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I. Abstract
Human Cytomegalovirus Infection Induces Apoptosis within Human Neural Precursor
Cells under Low Oxygen Conditions

Human cytomegalovirus (HCMV) is the leading viral cause of neurological birth
defects, causing sensorineural hearing loss, epilepsy, and mental retardation. HCMV
infections are highly ubiquitous, and due to its prevalence and ease of transmission,
remains a significant burden on current health care systems, amounting to a cost of over
$1 billion in the United States annually. HCMYV infections of the immunocompetent host
do not result in adverse side effects, with infected individuals remaining relatively
symptom free. However, the developing fetus and immunocompromised populations,
such as Human Immunodeficiency Virus (HIV) patients and transplant recipients are
particularly susceptible to the development of neurological deficiencies associated with
HCMYV. In addition, the disruption of postnatal and adult stem cell function by HCMV
could contribute to cognitive deficits in childhood, adolescence, and adulthood, as the
therapeutic action of anti-depressants is now believed to occur through the regulation of
neurogenesis within the hippocampus. Therefore, the investigation of the mechanisms by
which HCMV regulates cell survival, and research into the survival of HCMV permissive
cells within the developing nervous system are highly significant for improving the
prognosis of those suffering from HCMYV related neurological disorders.

HCMV expresses various anti-apoptotic products, and the immediate early
pUL37x1 viral protein, also called viral mitochondria localized inhibitor of apoptosis,
(VMIA), is one of the most well known HCMV proteins to provide an anti-apoptotic

mechanism for the virus. This viral protein is sequentially trafficked from the
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endoplasmic reticulum (ER) to the mitochondria, where it displays its known anti-
apoptotic function by inhibiting the pro-apoptotic cellular protein Bcl-2-associated
protein X (Bax). One of the goals of this study was to examine whether pUL37x1 could
regulate apoptosis induction at the mitochondria, as well as the ER. Furthermore, we
sought to determine if aberrant trafficking of pUL37x1, or a partial block in the
incorporation of pUL37x1 into ER lipid rafts would affect its ability to inhibit apoptosis.
Towards that end, we used the transfection of pUL37x1 wt or mutant proteins, followed
by stimulation of either ER or mitochondrial apoptosis to examine pUL37x1 apoptotic
inhibition. We determined that pUL37x1 inhibits apoptosis induced by either the ER or
the mitochondria, that a disruption in pUL37x1 trafficking to the mitochondria partially
blocks pUL37x1 mediated anti-apoptotic activity, and finally, that the disruption in
pUL37x1 ER lipid raft incorporation, when coupled with the mutation of a critical amino
acid residue at position 23, would also partially block pUL37x1 anti-apoptotic function.
Although HCMV has customarily demonstrated anti-apoptotic activity, recent
studies have suggested that HCMV infection could induce apoptosis within the cells of
the developing nervous system. Due to the controversy surrounding these observations,
and the presence of conflicting studies, another goal of this study was to determine
whether HCMYV infection induces apoptosis within human neural precursor cells (hNPC)
cultured and infected under physiologically relevant low oxygen conditions. We
demonstrated that, as measured by morphological changes and the induction of molecular
markers of apoptosis, HCMV infection of hNPC in physiologically relevant oxygen
conditions triggers apoptosis. Furthermore, we demonstrated that this phenotype of

apoptosis induction is neither inhibited nor promoted by the presence of pUL37x1.
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A.

V. Chapter 1: Literature Review
Introduction

Al. Herpesviruses and cytomegalovirus

Cytomegaloviruses belong to the Herpesviridae family of viruses, which is
composed of three sub-families, including the alpha-herpesviruses, beta-herpesviruses,
and gamma-herpesviruses. There are over 200 identified viruses within this family,
which infect a wide variety of species. Eight known herpesviruses infect the human host
and cause disease, and have been designated human herpesvirus (HHV) 1-8 [1].
Cytomegaloviruses belong to the beta-herpesvirus sub-family. Numerous strains of
cytomegalovirus have been identified, infecting a variety of mammals ranging from
human and non-human primates, such as the African green monkey simian
cytomegalovirus (SCMV) and the rhesus macaque cytomegalovirus (RhCMV), to strains
infecting rodents, such as murine cytomegalovirus (MCMV). Herpesviruses contain
large double stranded circular genomes, and in the case of human cytomegalovirus, the
genome is composed of approximately 250 kilobase pairs. All herpesviruses, including
human cytomegalovirus (HCMV) or HHV-5, are particularly well known for their ability
to produce lifelong infections within the human host through the process of latency and

viral reactivation.

A2. Human cytomegalovirus adaptations
Phylogenetic analysis has demonstrated that cytomegaloviruses (CMV) have co-
evolved with mammalian hosts over the last 80 million years [2]. During that time,

HCMYV has developed numerous adaptations that allow the virus to coexist within the



human host, including immune evasion [3-5], the ability to achieve latency [6, 7], and the
inhibition of apoptosis [8, 9]. All of these strategies are employed to promote a
relationship of commensalism within the human host, where the parasite will benefit
from living within the host, but the host will remain generally unharmed. However,
when HCMYV is unable to remain undetected within the host, damage to the organism’s
tissues and the development of disease can result. One potential mechanism that could
contribute to tissue damage within the organism is the inability of HCMV to promote the

inhibition of apoptosis, resulting in HCMV-caused cell death.

a. Immune evasion

HCMV has adapted several strategies for immune evasion in order to manipulate
the cellular environment in a manner that will allow for the virus to remain undetected by
the host’s immune system. HCMV primarily disrupts adaptive and innate cellular
immunity by interfering with the presentation of viral antigens by the major
histocompatibility complex (MHC) molecules through a variety of mechanisms. It has
been demonstrated that HCMV protein products encoded by the US (unique short) 2-6
and USI11 regions of the HCMV genome are primarily responsible for this inhibition of

MHC antigen presentation [10-17].

The down regulation of MHC class I molecules within virally infected cells, and
more specifically HCMV infected cells, has been well established [18-20]. The assembly
of functional MHC class I complexes within the ER is affected by both US2 and US3

HCMYV protein products. US2 can cause the relocation of MHC class I molecules from



the ER to the cytosol where they are targeted for proteasomal degradation [11], and the
presence of US3 will enhance this activity by strengthening the binding of US2 with
MHC class I molecules [12]. In addition to the synergistic activity of US2 and US3 in
causing the degradation of MHC class I molecules, these proteins can also interfere with
the assembly, transport, and loading of MHC class II molecules. US2 induces the
proteasomal degradation of MHC class II a chains [15], while US3 blocks the proper
assembly of MHC class II o/p heterodimers, preventing its ability to localize to the MHC
class II loading compartment [13]. Finally, US11 is also capable of targeting MHC class
I molecules for degradation [17], which requires the activity of both its transmembrane

and luminal domains [16].

HCMYV products are also capable of disrupting the proper loading of antigenic
peptides to MHC molecules within the ER. The HCMYV protein US6 inhibits the activity
of the transporter associated with antigen processing (TAP) by directly binding to the
cytosolic adenosine triphosphate (ATP) binding domain of TAP, and blocking the
binding of ATP [14]. This activity is further regulated by another HCMV protein, UL
(unique long) 18, which reduces the interactions of MHC class I molecules and TAP,
which are necessary for efficient antigenic peptide loading [21]. These mechanisms for
evasion of the cellular immune response allow HCMYV to avoid natural killer (NK) and T-
cell responses providing HCMV with the ability to prevent clearance by the host’s innate

and adaptive cellular immune system.



b. Latency

Latency is defined as the persistence of the viral genome in the absence of the
detection of viral replication. This indefinite latent phase can be followed by a period of
reactivation, during which time viral replication and virion production resumes to levels
that are detectable by current technology. It has been suggested that the major reservoir
for latency of HCMV exists within myeloid lineage progenitor cells in the bone marrow,
and subsequent reactivation of the virus results following the differentiation of
monocytes into macrophages [6, 7]. This is supported by evidence suggesting that the
fraction of cells in the blood stream that harbor the HCMV genome is extremely low
[22], and that viral reactivation within long term cultured and differentiated mononuclear

cells requires cytokines produced from exogenous stimulated T-cells [23].

During latency, there are very few regions of the viral genome that are expressed.
However, it has been demonstrated that the expression of specific HCMV transcripts
does occur, including the UL81-82 [24, 25], UL111A [26, 27], and UL138 [28] regions.
Transcription of the UL81-82 region results in the production of an antisense transcript
that encodes a protein named latency unique natural antigen (LUNA) [29]. It was further
demonstrated that the promoter region encoding the gene for LUNA contains acetylated
histone modifications, suggesting regulation of the expression of this region could be
controlled by the post-translational modifications of adjacent histones [25]. The UL111A
region has also provided evidence of latently expressed transcripts. In this case, it has
been shown that the transcripts from this region encode a gene whose product plays a role

in the modulation of the cellular immune response. The protein product encoded from



this region was first identified to contain homology to the cellular immunosuppressive
interleukin (IL)-10, as well as the viral IL-10 homolog [26]. This work was expanded
upon with UL111A mutant strains of HCMV, which demonstrated that this protein was
required to repress CD4" T-cell recognition of latently infected myeloid progenitor cells
[27]. Finally, the UL138 region has been demonstrated to encode a protein, pUL138,
which is required to establish and maintain latency within CD34" hematopoietic
progenitor cells [28]. These studies further support the model that latency occurs within
hematopoietic progenitor cells of the myeloid lineage, and that the evasion of immune

responses helps to promote the latent viral state.

c. Apoptosis regulation

Herpesviruses classically demonstrate anti-apoptotic capabilities to promote
survival of host cells to allow for replication and production of infectious progeny, until
cells are killed for virion dissemination. Documented mechanisms of viral anti-apoptotic
capabilities include the expression of HCMV encoded anti-apoptotic proteins UL36,

UL37, UL38, and the anti-apoptotic RNA, 2.7 [30-41].

