replicate in
the liver. The NS5B RNA-dependent RNA polymerase transcribes negative strand
RNA, which then undergoes additional transcription for positive strand RNA to be
produced. Detection of the negative strand RNA by polymerase chain reaction (PCR)
is indicative of viral transcription within the host. The lack of hepatic disease is
related to the tissue tropism of the virus, which now includes primarily B and T
lymphocytes (CD4+ and CD8+), the spleen and bone marrow1°. This data suggests
that HPgV is a lymphotropic virus, with a selective preference of lymphocytes for
replication. Peripheral blood mononuclear cells (PBMCs) isolated from HPgV+
patients are not informative ex vivo because the negative strand RNA is found in

very low concentration120,
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1.4.6 Disease associations

Recently an association with HPgV positivity and lymphoma in patients from North
America has been reported!21.122, Two studies dating back to the late 1990’s initially
identified significant associations in patients with hematological disease, albeit with
a limited number of patients (47 and 69, respectively)123.124, Similar studies
continued in patient populations with lymphomas, and consistently individuals with
HPgV infection were more likely to have the disease, compared to HPgV negative
indivduals!25126, A Canadian study recently investigated 553 non-Hodgkin’s
lymphoma patients and found that HPgV was present in 4.5% of cases, compared to
only 1.8% of controls'?2. Additionally, a North American study using 2094 patient
samples found that 7.8% of individuals with lymphoma were positive for HPgV,
compared to 3.3% of controls21. The identification of HPgV as a potential risk factor
for lymphoma is important due to the fact that in the United States, lymphoid
neoplasms (including Hodgkin’s lymphoma (HL), non-Hodgkin’s lymphoma (NHL)
and others) represent the sixth most common type of cancer1°. Meta-genomic
analysis studies support this claim, and further show stronger associations with
HPgV and lymphomas from cases tested in Southern Europe, compared to what is

observed in North Americal?®.

Other studies suggest that HPgV might be a causative agent of hepatitis-associated
aplastic anemia (HAAA). A case report from 1996 was the first to describe an

individual with HAAA who tested positive for HPgV RNA by PCR127. This was
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followed up by another case report in 1999128 and then more recently in 2011129,
HAAA is a rare condition and occurs when aplastic anemia (a disease where the
bone marrow does not replenish enough new blood cells) follows an attack of acute
hepatitis!29. Although these reports have described a potential association between

HPgV infection and HAAA, no causation has been proven.

1.4.7 Other pegiviruses

Pegiviruses were recently classified by species (n=11) [Pegivirus A-K] within the
Pegivirus general30, with HPgV classified as Pegivirus C. In other species, pegiviruses
are still being examined for their infectivity and potential virulence inside the host.
Studies of porcine pegivirus (PPgV) have identified a prevalence of 2-15% in pigs
across the world!31, Theiler’s disease-associated virus (TDAV) and equine pegivirus
(EPgV) are both members of the Pegivirus genus and both are known to infect
horses32, A recent study used simian pegivirus (SPgV) along with simian
immunodeficiency virus (SIV) in cynomolgus macaque models in an attempt to
recapitulate HPgV and HIV-1 co-infection in humans. They found that SPgV exists in
high titers throughout infection, although no effects on SIV viral load, CD4+ T cell
death were observed in co-infected animals compared to SIV mono-infected

macaques!33,
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1.5 HPgV neurotropism

1.5.1 Early viral detection in the CNS

The first investigation of HPgV in the CNS occurred in 1998 in which the CSF of 17
patients who had been hospitalized for encephalitis were screened for HPgV RNA134,
At the time investigators were unable to identify HPgV sequences in the CSF from
these patients. Concurrently, this group also screened PBMCs from 9 individuals
suffering from chronic HCV infection, and were also unable to detect any HPgV

RNA135,

1.5.2 The utilization of RNA-Seq for HPgV diagnosis

The growing application of RNA sequencing (RNA-seq) has created new avenues for
detecting rare viral infections in humans. Several more recent case reports have
implemented RNA-seq and subsequently successfully identified HPgV in the CNS.
The first report of HPgV in the CNS compartment occurred in 2012, wherein RNA-
seq identified over one-thousand HPgV reads in post-mortem brain tissue from an
individual with multiple sclerosis (MS)197. The authors identified both positive and
negative strand HPgV viral RNA using semi-quantitative PCR (qPCR), suggesting
active replication in the CNS of this individuall%’. No HPgV RNA was detected in 53
other brain specimens197. At the time, they could not identify HPgV antigen using
[HC techniques. The immune status of this MS patient was unknown, although MS is
often treated with immunosuppressive therapies (e.g., corticosteroids). Another

study identified HPgV RNA in the CSF of an individual with severe immune
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suppression resulting from coincident HIV-1, toxoplasmosis and fungal infections
leading to encephalitis136. They hypothesized that the ongoing immune suppression
in combination with the degradation of the BBB from the fungal and bacterial
infections resulted in an opportunistic HPgV invasion into the CSF, although they did
not further investigate viral replication or attempt to detect viral antigen in the
CNS136, Similarly, HPgV was detected in the CSF of one individual using a pan-
microbial array with subsequent RNA-seq analysis after admission to a local
hospital’3’. The group tested CSF for HPgV RNA from an additional 53 patients that
were all negative. Of interest, one study using next-generation sequencing of human
CSF samples identified HPgV as the most likely cause of chronic meningitis in one
individual, although at the time they decided it was a bystander infection and not

involved in causing diseasel38.

As the number of identified HPgV CNS infections continued to rise, the diversity (or
lack thereof) between viral sequences from matched serum and CSF samples had
yet to be investigated. In 2018, a study detected HPgV sequences in 3 patients out of
96 who had encephalitis3°. Interestingly, the authors found that viral sequences
differed between matched CSF and serum samples, suggesting that viral replication
occurred in both sites. Further, the observed mutations in the HPgV genome were
localized primarily in the E2 region of the genome and were characterized as either

containing B-cell epitopes or being involved in cell fusion13%. An additional study
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also employed RNA-seq to identify HPgV sequences from the brain of an individual

with encephalitis140,

1.5.3 HPgV antigen, viral diversity and subsequent neuroimmune response
characterization

The only study to detect viral antigen in the CNS compartment was published by our
group; we initially detected HPgV in brain tissues from two patients with brainstem
encephalitis using RNA-seq and verified by semi-quantitative-real-time PCR (qRT-
PCR) analysis!. An additional 66 patients with other disorders were screened using
qRT-PCR, although no HPgV RNA sequences were detected!. To follow up on our
initial observations, we employed both immunohistochemical (IHC) and
immunofluorescent (IF) techniques and were able to identify HPgV NS5A antigen in
oligodendrocytes, astrocytes and CD3+ T-cells in the brain tissue of these
individualsl. Moreover, we identified a novel deletion in the HPgV NS2 domain that
was present in brain-derived virus from both of our two index cases but was not
evident in previously published HPgV sequences. Of interest, both patients suffered
from a malignancy (T-cell lymphoma and lung adenocarcinoma), which might have
resulted in the systemic immunosuppression necessary for an opportunistic HPgV

infection of the CNS.
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1.5.4 HPgV-associated encephalitis features

Our group found that HPgV-associated encephalitis was associated with
inflammatory changes including gliosis and leukocyte infiltration, principally
defined by CD8 T-cells leading to white matter (leuko)-encephalitis. Magnetic
resonance (MR) imaging of brain tissues in our study showed lesions in the white
matter of HPgV-infected patients, and highlighted brainstem involvement!. MR
imaging identified parenchymal changes that were consistent with
meningoencephalitis in patient LE-2 from the report137. Other studies have failed to
identify any signs of encephalitis or abnormalities using MR imaging!4%. Due to the
significant presence of infiltrating macrophages and lymphocytes observed in the
brain parenchyma, it is believed that infected leukocytes, either T cells, B cells,
macrophages or natural killer (NK) cells, might penetrate the BBB as a “Trojan
horse’, thereby carrying the virus into the brain under specific conditions, such as
immune suppression!-141, Once in the brain parenchyma, it might be possible for the
virus to spread to neighboring glial cells, leading to viral replication and subsequent

spread within the CNS.

1.6 The relationship between HPgV and HIV-1 infection
1.6.1 Prevalence

Within the literature, the association with HPgV and HIV-1 co-infection is the most
studied aspect of HPgV infection in patients, largely due to the lack of evidence that

HPgV causes virulence. HPgV+/HIV-1+ co-infection is common, especially in at-risk
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individuals, including those with other chronic viral infections which creates
chronically dysregulated systemic antiviral immune responses!!l. Several studies
reported that 20-45% of people infected with HIV-1 are co-infected with HPgV142.143,
HPgV infection might exert beneficial effects in the setting of HIV-1 infection; in
contrast, among HCV-infected individuals, HPgV co-infection is occasionally

associated with worsened outcomes including slower HCV clearancel44.

In terms of CNS co-infection studies examining HPgV and HIV, only one study from
2016 exists, in which the authors hypothesized that HPgV may penetrate the BBB
and colonize the CNS in HIV-infected patients, although the studies were limited to
quantifying HIV-1 RNA in the CSF and the mechanism for viral interactions in the

CNS was not discussed?36,

1.6.2 Clinical outcomes

In HPgV+/HIV+ co-infected patients, there is slower HIV-1 systemic disease
progression, decreased HIV-1 transmission and increased survival; however there
are several conflicting reports regarding the frequency of these improved
outcomes!4Z, In patients with existing HIV-1 infection, studies have shown that there
is areduced time in acquiring future HPgV co-infection, compared to those without
an initial HIV-1 infection144, potentially due to a higher-risk lifestyle (substance use,
etc.). Further, it has been established that HIV-1-infected patients who are co-
infected with HPgV have significantly lower viral loads, higher CD4+ counts and

improved CD4+/CD8+ ratios142.
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An interesting retrospective study examined 197 HIV-1 infected patients, including
subsets that were positive for HPgV RNA (n=26), positive for anti-HPgV E2
antibodies (n=90) or unexposed to HPgV (n=40). Survival curves were compared for
each group and they found that the presence of HPgV RNA significantly increased

the survival of these patients, as illustrated in Figure 1.1145,
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Figure 1.1: HPgV co-infection of HIV-1 individuals increases survival.

Kaplan-Meier survival curves illustrate the increased survival in patients with HPgV RNA or
anti-HPgV E2 antibodies compared to those never co-infected with HPgV.

Adapted from Ernst et al. (2013). Impact of GB virus C viremia on clinical outcome in HIV-1-
infected patients: a 20-year follow-up study. HIV Medicine. 15(4). 245-250.
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Overall, the presence of HPgV within HIV-infected individuals is beneficial and is

associated with increased patient longevity and a better quality of life.

1.6.3 HPgV and HIV-1 interactions within the host

There are several possible explanations as to why HPgV might be beneficial in
patients with HIV-1 including down-regulation of HIV-1 co-receptors (C-C
chemokine receptor (CCR) type 5 and C-X-C chemokine receptor (CXCR) type 4),
activation of ISGs during chronic infection, reduction of T lymphocyte activation

markers, and inhibition of HIV-1 replication, as shown in Figure 1.2108,

E2 interferes with HIV binding C
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E2 and NS5A inhibit HIV replication E
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Figure 1.2: Selective effects of HPgV proteins on HIV-1 replication.

The HPgV envelope protein E2 and non-structural protein NS5A are known to have several
effects on CD4+ T cells. The NS5A protein has been shown to induce secretion of SDF-1 [A],
induce Thl cytokines whilst reducing Th2 cytokines [B], and down-regulate the surface
expression of CD4 and CXCR4 [C]. Both NS55A and E2 interact with different processes
involved in HIV-1 replication [E] and E2 can also interfere with the binding and fusion of HIV-
1to T cells [C].

Adapted from: Bhattarai N, and Stapleton JT. (2012). GB virus C: the good boy virus?. Trends
in Microbiology. 20(3), 124-130.
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Several different HPgV/HIV-1 interactions within the host will be investigated

below.

Chemokine expression

In vitro studies in PBMCs have shown that cytokine induction following HPgV
infection reduces HIV-1 replication, in particular RANTES (CCL5), macrophage
inflammatory protein (MIP)-1a, MIP-1 and stromal cell-derived factor (SDF)-1146,
Individual HPgV proteins exert differential effects on the host immune response in

the setting of HIV-1 co-infection.

Pertinent to the earlier discussion of HPgV in vitro studies showing the ability of
HPgV E2 to inhibit IL-2 production in T cells, similar phenomena are observed in
HPgV/HIV-1 co-infected individuals. In HPgV/HIV-1 co-infected individuals
receiving IL-2 therapy, CD4+ expansion was significantly lower than in HIV-1 mono-
infected individuals!4’. Therapeutically, this finding might underlie the observation
that IL-2 therapy is ineffective in treating HIV-1-infected individuals, since HPgV

was not typically screened in these individuals from several studies48.

Lymphocyte profile and activation
As previously mentioned, PBMCs are inefficient in hosting HPgV replication for
extended periods of time, thus posing the question of how HPgV alters HIV-1

replication and virulence in PBMC cultures. HPgV is known to reduce the expression

39



of activation markers on CD4+ and CD8+ cells in HPgV /HIV-1 co-infected
individuals, suggesting that HPgV has paracrine effects on bystander cells that

reduces the overall activation state of lymphocytes108.

Within T cell populations, the T helper 1 (Th1) and T helper 2 (Th2) responses are
well characterized within the HIV-1 literature. Th1 responses are more involved in
producing cell-mediated immune responses and are typically considered to be more
proinflammatory than Th2, which is characterized by more humoral responses!4°.
Th1 cells typically produce cytokines such as IL-2, IFNy and TNFa, while Th2 cells
produce cytokines such as [L-4, IL-5, IL-6 and IL-1014°. Immune responses mediated
by Th1 cells are more involved during acute HIV-1 infection, although serum levels
of Th1 cytokines tend to decrease over the course of chronic infection whereas Th2
cytokines increasel8, Several studies investigating Th1 and Th2 profiles in
HPgV/HIV-1 co-infected individuals illustrate that the presence of HPgV increases
Th1 cytokines and reduces Th2 cytokines, suggesting they polarize the T cell profile
towards a Th1 profile and thus may be beneficial in HIV-1 positive patients in
fighting off the infection1%8. HPgV has also been shown to protect T cells from Fas-
mediated apoptosis, reducing the CD4+ T cell death associated with HIV-1

infection108,
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HIV-1 entry

HIV-1 entry primarily depends on two co-receptors, CCR5 and CXCR4 as well as
cluster of differentiation (CD)4 as the primary receptor. The combination of low
expression of these receptors and high levels of their ligands (MIP-1a, MIP-1§,
RANTES, and SDF-1) is known to slow HIV-1 progression30. As mentioned
previously, HPgV induces the expression of these cytokines during infection and
further, the HPgV NS5A protein reduces CXCR4 and CCR5 expression, increases SDF-
1 expression (ligand for CXCR4) and leads to an overall reduction in HIV-1
replication?>1152, The HPgV E2 glycoprotein also alters HIV-1 entry by enhancing the
release of RANTES, which binds CCRS5, as well as down-regulating CCR5 following

HPgV E2 binding to CD81 on T-cells153 in vitro.
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1.7 Rationale and Thesis Objectives

Given the recent discovery of HPgV infection in the CNS that was associated with
encephalitis and glial cell infection, it was imperative to investigate the cell tropism
and accompanying neuropathogenic mechanisms of HPgV infection in the human

CNS. My overarching hypothesis was:

HPgV productively infects CNS glial cells, resulting in immune activation that is

differentially affected by a deletion in the HPgV NSZ2 gene.