The viral proteins pUL36 and pUL37x1 interfere with the Bcl-2 family of
proteins. The viral protein pUL36 binds to procaspase-8 preventing its activation in
apoptosis [30], and pUL36 has also been implicated in the down regulation of a caspase
independent apoptotic pathway during macrophage differentiation [42]. The viral protein
pUL37x1 binds and inhibits the activity of the pro-apoptotic protein Bax [31, 33, 35],

which normally induces apoptosis through the formation of oligomers with the closely



related protein Bak [32], followed by insertion into the mitochondrial membrane,
inducing membrane permeabilization, and release of apoptosis inducing factors.
Additionally, pUL37x1 controls the activity of high temperature requirement protein
(Htr2A) to avoid a caspase-independent programmed cell death pathway until late times
of infection [36]. The viral protein pUL38 promotes cell survival through the
suppression of ER induced cell death [39, 40] by interacting with tuberous sclerosis
tumor suppressor protein 2 (TSC2) [41], inhibiting integration of stress signals with the
mammalian target of rapamycin (mTOR) complex 1, a major responder to cellular stress.
Finally, f2.7 RNA, an abundantly expressed non-coding viral RNA molecule interacts
with genes associated with retinoid/interferon-induced mortality (GRIM)-19 [38], a
subunit of the electron transport chain complex I required for proper assembly and
function of the complex [37]. Interactions between 2.7 RNA and GRIM-19 protect cells

from apoptotic pathways initiated through the metabolic stress of complex I [38].

A3. Human cytomegalovirus health concerns

The majority of HCMYV infections do not result in the generation of disease within
the human host, and the majority of infected individuals remain symptom free. Although
HCMYV infections do not commonly result in the development of disease, there are
specific groups who are at a higher risk of developing HCMYV associated pathologies, and
these include the developing fetus and immunocompromised individuals. Congenital
infections and infections of the immunosuppressed can lead to a variety of syndromes,
ranging from neurological deficiencies to cancer. However, when primary infection or

the reactivation of HCMV from a latent state occurs during gestation, the virus can be



transferred to the fetus resulting in congenital infection. Congenital HCMV infections
can cause a variety of diseases, most notably the development of neurological
deficiencies. The neurological defects that are most commonly observed include
sensorineural hearing loss, epilepsy, and mental retardation. This can result in significant
health care costs associated with the immediate and long term care required for mentally

deficient individuals.

This dissertation will begin with a comprehensive review of the aspects of HCMV
pathology, as well as conduct a review of the biology of HCMYV infection and replication.
This review will go on to discuss the development of the central nervous system from a
prospective of fetal development, and finally, it will focus on the HCMV adaptation of
apoptosis regulation, and how the atypical modulation of this cellular program by a
herpesvirus could contribute to the development of neurological disease. This work will
then focus on one of the most well known mechanisms by which HCMV regulates
apoptosis, pUL37x1, and how this viral protein can regulate apoptosis from multiple
apoptotic stimuli from various locations in the cell. Finally, this dissertation will examine
one of the best current available models for investigating congenital HCMV infections
within the developing brain; the in vitro infection of human neural precursor cells
(hNPC) with HCMV for evidence of apoptosis induction, and the role pUL37x1 plays in

regulating apoptosis in HCMV infected hNPC.



B. Pathology of HCMV infections

HCMV infections are ever-present, with high levels of incidence throughout
populations around the globe, including both developed and undeveloped nations.
Frequent virus shedding within the saliva and urine promote the dissemination of the
virus, and provide a likely explanation for its widespread prevalence [43]. HCMV
infection within the immunocompetent host rarely manifests in the development of
disease due to the establishment of latency. However, HCMV infections do pose a
serious threat to both the developing fetus, via congenital infection, and also the
immunocompromised, such as those individuals harboring human immunodeficiency
virus (HIV) or those awaiting organ transplantation. In the case of congenital infection,
there is significant threat of disease to infants, with the virus classically demonstrating its

effects on the developing nervous system.

B1. HCMV congenital infections

a. Epidemiology

HCMYV infections are highly ubiquitous, and it has been estimated by the Centers
for Disease Control that by the age of 40, approximately 50-80% of adults are
seropositive for HCMV infection. Furthermore, HCMV infects 60% of women of child
bearing age within developed countries, while this number reaches a staggering 90%
within undeveloped nations [44]. HCMV is harbored within bodily fluids, including
saliva, urine, blood, semen, and breast milk, and is readily transmitted by both sexual and

non-sexual contact [45]. The prevalence of HCMV, combined with the ease of



transmission, pose a serious threat towards controlling the spread of HCMV to the

developing fetus by congenital infections [46].

Significant levels of mortality within the United States are caused by HCMV
congenital infections, with the virus having the greatest effect on African American and
Native American populations [47], as well as an increased impact on poverty stricken
populations [48]. In developed countries, HCMV is the leading viral cause of
neurological birth defects, resulting in the development of non-genetic sensorineural
hearing loss [49, 50], post-natal seizures, and epilepsy [51], with approximately 8000
incidents a year, and a 5-10% infant mortality rate [47, 52-54]. The resultant cost of
healthcare for HCMV congenitally infected individuals within the United States amounts
to over one billion dollars annually [55]. These figures and statistics demonstrate that
HCMV congenital infections not only create a serious burden upon our medical

healthcare systems, but also pose an important challenge for public health.

b. Etiology

Intrauterine transmission of HCMV to the developing fetus occurs most
frequently when the pregnant mother undergoes primary infection or reactivation of
HCMYV during gestation [50]. Primary infection involves the initial exposure to HCMV
and subsequent seroconversion, while reactivation from latency results from the re-
establishment of viral gene transcription that will lead to viral genome replication,
however, the molecular mechanisms that lead to latency and reactivation remain poorly

understood [56]. Under these conditions, HCMYV is transmitted to the fetus in 20-25% of



pregnancies, of which, over 50% of cases will develop symptoms of neurological
disorders to varying degrees [57]. The neuropathology associated with congenital
HCMV infections of the CNS is not well understood; however, prominent morphologic
abnormalities presented by HCMV congenitally infected infants have been well
characterized, and include polymicrogyria and microcephaly [58, 59]. These studies
further demonstrated that HCMV preferentially infects cells of the ventricular (VZ) and
subventricular zones (SVZ) of the developing brain [58, 59]. These regions were later
described to contain neural stem cells [60, 61], as well as committed progenitors [62, 63],
and serve as a site for neurogenesis [64]. These observations suggest a link between
HCMV infection and abnormal neural development and/or neuropathology, and further
suggest how the trajectory of nervous system development could be affected through

HCMV infection of neural stem and progenitor cells.

c. Diagnosis and treatment

Although the burden imposed upon healthcare by pathologies associated with
HCMYV congenital infections has been recognized, prenatal diagnosis of primary maternal
HCMYV infection is controversial. There are numerous considerations that preclude
screening for primary maternal HCMV infections during pregnancy. One major concern
is the difficulty in obtaining accurate and reliable results following prenatal exams, and
the likelihood of either a false-positive or false-negative result remains a serious risk,

particularly when considering the option of pregnancy termination.
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The diagnosis of primary maternal infection with HCMV has improved in recent
years. Previously, diagnosis of maternal infection with HCMV involved the testing of
whole blood and urine samples for the presence of CMV genomes by PCR and the
production of IgG and IgM immunoglobulins by enzyme immunoassays [65]. These
tests were mostly conducted during the first trimester, at the stage of gestation that
correlates with poorer outcomes in congenitally infected infants. However, the need for
testing throughout all three trimesters and requirements for more reliable testing have led
to improvements, such as the screening of amniotic fluid, as well as screens that can
specifically identify primary maternal infection by examining the avidity of anti-CMV
IgG [50]. Furthermore, the requirement to screen newborns in a more accurate and cost
efficient manner has resulted in the development of quantitative PCR methods for the
analysis of HCMV within urine pools [66]. In addition, counseling for mothers that are
expecting to give birth to congenitally infected infants has also improved due to the
ability of counselors to draw on recent studies that provide information on child
prognosis following either preconceptional or primary maternal infection during gestation
[67]. This allows counselors to give advice on the possible outcomes for their child,

rather than simply providing guidance for the selective termination of pregnancy [68, 69].

There is still a very strong need for the development of therapeutics that will serve
as treatments for congenital HCMV infections. There are very few drugs that are
currently licensed for the treatment of HCMYV infections, and the use of those that are
available are hampered by long-term toxic effects, as well as low bioavailability and

efficacy [70]. Current treatments for immunosuppressed individuals involve the use of
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antivirals that are targeted against the viral DNA polymerase, of which the most well
known is ganciclovir, however there are no licensed drugs for the treatment of congenital
HCMYV infections [71]. There is no evidence that ganciclovir can prevent vertical
transmission from mother to fetus via the placenta, however it has been demonstrated in
Vvivo that ganciclovir can accumulate in milk by passive transmission [72], suggesting that
ganciclovir could be effective in reducing vertical transmission through breast milk.
There is no current vaccine available to confer immunity against HCMV infection;
however, this is an active area of investigation. Pre clinical and clinical trials examining
the usefulness of replication deficient and recombinant live-attenuated vaccines are
underway [73, 74], and there is also ongoing research for the identification of new targets
for antivirals directed against viral proteins involved in genome replication, viral
maturation and egress, as well as cellular targets that are also required for viral

replication [71].

C. Human cytomegalovirus lytic infection
a. HCMV tropism
The pathogenesis associated with congenital HCMV infections results from the
infection of neural stem and progenitor cells. However, the transmission of HCMV to the
developing brain is poorly understood, and could occur through retrograde transport from
the periphery as observed with HSV, or delivery to the nervous tissue by infected
endothelium. Work that has examined MCMV infection within developing mouse

embryos suggests that infection within the mesenchyme around the brain, particularly
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endothelial cells and vesicles, extends infection to the brain and could be the critical step

in the formation of brain disorders [75].

HCMV displays a very wide cellular tropism and is capable of infecting many
different cell types in vivo. HCMV infects a variety of cell types with resulting
pathological conditions including leukocytes, such as monocytes and macrophages [76],
endothelial and epithelial cells [77], most notably the vasculature endothelium [78],
smooth muscle cells [79] and neural cells [80]. HCMYV infectious virion production has
been shown to occur to varying degrees within multiple cell types as well, including skin
and lung fibroblasts [81], vascular endothelium [82], macrophages [83] and dendritic
cells [84]. This broad host cell tropism of HCMV suggests the presence of a ubiquitous
cellular receptor, or the use of varying cellular receptors recognized by a complex
combination of viral envelope proteins [85]. Furthermore, virion production in multiple
different cell types also demonstrates the versatility of HCMV, with the ability to
manipulate the cellular environment within a wide range of host cells to achieve

replication.

C1l. Entry
a. Binding
The primary receptors that are responsible for HCMV binding to target cells are
incompletely understood, and are an active field of current investigation. The
identification of primary and ancillary cellular receptors for HCMV could lead to the

development of a mechanism towards the disruption of HCMV entry, which would
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provide a significant means of alleviating the spread of the virus. It has been previously
suggested that epidermal growth factor receptor (EGFR) is a required receptor for the
entry of HCMV into cells [86]. However, recent work has demonstrated that neither
EGFR, nor its downstream kinase signaling is a requirement for HCMV entry [87]. The
obstruction of EGFR with neutralizing antibodies was not shown to inhibit virus entry
within fibroblasts, epithelial cells, or endothelial cells, and neither did the inhibition of
EGFR kinase. In addition, it has also been shown that EGFR plays a role in the
attachment of HCMV to monocytes, but again, the blocking of EGFR with neutralizing
antibodies did not significantly affect HCMV attachment [88]. These studies suggest
that, although EGFR may play a role in the attachment of HCMV, the receptor is not
necessary, and therefore, point to a larger role for EGFR in fusion of HCMV with
permissive cells. Gene knockout studies have demonstrated that platelet-derived growth
factor receptor (PDGFR) — alpha is in fact a required receptor for HCMV entry, and
results in the activation of phosphoinositide-3-kinase downstream signaling pathways

[89].

The investigation of HCMV co-receptors has also provided valuable information
regarding cell surface molecules that will enhance the binding and entry of HCMV in
coordination with primary receptors. Integrin avf3 functional blocking antibodies
significantly reduced the ability of HCMV to infect human embryonic lung fibroblasts
(HEL) [90], suggesting that this cell surface molecule serves as a functional co-receptor
for HCMV infection. In addition to the primary receptors and co-receptors that have

been identified, heparan sulfate also serves as a factor mediating binding of HCMV to the
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cell surface. Heparan sulfate molecules serve as the initial attachment molecule for
HCMV [91], providing the necessary proximity for HCMV to initiate binding with its

primary and ancillary receptors.

The viral envelope contains nine virally encoded glycoproteins, including gB,
gM, gH, gL, gO, gN, gp48, gpTRL10, and UL33 [92]. Several of these glycoproteins
form complexes with additional HCMV encoded viral envelope proteins and are
responsible for the binding of HCMV virions to cell surface receptors. HCMV encodes
over 65 unique glycoproteins [93], and the analysis into the functions of these proteins
has provided further insight into the complexity of HCMV biology. It has recently been
suggested that multiple different glycoprotein complexes can serve to initiate entry when
binding to different cell types, and the array of glycoproteins available for binding is
regulated by the cell type that the virus has replicated within, which leads to the
generation of distinct virus populations [85, 94]. Glycoprotein complexes present on the
surface of the viral envelope, such as the glycoprotein H (gH)/gL/UL128-131 complex,
are more efficient when gH/gL is coexpressed with UL128-131 within the ER [95].
These complexes mediate entry of HCMV into epithelial and endothelial cells [95-97],
while separate complexes composed of gH/gL/gO mediate entry of HCMV into
fibroblasts [98]. In addition to these glycoprotein complexes, the glycoprotein gB has
also been implicated as a ligand that attaches to cellular receptors during binding and

entry process of HCMYV into target cells [99].
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The molecules responsible for the binding of HCMV to neural cells have yet to be
elucidated. Based on these previous works that demonstrated the differential use of
receptors and glycoproteins to initiate binding and entry of HCMV on a variety of cell
types, it is likely that HCMV also uses a combination of cell surface receptors and viral
envelope glycoproteins to achieve this function within neural cells. These studies are
intriguing for examining the potential of differential susceptibility of neural stem and
progenitor cells to HCMV infection and for the development of potential therapeutic
targets, as these potential entry points also serve as critical signaling components for
neural stem and progenitor cell self-renewal and proliferation. EGFR and particular
integrin subsets are highly expressed within neural stem cells, PDGFR is also highly
expressed, most notably on oligodendrocyte progenitor cells, and heparan sulfate serves
as a cofactor for the binding of basic fibroblast growth factor (bFGF) to the bFGF

receptor on neural stem cells.

b. Fusion

Fusion is a process which, in combination with binding, promotes the entry of
HCMYV virions into the target host cell. Similar to HCMV binding, there are a number of
viral encoded glycoproteins that have been implicated in viral fusion, including gB, gH,
gL, g0, and gM [1]. As previously discussed, functional mechanisms for HCMV binding
vary, depending upon the cell types targeted for infection. This is also the case for fusion
or adsorption of HCMV during the entry process. Following the binding of HCMV to the
surface of fibroblasts, direct fusion between the viral envelope and the plasma membrane

occurs through a pH-independent mechanism, and electron microscopy (EM) has
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demonstrated that intact virions are not observed within coated pits or vesicles [100].
These fusion events are mediated by the activity of EGFR [86, 88] and integrin avp3
[90], previously mentioned to be involved with the binding of HCMYV to the cell surface.
In contrast to fibroblasts, entry into endothelial and epithelial cells occurs via an
endocytic pathway. The examination of radiolabeled virus particles demonstrated that
adsorption events require the acidification of endosomes to produce a low pH level

necessary for HCMYV internalization [101].

c. Translocation

Numerous viruses, including herpesviruses, require the use of the cellular
cytoskeletal network as a transport system for multiple phases of the viral life cycle [102,
103]. The replication and packaging of the herpesvirus genome occurs within the
nucleus, and therefore, the translocation of the HCMV genome to the nucleus is a
required step in the viral replication process. Following entry into the cell, the HCMV
nucleocapsid is released from the viral envelope into the cytoplasm. It is believed that
the HCMV nucleocapsid then travels to the nucleus via the cytoskeletal network of
microtubules [104], as the treatment of HCMV infected cells with microtubule
depolymerizing reagents causes a decrease in immediate early (IE) 1 expression [105].
HCMYV infection also initiates the depolymerization of actin polymers and the
rearrangement of actin stress fibers [106, 107], which facilitates the trafficking of
nucelocapsids to nucleus. In addition to the manipulation of microtubules and the actin
cytoskeleton, intermediate filaments composed of vimentin also enhance nucleocapsid

trafficking to the nucleus. It has been shown that during infection, vimentin maintains its
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polymerization, and vimentin knockout cells were deficient in the trafficking of HCMV
nucleocapsids to the nucleus [108]. The manipulation of microtubule networks, the actin
cytoskeleton, and vimentin intermediate filaments allows for HCMV nucleocapsids to

reach the nucleus for replication of the viral genome.

The cytoplasmic translocation of HCMV to the nucleus within neurons or their
progenitors has yet to be described. However, recent developments in the field of
herpesvirus transneuronal spread, particularly with HSV and the alpha-herpesvirus PRV,
have provided insights into the mechanisms that facilitate this translocation [109]. It has
long been established that the transit of HSV to the cell body involves axonal retrograde
transport [110]. Recently, it has been demonstrated that this retrograde movement relies
on the network of microtubules and the dynein and kinesin motor complexes [111].
Furthermore, this interaction with microtubules occurs between the capsid and the inner

tegument proteins [112], of which PRV pUL36 is required [113].