Importantly, I wanted to determine whether HPgV productively infected specific
types of neural cells and define the impact of the previously identified 87-nucleotide
deletion! on viral infectivity and replication, as well as the associated host
neuroimmune response(s). Moreover, [ wanted to utilize our archived brain tissues
to identify more patients with CNS HPgV infection, thus confirming and expanding
upon the findings of our original case study. Building on this rationale and working

hypothesis, I proposed the three major objectives for this thesis including:

Objective I.

Objective: Establish an in vitro model of human pegivirus infection in
human glial cells and define the impact of the previously recognized HPgV NS2

deletion on viral infection.

Hypothesis: Human pegivirus infects and replicates in human glial cells, which

is enhanced by a deletion in the HPgV NSZ2 gene.
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Within this objective, I first established a novel method for HPgV transfection in
human astrocytoma cells using a molecular HPgV viral clone, followed by
subsequent infection of human astrocytes with the isolated virions in cell
supernatants. I then introduced an 87-nucleotide deletion into the molecular HPgV
clone, recapitulating the deletion observed in vivo by our group. We then compared
the replication and tropism of HPgV wild type (WT) versus HPgV ANS2 to determine
how the NSZ deletion affected viral infection and replication in human glial cells in

vitro.

Objective Il

Objective: Define the host antiviral responses to HPgV WT and ANS2

infection in human astrocytes and microglia.

Hypothesis: HPgV WT and ANSZ viruses will elicit different host antiviral

responses in human glia following infection.

Within this objective, I characterized the activation of inflammatory and antiviral
pathways in glial cells following HPgV infection and assessed how these responses
differed following infection with HPgV WT versus HPgV ANS2. I also explored the
activation of cell death pathways in glial cells following HPgV WT versus HPgV ANS2

infection and assessed the impact of infection on glial cell viability.
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Objective Il

Objective: Examine HPgV neural cell tropism in vivo and associated

immune responses in brain tissues from patients with detectable HPgV.

Hypothesis: HPgV infection in the CNS alters antiviral and immune-related

gene expression.

Within this objective, | validated my in vitro findings by investigating HPgV infection
of astrocytes in the human brain using immunofluorescent imaging of the HPgV
NS5A antigen. I also established a cohort of seven patients who had HPgV RNA
detected by ddPCR in post-mortem cortex samples. Within this cohort I examined
the impact of HPgV infection of the CNS on several inflammatory and antiviral

signaling pathways.
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2.1 Ethics Statement

The use of autopsied brain tissues was approved (Pro0002291) by the University of
Alberta Human Research Ethics Board (Biomedical) and written informed consent was
received for all samples. Frontal cortex sections from HPgV+ and HPgV- patients were
examined. Brain tissue from patients with and without HIV-1 or HPgV was obtained
from the National Neuro-AIDS Tissue Consortium (NNTC) collection. Human fetal
tissues were obtained from 15-22-week aborted fetuses that were collected with the
written informed consent from the donor (Pro00027660), approved by the University

of Alberta Human Research Ethics Board (Biomedical).

2.2 In vitro experiments
2.2.1 Cell culture

Primary fetal human microglia, astrocytes and neurons were isolated based on
differential culture conditions, as previously described ¢466. Fetal brain tissues from
15-22 week fetuses were dissected, meninges were removed, and a single cell
suspension was prepared through enzymatic digestion for 1hr with 2.5% trypsin and
0.2 mg/ml DNAse I, followed by trituration through a 70-um cell strainer. Cells were
washed twice with fresh medium and plated in T-75 flasks. Cultures were maintained
in MEM supplemented with 10% FBS, 2mM L-glutamine, 1mM sodium pyruvate, 1X
MEM nonessential amino acids, 0.1% dextrose, 100 U/ml penicillin, 100 pg/ml

streptomycin, 0.5 pg/ml amphotericin B, and 20 pg/ml gentamicin. For microglial cells,
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mixed cultures were maintained for 1-2 weeks, at which point astrocytes and neurons
formed an adherent cell layer with microglia loosely attached or floating in the
medium. Cultures were gently rocked for 20-30 mins to re-suspend the weakly
adhering microglia in medium, which were then decanted, washed, and plated.
Astrocyte cultures were passaged once per week for 4-6 weeks until the neurons were
eliminated. Human fetal neurons were cultured in medium containing cytosine
arabinoside and used within 2 weeks of culture!>4. Purity of cultures was verified by
immunofluorescent quantitation as previously reported by our group6466.154155 Mixed
cultures were plated directly after the initial straining and wash steps and maintained
for 1 week before undergoing infection. Astrocytoma U251 cell cultures (ATCC) were
maintained in DMEM supplemented with 10% FBS and 100 U/ml penicillin, 100 pg/ml
streptomycin. MO3.13 cell cultures (ATCC) were maintained in DMEM supplemented
with 10% FBS and 100 U/ml penicillin, 100 pg/ml streptomycin. Before
experimentation, cells were differentiated for 3 days using 50ng/mL Phorbol-12-
myristate 13-acetate (PMA) in serum-free RPMI before media was removed, cells
washed with PBS and fresh media (serum-free) was added for future experimentation.
SK-N-SH cell cultures (ATCC) were maintained in DMEM (low glucose) supplemented
with 10% FBS and, 1% Non-essential amino acids, 100 U/ml penicillin, 100 pg/ml
streptomycin. Before experimentation, cells were differentiated for 3 days using

dibutyral-cAMP (1mM).
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2.2.2 Viral stock preparation and infection

For infectious virus, we obtained a clone of HPgV (NIH AIDS Reagent Program 9450),
which was subsequently transformed into DH5a (library efficiency) cells
(Invitrogen™) and plasmids were generated (gene]ET Plasmid kit; Thermo
Scientific™) as viral plasmid stocks for downstream applications. Several rounds of
qPCR and Sanger sequencing were performed on the infectious clones to ensure in-
house clones had not undergone mutagenesis during transformation. Mutant HPgV
ANS?2 virus was created from the HPgV clone listed above by targeting the 87-
nucleotides in the HPgV NS2 gene for site directed mutagenesis (New England
Biolabs®). Primers for site directed mutagenesis were created using NEBaseChanger
online software™. Both plasmids were subject to Sanger sequencing of various HPgV
genes to ensure that no additional mutations were introduced during the mutagenesis.
A similar protocol was used to create HPgV ANS5A and HPgV ANS2 ANS5A viruses. For
the purposes of viral transfection, plasmids were linearized using the Bcul (Spel)
restriction enzyme (Fisher Scientific) and subjected to T7 RNA synthesis (New England
Biolabs®)112, Newly transcribed RNA was quantified (Nanodrop™) and transfected
(jetPRIME™ transfection reagent; Polyplus™ transfection) into the U251 astrocytoma-
derived cell line (ATCC). Viral-infected supernatants were harvested at 7 and 10 days
post-infection and RNA was prepared for viral quantitation (Viral RNA Mini Kit;
Qiagen). Subsequent cDNA and droplet digital PCR (ddPCR) were used to quantify
HPgV viral copies/mL of supernatant to determine the multiplicity of infection (MOI)
for future infections. To assess infection of primary human neural cells, cells were

plated for 24hrs and then infected with HPgV for 6 hours, at a MOI ranging from 0.1 to
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1.0 depending on the sensitivity of the assay, before being thoroughly washed with PBS
and incubated for the duration of the experiment; confirmation of infection in these
cells was initially assessed by detection of increased HPgV copies in cell supernatants

by ddPCR.

2.2.3 Real-time polymerase chain reaction (qRT-PCR)

8uL of prepared viral RNA (QIAamp Viral RNA Mini Kit, Qiagen) or 1pg of total cellular
RNA (RNeasy Mini Kit, Qiagen) was prepared and used for first-strand cDNA using
Superscript Il reverse transcriptase (Invitrogen, Carlsbad CA, USA) and with random
hexamer primers (Roche). Specific genes were quantified by real-time reverse
transcriptase PCR (qRT-PCR) using the CFX 96 real-time system (Bio-Rad, Mississauga,
ON, Canada). The specific primers used during qRT-PCR are provided in below [Table
2.1]. Semi-quantitative RT-PCR analysis was performed by monitoring, in real time, the
increase of fluorescence of the SYBR Green dye (iQ™ SYBR Green Supermix, Bio-Rad)
on the Bio-Rad detection system as previously reported!5¢, and was expressed as
relative fold change (RFC) compared to uninfected cells and uninfected controls

respectively.

2.2.4 Droplet-digital polymerase chain reaction (ddPCR)

Using 8uL of prepared viral RNA (QIAamp Viral RNA Mini Kit, Qiagen) or 1pg of total

cellular RNA (RNeasy Mini Kit, Qiagen) was prepared and used for first-strand cDNA
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using Superscript Ill reverse transcriptase (Invitrogen, Carlsbad CA, USA) and with

random hexamer primers (Roche). ddPCR was performed using either the probe based

or EvaGreen QX200™ droplet digital PCR system™ (Bio Rad) and analyzed with

Quantasoft™ (Bio Rad). To calculate the number of HPgV copies per microgram of RNA,

droplet numbers were first converted to the corresponding amount of cDNA (5uL used

out of 150uL prepared), then to the amount of RNA generated from the tissue/cell

cultures (8uL used out of 30uL prepared). This number was then used in future

calculations to arrive at the final concentration of HPgV copies/mL of supernatant or

HPgV copies/ug of RNA. The specific primers used during ddPCR reactions are

provided below [Table 2.1]

Table 2.1: Human and viral primer sequences used

Gene Name Species | Forward Sequence Reverse Sequence

CASP1 human | 5’-TCC AAT AAT GGA CAA GTC AAG CC-3’ 5’-GCT GTA CCC CAG ATT TTG TAG CA-3’
IFNB human | 5-CAT CTA GCA CTG GCT GGA ATG-3’ 5’-ACT CCT TGG CCT TCA GGT AAT G-3’
IRF3 human | 5’- GCA CAG CAG GAG GAT TTC G-3’ 5’-AGC CGC TTC AGT GGG TTC-3’

MAVS human | 5’-CAG GAG CAG GAC ACA GAA C-3 5’-AGG AGA CAG ATG GAG ACA CAG-3’
DDX58 human | 5’-AAA CCA GAA TTA TCC CAA CCG A-3’ 5’-TGA TCT GAG AAG GCA TTC CAC-3’
IL1B human | 5’-CCA AAG AAG AAG ATG GAA AAG C-3’ 5’-GGT GCT GAT GTA CCA GTT GGG-3’
GAPDH human | 5’-AGC CTT CTC CAT GGT GGT GAA GAC-3’ | 5’-CGG AGT CAA CGG ATT TGG TCG -3’
NS3 [+] HPgV 5’-CAG ATG GGG CAA CCT CGT T-3’ 5’-GTC CAC GGC CTA GTG AACC-3’

E2 [-] HPgV 5’-GCC ACC GGA AAT ACA ACA CC-3 5’-CTC GGT TGG TCC CGC TTA TC-3’
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2.2.5 Cell culture immunofluorescence

Detection of cellular proteins was performed using immunofluorescence as described
previously!54. Cells were cultured on 180pum thick polymer coverslip 8 well plates (p-
Slide ibiTreat plates #80826) and treated. After 24hrs, cells were fixed using 4%
formaldehyde. Cells were permeabilized using 0.1% Triton in PBS, blocked using
Odyssey Blocking Buffer (LICOR; cat#927-40000), and incubated with primary
antibody [Table 2.2] overnight at 4°C. Primary antibody binding was detected using
species-matched secondary antibodies [Table 2.3]. Cells were stained with phalloidin
(F-Actin) (ThermoFisher, #R37110) and DAPI and mounted using Prolong™ Gold
antifade reagent (Invitrogen, #P36934). Slides were imaged using a Wave FX spinning
disc confocal microscope (Zeiss) with Volocity 6.3 acquisition and analysis software
(Perkin Elmer), and basic contrast enhancement performed using automatic black-
point calculation. Composite z-stack images included 10 XY planes over a total vertical
distance of 5-10 pm using the Improvision Focus Drive. All cells were imaged using a

20 or 40X oil immersion objective lens unless otherwise indicated.

2.2.6 Immunoblot analysis

Immunoblot analysis of tissue and cell lysates was performed as described
previously154157, Following protein extraction using RIPA buffer, samples were
quantified using a DC Protein Assay Kit (Bio-Rad; cat# 5000112), then treated with
Laemmli buffer (Bio-Rad; Cat#161-0747) and incubated at 95°C for 8-10mins.

Samples were loaded onto 4-20% Precast SDS-PAGE gels (Bio-Rad; Cat# 456-1094)
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and run for 1hr at 100-120V. Following electrophoresis, gels were transferred onto

0.2pm nitrocellulose (Bio-Rad; cat# 1620112) membranes using a BioRad Mini Trans-

Blot Wet Transfer system for 55 minutes at 0.12A. Membranes were blocked for 1-4hrs

with Odyssey Blocking Buffer (LICOR; cat#927-40000), followed by overnight

incubation at room temperature with primary antibody [Table 2.2]. Membranes were

then washed 3x5 minutes with PBS-T (1x PBS-0.05% Tween-20) and incubated with

HRP-conjugated secondary antibody [Table 2.3] (Jackson ImmunoResearch) for 1 hour,

followed by 3x5 minute washes. Membranes were developed with ECL reagent

(Thermo Scientific; cat#32132) and imaged using an ImageQuant LAS4000

Biomolecular Imager (GE Life Sciences). Band intensity was quantified using

ImageStudioLite and normalized to 3-actin.

Table 2.2: Primary antibodies used

Py | sveoes | wrme | Vo | e
o HPgV E2 Mouse 1:200 1:500 Thelrlrlr]’aozF_ifher
Antibodies } .\, ; ncsa | Rabbit 1:200 1:1000 ﬁ)bfgs‘,‘;
Chicken 1:200 N/A aﬁ’;jﬁ 6
Human GFAP .
Antibodies Mouse 1:200 N/A BD i};aggl(r)lgen
B-Actin Mouse N/A 1:10,000 Ssacrfﬁ%z
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Table 2.3: Secondary antibodies used

Goat anti-mouse IgG
Goat anti-rabbit IgG 1:500 Abcam
Goat anti-chicken IgG

AlexaFluor 647

Goat anti-rabbit 1:10,000

Jackson
Biolabs

Goat anti-mouse 1:10,000

2.2.7 Lactate dehydrogenase (LDH) assay

LDH activity in cell supernatants was assessed using the LDH-Cytotoxicity Assay Kit II
(Abcam, ab65393) according to manufacturer’s instructions. Astrocytes or microglia
were plated in 96-well plates and cultured for 24 hours before infection or treatment.