C2. Temporal gene expression and function
HCMYV replication is characterized by three temporal phases of gene expression,
including IE, early, and late genes. The products of these three phases regulate the
transcription of viral genes, as well as the replication and packaging of the HCMV
genome [1]. Functional tegument proteins that are delivered to the cell following entry
can activate the expression of IE genes. The immediate early genes are responsible for
initiating transcription of the early genes and manipulation of cellular machinery to

produce a metabolic state that is highly active. The early genes are responsible for
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preparing the cell for viral genome synthesis, and the late genes prepare the cell for the
final assembly and packaging of the virus. IE gene expression begins immediately
following the entry of HCMV into the cytoplasm due to the presence of functioning
tegument proteins. Early gene expression occurs between 4 and 24 hr post infection

(hpi), and late gene expression occurs after 24 hpi.

a. Tegument protein activation of IE gene transcription

HCMYV tegument proteins are involved in the initiation of lytic replication
through the activation of IE gene expression. Tegument proteins are delivered to the cell
following entry and de-envelopment of the virus, and pp71 has been shown to be
involved in regulating the expression of IE genes, which requires interactions between
pp71 and the cellular protein Daxx [114]. It has been suggested that this mechanism
plays a role in the establishment of lytic infection. In addition to its role in the
transactivation of IE genes, pp71 can also alter the cellular environment to facilitate viral
genome replication by stimulating cell cycle progression. It has been demonstrated that
pp71 can direct the proteasomal degradation of hypophosphorylated retinoblastoma
proteins, which will promote cell cycle progression with transition through the G1/S

checkpoint, thereby facilitating viral genome synthesis [115-117].

b. Immediate early gene expression and function
There are four regions of IE gene expression, of which the IE1 and IE2 and the
UL36 and UL37 regions remain the most studied. However, in addition to these IE loci,

TRS1 and IRS1, as well as US3 genomic regions are also activated during IE times of
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infection. IEI is the most abundantly produced viral protein within the IE early regions.
Although IEI is not required for HCMV replication at a high multiplicity of infection
(MOQOI), it has been shown that under the conditions of a low MOI, which represents a
more physiologically relevant viral load in vivo, in the absence of IE1 a block in the
expression of delayed early genes occurs [118]. IE2, however, is absolutely

indispensable for viral replication [119].

IE1 and 2 primarily function in the regulation of gene expression. In that regard,
one of their major roles is the activation of expression of the early genes [120]. IE2 also
plays a major auto-regulatory role, by negatively affecting the expression of genes from
the major immediate early promoter [121], and this function has been speculated to play a
role in the development of latent infections. IE2 plays an additional inhibitory role,
serving as repressor of cellular DNA synthesis through its induction of cell cycle arrest
[122]. However, these viral proteins also provide additional functions important for the
virus life cycle. IEl can act in an immunomodulatory fashion, by inhibiting the
activation of the innate immune system interferons (IFN), directly binding with signal
transducer and activator of transcription (STAT) 1 and 2, and preventing their

transactivation of IFN genes [123].

The UL36 and UL37 loci are also expressed at IE times of infection. The protein
products encoded from these genomic regions primarily participate in the inhibition of
apoptosis, which will be discussed in more detail in subsequent sections. Analogous to

the functions of IE1 and 2, pUL36 and pUL37x1 can also participate in the
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transactivation of genes, both cellular and viral. It has been shown that, in combination
with US3 expression, either pUL36 or pUL37x1 can activate the expression of the heat
shock protein 70 promoter within transfected Henrietta Lacks (HeLa) cervical carcinoma
cells [124]. Furthermore, within human foreskin fibroblasts (HFF), it has been
demonstrated that pUL36 and pUL37x1, in combination with IE1/2 expression, can also
activate the expression of the viral promoter UL112, which drives expression of early
genes required for HCMV DNA replication [124]. In addition, pUL37x1 also
transactivates the promoters of UL54, the viral DNA polymerase, and UL44, the viral
DNA polymerase processivity factor [125]. As previously mentioned, an additional
function of US3 is the modulation of the immune response through the inhibition of

antigen presentation by MHC class I and II molecules [12, 13].

Recent work has examined the contributions of HCMV encoded microRNA
(miR) towards the regulation of IE genes [126, 127]. The transfection of constructs
encoding the complete IE region and miR-UL112-1 demonstrated that the 3’-untranslated
region (UTR) of IE1 was necessary and sufficient for the inhibition of IE1 expression by
miR-UL112-1 [127]. Furthermore, under the context of infection, the use of a miR-
UL112-1 knockout virus and a virus mutant with the 3> UTR of IE1 deleted have shown
that the inhibition of IE1 expression occurs by miR-UL112-1 [126]. The authors further
suggested that this mechanism could be used to promote viral latency, as IE1 plays a

significant role in the initiation of lytic infection.
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c. Early gene expression and function

In comparison to IE genes, whose transcription and translation do not require the
synthesis of any additional viral proteins, the transcription of early genes does require the
expression of the IE genes, of which, the major regulators of the early class of genes are
IE1 and 2. The proteins produced from the early class of genes expressed during HCMV
infection include a host of products that play an active role in the synthesis of the HCMV
genome and are required for its replication. One region that has received particular
attention is the UL112-113 locus. UL112-113 encodes regulators of the viral replication
fork machinery, which will be discussed in further detail in the following section
outlining the replication of the viral genome. The expression of early HCMV genes is
also required for late gene expression [128]. Finally, early gene products have also been
implicated in promoting the accumulation of IE gene transcripts at late times of infection,
including IE2, UL37, and TRS1 [129, 130], and this accumulation is proposed to

facilitate the activation of late promoter regions.

In addition to their production of proteins that are involved in the synthesis of
viral DNA, early gene products also participate in altering the cellular environment,
which will facilitate viral genome replication and capsid maturation. Numerous
phosphoproteins (pp) have been studied for their roles in these functions, including pp65,
and the aforementioned pp71. pp65 has been shown to interact with numerous serine
threonine kinases, including the cellular Polo-like kinase 1 [131] and the viral kinase

pUL97 [132, 133], which could suggest a role in maturation and nuclear egress, as the
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phosphorylation of lamina by pUL97 promotes the rearrangement of nuclear lamins to

facilitate egress of mature nucleocapsids from the nucleus [134].

d. Genome replication

The replication of the viral genome provides a mechanism by which the viral
DNA is copied for the production of genomic material for new virus progeny. Viral
DNA replication is not only critical for the production of genomes, but this process is
absolutely necessary for further progression of the viral life cycle. It is well known that
the expression of HCMV true late genes, those responsible for encoding proteins that
make up the structural components of the virus, require HCMV DNA synthesis to occur,

and the inhibition of viral genome synthesis will block the expression of true late genes.

i. Initiation and progression

The initiation of DNA synthesis occurs following the association of a circularized
HCMV genome with nuclear domain 10 (ND10) bodies, and the localization of initiation
factors to these sites. The rolling circle mechanism is the process by which HCMV DNA
replication actively proceeds [120]. The HCMV genome contains a single origin of
replication, known as oriLyt, which contains a core domain composed of two regions (I
and II) that are essential for the initiation of viral genome replication [135]. Within
region I, a bidirectional promoter that is responsive to the binding of IE2 and UL84 has
been identified, and the binding of an IE2/UL84 complex is required for viral genome
replication [136, 137]. In addition to its interaction with IE2, UL84 has also been shown

to bind with UL44 [138]. Recently, UL84 has been shown to interact with
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CCAAT/enhancer binding protein (C/EBPa) transcription factor binding sites within
oriLyt, which are also required for replication, as mutation of this site caused the
inactivation of oriLyt [139]. Furthermore, the authors suggested that the domains
responsible for binding the C/EBPa sites span the UL84/UL44 complex. In addition to
these replication initiation sites within oriLyt, IE2 cis-repressive binding sites have been
identified within oriLyt [140], whose function could be important for the transition from

lytic to latent infection.

ii. Required products

The replication of the HCMV genome requires the production of viral proteins
from eleven different loci within the HCMV genome [128]. Six of these loci encode viral
proteins required for DNA replication that compose the viral DNA replication fork, and
include the DNA polymerase catalytic subunit (UL54), the polymerase processivity
factor (UL44), the single stranded DNA-binding protein (UL57), DNA helicase,
(UL105), primase (UL70), and the primase-associated factor (UL102) [141, 142]. It has
been suggested that the remaining five loci coordinate to regulate the expression and
function of the replication fork components from the first six loci [143]. One such region

that has received particular attention is the UL112-113 region.

The UL112-113 region encodes four phosphoproteins, which include p34, p43,
p50, and p84 [144]. Work on the UL112-113 region indicates that the proteins encoded
from this locus are responsible for recruiting UL44 and ULS57 to cellular sites of viral

replication [145, 146]. Most recently, it has been demonstrated that p84 interacts with
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UL44 to promote viral replication, which was demonstrated by the inability for virus
replication to occur with a p84 mutant virus that was defective in its ability to bind UL44
[147]. Recently, it was demonstrated that the UL112-113 region also encodes three novel
proteins, p20, p26, and p28, in addition to the previously mentioned four products [148].
RNA analysis indicated that constructs encoding these novel proteins were not present at
72 hpi [148], suggesting no role for these proteins during viral DNA replication, while
proteomic analysis demonstrated that they were selectively incorporated into the mature
virions, further implying an alternative function for the UL112-113 region in addition to

its requirement for viral DNA synthesis.

e. Late gene expression and function

The protein products that are produced from true late gene expression are mainly
structural proteins involved with the final assembly and packaging of HCMV virions.
One such protein that has received particular attention is the true late tegument protein,
pp28. The transcription of this protein is under the control of the UL99 promoter region.
This protein has been shown in numerous instances to play a critical role in the assembly
of HCMV, where its localization to the assembly compartment is necessary for the
production of enveloped infectious virion [149, 150]. It has also been demonstrated that
the localization signal for pp28 trafficking to the assembly complex is located within an
acidic domain that spans amino acids 44-59, and the deletion of this region reduces

infectivity of released particles [151, 152].
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The regulation of true late gene expression within HCMYV infected cells has yet to
be completely described. There is some information describing the cis-acting regulatory
sequences within the HCMV genome that are involved in the transcriptional activation
and repression of late gene expression, particularly within the UL99 [153] and UL94
[154] late promoter regions. Furthermore, it has been established through co-transfection
experiments with IE1 and 2 that the expression of these two proteins alone are not
sufficient to promote initiation of transcription of the UL99 promoter [153]. Recently, it
has been shown that the open reading frames (orf) from HCMV genomic regions,
including UL79, UL87, and UL95, are required for late viral gene expression and for the
production of infectious progeny [155]. These authors also demonstrated that the protein
products of these orf assemble and colocalize with the viral polymerase processivity

factor, pUL44, and the viral genome prior to its replication.