Supernatants were harvested and stored at -80°C prior to use.

2.2.8 Alamar Blue™ assay

Cell viability was assessed by Alamar Blue™ (Thermo Fisher, DAL1025) according to

manufacturer’s instructions. Astrocytes or microglia were plated in 96-well plates and
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cultured for 24 hours before infection or treatment. Alamar Blue™ was then diluted in
cell culture media (1/10) and placed on cells. Plates were read every 30 minutes for 4
hours to detect absorbance changes. Cell viability was measured by measuring the

reducing power of viable cells in each condition.

2.2.9 Cytokine ELISA

IL-1f3 cytokine assays were performed on cell culture supernatants using the human
IL-1B DuoSet ELISA kit (R&D Systems, DY201) according to the manufacturer’s
instructions. Nigericin (5uM; InvivoGen cat# tlrl-nig) was used as a positive inducer of

cell death for a 4-hour treatment.

2.2.10 FAM-FLICA caspase assay

Astrocytes were initially plated and cultured in 96 well-plates (50,000/well) for 24hrs
and then were infected with either HPgV WT or ANS2 viruses for either 4 or 7 days.
Caspase-1 (Immunochemistry Technologies, #97), caspase-3/7 (ImmunoChemistry
Technologies, #93), caspase-8 (Immunochemistry Technologies, #90) or caspase-9
(Immunochemistry Technologies, #912) activity was assessed according to

manufacturer’s instructions.
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2.2.11 Viral sequences and phylogenetic tree generation

HPgV sequences were aligned using Mega-X software and phylogenetic trees were
constructed using reported pegivirus and other related sequences by Clustal X N-J
Bootstrap Method and evaluated with MEGA-X software with 10,000 replicates. Viral
sequences were obtained from Genbank for the HPgV WT clone (Genbank: AF121950)
and from a patient from our original case report, LE-1 (Genbank: MH179063) which

represented HPgV ANS2.

2.3 In vivo experiments

2.3.1 Tissue Immunofluorescence

For human autopsy immunofluorescence studies, as described previously1°7, tissue
slides were de-paraffinized by incubation for 1hr at 60°C followed by one 10min and
two 5min incubations in toluene baths through decreasing concentrations of ethanol to
distilled water. Antigen retrieval was performed by boiling in 10mM sodium citrate
(pH 6.0). Slides were blocked with Odyssey Blocking Buffer (LICOR; cat#927-40000)
for 4hrs at room temperature. Slides were incubated with primary antibodies at 4°C
overnight. Primary antibody was removed by PBS washes (5 min x3) and slides were
incubated for 3min in 0.22um filtered 1% (w/v) Sudan black in 70% ethanol and
washed an additional three times in PBS. Slides were incubated in a mixture of 1:500

fluorescent secondary antibodies as appropriate for 2hrs, washed three times in PBS,
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stained with DAPI for 10min, and mounted with Prolong Gold. Slides were imaged with

an inverted Wave FX spinning disc confocal microscope (Zeiss).

To quantify the intracellular MFI of viral antigen in GFAP+ cells, the freehand tool in
Volocity 6.3 was used to delineate each GFAP+ cell as a region of interest (ROI) and the
MFI of viral antigen within that ROI was recorded. To quantify the number of
immunopositive cells per FOV, a ‘threshold’ defined as 4x the background MFI was
established separately for each FOV. FOVs were then individually contrast enhanced by
setting the black point to the threshold value (4x background) calculated above. Each
GFAP+ cell was then categorized as either immunopositive or immunonegative for
viral antigen based upon whether the intracellular viral signal exceeded the 4x
background threshold. Isotype secondary antibody controls were used to measure

tissue auto-fluorescence.

2.4 Statistical Analyses

Comparisons between two or more groups were performed by unpaired Student’s t-
test or by ANOVA with Dunnett’s post hoc tests, using GraphPad Instat 3.0 (GraphPad
Software, San Diego, CA, USA). Comparisons between the proportions of two variables
were performed by Fisher’s exact test, using GraphPad Instat 3.0. Human patient data

was analyzed with the Mann-Whitney test, using GraphPad Instat 3.0.
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Chapter III: HPgV neurotropism
in vitro and characterization of
HPgV ANS2
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3.1 Introduction

Chapter III Objective: Establish an in vitro model of human pegivirus infection in
human glial cells and define the impact of the previously recognized HPgV NS2

deletion on viral infection.

Until recently, both the minimal association of HPgV infection with a disease
phenotype and the lack of an effective in vitro model limited studies of viral tropism
in the CNS and the periphery. Evidence for HPgV infection in the CNS was confined
to the detection of viral RNA in the CSF and brain tissuel37.139,140 gnd no association
with CNS pathology had been reported. However, our group recently identified viral
antigen in astrocytes and verified active viral replication within the CNS in the
context of severe leukoencephalitisl. Both of these original patients (hereafter
referred to as “index patients”, LE-1 and LE-2) were found to contain virus with an
87-nucleotide deletion in the NS2 genel. Following this initial report outlining an
association of HPgV infection with encephalitis, we sought to establish an in vitro
CNS model of infection to better understand HPgV neurotropism and viral

propagation within the CNS.

Chapter III Hypothesis: Human pegivirus infects and replicates in human glial cells

which is enhanced by a deletion in the HPgV NSZ2 gene.

Within this chapter, I established and optimized an in vitro model of HPgV infection

in human astrocytes and have provided evidence that HPgV can infect and replicate
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in both human astrocytes and microglia, but not in human neurons or an
oligodendrocyte cell line. I delineated the effects of an 87-nucelotide deletion in the
NS2 gene of the virus, which appears to increase viral infectivity, replication and
spread within glial populations. I also established a new technique to measure viral
copy numbers in glial cultures as a method of quantifying both intracellular and
extracellular HPgV RNA following infection. These results lay the foundation for

later mechanistic studies to further understand virus-host interactions.

3.2 Results

3.2.1 Primary human astrocytes and the astrocytoma cell line U251 are

both permissive to HPgV transfection

Previous studies by our group have detected HPgV antigen in glial cells, chiefly
oligodendrocytes and astrocytes, at autopsy?!. To model HPgV CNS infection in vitro,
human fetal astrocytes (HFA) were selected because of their availability and their
ability to be infected by other members of the Flaviviridae family®8158159, To
investigate HPgV tropism in human astrocytes, HPgV RNA derived from an HPgV
molecular clonel12 was transfected into human astrocytes. Seven days post-
transfection, HPgV NS5A antigen was detected [Figure 3.1A]. Although primary
astrocytes were our cell type of interest, astrocytoma cell lines are widely known to
have deficiencies in [FN signaling pathways that confer enhanced permissiveness to

viral infection compared to primary astrocytes1¢0. This property makes them highly

59



efficient for propagating large quantities of virus, and as such we utilized the
astrocytoma cell line, U251, to propagate the virus [Figure 3.1B]. Supernatants from
transfected cells were harvested and replaced 7 days post transfection, and fresh
media was applied for 3 additional days. HPgV copies released into the supernatant
were measured by droplet digital PCR (ddPCR) at the 7 day [Figure 3.1Ci] and 10
day time-points [Figure 3.1Cii] and compared to mock-transfected controls [Figure
3.1Ciii]. Copies of HPgV WT and ANS2 in cell supernatants [Figure 3.1Ci] were
extrapolated to calculate viral stock copy numbers for future experimentation
[Figure 3.1D]. To confirm that minimal cell death occurred during transfections,
lactate dehydrogenase (LDH) activity was measured in U251 supernatants and was

shown to be similar in transfected and mock-transfected cells [Figure 3.1E].
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Figure 3.1: The human astrocytoma U251 cell line and primary human astrocytes are

permissive to HPgV transfection.

[Ai-Avii] Representative images showing HPgV+ HFAs following transfection with HPgV WT
viral RNA (red), compared to mock-transfected cells 7 days post transfection. [Bi-Bvii]
Representative images showing HPgV+ cells following transfection with HPgV WT [Bv-viii]
and HPgV ANS2 [Bix-xii] viral RNA (yellow) in the human astrocytoma U251 cell line,
compared to mock-transfected cells 7 days post transfection. [C, D] ddPCR thresholding and
optimization of droplet amplitude was determined in U251 cells following 7 and 10 days of
transfection. [D] Viral copies per milliliter of supernatant were determined following ddPCR
quantitation for the 7-day time-point. [E] LDH activity in cell supernatants from both HPgV
WT and ANS2 was measured following 7 days of transfection. (NS= Non-significant, One-way

ANOVA).
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3.2.2 HPgV infects and spreads in primary human astrocytes

Using HPgV WT viral stocks from above, human astrocyte cultures were infected at a
MOI of 0.1 for 4, 7 and 14 days before cells were imaged for the presence of HPGV
NS5A antigen using confocal microscopy [Figure 3.2A]. At each time point, the
presence of NS5A antigen [Figure 3.2Avi, Ax, Axiv] was detected intracellularly,
confirming successful viral infection. By quantifying the amount of intracellular
HPgV NS5A antigen as determined by the mean fluorescence intensity (MFI) of each
cell, intracellular HPgV was shown to be most abundant at 7 days post infection,
significantly higher than both day 4 and day 14 levels [Figure 3.2B,
p<0.001;p<0.0001]. To determine if the virus was replicating within astrocytes,
supernatants were harvested at each time point, and viral RNA was extracted.
Previous reports have used droplet digital PCR (ddPCR) analysis to detect HIV-1 in
CNS tissues®>. It is a highly sensitive assay that can quantify the precise number of
viral copies present within a given sample. In my studies, ddPCR quantification of
infected astrocyte supernatants showed a mean of 7577, 20434 and 4834 HPgV NS3
viral RNA copies/mL were released at 4, 7 and 14 days post-infection, respectively
from two independent experiments [Figure 3.2C, *p<0.05, **p<0.01]. This mimics
the trend observed with intracellular viral immunodetection [Figure 3.2B], which
showed that the increase in intracellular viral MFI is associated with an increase in
replication of the virus. Further, to calculate the HPgV spread, astrocytes were
quantified as either HPgV NS5A immunopositive or immunonegative in several
fields of view (FOV) in each condition [Figure 3.2D, *p<0.05; **p<0.01]. Over time

HPgV spread to a significantly greater number of astrocytes, with 49% of cells
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immunopositive for HPgV by day 4, 65% at day 7 and 84% of cells by day 14, a
significant increase relative to the previous two time-points. These data illustrate
that HPgV is tropic for human astrocytes and can replicate and spread within

astrocyte cultures.
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Figure 3.2: HPgV infects and spreads in human astrocytes in vitro.

Astrocytes were infected with HPgV WT (MOI = 0.1) for 4, 7 or 14 days after which cells were
fixed and immunolabeled for HPgV NS5A antigen (white) and labeled with F-Actin (green)
and DAPI (blue). Representative images are shown. To quantify viral infectivity, HPgV NS5A
mean fluorescence intensity (MFI) per cell [B] was assessed for a minimum of n=50 astrocytes
per condition using confocal microscopy and compared to uninfected cells [A]. [C] ddPCR of
cell supernatants showed an increase in viral replication between D4 and D7, displayed by
number of HPgV+ copies. (* p<0.05, ** p<0.01, Student’s T-test). [D] Viral spread was
determined by quantifying the number of HPgV+ cells per field of view (FoV) in each
condition by immunofluorescence. Data shown represent data from two separate donors. (*

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, One-way ANOVA).
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3.2.3 Characterizing the HPgV ANS2 mutation in relation to HPgV WT

The HPgV LE-1 and LE-2 genomes previously characterized by our group suggested
the presence of both an 87-nucleotide deletion in the NS2 gene and a 15-nucleotide
insertion in the NS5A gene of the virus!. After optimizing HPgV infection of human
astrocytes, I modified the HPgV WT plasmid by deleting an 87-nucleotide sequence
in the NSZ gene (genome position 2643-2730), to mimic our in vivo finding [Figure
3.3A]. The ANS2 plasmid was verified to have 87 nucleotides missing and the
deletion was detected by gel electrophoresis [Figure 3.3B]. To confirm the plasmid
did not undergo any off-site mutations within the viral genome, we sequenced the
E1 gene of both plasmids and found no differences between the WT and ANS2
viruses [Figure 3.3C]. This mutant virus RNA was then transfected into U251 cells
[Figure 3.1B] to produce HPgV ANSZ2 viral stocks from released virus in the

supernatant after 7 days.
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Figure 3.3: HPgV WT and ANS2 viruses can be differentiated by gel electrophoresis

and sequences from both viruses cluster within genotype 2.

The HPgV ANS2 mutant is characterized by an 87-nucleotide deletion located in the NS2 gene
[A]. To verify the presence of a deletion, cDNA created from WT and ANS2 plasmids were by
Sanger sequencing [A]. The presence of the NS2 deletion in HPgV ANS2 is best observed by
gel electrophoresis following qRT-PCR when compared to HPgV WT [B]. HPgV WT and ANS2
plasmids were also subject to Sanger Sequencing in the E1 gene to ensure additional
mutations were not introduced during mutagenesis [C]. Using HPgV WT (Genbank:
AF121950) and ANS2 sequences from LE-1 (Genbank: MH179063), a phylogenetic tree was
constructed for both the mutation site in NS2 [D] and a region of the HPgV NS3 gene [E]. All
PgV, HPgV-2 and HCV sequences have corresponding Genbank accession numbers listed and

HPgV sequences are grouped by genotype.
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In addition to the creation of the HPgV ANS2 mutant [Figure 3.4B], further
mutagenesis of the HPgV WT plasmid [Figure 3.4A] led to the creation of HPgV
ANS5A [Figure 3.4C], which contained the 15-nucleotide insertion observed in vivo
in our initial case, LE-1, and the HPgV ANS2 ANS5A virus [Figure 3.4D], which
contained both mutations within the viral genome. Only HPgV ANS2 was utilized in

this thesis, although the other clones are available for future experimentation.

C.
HPgV ANS5A
5 X 3
NCR NCR
D.
HPgV ANS2 ANS5A
5 X .
NCR NCR

Figure 3.4: Multiple clones were generated to replicate mutations discovered in the

HPgV genome.