C3. Virion assembly, maturation, and egress

Evidence from studies involving the use of EM and cryo-EM suggest that the
assembly of HCMYV is similar to that of other herpesviruses, particularly HSV-1, as well
as the alpha-herpesvirus PRV and the beta-herpesvirus MCMV [156, 157]. This process
involves the assembly of the capsid and insertion of genomic DNA within the nucleus,
followed by egress from the nucleus, which is accompanied with the envelopment of the
capsid at the nuclear membrane. The capsid is then de-enveloped at the outer nuclear
membrane, matures in the cytoplasm, and is then trafficked to the plasma membrane and
re-enveloped during egress from the cell [1, 120]. Although not all of the mechanisms

have been determined for the assembly and maturation of the HCMV nucleocapsid within
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the nucleus, nor its egress from the nucleus and the cytoplasm, due to the similarities
between structures of various herpesviruses, as well as the conservation of herpesvirus
proteins, the discovery of these mechanisms within other herpesviruses have provided a

framework for how HCMV could accomplish these tasks.

a. Nuclear assembly

The similarities in the structure of the HCMV capsid and that of the HSV-1
capsid, and the conservation of capsid proteins amongst these viruses suggests
comparable mechanisms of capsid assembly [156]. Due to the large size of the HCMV
genome, there are some differences within the HCMV capsid, particularly those present
within the floor of the capsid [158, 159], which provides additional space to
accommodate the large HCMV genome. It is believed that the assembly of the HCMV
capsid first requires the formation of a cytoplasmic scaffold that will facilitate the
production of the capsid subunit and the structures within the pre-capsid. The HCMV
regions encoding the scaffolding proteins include the UL80a and the ULS80.5 loci [160].
In addition to the scaffolding proteins encoded by these genomic regions, which are the
proteinase precursor (pUL80a) and the assembly protein (pUL80.5), the HCMV genome
also encodes a major capsid protein (MCP) and the smallest capsid protein (SCP), which

are the most abundant proteins that compose the HCMV capsid [156].

The scaffolding complex forms within the cytoplasm, and the proteins within

contain carboxyl terminal conserved domains, which facilitate the translocation of the

complex to the nucleus [161]. This occurs following the binding of the MCP and SCP,
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which do not contain signals that will target them to the nucleus [162]. Following entry
into the nucleus, assembly of the capsid occurs. This involves the production of exactly
162 capsomers into an icosahedral formation, and EM has demonstrated that the
capsomers are composed of 150 hexons and 12 pentons [159]. Furthermore, between
adjacent hexons and pentons is found a triplex of two minor capsid proteins (pUL85) and

one minor capsid binding protein (pUL86) [159].

The maturation of the capsid into a mature nucleocapsid will occur following the
cleavage and insertion of the replicated HCMV genome. The viral genome contains two
packaging sites, known as pac-1 and pac-2. The recognition of the viral genome at these
sites, and the packaging of the genome into the immature capsid involve the coordinated
activity of three viral proteins, encoded by genomic regions UL56, UL89, and UL104
[163-166]. The viral protein pUL56 is responsible for the recognition of the viral
genome at pac sites [164], while UL104, which interacts with pUL56 [167], encodes a
portal protein, which is involved in shuttling of the viral genome into the capsid. Finally,
both pUL89 and pUL56 have been suggested to play a role in the cleavage of the viral
genome. These proteins have been shown to interact with one another [168], and they
both contain domains with functional nuclease activity [166]. In addition to these
nucleases, pUL52 may play a distinct role in viral genome cleavage. Although this
protein does not colocalize with other viral nucleases, infections with a pUL52 mutant
virus have demonstrated lack of viral DNA cleavage [169], suggesting that this protein is

necessary for viral DNA packaging.
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b. Nuclear egress

Once the nucleocapsid matures in the nucleus, it must traffic to the nuclear
envelope, where envelopment of the HCMV nucleocapsid with the nuclear membrane
will occur [120]. This process is known as nuclear egress. The mature nucleocapsid
must take advantage of the cellular nuclear matrix proteins, such as lamins, for transit to
the nuclear membrane. Once the nucleocapsid reaches the nuclear membrane, the
integrity of the nuclear envelope must be compromised in order for egress to occur, and
this has been suggested to involve phosphorylation events. It has been suggested that
once they have reached the inner nuclear membrane (INM), nucleocapsids gain their
primary envelope by budding through the INM, entering into the lumen of the nuclear
membrane, and then fusing with the outer nuclear membrane, where de-envelopment and

release of nucleocapsids into the cytoplasm will occur [170] .

Work with MCMV has demonstrated the presence of a viral encoded protein,
M50/p35, which is inserted into the nuclear membrane, and following its interactions
with another viral protein, M53/p38, produces a docking site for the mature MCMV
nucleocapsids [171]. These authors further demonstrated that M50/p35 will also recruit
the cellular kinase, protein kinase C (PKC), whose activity at the nuclear membrane will
cause the rearrangement of the nuclear lamina [171]. It is believed that the HCMV
homologues of M50 and M53, pUL50 and pULS3, form a complex for nuclear egress that
also involves the recruitment of PKC for the phosphorylation and disruption of lamina
networks [134]. In addition to the phosphorylation activity of PKC, the viral kinase

pUL97 is recruited to the nuclear membrane by p32, a PKC binding protein, and once
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there can also provide a lamin phosphorylating function [134]. The ER cellular
chaperone, binding immunoglobulin protein (BiP), which binds pULS50, is also utilized
for its ability to phosphorylate lamins towards the disruption of the lamina network, as
the depletion of BiP results in the loss of HCMV induced nuclear morphology [172].
Finally, maturation and nucleocapsid egress from the nucleus was disrupted with the use
of M53 dominant negative proteins that prevented M53 activity [173]. This further
suggests that, in addition to their roles in nucleocapsid egress, M53 and its HCMV

homologue, pUL53 also play a role in HCMV maturation.

c. Maturation in cytoplasmic assembly compartments

The maturation in the cytoplasm involves association of HCMV nucleocapsids
with the cytoplasmic assembly compartment, a reorganization and expansion of the
cellular secretory apparatus, and tegumentation, which is then followed by re-
envelopment and translocation to the plasma membrane for final egress out of the cell
[120]. Confocal immunofluorescence microscopy has demonstrated that the assembly
compartment involves the reorganization of the secretory apparatus, including early
endosomes, the Golgi apparatus, and the trans-Golgi network (TGN) [174]. The role of
these secretory organelles was further confirmed through additional studies that
demonstrated that within the center of the assembly compartment are concentrated
membrane bound vesicles containing the endosomal marker, endosome antigen-1 (EEA-
1) [175]. Furthermore, these authors went on to describe how the secretory organelles,
including the ER, the Golgi apparatus, and the TGN within infected cells take on new

structural identities and functions when compared to those organelles within infected
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cells, all for the purposes of facilitating viral maturation [175]. Finally, the HCMV
assembly compartment is also characterized by the accumulation of early and late viral
tegument proteins, including pp65 and pp28, as well several viral glycoproteins, such as

gB, gH, and gM [176].

The formation of the assembly compartment occurs adjacent to the nucleus, and
involves the localization of numerous HCMV encoded proteins, including pp28, pp65,
the viral kinase pUL97, and ppl50, which is required for assembly compartment
formation [177]. Recent studies utilizing mutant viruses with deletions in the pp150
amino terminal conserved regions 1 and 2 have demonstrated that this protein plays a key
role in the association of viral capsids with the assembly compartment [178]. The design
of these mutants was based upon previous work that indicated that the association of
pp150 with nucleocapsids occurs at the amino terminus [179]. The ER chaperone BiP,
whose role in nuclear egress was previously established, also functions in maintaining the
stability of the assembly compartment. BiP associates with pp28 and TRS1 in an effort
to maintain the structure of the assembly compartment, as the depletion of BiP results in
the disruption of assembly compartment integrity [180]. Very little work has been
conducted to determine the mechanisms behind the trafficking of tegument proteins to the
assembly compartment. However, studies have demonstrated that the retention of pp28
within the ER/Golgi intermediate compartment facilitates its transport to the assembly

compartment [181].
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d. Egress from the cell

A model for the translocation of the nucleocapsid and its associated tegument
proteins to the plasma membrane for egress has been proposed [174], and support for this
model further demonstrates that this process involves traveling through the ER and Golgi
apparatus and exploitation of the cellular endosomal sorting complex required for
transport (ESCRT) machinery for transit to the plasma membrane and final egress out of
the cell [182]. The ESCRT machinery has been recently shown to be necessary for the
re-envelopment of mature HCMV nucleocapsids [183]. This study demonstrated that
HCMYV replication was inhibited in the presence of dominant negative proteins of the
ESCRT ATPase Vps4 and CHMP1A, a component of ESCRT-III [183]. These studies
were based upon previous works that have also demonstrated similar requirements of the

ESCRT machinery during HSV-1 envelopment [184, 185].