Using sequences from our initial index case, patient LE-1 (Genbank: MH179063), three viral
clones were produced following site-directed mutagenesis in our HPgV WT plasmid. The viral
plasmid from HPgV WT [A] underwent mutagenesis using select primers directed to create
an 87-nucleotide deletion in the NS2 gene (HPgV ANS2) [B], a 15-nucleotide insertion in the
NS5A gene (HPgV ANS5A) [C] or both mutations together in a single plasmid (HPgV ANS2

ANS5A) [D].
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3.2.4 Phylogenetic analyses show that the HPgV WT and ANS2 viruses

cluster together when compared with other pegiviruses

To understand HPgV phylogeny in the context of the HPgV WT and ANS2, |
compared HPgV WT and ANS2 sequences to other pegiviruses. When investigating
the NS2 gene, HPgV WT (AF121950) and HPgV LE-1 (MH179063), a patient who had
the NSZ deletion from our original case report! both clustered as genotype 2 viruses,
which are commonly found in North America (where the original clinical isolates
originated from)192 [Figure 3.3D]. A similar trend was also observed when
investigating the HPgV NS3 gene [Figure 3.3E]. In both genes, it appeared that the
WT virus diverges before the HPgV ANS2 virus, indicating that the NS2 deletion
could represent a new strain that has recently been introduced. Of note, the other
virus that clusters closely with both the WT and ANS2 viruses in genotype 2
(JN127373) is an HPgV isolate from the CNS of an individual with MS107. Within the
NS2 gene [Figure 3.3D], the three viruses cluster together more closely than the
other genotype 2 virus (U45966) that was isolated from plasma, indicating potential

mutations in the virus that increase the ability for HPgV to access the CNS.
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3.2.5 HPgV proteins are detectable in lysates of human astrocytes

following infection

To provide further evidence that HPgV is tropic for human astrocytes, we sought to
detect HPgV antigens in lysates of human astrocytes following 7 days of infection.
Both the E2 and NS5A proteins were detected in infected astrocytes [Figure 3.5A-C].
The presence of two HPgV proteins in cell lysate further supported our hypothesis
that HPgV is tropic in human astrocytes. This immunoblot also provided validation
of our antibodies by demonstrating that (i) minimal signal is detected in uninfected
astrocytes, implying that cross-reactivity with host proteins is very limited, and (ii)
signal is detected at the appropriate molecular weight for each viral protein,
suggesting that the antibodies are detecting their intended target. This validation

recapitulates our previous validation of the NS5A antibody?.
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3.2.6 HPgV RNA is present in infected human glial cell cultures and the

NS2 mutation confers greater replicative capacity

The above findings in human astrocytes prompted further examination of HPgV
tropism in other CNS cell types. Following infection with HPgV WT and ANS2 for 12,
24, 48,96, 196 (7 days), and 336 hours (14 days), only human astrocytes [Figure
3.6A, *p<0.05, **p<0.01, ***p<0.001] and microglia [Figure 3.6B] supported viral
replication and release as measured by ddPCR; whereas human neurons [Figure
3.6C] and the human oligodendrocyte cell line (M03.13) [Figure 3.6D] did not
support HPgV replication. In human astrocytes, it appears that the ANS2 mutant
does not have a ‘lag phase’ during infection and significantly greater copy numbers
are detected beginning after 24 hours, compared to HPgV WT viral infection
wherein virus is first detected in the supernatant after 48 hours. Infection of
microglia showed a different time-course of infection when compared to human
astrocytes, with viral presence in the supernatant peaking at 72 hours post-infection

and decreasing rapidly over time.

To confirm that cells were indeed infected and HPgV WT and ANS2 were undergoing
infection, cell lysates from day 14 post infected human astrocytes [Figure 3.6A] and
microglia [Figure 3.6B] were harvested and analyzed by ddPCR to determine
intracellular viral copy numbers for each condition [Figure 3.7A, *p<0.05,
*4p<0.001, ****p<0.0001]. As expected, HPgV RNA (WT or ANS2) was not detected

in uninfected cells. This prompted further investigation into the amount of
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intracellular virus early during HPgV infection in human astrocytes. Following
infection of human astrocytes with either HPgV WT or ANS2 viruses for 24, 48, 72 or
96 hours, cells were harvested and subject to the same ddPCR analysis as above

[Figure 3.7B, *p<0.05].
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Figure 3.6: HPgV productively infects human astrocytes and microglia, with the ANS2

mutant virus displaying greater replication at multiple time points.

Human astrocytes [A], microglia [B], neurons [C] and a human oligodendrocyte cell line
(M03.13 cells) [D] were infected with HPgV WT or ANS2 (MOI=0.1) and supernatants were
harvested after 12, 24, 48, 72, 96, 7 days or 14 days post-infection. Cell supernatants were
then subjected to ddPCR analysis to determine the number of HPgV copies present in cell
supernatants. (* p<0.05, ** p<0.01, *** p<0.001, Students T-test). n= 2 technical replicates

were used.
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Figure 3.7: HPgV intracellular RNA detection in human astrocytes and microglia.

[A] Cell lysates from the human astrocytes and microglia in Figure 3.6 were harvested at day
14 for RNA and the number of intracellular HPgV copies was measured by ddPCR and
normalized to the input of 1pg of cellular RNA. (* p<0.05, *** p<0.001, **** p<0.0001, One-
way ANOVA). [B] Astrocytes were infected with either HPgV WT or ANS2 (MOI=0.1) for 24,
48, 72, 96 or 7 days. At each time-point post-infection, cells were harvested and RNA was
collected. ddPCR analysis was completed using an input of 1pg of cellular RNA to determine
the number of HPgV copies intracellularly at each time-point. (* p<0.05, Students T-test). n=

2 technical replicates were used.
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These data clearly indicated that HPgV ANS2 is detected in significantly greater
quantities intracellularly during infection and viral quantities increase rapidly in
supernatants when compared to HPgV WT. The significantly greater quantities of
the HPgV ANSZ2 virus in both cell lysates and cell supernatants when compared to
HPgV WT suggested that the deletion in the NSZ gene increases viral replicative

capacity in astrocytes.

3.2.7 HPgV antigen detection in human microglial cultures

Based on the above finding that HPgV replicated in human microglia, I wanted to
know if HPgV antigen can similarly be detected in microglial cultures. In our initial
case report we did not identify any HPgV immunopositive microglia in vivo by
immunofluorescence imagingl. Nevertheless, in microglia cultures infected with
either HPgV WT or ANS2 viruses, [ was able to detect HPgV NS5A antigen within F-
actin stained cells following 7 days of infection [Figure 3.8A]. Further, HPgV NS5A
protein was detected by immunoblot in HPgV WT infected cells in a similar
experiment [Figure 3.8B,C]. Of interest, the peptide appears to be approximately
10kD lower than what is typically detected in astrocyte cultures, suggesting that the

NS5A peptide may be processed differentially in these cells.
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Figure 3.8: NS5A antigen detection in human microglia 7 days post-infection with HPgV

WT and ANS2.

[A] Microglia were infected with HPgV WT and ANS2 (MOI=0.1) for 7 days, after which cells
were fixed and immunolabeled for HPgV NS5A antigen (white) and labeled for F-actin (green)
and DAPI (blue). [B,C] Microglia were infected with HPgV WT (MOI=0.1) or uninfected for 7
days before lysates were harvested and immunoblotted for HPgV NS5A. Data shown are HPgV
NS5A band intensities normalized to beta-actin and expressed relative to the uninfected

control.
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3.2.8 Infectious HPgV is released from cells following infection in human

astrocytes

The ability for viruses to spread to different cells is imperative for viral infection to
persist and propagate within its host. In the context of CNS infection, I initially
identified that HPgV WT spreads in human astrocytes [Figure 3.2D], although I did
not delineate the differences in viral spread between HPgV WT and ANS2 viruses in
astrocyte cultures. Based on my above results, [ hypothesized the HPgV ANS2 virus
would spread more efficiently in cell cultures, resulting in a greater proportion of
astrocytes being immunopositive over time. When examining GFAP+ astrocytes
infected with HPgV WT or ANS2 viruses, [ saw that at 4 days post infection, 62% of
astrocytes were infected in HPgV WT cultures and 83% of astrocytes were
immunopositive in cultures infected with HPgV ANS2 [Figure 3.9A-G]. After
quantifying astrocytes infected for 7 days, I saw these numbers rise significantly in
HPgV WT infected cells to 71% and HPgV ANS2 infected cells to 90% [Figure 3.9A-G,

**p<0.01].
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Figure 3.9: HPgV WT and ANS2 infect and spread in human astrocytes.

[A-G] Astrocytes were infected with HPgV WT or ANS2 (MOI=0.1) and cells were
subsequently harvested and immunolabeled for HPgV NS5A (white), GFAP (red) and labeled
with DAPI at both 4 and 7 days post infection and imaged using confocal microscopy. Viral
spread was determined by quantifying the number of HPgV+ cells per field of view (FoV) in
each condition by immunofluorescence and the proportion of infected GFAP+ cells is shown

[G]. (** p<0.01, Fisher’s exact test).
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3.2.9 Passaged HPgV shows similar spread in human astrocytes to virus

derived from astrocytoma-generated viral stocks

My earlier findings indicated that after 4 days of HPgV infection, 30,000 copies of
HPgV ANS2 and 9,555 copies of HPgV WT are found in cell supernatants which
increases to 55,971 HPgV ANS2 and 34,001 HPgV WT viral copies at 7 days post-
infection in astrocyte culture supernatants [Figure 3.6A]. The evidence of viral
replication within a given astrocyte culture prompted me to investigate whether the
viruses released from these astrocytes could in turn re-establish infection in a
subsequent infection experiment. For this experiment, | chose supernatants from
day 4 infected astrocytes, due to the steep positive slope of the viral replication
curve illustrated in Figure 3.64, indicating that virus at this point is still replication
competent. Viral spread within cell culture, as indicated by the proportion of cells
that are immunopositive for HPgV NS5A over time, was chosen as a readout.
Astrocytes were exposed to an equal abundance of virus (MOI=0.1) from day 4
conditioned media from uninfected and infected astrocytes for either 4 or 7 days
[Figure 3.10A-G]. Following exposure to HPgV+ supernatants for 4 days, 65% of
astrocytes exposed to HPgV WT and 80% of astrocytes exposed to HPgV ANS2 virus
were positive for HPgV NS5A antigen [Figure 3.10C, E, G, *p<0.05]. These numbers
significantly increased to 76% and 91% by 7 days of exposure, respectively [Figure
3.10D, F, G, **p<0.01]. These results indicated that infected astrocytes release
infectious viral particles that display comparable spread kinetics as U251-

propogated stock virus when applied to fresh astrocyte cultures [Figure 3.9].
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Figure 3.10: HPgV WT and ANS2 viral particles released from infected astrocytes are

infectious and spread in subsequent infection of human astrocytes.

[A-G] Astrocytes were exposed to supernatants from either HPgV WT (MOI=0.1), ANS2
(MOI=0.1) or uninfected supernatant. Cells were harvested and immunolabeled for HPgV
NS5A (white), GFAP (red) and labeled with DAPI at both 4 and 7 days post infection and
imaged using confocal microscopy. Viral spread was determined by quantifying the number
of HPgV+ cells per field of view (FoV) in each condition by immunofluorescence and the
relative proportion of infected GFAP+ cells is shown [G]. (*p<0.05, ** p<0.01, Fisher’s exact

test).
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3.3 Summary

In this chapter, multiple experimental techniques were utilized to establish and
optimize an in vitro model of HPgV infection in human glial cells. HPgV protein
detection was completed by semi-quantitative confocal microscopy of the HPgV
NS5A antigen and immunoblot detection of both the NS5A and E2 proteins in
astrocyte cultures. Further, viral spread and replication within cultures over time
could be determined by examining HPgV infection over time. HPgV viral RNA could
also be detected both intracellularly and in cell supernatants by ddPCR analysis, a
precise and quantitative novel method for investigating viral infection and
replication. I was not only able to establish a robust and reproducible model of
HPgV in human astrocytes, but also identified HPgV infection of human microglia,

which has never been described previously.

Additionally, the construction and implementation of the HPgV ANS2 virus in vitro
revealed that this mutant virus was replication competent and could spread and
replicate at higher levels than HPgV WT in human glial cells. Taken together, the
present observations confirmed HPgV neurotropism in human astrocytes,
delineated the effect of a novel 87-nucleotide deletion in HPgV NS2 on viral
infectivity and replication and identified a new cell type that was permissive to

HPgV infection.
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Chapter IV: Host responses in
HPgV-infected human
astrocytes and microglia
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4.1 Introduction

Chapter IV Objective: Define the host antiviral responses to WT and ANSZ infection

in human astrocytes and microglia.

Human glia can mount robust immune responses to neurotropic flaviviruses, which
can include engagement of antiviral, inflammatory and cell death signaling
pathways16l. Thus, members of the Flaviviridae family have in turn developed
mechanisms to counteract these responses, including regulating apoptosis>¢. As the
neurotropism of HPgV was only recently discovered in 20181, the interaction
between HPgV and host antiviral, inflammatory and cell death signaling pathways in
infected glia is unknown. Further, the effect of the 87 nucleotide deletion in the
HPgV NS2 gene (which was associated with encephalitis!) on the host immune
response is uncharacterized. In the previous chapter, | demonstrated productive
infection of HPgV in human astrocytes and microglia, which was enhanced by the
deletion in the NSZ gene. These initial findings prompted me to investigate immune
responses as well as cell viability following infection of human astrocytes and

microglia in vitro.
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Chapter IV Hypothesis: HPgV WT and ANSZ viruses will elicit different host antiviral

responses in human glia following infection.

Within this chapter, [ have used several different techniques to investigate how
HPgV infection affects astrocytes and microglia in vitro. | found that HPgV infection
minimally affects host immune responses in human astrocytes unless combined
with poly(I:C). HPgV infection of human microglia revealed that HPgV WT and ANS2
differentially affected transcription of several proinflammatory and antiviral genes
in vitro. I have also provided evidence that HPgV infection did not result in (i) lytic
cell death as measured through LDH activity in cell supernatants, (ii) the release of a
proinflammatory cytokine (IL-1f) or (iii) a loss in viability in astrocyte cultures.
Human astrocytes did however show a modest reduction in viability following high
MOI (MOI of 1.0) infection with HPgV ANS2 and a greater loss in cell viability was
also observed when there was a ‘second-hit’ with an inflammatory stimulus

following infection with HPgV ANS2 at a MOI of 0.1.
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4.2 Results

4.2.1 HPgV infection of human astrocytes does not alter the transcription

of several antiviral and proinflammatory transcripts

To understand how HPgV modulates immune responses of astrocytes following
infection, the transcript levels of several prototypic antiviral and proinflammatory
genes were analyzed by qRT-PCR to determine if HPgV influenced host immune
responses in infected versus uninfected cells. Following 2 and 7 days of HPgV WT or
ANS2 infections, astrocytes were harvested for RNA and cDNA libraries were
prepared. Multiple genes in several key antiviral and proinflammatory pathways
were analyzed by qRT-PCR [Figure 4.1A-G]. After 2 days of infection, no transcript
changes were observed other than a trend in CASP1 induction [Figure 4.1F]. At 7
days post-infection, a trend towards a decrease in the transcription of IFNB [Figure
4.1A] was observed, together with slight reductions in both CASP1 [Figure 4.1F] and
DDX58 [Figure 4.1D] expression. To visualize the transcriptional changes observed
in these seven genes, a heat map was generated which further illustrated the overall
similarities in gene expression profiles of HPgV WT and ANS2 infection [Figure

4.1G].
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Figure 4.1: HPgV infection does not alter host transcripts for several prominent

antiviral and proinflammatory genes in human astrocytes.

Astrocytes were infected with HPgV WT or ANS2 (MOI=0.1) for either 2 or 7 days before cells
were harvested for RNA and cDNA libraries were prepared. qRT-PCR analysis of IFNB [A],
IRF3 [B], MAVS [C], DDX58 [D], IL1B [E], and CASP1 [F] were completed and RFC + SEM for
each gene was compared to time-matched uninfected controls. A heat map [G] was generated
to show the transcripts up-regulated (black) and down-regulated (yellow) following HPgV

infection, compared to uninfected controls. n=2 technical replicates were used per condition.
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4.2.2 Antiviral and proinflammatory transcripts are inducible following

transfection of HPgV-infected astrocytes with poly(l:C)

Previous studies performed involving ZIKV infection of human epithelial cells
reported that ZIKV inhibits the induction of interferon responses induced by
poly(I:C) exposure’2. Thus, it was important to understand if HPgV can inhibit the
induction of interferon-associated responses, but also to ensure that astrocytes
were capable of generating antiviral and proinflammatory response during
infection. To investigate this issue, astrocytes were infected with HPgV WT or ANS2
for 6-hours and then transfected with poly(I:C). Cells were then harvested 42 hours
later for cDNA library preparation and qRT-PCR analysis [Figure 4.2A-H, *p<0.05,
**p<0.01]. As observed in Figure 4.1, HPgV WT or ANS2 infection alone did not
induce gene expression at 48 hours post-infection, but the addition of poly(I:C) to
astrocyte cultures induced transcript changes in genes associated with both the
antiviral and proinflammatory immune response. Contrary to what was observed in
ZIKV-infected epithelial cells, HPgV did not inhibit the induction of the IFN-
associated responses, but rather further induced the transcription of IFNB. This was
apparent when all three poly(I:C) conditions are internally normalized to the
poly(I:C) control, in which it is apparent that pre-infection with HPgV further
increased the trend of transcription when compared to poly(I:C) transfection alone

[Figure 4.2G].
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Figure 4.2: HPgV infection does not inhibit the induction of IFN responses.

Astrocytes were infected with HPgV WT or ANS2 (MOI=0.1) or mock-infected for 6 hours and
then transfected with poly(I:C) for 42 hours. After a total of 48 hours, cells were harvested
for RNA and cDNA libraries were prepared. qRT-PCR analysis of IFNB [A], IRF3 [B], MAVS [C],
DDX58 [D], IL1B [E], and CASP1 [F] were completed and RFC + SEM for each gene was
compared to time-matched uninfected controls. A heat map [G] was generated to show the
transcripts up-regulated (black) and down-regulated (yellow) following poly(I:C)
transfected, with and without prior HPgV infection. n=2 technical replicates were used per

condition. (* p<0.05, ** p<0.01, One-way ANOVA).
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4.2.3 An apoptotic nuclear phenotype is observed in a subset of HPgV

infected astrocytes

Given the recognition of neurovirulence within the Flaviviridae family, along with
the putative association of HPgV with encephalitis?, it was important to investigate if
HPgV infection of human astrocytes caused cell death. To address this question, I
infected human astrocytes with HPgV WT or ANS2 viruses and imaged the cells at 7
days post infection for HPgV NS5A immunodetection, and screened the cells for
morphological indicators of cell death (e.g. retraction of astrocytic processes,
changes in nuclear morphology) [Figure 4.3]. As demonstrated in Chapter III, I
observed glial fibrillary acidic protein GFAP immunopositive cells that contained
abundant HPgV NS5A immunoreactivity. Morphologically, these cells displayed a
rounded appearance in both HPgV WT- [Figure 4.3Avii] and HPgV ANS2-[Figure
4.3xi] infected cultures when compared to uninfected cultures [Figure 4.3 Aiii].
Further, [ also identified a small population of cells with aberrant nuclei in both
HPgV WT [Figure 4.3Aviii] and HPgV ANS2 [Figure 4.3xii] infected cells, suggestive
of karyorrhexis (fragmentation of the nucleus) that occurs during apoptosis>2. These
observations implied a small population of cells might be undergoing apoptosis

following HPgV infection of human astrocytes.
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Figure 4.3: HPgV-infection in astrocytes causes nuclear disruption in a small

population of infected astrocytes.

[Ai-Axii] Astrocytes were infected with HPgV WT or ANS2 (MOI= 0.1) for 7 days. Cells were
then fixed and immunolabeled for HPgV NS5A (white) and GFAP (red) and labeled with DAPI
(blue) and imaged using confocal microscopy (20x; insets shot at 40x) Representative images

are shown.
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4.2.4 There is minimal caspase activation following HPgV infection in

human astrocytes

The activation of caspases, in particular caspase-3/7 is a hallmark of apoptosis
following cellular stress®>2. Since viral infection is a major cause of cell stress, |
investigated (i) if caspase activation was present in human astrocytes following
infection by HPgV and (ii) whether this activation differed between the two viruses.
Following infection with HPgV WT or ANS2 viruses for 24, 48, 72, 96 and 168 hours,
intracellular caspase activation was measured by activity-dependent fluorescent
probes (FAM-FLICA™ assays) for caspase-1 [Figure 4.4A, *p<0.05], caspase-3/7
[Figure 4.4B], caspase-8 [Figure 4.4C, *p<0.05, ***p<0.001] and caspase-9 [Figure
4.4D]. Caspase-1, -3/7 and -9 activation appeared to follow a similar trend over time
following infection with either HPgV WT or ANS2 viruses. Of interest, caspase-8
activation shows a significant increase following 48 and 168 hours of HPgV ANS2
infection compared to infection with WT virus [Figure 4.4C] and uninfected controls.
Although caspase-8 activation was observed, there is no subsequent HPgV ANS2-
specific activation of the executioner caspases -1 and -3 /-7, suggesting that the cell

might not be undergoing cell death following the transient activation of caspase-8.
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Figure 4.4: Select caspases are modestly activated following infection with HPgV WT

and ANS2 in human astrocytes.

[A-D] Astrocytes were infected with HPgV WT or ANS2 (MOI=0.1) for 24, 48, 72, 96 or 168
hours (7 days). Intracellular caspase-1 [A], -3/7 [B], -8 [C] and -9 [D] activity was then
assessed using activity-dependent caspase fluorescent probes for each condition and
normalized to DAPI at each time-point. Uninfected controls were set to 100% as baseline. (*
p<0.05, *** p<0.001, Students T-test). n=6 technical replicates were used per condition and

the experiment was repeated in two separate biological donors.
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4.2.5 HPgV infection of human astrocytes is not associated with cell lysis,

cytokine release or reduced viability

To analyze the cellular response to HPgV infections further, cell viability in human
astrocytes was measured using the Alamar Blue™ assay to determine if loss of cell
viability occurred following HPgV infection. For both HPgV WT and ANS2 viral
infections, no loss in astrocyte viability [Figure 4.5A] was seen following 24, 48, 72,
96 or 168 hours of infection when compared to uninfected astrocyte controls. LDH
activity (a measure of lytic cell death) was also measured in cell supernatants from
human astrocytes following 24, 48, 72, 96 and 168 hours of infection with either
HPgV WT or ANS2 infection. Increased LDH activity [Figure 4.5B] was not detected
in cell supernatants from human astrocytes following infection, suggesting that
these cells were not undergoing cell lysis. Additionally, IL-1(, a well-characterized
proinflammatory cytokine, was measured in cell supernatants from human
astrocytes. IL-1f levels did not exceed 5pg/mL of IL-13 in HPgV-infected astrocyte
supernatants, compared to 74pg/mL in the positive control (human microglia
exposed to 5uM of nigericin) [Figure 4.5C]. Together these data provided evidence
that HPgV-infected astrocytes did not undergo cell lysis, nor did they release large
quantities of a proinflammatory cytokine into their environment, despite modest
intracellular caspase activation. A preliminary experiment also showed that
supernatants from day 4 HPgV-infected astrocytes do not cause the loss of viability
of neuronal (SK-N-SH) or oligodendrocyte (M03.13) cell lines, suggesting that HPgV
does not induce the release of neurotoxic factors [Figure A.1]. These data, along with

the above findings suggest that human astrocytes did not undergo cell death
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following HPgV infection and human astrocytes do not produce the

proinflammatory cytokine IL-1f following infection.
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Figure 4.5: HPgV WT and ANS2 infection in human astrocytes does not cause a loss in

cell viability.

[A] Astrocytes were infected with HPgV WT or ANS2 (MOI=0.1) for 24, 48, 72 96 and 168
hours and cell viability was measured using Alamar Blue™. Uninfected controls were set to
100% and n=6 technical replicates were used in each assay per condition and the experiment
was repeated in two separate biological donors. [B] Astrocytes or were infected with HPgV
WT or ANS2 (MOI=0.1) and cell supernatants were measured for LDH activity at 24, 48, 72,
96 and 168 hours post infection and normalized to uninfected controls set at 100%. n=6
technical replicates were used per condition and the experiment was repeated using two
biological donors. [C] ELISA was performed on the cell supernatants from [B] to assess IL-1f3
release from infected astrocytes. The positive control used for the IL-1$ ELISA was human
microglia exposed to 5uM of nigericin (a bacterial pore-forming toxin). n=2 technical
replicates were used per condition and the experiment was repeated in two separate

biological donors.
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4.2.6 Increasing the input titer of HPgV ANS2 reduced astrocyte viability

following infection

An obvious explanation for the absence of cell death observed following HPgV
infection was that viral infection with a MOI of 0.1 was insufficient to cause cell
death. To address this question, human astrocytes were infected with HPgV WT and
ANS?2 viruses at a MOI of 1.0 for 24, 48 and 96 hours. Cells were examined for
viability using the Alamar Blue™ viability assay [Figure 4.6A, *p<0.05] and cell
supernatants were examined for LDH activity, suggestive of lytic cell death [Figure
4.6B, *p<0.05, ****p<0.0001]. A high input titer of HPgV ANS2 significantly reduced
cell viability compared to HPgV WT and uninfected cells at 48-hours post infection
(84% compared to 92%, relative to uninfected cells) and significantly increased
LDH activity to 116% (relative to uninfected cells), compared to HPgV WT infected
cells (101%, relative to uninfected cells) and uninfected cells. Nonetheless, it is
worth noting that even at high MOIs, the effect on cell viability was modest,
suggesting that pathogenicity of these viruses in the clinical setting is unlikely to be

driven solely by virus-induced cell death within the astrocyte population.
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Figure 4.6: Increasing the input titer of HPgV ANS2 leads to a modest reduction of

human astrocyte viability following infection.

Astrocytes were infected with HPgV WT or ANS2 (MOI=1) for 24, 48, 72 96 and 168 hours
and cell viability was measured using Alamar Blue™ [A]. In a similar experiment as in [A], LDH
activity was measured at each time-point post-infection [B]. For both [A,B] uninfected
controls were set to 100% and n=6 technical replicates were used in each assay per condition.

(* p<0.05, **** p<0.0001, Students T-test).
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4.2.7 TNFa exposure after HPgV infection reduced cell viability following

HPgV ANS2 infection

As HPgV infection alone was insufficient to reduce cell viability in human astrocytes,
[ initiated a ‘double hit’ model wherein human astrocytes were infected with HPgV
WT and ANS2 for 48 and 96 hours, and the inflammatory cytokine, TNFa
(200ng/mL), was added 12-hours post-infection in both conditions. Cells were then
analyzed for viability by Alamar Blue™ from which it was apparent that while TNFa
alone was not cytotoxic, TNFa exposure caused a significant decrease in astrocyte
viability following HPgV ANS2 infection at both 48 (17% reduction compared to
uninfected controls) and 96 hours (33% reduction compared to uninfected
controls) post-infection when compared to all other conditions [Figure 4.7A,
*p<0.05]. No change in LDH activity was measured in cell supernatants and
therefore the loss in cell viability was likely not a result of lytic cell death following
HPgV infection along with TNFa exposure [Figure 4.7B]. These data suggested that
the dying cells observed in the combined TNFa + HPgV ANS2 conditions were
undergoing a non-lytic form of cell death, such as apoptosis. These data supported
the notion that a two-hit model of viral infection with inflammatory cytokine

exposure might be sufficient to cause astrocyte cell death.
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Figure 4.7: TNFa exposure after HPgV ANS2 infection causes reduced cell viability in

human astrocytes.

Astrocytes were infected with HPgV WT or ANS2 (MOI=0.1) for 12 hours before media was
changed and TNFa (200ng/mL) was added to HPgV infected or uninfected cultures. Cells
were then harvested at 48 or 96 hours post infection and cell viability was analyzed using
Alamar Blue™ [A]. Supernatants from above were measured for LDH activity [B]. For both
[A,B] uninfected controls were set to 100% and n=6 technical replicates were used in each

assay per condition. (* p<0.05, One-Way ANOVA of HPgV ANS2 relative to other conditions).
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4.2.8 Antiviral and proinflammatory genes are differentially induced by

HPgV WT and ANS2 viruses in human microglia.

To investigate transcriptional changes following HPgV infection, microglia were
infected with HPgV WT or ANS2 for 2 days before cells were harvested for RNA and
cDNA preparation. Pilot studies using qRT-PCR analyses showed that several genes
associated with antiviral and proinflammatory responses were differentially
affected by HPgV infection. Infection with HPgV ANS2 suppressed several genes
when compared to HPgV WT and uninfected cells including IFNB [Figure 4.8A], IRF3
[Figure 4.8B], MAVS [Figure 4.8C], and CASP1 [Figure 4.8F]. Conversely, HPgV ANS2
significantly increased the transcription of IL1B [Figure 4.8D, ***p<0.001] in human
microglia when compared to uninfected or HPgV WT cells, an observation that had
not been observed in astrocytes. These transcript level changes in human microglia
following HPgV infection represented potential differences in the host immune

response to HPgV WT versus ANS2 infections.
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Figure 4.8: HPgV WT ANS2 infection causes differential transcript activation in human

microglia.

Microglia were infected with HPgV WT or ANS2 (MOI=0.1) for 2 days before cells were
harvested for RNA and cDNA libraries were prepared. qRT-PCR analysis of IFNB [A], IRF3 [B],
MAVS [C], IL1B[D], IL18 [E], and CASP1 [F], were completed and RFC + SEM for each gene was
compared to time-matched uninfected controls. A heat map [G] was generated to show the
transcripts up-regulated (black) and down-regulated (yellow) following HPgV infection,
compared to uninfected controls. n=2 technical replicates were used per condition. (* p<0.05,

** p<0.01, *** p<0.001, One-way ANOVA).
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4.2.9 HPgV infection of human microglia does not cause cell lysis or

cytokine release

As described in Chapter 3, human microglia are permissive to HPgV infection in vitro
and thus, [ wanted to characterize cellular changes following HPgV infection of
microglia. LDH activity [Figure 4.9A] and supernatant IL-1f levels [Figure 4.9B]
were measured in cell supernatants from human microglia following 24, 48, 72, 96
and 168 hours of infection with either HPgV WT or ANS2 infection. Both assays
failed to show release of LDH or IL-1f3 in microglial supernatants, thus
recapitulating the above findings in HPgV-infected human astrocytes [Figure

4.5B,C].
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Figure 4.9: Human microglia show no LDH release or IL-1f release following HPgV

infection.