The mechanisms for final envelopment and egress of HCMV from the cell have
not been completely described, and two models for this process have been proposed.
Research using a pp28 deleted mutant of HCMV has shown that de-enveloped,
tegumented nucleocapsids gain their envelope by budding through a region of the plasma
membrane that contains viral envelope glycoproteins [150]. However, the mechanisms
that would traffic these glycoproteins and concentrate them into regions specific for
HCMYV budding have not been described. It has also been suggested that during this
translocation process, the nucleocapsid is re-enveloped within early endosomal
compartments, and that these compartments facilitate HCMV egress through an exocytic

process. This is supported by evidence for the distinct composition of HCMV envelope
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lipids that show similarities to endosomal lipids, as well as the presence of endosomal

markers within the HCMV envelope [174, 186].

Additional work that has examined the function of pp28 has also demonstrated
the involvement of this tegument protein in the process of cytoplasmic envelopment. A
mutant virus containing a stop codon within the pp28 coding sequence demonstrated that
the truncated protein failed to localize to the assembly compartment, and, although virus
replication was only delayed, the resulting virions were did not contain an envelope, and
were significantly less infectious [149]. Finally, the HCMV tegument protein pUL71 has
also been recently implicated in the process of virion egress. Research utilizing an
HCMYV mutant that does not express pUL71 demonstrated that this protein is required for
virion egress from the cell. Infections with this pUL71 mutant virus resulted in the
formation of abnormal assembly compartments, and the virions produced remained cell
associated within intracytoplasmic inclusions [187]. These studies demonstrate the
requirement for viral tegument proteins in the production of infectious virion, as well as
support the model of re-envelopment within endosomes and egress through an exocytic

pathway.

Little is known of the mechanisms of HCMV egress within neurons or their
progenitors. However, recent work has provided a description of these mechanisms for
other herpesviruses. Specifically, work examining the anterograde transport of HSV-1
and PRV within neurons has provided two models for egress [109]. The first model,

which is believed to occur with the alpha-herpesvirus HSV-1, suggests separate transport
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of unassembled, de-enveloped capsids and glycoproteins to axon terminals for maturation
and envelopment [188, 189]. The second model, predicted for egress of PRV, proposes
that fully assembled virions with a double membrane envelope derived from the trans-
Golgi network travel down axons within membrane bound vesicles for exocytic egress at

axon terminals [190, 191].

D. Nervous system development

The earliest anatomical studies which eluded to the existence of stem cells within
the brain were conducted in the late 19" and early 20™ centuries and noted the presence
of germinal zones localized to the surface of the cerebral ventricles [192-195] Further
studies examining the presence of stem cells of the nervous system were conducted in the
1940’s through the investigation of tumors of a subependymal origin [196]. However, it
was not until the late 1980’s and early 1990’s when the discovery and isolation of neural
stem cells within the developing embryo and adult brain that were capable of self renewal
and could give rise to both neurons and glia occurred [197-202]. These studies provided
the first evidence that there existed a mechanism that would allow for the regeneration of
nervous tissue through adulthood. These studies were then followed by evidence of

human adult neurogenesis within the hippocampus [203].

Over the years, the true identity of the multipotent stem cell, or a cell that is
capable of producing all neural lineages, has remained elusive, despite the identification
of molecular signals that promote differentiation [204-206]. More recently, lineage

tracing analysis along with loss-of-function and gain-of-function studies have yielded
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substantial information on the identity, distribution, molecular properties and
developmental trajectory of stem cells and their progeny in the fetal and postnatal CNS
[207]. Furthermore, the isolation of human neural precursor cells from the brains of
premature neonates has provided a new source of hNPC [63], which can be grown in
vitro, as neurospheres in suspension or as adherent monolayers for the investigation of

neural stem cell differentiation and survival.

D1. Neural stem cell development and differentiation
The development of the human cortex occurs through the coordinated symmetric
and asymmetric divisions of multi potent neuroepithelial cells and transit amplifying
intermediate progenitors which migrate to the VZ and SVZ of the brain as development
progresses from embryonic to adult [60, 208-214]. This activity has received a great deal
of attention due to the promise of developing strategies for repairing damaged nervous
tissue through the promotion of adult neurogenesis or through the development of

regenerative medicine techniques for tissue replacement therapy.

a. Symmetric and asymmetric division

Stem cells undergo two specific types of division, known as symmetric and
asymmetric [215-217]. Symmetric cell divisions result in the generation of two daughter
cells that have the same developmental cell fate, and these divisions occur in order to
promote the expansion of stem cells through the process of self-renewal. Asymmetric
divisions, on the other hand, result in differentiation through the generation of two

daughter cells with alternate cell fates, where one daughter cell maintains a more
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undifferentiated proliferative state, while the other acquires a more mature differentiated
state. Through the coordinated processes of symmetric and asymmetric divisions, the
development and maintenance of diverse cell types can occur. Numerous methods for the
regulation of symmetric and asymmetric divisions have been identified within the
nervous system [218, 219], and the dysregulation of these processes is believed to lead to
a variety of pathologies, including cancer and neurodegenerative disorders such as

microcephaly [220].

b. Embryonic and fetal nervous system development

The development of the nervous system begins early in embryonic development
with increased symmetric division of neuroepithelial cells derived from the ectoderm. As
embryonic development progresses to the stage of cortical neurogenesis, multipotent
neuroepithelial cells in the VZ elongate and are transformed into multipotent radial glia,
which span the developing cortex, making contacts with both the pial and ventricle
surfaces. During this time, radial glial cells not only express astroglial markers such as
the astrocyte-specific glutamate transporter (GLAST) [221] and intermediate filaments,
including nestin and vimentin [222], but they also begin to make specific contacts with
the endothelial cells that compose the cerebral vasculature system [223]. This is of
particular relevance to HCMV congenital infection, as these initial contacts of radial glia
with the endothelium during cortical development provide a mechanism that could be
critical for facilitating the transmission of HCMV from the mesenchym to neural stem

cells.
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Through asymmetric division, radial glia will produce oligodendrocyte and
neuronal specific intermediate progenitor cells in the VZ. It is this layer that will then
give rise to the SVZ and sub granular zone (SGZ) germinal layers, where the continued
development of the nervous system will continue to occur through adulthood. Finally,
around the time of birth some radial glial cells lose their contacts with both the pial and
ventricle surfaces and transform into mature astrocytes, which will provide support

functions to developing neurons [224].

c. Postnatal and adult neurogenesis in the SGZ and SVZ

There are two major regions within the postnatal and adult mammalian brain that
have been identified as niches for neural stem and progenitor cells, and these include the
SGZ of the hippocampus, and the SVZ [225]. Within the dentate gyrus (DG) of the SGZ
in the hippocampus, neurons are generated that incorporate into the DG and are involved
in the formation of memory [226]. It is believed that the dysfunction of the process of
forming neurons within the DG is a contributing factor for the development of

neurodegenerative diseases [227].

Based on previous works characterizing the SVZ [210, 211, 228], three types of
cells have been identified that populate this region, named type A, type B, and type C.
Type A cells have been identified as restricted neuroblasts, that give rise to young
neurons, and make up the vast majority of cells within the SVZ. Type B cells, the second
most common cell type within the SVZ, are composed of slowly proliferating glial

fibrillary acidic protein (GFAP) expressing astrocyte like cells, which are transformed
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from the radial glial cells present during embryonic and fetal development. It is now
widely believed that this cell represents the true multipotent stem cell that can give rise to
both neuronal and glial committed precursors during adult neurogenesis [60, 229-235].
Type B cells give rise to type C cells, which are the most actively proliferating cells in
the SVZ. Type C cells are transiently amplifying committed progenitor cells of either
neuronal or glial lineage, and, following their commitment, drive the generation of
neurons, oligodendrocytes, and astrocytes. More recently, methods of identifying the
type B multipotent neural stem cell have utilized the co-expression of EGFR and GFAP

as markers for isolation of this astrocytic neural stem cell [236].

D2. Hypoxic regulation of neural cell fate and survival

Current reports indicate that the culture of NPC under low oxygen tension (5%)
more faithfully mimics the conditions under which these cells function [237-241], and
therefore better represents the pathophysiology of congenital HCMV infection as
embodied by our model system. Recent reviews have suggested a critical role for oxygen
in the regulation of stem cell differentiation, with the presence of hypoxic niches in the
developing embryo [242] and the developing brain [238]. Hypoxia has also been shown
to block or repress the normal differentiation of CNS precursors. Among the major
intracellular transducers of oxygen sensing and signaling are the hypoxia inducing factors

(HIFs), which act as transcriptional regulators of gene expression [238, 242].

Oxygen levels have also been implicated in regulating the survival of stem cells

within the developing brain. Ambient oxygen levels have been shown to contribute to
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oxidative stress induced apoptosis in oligodendrocyte progenitor cells [243], and p53
induced apoptosis within mouse fetal cortical neural stem cells [237]. This research
further suggests that studies conducted under ambient oxygen may have confounding
effects on the study of HCMV regulation of hNPC cell fate and survival, as the presence
of ambient oxygen levels may cause premature differentiation of hNPC lineages or
increased apoptotic cell death. Therefore, it is critical to ensure that studies conducted to
examine the presence of apoptosis within cells of the developing CNS are conducted
under the low oxygen tension conditions that better reflect the environment in which

these cells will be functioning.