[A] Microglia were infected with HPgV WT or ANS2 (MOI=0.1) and cell supernatants were
measured for LDH activity at 24, 48, 72, 96 and 168 hours post infection and normalized to
uninfected controls set at 100%. n=6 technical replicates were used per condition and
repeated using two biological donors. [B] ELISA was performed on the cell supernatants from
[A] to assess the presence of released IL-1f in supernatants of infected microglia. The positive
control used for the IL-1f3 ELISA was human microglia exposed to 5uM of nigericin (a bacterial
pore-forming toxin). n=2 technical replicates were used per condition and the experiment

was repeated in two separate biological donors.
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4.3 Summary

Within this chapter, I characterized host antiviral and proinflammatory transcript
changes in human astrocytes following HPgV infection. Using two time points, there
were only modest alterations in the host responses to HPgV infection of human
astrocytes for both viruses. The addition of poly(I:C) showed that astrocytes could
mount robust antiviral and proinflammatory responses, and that HPgV accentuated
these responses, rather than inhibiting them. A different finding was evident in
human microglia, as HPgV ANS2 infection induced significantly different antiviral
and proinflammatory responses compared with that of HPgV WT after 2 days of

HPgV infection.

My observation of a small population of infected astrocytes that displayed a
morphological phenotype suggestive of apoptosis, including nuclear disruption and
rounding of astrocytes>2, prompted me to examine several aspects of cell death,
beginning with caspase activation in HPgV infected cells. Although a modest
induction of caspase-8 was seen following HPgV ANS2 compared to HPgV WT
infection, the discrepancy between both viruses initially suggested that an apoptotic
mechanism might be initiated activated by HPgV ANS2 infection. However, follow-
up studies revealed no detectable changes in overall astrocyte viability following
infection with either virus, suggesting that apoptosis as a result of viral infection
may be an extremely rare event. Additional analysis of LDH activity, IL-1f release

and cell viability all verified that HPgV infections did not induce proinflammatory
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cytokines nor reduce cell viability. The same absence of inflammatory cytokine
release and loss in cell viability was observed in HPgV-infected human microglia.
When a higher input titer of HPgV was used to infect astrocytes, HPgV ANS2
appeared to reduce cell viability and increase LDH activity, with significant
differences observed compared to HPgV WT infected cells. In an attempt to mimic
an inflammatory model of encephalitis, TNFa was applied to HPgV infected
astrocyte cultures following infection, wherein HPgV ANS2 reduced cell viability in a
proinflammatory environment. By using several techniques, I have provided
evidence that HPgV infection with HPgV WT or ANS2 alone did not induce cell death
in astrocyte or microglial cultures unless another inflammatory stimulus was

present.
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Chapter V: In Vivo HPgV
Infection of the CNS
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5.1 Introduction

Chapter V Objective: Examine HPgV neural cell tropism and associated immune

responses in brain tissues from patients with detectable HPgV.

Although several groups have identified HPgV within the CNS by qPCR detection of
viral RNA1137.139,140 the detection of HPgV antigen within the CNS has only been
reported once previously, in the case report by our group?. This latter study
identified HPgV NS5A antigen in multiple glial cell types (most prominently
oligodendrocytes and astrocytes) as well as infiltrating CD3+ T cells!. These
observations prompted the experiments detailed within the previous chapters of my
thesis, wherein [ developed and characterized an in vitro model of HPgV infection in
primary human astrocytes. In this chapter, [ sought to expand upon the results of
our original clinical case study, through a quantitative characterization of the two
HPgV encephalitis index cases along with newly identified HPgV+ neurologically
normal cases. As there had been no previous studies investigating the host immune
responses to HPgV infection in the CNS, I utilized ddPCR to quantify HPgV copies

within the CNS and explored host immune responses to HPgV infection of the CNS.
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Chapter V Hypothesis: HPgV infection in the CNS alters antiviral and immune-

related gene expression.

Within this chapter I have developed and optimized ddPCR as a technique to detect
HPgV positive and negative strand copies in human brain tissues. | have provided
evidence that active HPgV replication was evident in the CNS and that, except for the
LE-1 HPgV index case with an extremely high viral load, these patients generally
have suppressed proinflammatory and antiviral immune responses in the CNS.
Using RNA-seq, several host immune pathways were identified that were
suppressed in the CNS of individuals with low-levels of HPgV infection. In the HPgV
encephalitis index cases (LE-1 and LE-2), I also found widespread HPgV infection of
GFAP+ astrocytes, which recapitulates our findings in Chapter Il regarding viral

spread in human astrocyte cultures.
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5.2 Results

5.2.1 HPgV viral load can be quantified using ddPCR of patient cortex

samples

As shown in Chapter 3, ddPCR can be used to accurately quantify viral RNA copy
number within human samples and has been used previously for these
purposes®>162, In Chapter 3, I demonstrated that this technique could be effectively
used to quantify viral copy number in cell lysates and culture supernatants. To
establish ddPCR as a quantitative method to determine HPgV viral load in clinical
human CNS cortical samples, I first needed to optimize the methodologies using
positive and negative controls from our group’s previous case reportl. Using several
annealing temperatures, the number of positive HPgV NS3 copies was detected in
tissue from our index case (positive control/LE-1) [Figure 5.1 A-C]. At lower
temperatures (52°C and 50°C), our negative control did have some amplification of
non-specific product as seen by the presence of droplets at these temperatures.
However, this phenomenon was not observed at higher temperatures, suggesting
higher temperatures were required for optimizing assay specificity. By converting
the number of identified droplets/copies detected per reaction (20uL) I could
identify the original number of copies found in 1ug of RNA, which in this run was
5880 HPgV NS3 copies/ug of RNA in our positive control at the 60°C annealing

temperature [Figure 5.1C].
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Figure 5.1: Optimizing droplet digital PCR (ddPCR) HPgV detection in human clinical

samples.

Using a positive and negative control sample from our initial case report?, droplet digital PCR
(ddPCR) analysis was completed on prepared cDNA at several different annealing
temperatures (60°C, 56°C, 52°C, 50°C) to optimize sample amplification for HPgV NS3 [A].
The threshold of detection for each sample was held consistent at each annealing
temperature and the number of detected PCR copies was detected per sample [B]. These copy
numbers were normalized to 1pug of RNA isolated from tissue [C] to determine HPgV+ copies

present.
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5.2.2 Both positive and negative strand HPgV sequences were detected in

all HPgV+ patients

ddPCR analysis was used as a tool to identify the presence of HPgV in post-mortem
cortex samples from several individuals. For the purposes of this thesis, 45 human
brain samples were screened for HPgV RNA detection and seven individuals were
identified as being HPgV-positive (HPgV+) [Table 5.1]. There were an additional six
patients with detectable HPgV RNA, although these patients were excluded from our
analysis because of HIV-1 co-infection. Nonetheless, six age- and sex-matched
controls (HPgV-) were selected and the first neuroHPgV cohort was established and
used for host immune response investigations, along with HPgV LE-1 and LE-2 from
our initial case study for comparative purposes. Within this cohort outlined in Table
5.1, there are HPgV-infected (+) patients (n=7) and age- and sex-matched HPgV
uninfected (-) other-disease controls (ODC) (n=6), along with data from our index

cases, LE-1 and LE-2, that were described in our previous study?.

Table 5.1: Clinical and demographic features of HPgV+ and HPgV- (ODC) patients.

CNS CNS CNS
HPgV- (0DC) HPgV+ HPgV+ LE
(n=6) (n=7) (n=2)
Age 49.5 (+6.2) 48 (+10.9) 56 (£7.1)
Sex 5M / 1F 6M / 1F 2F
NS2 Deletion N/A 0 2
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The number of HPgV copies (NS3 gene) present in cortical samples from each
patient was quantified per microgram of RNA used per reaction [Figure 5.2A].
Similarly, I was interested in detecting negative strand RNA within the tissue, which
suggests active viral replication due to the RNA dependent RNA polymerase. Again
utilizing ddPCR, HPgV [-]E2 was detected in each of our six HPgV+ patients, along
with both of our index cases, verifying previous results? [Figure 5.2B]. Within the
HPgV+ patients, the number of negative strand HPgV copies varied, with some
individuals having as little as 15.36 copies per microgram of RNA. For the majority
of patients, the number of positive strand copies correlated with an increased

number of negative strand copies [Figure 5.2C].
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Figure 5.2: In human cortex samples, HPgV+ patients had detectable positive and

negative strand RNA.

Using ddPCR analysis, HPgV [+]NS3 copies were detected in HPgV+ (n=7) and HPgV+ LE (n=2)
cortex samples but not in HPgV- (n=6) cortex samples [A]. Similarly HPgV [-]E2 copies were
detected in the same samples as above in HPgV+ (n=7) and HPgV+ LE (n=2) groups, and was
not detected in HPgV- (n=6) samples [B]. Using data from the HPgV+ group only from [A] and
[B], linear regression analysis was performed comparing the number of HPgV [+] and [-]
strand copies per patient [C]. The R2 value is included for reference. (* p<0.05, ** p<0.01, One-

way ANOVA).
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5.2.3 In vivo HPgV NS5A antigen is abundant in human astrocytes

Based on our initial case study?, [ was interested in quantifying both the frequency
of HPgV+ astrocytes in the affected brain regions of our two HPgV encephalitis index
cases and the relative intracellular levels of HPgV antigen in those infected
astrocytes. The mean fluorescence intensity of HPgV NS5A antigen was quantified
per cell in both of our original case report patients?, along with a negative control
patient [Figure 5.3A-C]. The intracellular MFI of HPgV NS5A for each GFAP+ cell was
quantified using representative images from the affected brain regions in both
patients. These analyses demonstrated a significantly higher mean HPgV NS5A MFI
detected in LE-1 and LE-2 compared to a HPgV- control patient [Figure 5.3D,
*H*%p<0.0001]. There was also a significantly higher mean HPgV NS5A MFI in LE-1
compared to LE-2, indicative of more abundant HPgV NS5A antigen present in each

infected cell.

To determine the frequency of HPgV+ astrocytes, the number of GFAP+ astrocytes
that were immunopositive for HPgV NS5A antigen were counted per patient using
representative images from the affected brain regions. In a similar trend to Figure
5.3D, patient LE-1 had a significantly higher number of HPgV infected astrocytes
(88%) compared to both patient LE-2 (66%) and the HPgV- control [Figure 5.3E,

*%p<0.001, ***p<0.0001].
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Figure 5.3: HPgV infection of human astrocytes is abundant in both of our index cases.

[Ai-Civ] Human patient tissue slides from our two index cases, LE-1 and LE-2, along with a
HPgV- control patient were immunolabeled for HPgV NS5A (white) and GFAP (green) and
labeled with DAPI (blue) and imaged using confocal microscopy. Intracellular MFI of HPgV
NS5A was quantified per cell for at least n=40 cells per patient [D]. An isotype control with
secondary only is provided to show tissue autofluorescence levels. (**** p<0.0001, One-way
ANOVA). [E] The proportion of HPgV NS5A immunopositive astrocytes was also quantified
per patient using representative images. To calculate the number of HPgV-positive astrocytes,
n=18 FOVs were used for patient LE-1, n=10 FOVs were used for patient LE-2,and n=11 FOVs

were used for the negative control. (*** p<0.001, **** p<0.0001, Fisher’s exact Test).
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5.2.4 HPgV infection of the CNS alters host immune responses

Next, I wanted to examine the full cohort of ODCs and HPgV+ patients to see if
immune response data was similar to what was observed in vitro in Chapter IV. In
general there was an overall suppression in transcription of several
proinflammatory genes in HPgV+ patients [Figure 5.4A-F, * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001] with significant reductions in IRF3, DDX58, and IL1B. When
displayed as a heat map, it was apparent that the HPgV+ patients’ samples showed
an overall suppression in inflammatory gene transcripts compared to uninfected
ODC patients [Figure 5.4G]. In addition, the two index cases were also assessed (LE-
1 and LE-2)1, wherein it appears that viral load (red) is associated with the immune
response differences observed in LE-1 versus the other patients. Each of the HPgV+
patients and LE-2 shared a similar transcriptional profile and were in the same
range of HPgV viral load in the CNS (507-1473 copies/ug of RNA). This is in
comparison to patient LE-1, who had a greater abundance of HPgV RNA present in
the CNS (13770 copies/ug RNA) and showed a much different transcriptional profile

than the other patients [Figure 5.4G].
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Figure 5.4: Several proinflammatory and antiviral transcripts are suppressed in the

cortex of individuals with HPgV compared to uninfected controls.

Post-mortem cortex samples were collected from HPgV- (n=6) and HPgV+ (n=7) individuals

and harvested for RNA and cDNA libraries. qRT-PCR analysis of IFNB [A], IRF3 [B], MAVS [C],

DDX58 [D], IL1B [E], and IL18 [F] were completed and relative fold change (RFC) *+ SEM for

HPgV+ individuals is shown compared to HPgV- controls. A heat map [G] was generated to

show the transcripts up-regulated (black) and down-regulated (yellow) in HPgV+ individuals,

compared to HPgV- controls. Transcript changes from HPgV LE-1 and LE-2 (n=2) from Table

5.1 were also included and the HPgV viral load associated with each patient shown at the top

of the heat map (HPgV copies/ug RNA) (red). (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001,

Students T-Test).
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5.2.5 RNA-Seq of human cortical tissue from HPgV-infected patients

discloses a unique neuroinflammatory response profile

Using a subset of ODC (n=2) and HPgV+ (n=3) patients, RNA deep sequencing (RNA-
seq) was performed on human cortex samples to examine transcript changes in
HPgV-infected individuals in a broad unbiased manner. The genes with the largest
positive and negative fold changes [Figure 5.5] were identified and Ingenuity™

analysis was performed on these genes.
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Figure 5.5: Transcriptional analysis of HPgV-positive and uninfected patients

identified numerous differences in gene expression.

RNA deep sequencing (RNA-Seq) was completed on a subset of HPgV- (n=2) and HPgV+ (n=3)
patients from Table 5.1. Numerous transcripts were identified that were significantly up-
regulated (blue) and down-regulated (yellow) in HPgV-positive patients compared to

uninfected patients.
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Subsequent analysis was performed to classify the differentially expressed genes

identified above in Figure 5.5 into several different signaling pathways. This

analysis revealed that certain genes associated with neuroinflammation were

amongst the up-regulated transcripts. [Figure 5.6].
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Figure 5.6: RNA-Seq pathway analysis identifies an association between HPgV infection

and neuroinflammatory signaling.

RNA deep sequencing (RNA-Seq) was completed on a subset of HPgV- (n=2) and HPgV+ (n=3)
patients from Table 5.1. Ingenuity™ analysis identified several pathways that contained genes
significantly different between HPgV-positive and HPgV-negative patients. Positive
associations are represented in orange and the arrow (black) indicates the pathway of

interest.
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Although a subset of upregulated transcripts were classified as belonging to the
“neuroinflammation signaling pathway” [Figure 5.6], further analysis also revealed
somewhat paradoxically that an array of specific genes related to the
proinflammatory NF-kB transcription factor family were significantly reduced (red)
in HPgV+ individuals [Figure 5.7]. However, significant induction (green) of NOS2
was observed [Figure 5.7]. This particular isoform of NOS is inducible in human
astrocytes and microglia following immune activation and under normal
circumstances, acting as an enzyme to produce nitric oxide (NO)35. The induction of
iNOS in the CNS following viral infection has been shown previously during HIV-1
infection and seems to be involved in virus-induced cytotoxicity rather than viral

clearance in this context3>.
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Figure 5.7: Proinflammatory transcripts are differentially affected in HPgV-positive

individuals.