D3. HCMV regulation of neural stem cell fate

HCMYV infections of hNPC have also demonstrated effects on the determination
of cell fate. However, these findings have also resulted in conflicting conclusions.
Differentiation along a neuronal lineage has been shown to be inhibited during HCMV
infection of hNPC through viral effects on early stages of fate determination [244].
These authors demonstrated that HCMV infection of hNPC will also inhibit astrocytic
differentiation through the activity of late HCMV proteins [245]. HCMV infection of
hNPC has also been shown to cause premature and abnormal differentiation, as shown
through the down-regulation of both mRNA and proteins that are known to be associated
with undifferentiated stem cell identity, including Nestin, doublecortin X-linked (DCX),
sex-determining homeobox 2 (Sox-2), and GFAP [246]. In addition, differentiation of
hNPC has shown that increased productive infection occurs within glial subsets over

neuronal lineages [247]. Programmed cell death of hNPC subpopulations induced by
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HCMYV infection could alter the balance of progenitor and differentiating cells, which
would predictably alter the cellular composition of the developing brain, and could

contribute to conflicting results within these studies.

E. Apoptosis and its regulation by HCMV

Cell death has been historically classified into three specific types based on
differences in morphological features, including type I apoptosis, type Il autophagy, and
type III necrosis [248]. Apoptosis was first described in the early 1970’s as a general
mechanism for the controlled deletion of cells that is complementary to mitosis for
maintaining the homeostasis of animal cell populations [249]. However, the idea of “cell
suicide” as a significant point of control in maintaining the balance between proliferation
and cell death did not gain traction until almost two decades later when it was fully
appreciated that the dysregulation of controlled cell death could provide one of the major
contributing factors for oncogenesis [250]. In addition to its role in the development of
cancer, the dysregulation of apoptosis provides a vital instrument for intracellular
parasites such as viruses, which depend upon the survival of cells to enable their

replication.

Apoptosis has been broken down into 4 phases, including initiation phase, signal
transduction phase, effector phase, and the post-mortem phase [251]. Initiation involves
the presence of an external or internal stimulus, which is detected and transduced to
intracellular signaling mechanisms during the signal transduction phase. The effector

phase involves the activation of cellular proteases, such as caspases and calpains, and the
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formation of the apoptosome, while the post-mortem phase involves the degradation of
DNA and the removal of dying cells. EM has revealed several characteristic
morphological signatures of apoptosis, including cell shrinkage, condensation of the
nuclear chromatin, the development of cytoplasmic blebs and membrane bound apoptotic

bodies, and the engulfment of apoptotic bodies by phagocytic cells [252].

In addition to the morphological changes that are seen with apoptotic cells under
EM, multiple molecular changes occur within cells undergoing apoptosis, and these
changes can be analyzed using current molecular and cellular biology techniques. One
example of such a molecular change is the externalization of phosphatidylserine.
Phosphatidylserine is flipped from the cytosolic side of the plasma membrane and is
exposed to the extracellular surface during apoptosis induction to serve as a signal for
engulfment by phagocytic cells [253, 254]. Measuring the presence of
phosphatidylserine on the extracellular surface by immunofluorescent techniques

provides a mechanism for identifying apoptotic cells.

E1l. Cellular mechanisms of apoptosis induction
Research into the field of apoptosis has revealed both internal and external stimuli
that can initiate programmed cell death. These mechanisms have been termed intrinsic
and extrinsic apoptosis. Intrinsic apoptosis involves intracellular signals that can indicate
irreparable damage to the cell, signaled by such stimulants as the loss of mitochondrial
integrity and ER stress. =~ There are also numerous identified intracellular molecular

regulators of intrinsic apoptosis, such as the B-cell/Lymphoma (Bcl)-2 family of proteins
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[255-257] and a family of conserved proteases, known as caspases [258, 259]. In
addition to their function as mediators of intrinsic apoptosis, it has also been shown that
the interplay of Bcl-2 family members and the activation of caspases plays a role in the
execution of apoptosis stimulated by extrinsic mechanisms [260]. Extrinsic apoptosis, or
the death receptor pathway, involves the stimulation of cell surface death receptors (DR)
with specific ligands that will initiate an intracellular signaling cascade that leads to the
execution of apoptosis. Several extracellular ligands and cell surface receptors of the
tumor necrosis factor (TNF) superfamily have been identified and reviewed for their roles

in the initiation of extrinsic apoptosis [261-263].

a. Intrinsic apoptosis
i. Mitochondrial apoptosis

Mitochondria provide numerous critical roles that regulate the life and death of
cells. The mitochondrion are known as the powerhouses of the cell, by generating the
majority of the ATP used in a variety of critical cellular functions, such as the production
of proteins and the replication of DNA. In addition to their role in the production of
energy for basic cellular functionality, mitochondria also regulate cell survival through
the control of apoptosis induction. Mitochondrial outer membrane permeabilization
(MOMP) plays a critical task in the promotion of apoptosis through the release of
numerous proteins that will regulate the execution of apoptotic pathways [264, 265].
MOMP is controlled by the activity of the Bcl-2 and BH3-only families of proteins

following cues from a variety of cellular stimuli [266, 267]. Upon the induction of
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MOMP, proteins released from the mitochondria will regulate the activation of apoptosis

by initiating the activation of cellular proteases known as caspases [268, 269].

ii. Regulation of MOMP

The induction of MOMP is controlled by the family of Bcl-2 proteins. The Bcl-2
family contains both pro- and anti-apoptotic proteins that participate in the formation of
oligomers that will regulate the permeability of the outer mitochondrial membrane. The
major Bcl-2 proteins that have been associated with anti-apoptotic function include Bcl-2,
Bcel-xL, Bcel-W, and myeloid cell leukemia differentiation protein 1 (Mcl-1). The pro-
apoptotic members of the Bcl-2 family that have received the most attention include Bax
and Bcl-2 homologous antagonist killer (Bak). This family is characterized by the
presence of up to 4 conserved Bcl-2 homology (BH) domains, known as BH1-4. In
addition, there are also numerous proteins known as BH3-only proteins, named so for the
presence of only the BH3 domain, and include Bcl-2 homology interacting domain death
agonist (Bid), Bcl-2 associated death promoter (Bad), Bcl-2 interacting mediator of cell
death (Bim), Noxa, and p53 up-regulated modulator of apoptosis (Puma). It is believed
that the BH3-only proteins serve as the mediators of MOMP through their integration of

death stimuli with the mitochondria [270].

There are two models proposed for the induction of MOMP through the
interactions of the Bcl-2 and the BH3-only families of proteins [265, 270, 271]. The first
model, which is known as direct activation, involves the localization of pro-apoptotic

Bcl-2 family members Bax and Bak to the outer mitochondrial membrane through the
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association of their BH3 domains. This has been demonstrated to occur through
experiments that examined the interactions of Bcl-2 pro-apoptotic proteins with BH3-
only proteins. The mutagenesis of the first alpha helix within the Bax protein was shown
to be necessary for the binding of Bax with Bid and Puma [272]. Furthermore, the
inhibition of this interaction prevented Bax from facilitating MOMP, as measured by
mitochondrial release of cytochrome ¢ [273]. The direct model also proposes that the
localization of anti-apoptotic Bcl-2 family members is supplemented with activation of
pro-apoptotic proteins, such as Bax or Bak [274]. The indirect model suggests that the
BH3-only proteins function only in binding and preventing the activity of Bcl-2 anti-
apoptotic family members from neutralizing pro-apoptotic members. This has been
supported by work that demonstrated that apoptosis induction following the associations
of BH3-only proteins with anti-apoptotic Bcl-2 family members occurs in the absence of

BH3-only protein associations with pro-apoptotic Bax or Bak [275].

Recently, it has been proposed that mitochondrial fission also plays a role in
facilitating MOMP [265, 276]. During the early stages of apoptosis it has been
demonstrated that mitochondrial fission occurs in a dynamin-related protein-1 (Drp-1)
dependent manner [277]. Furthermore, it has been demonstrated that the inhibition of
Drp-1 will slow the induction of MOMP, and the subsequent release of cytochrome c
[278]. These studies suggest that mitochondrial fission contributes to the induction of

apoptosis by facilitating MOMP.
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iii. Caspase activation
Factors released from the mitochondria following MOMP will go on to activate
cellular proteases that function in the execution of apoptosis, known as caspases. There
are two classes of caspases that have been identified, the initiator caspases, including
capsase-2, 8, 9, 10 and 12, and the effector caspases, caspase-3, 6 and 7 [269]. The
activation of initiator caspases and effector caspases are described to occur in two

distinctly different manners.

Initiator caspases, specifically caspase-9, are activated by what has been proposed
as the proximity model [279], and this suggests that the auto-processing by homodimers
of initiator caspases results in their activation. The proximity model has more recently
been updated, by what is known as the induced conformation model. This model places a
complex known as the apoptosome as the central mediator for enhancing procaspase-9
activation through its recruitment and concentration of procaspase-9 monomers. It has
been demonstrated through the use of cryo-EM that the recruitment of seven procaspase-
9 monomers forms a functional apoptosome structure, which further recruits procaspase-
9 molecules for activation by autocatalytic mechanisms promoted through their

homodimerization [280].