RNA deep sequencing (RNA-Seq) was performed on a subset of HPgV- (n=2) and HPgV+ (n=3)
patients from Table 5.1. Ingenuity™ analysis identified numerous genes with significantly
reduced transcripts (red) including members of the NF-kB family along with several
cytokines and adhesion molecules. Meanwhile an induction of certain genes (green) was

identified, including a significant upregulation of NOSZ2.
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5.3 Summary

Within this chapter I have illustrated important parallels between our in vitro
astrocyte infection model (Chapters IIl and IV) and the clinical data contained
herein. [ have shown that HPgV does indeed infect upwards of 88% of human
astrocytes in the affected brain region of LE-1 using immunodetection of the HPgV
NS5A antigen in GFAP+ astrocytes. A significant difference was seen between LE-1
and LE-2 in terms of fluorescence intensity of intracellular HPgV NS5A antigen and
in the proportion of HPgV NS5A immunopositive astrocytes per FOV. These data
recapitulate the ddPCR data, which had indicated that LE-1 had a higher HPgV viral

load than LE-2.

After identifying a new cohort of HPgV+ individuals (n=7) we were able to ask
additional questions about infected patients who, to our knowledge, did not have
any neurological manifestations of infection (e.g. encephalitis). Within these new
patients, an overall suppression in the transcription of several prominent antiviral
and proinflammatory transcripts were observed. Using a subset of these patients
for RNA-sequencing and subsequent Ingenuity™ analysis, several genes associated
with neuroinflammatory signaling were up-regulated. NOS2 was identified as a gene
that was up-regulated in the CNS of HPgV-positive individuals. Nonetheless, many
other antiviral pathways, including members of the NF-kB family, were shown to be
suppressed with HPgV infection, recapitulating both the qRT-PCR data and the in

vitro data from Chapter IV that indicated a suppression of proinflammatory
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signaling following viral infection. Taken together, these data illustrate that HPgV
has a very specific neuroimmune response, which requires further investigation to

be elucidated.
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Chapter VI: Discussion
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6.1 Overall Summary

In this thesis I have provided evidence for HPgV infection and replication in human
astrocytes and microglia, investigated how an 87-nucleotide deletion in the NS2
gene impacts viral tropism, characterized the host responses following HPgV
infection in human astrocytes and microglia, and elucidated the host responses to

HPgV infection in human brain tissue.

Prior to this thesis, our group was the first to detect HPgV antigen in the brain
associated with fatal encephalitis in two index cases and the first to confirm active
viral replication by detecting negative strand HPgV RNA within brain tissuel.
Further, we identified a novel 87-nucleotide deletion within the NS2 gene in both
encephalitis cases. Although a pivotal series of observations, this report left several
unanswered questions including: (i) could HPgV successfully infect and replicate
productively in human glial cells in vitro and what was the cellular response profile
following infection? (ii) how did the NSZ deletion affect parameters such as viral
replication and spread and would this deletion also affect host antiviral responses?
(iii) could HPgV RNA and antigen be detected in the brains of neurologically normal
patients and if so, what differentiated these patients from those with fatal HPgV-

associated encephalitis?
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The overarching purpose of this thesis was to address these questions using a two-
pronged approach that involved first creating an in vitro model of HPgV infection
that could be utilized to characterize both HPgV WT and ANS2 viruses in human
glial cells (Chapter Il and IV), and second, building a neuroHPgV cohort of patients
with HPgV infection in the CNS, permitting analyses of viral burden and associated

host responses following HPgV infection (Chapter V).

Using these two platforms, | was able to provide several novel insights regarding the
nature of HPgV infection in the CNS. First, in my model of HPgV infection in vitro, |
confirmed HPgV tropism in human astrocytes and identified a new cell type (i.e.
microglia) that was permissive to HPgV infection and replication. [ also determined
that the NS2 deletion exerted a significant effect on parameters such as viral
replication and spread. This suggested that the mutation was advantageous in terms
of viral fitness and provided the first evidence for functional differences between

the two viruses.

While the differences in viral replication were clear, the effect of the ANS2 deletion
on host responses was less obvious, as both HPgV WT and ANS2 viruses failed to
elicit conventional antiviral responses such as activation of the interferon pathway.
Similarly, a trend towards the suppression of inflammatory signaling pathways,
including IFNB gene expression, was observed for following infection of human

astrocytes with both HPgV WT and ANS2 viruses. Nonetheless, in the context of a

136



‘second-hit’, differential host immune responses in human astrocytes emerged

between the two viruses at the transcript level (e.g. [IFNB).

To advance the clinical understanding of the virus, I also assembled an HPgV cohort
consisting of seven neurologically normal HPgV+ patients with matched uninfected
controls, in addition to the two HPgV encephalitis index cases (LE-1 and LE-2). This
cohort represented the first neuroHPgV cohort to be described in the literature and
will be essential in further characterization of the virus. Verifying my in vitro
observations, [ observed suppression of antiviral and proinflammatory signaling at
the transcript levels in neurologically normal HPgV+ samples both by qRT-PCR and
RNA-seq. Interestingly, RNA-seq also identified a subset of neuroinflammatory
genes that were up-regulated during non-encephalitic infection including NOSZ2, a
gene that encodes an inducible enzyme (iNOS) important in the production of NO
under stress. Depending on the context, iNOS may propagate inflammation or may
serve as a central signaling hub to down-regulate antiviral signaling63. Thus, my
observation that NOS2 was induced during HPgV infection in vivo positions iNOS as
a potential target for future investigation and highlights the concordance between

my clinical and in vitro model systems.
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6.2 Discussion of Objective 1

Objective 1:

Establish an in vitro model of human pegivirus infection in human glial cells and

define the impact of the previously recognized HPgV NSZ2 deletion on viral infection.

Within this objective, I created and optimized the first in vitro HPgV model of
infection in human fetal astrocyte cells using a HPgV viral clone to establish viral
cultures [Figure 3.1-3.2]. Establishing a model to detect HPgV infection, replication
and spread within human astrocyte cultures was imperative because of the lack of in
vitro or ex vivo models to study HPgV infection and replication in CNS cell types.
Prior to my studies, HPgV had only been shown to replicate in B and T lymphocytes,
the spleen and the bone marrow!21. Not only did I discover that HPgV could
replicate in human astrocytes [Figure 3.2, 3.6A, 3.7], but I also identified that
microglia were permissive to HPgV infection and supported viral replication [Figure
3.6B, 3.7] by measuring HPgV RNA levels in cell supernatants and lysates using
ddPCR quantitation. The identification of primary human microglia as permissive to
HPgV infection is a novel set of observations, although the literature suggests this is
not surprising. A previous study found that THP-1 cells, a monocytic cell line that
once differentiated become macrophage-like cells164, were permissive to HPgV
infection and transfection, and subsequent infectious HPgV was released¢>. This

suggested that macrophage-like cells were susceptible to HPgV infection, although
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my studies represent the first evidence that primary human microglia are
permissive to HPgV and can support HPgV replication. Compared to human
astrocytes, HPgV infection in microglia had a faster growth phase, with peak virus
production detected in the supernatant at 2 days post infection [Figure 3.6B],
compared to 7 days in human astrocytes [Figure 3.6A]. Human microglia are less
permissive to HPgV, as evidenced by the relatively low abundance of virus found in
the cell lysates and cell supernatants compared with HPgV infection of human

astrocytes at matched time points [Figure 3.6, 3.7].

ddPCR analyses has previously been used for quantification of viral RNA including
HIV-1 and influenza®>166, A similar technique, named real-time digital PCR (RT-
dPCR) uses a microfluidic chip to separate nucleic acid molecules during PCR
reactions, thus allowing individual molecules to be counted¢>. Earlier studies have
utilized this approach to detect HPgV in the supernatants of several cell types,
including PBMC’s, Jurkat cells (a T cell line) and THP-1 cells (a monocytic cell
line)165. Although similar, ddPCR is more sensitive than RT-dPCR because ddPCR
can measure over 20,000 droplets per sample, compared to 770 reactions per
sample in RT-dPCR, thus providing higher sensitivity to each reaction16>167, This
makes it possible to detect low abundance transcripts, such as viruses within the
human CNS, with a high degree of accuracy. For example, one study comparing
detection methods of Hepatitis B Virus (HBV) found that qPCR required at least 50

nanograms (ng) of HBV DNA present in the sample for accurate detection,
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meanwhile as little as 1ng of template DNA was needed when using ddPCR for

accurate detection168,

The characterization of an 87-nucleotide deletion in the NSZ gene of HPgV that was
identified in our original report! was another area [ wanted to investigate. Since this
deletion had only been observed from HPgV sequences isolated from the brain, it
suggested that this mutation might confer neurotropism of the virus. For this
reason, I constructed the HPgV ANS2 [Figure 3.4B]. I demonstrated that although
the ANS2 virus had enhanced viral replication in glial cells, the WT virus could still
sustain a robust infection in astrocytes [Figure 3.6A, 3.7]. This observation was
important because of the outstanding question from our original report of whether
the NS2 deletion was necessary for viral replication in human CNS cells. The results
shown in Chapter III support the hypothesis that while the NS2 deletion may confer
enhanced viral tropism of astrocytes, WT virus can still infect and replicate in CNS

cell types and thus the mutation is not strictly required for glial cell tropism.

The HPgV NS2 protein is believed to function as a viral NS2-NS3 autoprotease,
similar to its role in HCV106, Although little amino acid homology exists between the
two viruses, two residues are common within the NS2 domain (His952 and
Cys993)169, Other than amino acid sequence identity, little is known about how the
NS2 protein functions during HPgV infection. If the protein functions in a similar

manner to HCV’s NS2 then we can might be able to determine how the 87 nucleotide
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deletion in the NS2 gene alters HPgV infectivity and replication, as seen in Chapter
[1I, at a more mechanistic level in the future. The deletion that we observed is closer
to the N-terminus of the NS2 protein, but it may still affect the viral protease’s
activity by altering the binding region of the protease and thus affecting the affinity
of the protease for new or pre-existing substrates. Additionally, the NS2-NS3
cleavage during the HCV life cycle is also necessary for genome replication wherein
the NS2 contributes in viral particle morphogenesis and hyperphosphorylation of
the NS5A protein, which is required for efficient viral replication170171, [f a similar
process occurs during the HPgV life cycle, the mutations detected in our studies in
the HPgV NS2 and NS5A genes could be linked and together lead to increased viral
replication and potentially enhanced neurotropism. For the purposes of our study,
both of the above findings in the HCV life cycle allow us to hypothesize that HPgV
NS2 functions in a similar fashion and the deletion enhances protease activity and
the hyperphosphorylation of NS5A, leading to greater viral replication within our

astrocyte and microglia cultures.

[t was unclear from our initial study whether the NSZ deletion arose spontaneously
within the two HPgV encephalitis patients as a result of random viral mutations that
happened to confer enhanced neurotropism, or whether HPgV ANS2 represents a
different viral strain with enhanced neurotropism circulating in the population.
Unfortunately, patient-matched serum was unavailable for LE-1 and LE-2 from our

original case report; future studies of patients with both brain- and blood-derived
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HPgV virus should be sequenced to determine the prevalence of the NS2 deletion.
The course of infection for both HPgV WT and ANS2 in astrocytes is different from
that observed in other flaviviruses. For example, in our model, both HPgV WT and
ANS2 RNA levels in cell lysates peak around 7 days post infection in human
astrocytes [Figure 3.7B]. In comparison, ZIKV infection of human fetal astrocytes
showed that ZIKV RNA peaks after 2 to 3 days post-infection, albeit with a higher

input titer of virus (MOI=3.0)158,

The ability for HPgV to spread in astrocyte cultures, especially HPgV ANS2, [Figure
3.9, 3.10] is not commonly observed in the flavivirus literature. In my model,
upwards of 90% of human astrocytes in vitro were HPgV NS5A immunopositive
following infection with HPgV ANS2. Similarly, in our index case LE-1, 88% of GFAP+
astrocytes were positive for HPgV NS5A antigen in the affected brain region [Figure
5.3]. Comparing this data to ZIKV infected cells, ~20% of human fetal astrocytes
were ZIKV immunopositive 5 days post-infection!>8. TBEV infection of primary
human brain cortical astrocytes (HBCAs) also resulted in detectable infection of only
14% of HBCAs after 7 days'>°. One explanation for these discrepant findings is that
although caspases are modestly activated following HPgV infection of human
astrocytes [Figure 4.4], no loss in cell viability is observed without the additional of
a proinflammatory cytokine [Figure 4.5A] and no immune response is initiated
during infection [Figure 4.1]. This suggested that HPgV infection is uncontrolled in

astrocyte cultures allowing it to spread between cells without immune regulation of
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viral replication. In contrast, approximately 50% of ZIKV infected cells were positive
for activated caspase-3 positive following 5 days of infection and approximately

30% loss in cell viability was also observed at this timepoint?>°.

6.3 Discussion of 2" Objective

Objective 2:

Define the host antiviral responses to WT and ANSZ infection in human astrocytes and

microglia.

Given the association of the NS2 deletion with HPgV encephalitis, we wanted to
determine whether the mutant virus generated an enhanced inflammatory response
in CNS cells compared to the WT virus. To address this question, several antiviral
pathways were investigated following HPgV infection of both astrocytes and
microglia. In human astrocytes, neither HPgV WT nor ANS2 viruses showed
significant induction of interferon [Figure 4.1A-D] or other proinflammatory
transcripts [Figure 4.1E,F] suggesting that HPgV infection, even with the deletion in
the NSZ gene, does not generate substantial antiviral or inflammatory responses.
This finding is dissimilar to what is seen during ZIKV and WNV infection in which
several interferon and inflammatory genes are induced following infection,
including IFNB and IL1B¢8. Nonetheless, there is precedent in the literature whereby

ZIKV actively inhibits antiviral signalling’2. However, unlike ZIKV, HPgV cannot
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actively down-regulate the response induced by a different inflammatory signal
such as poly(I:C) [Figure 4.2]. This latter finding suggested that the virus potentially
escapes intracellular detection, although the mechanisms by which this
phenomenon occurs are unknown. The flavivirus literature suggests several
possibilities for how this might happen, including delaying PRR detection of the
virus, inhibition of interferon gene expression, or evasion of recognition by the
complement network!72, For example, TBEV infection delays PRR detection through
accumulation of viral dsRNA in intracellular vesicles and thus delaying the
interferon response for at least 24 hours while the virus can replicatel’3. To regulate
the complement function of the host, both DENV and WNV NS1 proteins have been
shown to interfere with the classical and lectin pathways of the complement

pathway, specifically complement 4172,

Conceptually, the fact that a virus clinically associated with encephalitis could fail to
elicit a proinflammatory immune response in CNS cells is interesting and highlights
that alternative mechanisms may be involved in triggering encephalitis. One
possible example is in the form of molecular mimicry, where a virus has a cross-
reactive epitope with host proteins and thus host antibodies will begin targeting
those host proteins174. An example of this has been shown in HBV-infected rabbits,
wherein the HBV polymerase shared 6 consecutive amino acids with the an
encephalitogenic site of rabbit myelin basic protein (MBP)17>. Following peripheral

injection of HBV polymerase into the rabbits, the animals developed encephalitis
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and PBMCs isolated from the rabbits proliferated when incubated with MBP ex

vivol7s,

[ was particularly curious to know if HPgV ANS2 could elicit a distinct innate
immune response that distinguished it from HPgV WT, given the clinical association
with encephalitis and the detection of the 87-nucleotide deletion in the NSZ gene.
However, the intracellular immune responses were similar between the two viruses
in human astrocytes, indicating the deletion in HPgV NS2 does not interfere with the
virus’ ability to evade immune detection in human astrocytes [Figure 4.1]. However,
preliminary transcript data from microglia suggested that HPgV WT and ANS2
viruses caused differential transcriptional induction in several antiviral and
proinflammatory genes, including the extremely proinflammatory molecule IL-1f.
[Figure 4.3]. The successful induction of innate immune responses in human
microglia may have facilitated viral clearance by the adaptive immune response, a
possible explanation as to why HPgV NS5A antigen was not detected in microglia in

our reportl.

As part of the clinical association with encephalitis, | was interested in whether
HPgV ANS2 could effectively kill host cells. Abundant viral-induced cell death would
provide a simple explanation for why this virus might elicit a strong immune
response in the clinical setting. However, despite transient activation of some

caspase family members by HPgV infection [Figure 4.4], little evidence of cell death
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was observed, including no loss in cell viability [Figure 4.5A] and an increase in
supernatant LDH activity [Figure 4.5B] in human astrocytes. To attempt to elicit cell
death in infected cells, I infected astrocytes at a higher MOI (MOI =1.0), resulting in a
modest reduction in cell viability and increased supernatant LDH activity after 48
and 96 hours post-infection [Figure 4.6]. Nonetheless, these effects were limited,
especially when compared to the increased immune responses (i.e. cytokine
induction, cell death) observed in other flaviviruses such as ZIKV and WNV,
following infection of human astrocytes®8. Taken together, this suggests that direct
HPgV-induced glial cell death was unlikely to be the primary cause of pathology in

the infected CNS.

To further elucidate how HPgV WT and ANS2 differentially affected the innate
immune response in human astrocytes and microglia, future studies should
investigate how viral infection by either HPgV WT or ANS2 affect gene transcripts by
RNA-seq analysis in human astrocytes and microglia with qPCR validation. This
would also validate RNA-seq data derived from human cortical tissue that was

completed in Chapter V of this thesis.
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6.4 Discussion of 3" Objective

Objective 3:

Examine HPgV neural cell tropism in vivo and associated immune responses in brain

tissues from patients with detectable HPgV.

In our original case report, I screened 66 additional patient brain tissue samples
(other than LE-1 and LE-2) for the presence of HPgV. These patients represented a
variety of neurologically normal or diseased brains (i.e. NeuroHIV, MS, and stroke)
and all were negative for HPgV RNAL To follow up on these observations, I
optimized a ddPCR screening technique for HPgV RNA detection in human cortical
samples [Figure 5.1]. Within the cohort both HPgV positive and negative strand RNA
was detected in each HPgV+ patient (n=7) and the numbers of positive and negative
strands were positively correlated with one another [Figure 5.2C]. When analyzing
the HPgV+ LE group, patient LE-1 from our original case report had a markedly
higher number of viral copies than LE-2 and the HPgV+ cohort, similar to what was

observed in the original study!.

The host immune response was investigated in these patients using qRT-PCR
analysis of several antiviral and proinflammatory genes that were examined in
Chapter IV. In patient cortical samples, these genes were suppressed in the HPgV+

group, suggesting that HPgV infection suppressed both the interferon and

147



proinflammatory responses that are typically induced following viral infection
[Figure 5.4]. Within our cohort, low-level HPgV infection is associated with immune
suppression, but very high levels of inflammation were observed in the one patient
with significantly higher HPgV viral load (LE-1) compared with all other patients in
the cohort, including patient LE-2. Similar results have been reported in an animal
model of HBV infection wherein inoculation of the mice with different input titers
led to different immune responses in the micel7¢. Similarly, a higher input titer of
feline immunodeficiency virus (FIV) in cats increased the severity of neurovirulence
in this animal modell”7. The magnitude of differences between patient LE-1 and
other HPgV-infected patients, including LE-2, in terms of viral quantity appears to
modulate the immune response in these patients. A caveat to this is that we are
unsure if the neuroimmune gene suppression was caused by virus infection of the
CNS or if these patients were already immunosuppressed, thus creating an
environment for HPgV to infiltrate and infect CNS cells. Further investigation into

which comes first is warranted.

Interestingly, despite having abundant HPgV antigen in the brain [Figure 5.3], and a
fatal leukoencephalitis, the transcriptional profile of LE-2 resembled the non-
encephalitic patients [Figure 5.4]. The primary reason for this finding was that I
examined cortical samples for all the individuals in the cohort, while patient LE-2
showed focal HPgV infection in the white matter (WM) of the brainstem. Cortical

samples were used for analysis because these anatomic-specific samples were
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available for the entire HPgV+ cohort and thus for consistency, cortical samples
were used for both LE-1 and LE-2. For this reason, I assume that the transcriptional
profile would be similar to LE-1 if brain regions with a greater abundance of virus
were interrogated by qRT-PCR. This assumption is based on the results of IF
imaging from patient LE-2 [Figure 5.3] wherein HPgV NS5A was detected in 66% of
astrocytes in WM tissue from LE-2. There is precedent for differential immune
activation in different brain regions in the literature; for example clearance of rabies
virus causes significantly higher immune activation in the cerebellum than the
cerebral cortex in animal models of the diseasel’8. As we develop our neuroHPgV
cohort, it would thus be important to collect and compare different brain regions

from infected individuals.

Another outstanding question from my results in Chapter III is whether microglia
are infected in vivo. Since HPgV infection of microglia is relatively transient in vitro,
it remains to be determined whether microglial infection occurs to a convincing
degree in the infected human CNS. Further, since microglia are the primary
phagocytes of the brain, it will be necessary to verify whether any HPgV antigen
detected in microglia truly represents infection or merely phagocytosis of

particulate from infected astrocytes. These experiments are currently in progress.

The analysis of a subset of non-encephalitis HPgV+ (n=3) and HPgV- (n=2) patients

by RNA-seq allowed me to generate new hypotheses regarding how HPgV infection
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modulates the host neuroimmune response. Numerous genes were identified that
were either significantly increased or decreased in the CNS of HPgV-infected
patients versus uninfected patients [Figure 5.5]. The associated Ingenuity™ analyses
showed that specific genes classified as “neuroinflammatory signaling pathways”
were associated with HPgV infection [Figure 5.6] and that expression of NF-kB-
associated genes was significantly decreased at the transcript level in HPgV-infected
patients [Figure 5.7]. These findings supported my qRT-PCR analysis showing the
suppression of several important antiviral genes. However, an interesting finding
was made from these analyses in the form of NOSZ transcription induction [Figure
5.7]. NOSZ2, or inducible NOS, is an inducible form of NOS in human astrocytes and
microglia that is expressed following immune activation and under normal
circumstances, and acts as an enzyme to produce nitric oxide (NO)3. iNOS can be
inflammatory or immunomodulatory and several examples exist in the literature
describing its role within the CNS. Generally, the overproduction of NO by iNOS
leads to an enhanced inflammatory response, often resulting in tissue damage in the
CNS179, Indeed, iNOS/- mice are hypersusceptible to inflammatory diseases such as
experimental autoimmune encephalomyelitis (EAE) suggesting that iNOS exerts a
regulatory effect during CNS inflammation!7°. How iNOS affects the antiviral
response in the CNS remains uncertain, although several studies have examined the
interplay between iNOS and specific viruses. For example, the induction of iNOS in
the CNS following HIV-1 viral infection has been shown previously and seems to be

involved in virus-induced cytotoxicity rather than viral clearance in this context3>.
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Further investigation is necessary to elucidate how iNOS is important in the context

of HPgV infection of the CNS.

Taken together, two important conclusions from studies of this cohort include: (i)
low levels of replicating HPgV in the CNS do not cause encephalitis and are instead
associated with neuroimmune gene suppression, and (ii) the NSZ deletion is neither
necessary nor sufficient for neurotropism of the virus, since none of the non-
encephalitis HPgV patients’ HPgV sequences contained the deletion in the NSZ2 gene,
despite the detection of both HPgV-encoded positive and negative ssRNA in all
cases. To determine the circumstances under which HPgV does cause encephalitis, a
larger cohort of HPgV encephalitis patients will be essential. Until then, we will
continue to build our neuroHPgV cohort, which will be assisted by more routine
screening for HPgV in cases of suspected viral encephalitis. This will enable us to
perform RNA-seq on HPgV encephalitis versus non-encephalitis cases. Only when
these experiments are performed will we be able to elucidate the factors that
transform HPgV from an immunologically quiescent and non-pathogenic CNS

infection to a fatal leukoencephalitis.
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6.5 Future Directions

Based upon the findings of this thesis and the preliminary work [ have initiated
within several new areas of HPgV neurotropism, I propose the following 4 aims that

I believe will advance our understanding of how HPgV acts within the CNS:

Aim 1: Investigate other mutations in the HPgV genome and how they

affect viral infectivity, replication, and host responses in glial cells

As seen in our reportl, sequences from patient LE-1 and LE-2 shared a 91%
similarity with other viruses from HPgV genotype 21. This finding was further
investigated within my thesis wherein [ found that HPgV sequences from the WT
and ANS2 plasmid (which is identical to sequences isolated from LE-1 and LE-2),
cluster in genotype 2 [Figure 3.3D,E]. Although this 87-nucleotide deletion in the
NS2 gene that [ investigated throughout this thesis explains some variability, other
mutations were identified in the viral genome in our original case study. This
included a number of point mutations, along with a 15-nucleotide insertion in the
NS5A gene of the virusl. Due to the size of this mutation, I constructed a mutant viral
clone containing this insertion in the NS54 gene [Figure 3.4C], and also combined
the NS2 deletion and NS5A insertion mutations into one viral clone [Figure 3.4D].
The analyses of these viral clones in future experiments might advance the
understanding of how these mutations could interact to cause disease and what the

role of the NS5A mutation is in viral infectivity, replication or eliciting a host
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immune response. | propose that these new viral clones could be used in similar
experiments to those I performed in Chapter IlI, including side-by-side infections
with HPgV WT and ANSZ2 viruses to determine how each viral clone differs in its

ability to infect glial cells.

Aim 2: Determine how iNOS and similar enzymes participate in HPgV

infection of the CNS

As discussed above, the identification of NOSZ induction at the transcript level in
HPgV-positive patients raises new hypotheses regarding how HPgV interacts with
the neuroimmune response. To investigate the effects of iNOS, several experiments
are necessary including: (i) screen HPgV-infected astrocytes and microglia to
determine how NOSZ transcription changes in both HPgV WT and HPgV ANS2
infected cultures, (ii) validate the up-regulation of iNOS in human astrocytes and
human microglia following HPgV infection at the protein level using western blot
analysis, (iii) analyze a functional readout of iNOS in human microglia and
astrocytes, using reagents such as the nitric oxide kit (Abcam™) to quantify NO
production following infection, and (iv) using small-interfering RNA (siRNA) to
knock-down NOSZ expression in human astrocytes and microglia and investigate
how this affects HPgV infection, replication and the immune response following

infection by ddPCR and qRT-PCR analysis.
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Aim 3: Investigate how HPgV and HIV-1 co-infection impacts the CNS

pathogenesis

Within this aim, HIV-1-infected patients with and without brain disease would be
screened for the presence of HPgV RNA in the CNS using ddPCR, as done previously
in Chapter V. As discussed, HPgV co-infection is beneficial in HIV-1 patients because
of the increased survival, increased CD4+ counts and lower delayed progression to
AIDS108, The identification of six additional HPgV+ patients, all of whom are HIV-1
infected, creates a unique opportunity to investigate how HPgV+/HIV-1+ co-
infection alters viral replication in the CNS. Within this aim it would be essential to:
(i) investigate the HPgV and HIV-1 viral loads in the brain and compare those data
to mono-infected individuals, (ii) assess the host immune responses and how co-
infection changes both the HPgV only and HIV-1-only patient neuroimmune
transcriptional profiles, and (iii) utilize RNA-sequencing to discover how co-
infection alters the overall immune response compared to mono-infected patients.
To confirm the in vivo findings, it would be helpful to utilize my established in vitro
model in human astrocytes and microglia to co-infect cells in the following 3 ways:
(i) infection with HPgV followed by HIV-1 infection, (ii) infection with HIV-1
followed by HPgV infection, and (iii) co-infection of both HPgV and HIV-1 at the
same time. To analyze how HPgV affects HIV-1 infection, subsequent p24 analysis
would be utilized to measure HIV-1 replication. ddPCR analysis would also be used

to test HPgV and HIV-1 present in cell supernatants following infection. A similar
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setup has been done using PBMC cells, wherein PBMCs previously exposed to HPgV

before HIV-1 infection showed no HIV-1 viral replication180,

Aim 4: Develop an in vivo model of HPgV infection

To understand the mechanisms underlying viral encephalitis, many animal models
have been created to investigate how viral infection in the CNS elicits immune
responses and subsequent encephalitis. A variety of mouse models exist for viruses
including ZIKV, WNV, and DENV, which examine how these viruses cause
encephalitisi®l. After answering several of the above questions regarding viral
infectivity and the associated host responses that HPgV might elicit following
infection of glial cells, the utilization of an animal model is essential to test several of
the generated hypotheses. One challenge to establishing model is the lack of existing
knowledge about HPgV host specificity and whether HPgV can infect and replicate in
host cells of a different species. Therefore, preliminary studies testing HPgV
infection of mouse astrocytes in vitro are essential. The use of immune suppressed
animal models, including RAG-1-/- mice, which lack mature B and T lymphocytes82,
might be necessary first step to allow HPgV to avoid immune recognition in in vivo
models. The one caveat to using a model such as RAG-1~/- mice is that the virus
would have to be implanted directly into the CNS, since the virus would be unable to
utilize B and T lymphocytes for primary infection and subsequent CNS infiltration if

the virus was injected in the periphery.
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Figure A.1: Supernatants from HPgV-infected astrocytes and microglia are not toxic to

human neural or oligodendrocyte cell lines.

Cell supernatants from day 4 infected human astrocytes (HFA) and microglia (HFM) were
applied to human oligodendrocyte (M03.13) or neuronal (SK-N-SH) cell lines for 48 hours
and cell viability was measured in both M03.13 [A] and SK-N-SH [C] cells and compared to
untreated control cell viability. Similarly, cell supernatants from M03.13 [B] and SK-N-SH [D]
cells were collected 48 hours post-infection and LDH activity was measured and compared to
untreated control levels. Positive control is a 24-hour incubation with staurosporine. n=4

technical replicates were used per condition.
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