Following MOMP, cytochrome c is released from the mitochondria and plays a
central role in the formation of a functional apoptosome [281, 282]. Apoptosome
formation requires the release of cytochrome ¢ from the mitochondria, and its subsequent

binding to apoptotic protease activating factor -1 (APAF-1). Binding of cytochrome C to
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APAF-1 monomers induces the oligomerization of APAF-1, which provides the platform
for recruitment of procaspase-9 [283]. The activation of other initiator caspases,
specifically procaspase-8 has been shown to occur in a similar fashion, requiring the
concentration of these procaspase molecules in a complex associated with cell membrane
receptors that function in the transduction of extracellular death stimuli from outside the
cell. This external mechanism of apoptosis induction will be discussed in more detail in

the following section, which details the process of extrinsic apoptosis.

In addition to cytochrome C, there are numerous other factors that are released
from the mitochondria that play a role in the regulation of caspase activation, such as
second mitochondria-derived activator of caspases (SMAC) and HtrA2. A family of
proteins, known as inhibitors of apoptosis (IAP), blocks the activation of initiator and
effector caspase molecules by binding and blocking substrate entry into active sites for
caspase cleavage [284-287]. SMAC has been shown to relieve this inhibition of caspase
activation through binding and sequestration of IAP proteins [288, 289]. HtrA2 is a
serine protease that when released from the mitochondria reacts specifically with X-
chromosome linked IAP (xIAP), and inhibits its ability to prevent caspase activation in a

manner similar to SMAC [290].

The activation of effector caspases occurs through internal cleavage within the
procaspase peptide chain by the activated form of an initiator caspase [269]. Unlike
initiator caspases, which display autocatalytic activity and require the formation of the

apoptosome to concentrate initiator caspase monomers to enhance their catalysis, effector
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caspase activation by cleavage from a single activated initiator caspase molecule is
sufficient to promote a significant increase in catalytic activity that will result in a
cascade of caspase activation [268]. There are numerous cellular proteins that can be
cleaved by effector caspases. These include proteins involved in DNA repair,
specifically poly ADP ribose polymerase-1 (PARP-1), which is required for functional
repair of damaged DNA. DNA repair is a critical mechanism within the cell for the
proper replication of DNA within the S-phase of the cell cycle, and dysregulation of this

mechanism often results in p53 dependent activation of apoptosis.

iv. Intrinsic apoptotic stimuli

There are numerous stimuli that will promote the induction of intrinsic apoptosis,
such as ER stress and oxidative stress. Several mechanisms can lead to the induction of
apoptosis by ER stress, including overloading of ER chaperones with excessive protein
expression and misfolding, as well as the dysregulation of stored calcium (Ca®") within
the lumen of the ER [291]. Prolonged and unmanaged ER stress can then lead to the
induction of apoptosis. There are numerous pathways that are involved in the response to
ER stress induction, and include the activation of inositol-requiring protein-1 (IRE-1),
double stranded RNA-dependent protein kinase (PKR)-like ER kinase (PERK), mTOR,
and activating transcription factor-6 (ATF-6) [292]. Based on the responses to ER stress,
the sequential activation and deactivation of these pathways often results in the induction

of apoptosis.
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The activation of IRE-1 is a result of the induction of the unfolded protein
response (UPR), which occurs due to the presence of an unmanageable load of mis-
folded proteins for ER resident chaperones to resolve. Work examining the function of
IRE-1 within yeast [293, 294] and metazoans [295, 296] has demonstrated that this ER
membrane bound protein, which contains both kinase and endonuclease functions,
produces a transcription factor through the splicing of a specific mRNA target. The auto-
phosphorylation and oligomerization of its ER luminal domain, promotes the activation
of its cytoplasmic endonuclease domain. The activated cytoplasmic domain then
interacts with the transcriptional or translational machinery for the splicing and ligation
of its target mRNA in the production of a transcription factor that will activate the
transcription of genes involved with the management of UPR. However, following
prolonged ER stress and IRE-1 phosphorylation, this protein may become more
promiscuous with its targeting of mRNA, resulting in the cleavage of proteins associated
with cell survival, in a process known as regulated IRE-1 dependent decay (RIDD) [297].
In addition, it has been suggested that IRE-1 also interacts with the Bcl-2 and BH3-only
families of proteins, with the enhancement of IRE-1 activation occurring through binding
with Bax and Bak [298], as well as Bim and Puma dependent activation of Jun amino
terminal kinase (JNK) [299]. Either of these mechanisms could also link IRE-1 mediated

UPR with apoptosis induction.

The next pathway involved in the induction of apoptosis through responses to ER

stress requires the accumulation of C/EBP-homologous protein (CHOP). CHOP

accumulation occurs following inhibition of global cellular translation through the
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inactivation of eukaryotic translation initiation factor-2 (elF-2) via its phosphorylation by
PERK. Under the conditions of low activated elF-2, the translation of activating
transcription factor (ATF)-4 is enhanced, which results in the accumulation of one of its
major downstream target genes, CHOP [300]. Similar to the results of prolonged
phosphorylation of IRE-1, prolonged activation of CHOP has been shown to result in the
induction of apoptosis by multiple methods. The most classically demonstrated
mechanism by which CHOP activation results in the induction of apoptosis occurs
through its enhancement of transcriptional repressors for the gene encoding the anti-
apoptotic Bcl-2 protein. It has been demonstrated that the forced over-expression of
CHOP within cell line models resulted in the down-regulation of Bcl-2 expression [301].
In addition, it was recently demonstrated that the mechanism of ATF-CHOP regulated
apoptosis that occurs within neurons involves the activation of expression of the BH3-

only protein Puma [302].

In addition to the role of PERK in the down-regulation of cellular translation, ER
stress also inactivates the cellular protein mTOR to provide regulation of cap-dependent
protein translation. Under the conditions of stress, mTOR is inactivated, resulting in the
hypophosphorylation of elF-4 binding protein-1 (4E-BP1), which prevents the formation
of a cap-dependent translation initiation complex through 4E-BP1 interaction with elF-4,
thereby inhibiting cellular protein translation [303]. It has been demonstrated that
HCMV will activate the mTOR pathway as a mechanism for regulating ER stress

responses [304, 305], and most recently it was also shown that HCMV is dependent upon
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the maintenance of mTOR activation during early times of infection to promote

translation of viral proteins in the presence of ER stress [306].

A final pathway that is described to be involved in ER stress responses involves
the activation of ATF-6. ATF-6 activation produces a transcription factor that is
localized to the nucleus for the activation of UPR related genes [307]. ATF-6 is
produced in an inactive form that is bound to the ER membrane, with an ER luminal
stress response domain. Following stimulation by ER stress, the chaperone BiP is
released from ATF-6, and ATF-6 traffics to the Golgi apparatus where it is cleaved to
unmask a nuclear localization domain. This results in the translocation of cleaved ATF-6
to the nucleus, where it is believed to activate the transcription of genes whose proteins

play a role in the response to ER stress [292].

Oxidative stress also serves as an intracellular stimulus for the induction of
apoptosis. Oxidative stress, or an increased redox state within the cell, is a result of the
generation of reactive oxygen species (ROS), such as superoxide (O;’) and hydrogen
peroxide (H»O,). Apoptosis induction is a consequence of the inability of ROS
converting enzymes, known as anti-oxidants, to properly convert ROS. Some common
ROS converting enzymes include superoxide dismutase and glutathione peroxidase.
ROS production can also occur within the ER as well, and can be the result of a decrease
in the production or activity of ROS converting enzymes. In addition to the previously

mentioned anti-oxidants, there are also ROS converting enzymes which include
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numerous oxidases, such as xanthine oxidase and nicotinamide adenine dinucleotide

phosphate (NADPH) reduced oxidase (NOX).

Production of ROS in the mitochondria is a common occurrence as a result of the
incomplete reduction of oxygen species formed during the process of oxidative
phosphorylation.  ER stress can also contribute to the production of oxidative stress
within the cell, which has been shown to occur through a variety of mechanisms that
involve the activity of CHOP. CHOP contributes to oxidative stress triggered by the ER
through its interactions with ER oxidase 1a (ERO1a), which facilitates the release of ER
Ca®" stores through the activation of the ER membrane Ca®" channel, inositol 3-
phosphate receptor-1 (IP3R1) [308]. Furthermore, CHOP has been shown to be
amplified through a positive feedback mechanism facilitated through the Ca*" driven
activation of the double stranded RNA-dependent protein kinase PKR, which occurs in a

NOX dependent fashion [309].

b. Extrinsic apoptosis

Extrinsic apoptosis involves the binding of a variety of extracellular TNF ligands
to receptors within the TNF-superfamily, which then engage the cell’s apoptotic
machinery [261]. Currently, there are six different DR that have been identified, and
include tumor necrosis factor receptor (TNFR)-1, Fas or CD95, DR3, DR4 or TNF-
related apoptosis inducing factor receptor (TRAILR) -1, DRS5 (TRAILR2) and DR6 [262,

263].
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The binding of a DR with its ligand results in the formation of a complex known
as the death-inducing signaling complex (DISC) [310]. This complex will transduce the
external death signal to the internal apoptosis execution machinery. Studies examining
Fas have demonstrated that the DISC has two key components, which include an adapter
protein, known as Fas-associated death domain containing protein (FADD), and the
initiator caspase, procaspase-8 [311]. The interactions between these proteins involve
associations of the death domains (DD) of Fas and FADD [312], and a FADD death
effector domain (DED), which has been shown to bind with numerous proteins, most
notably procaspase-8 [313]. It has also been demonstrated that procaspase-10 is recruited
within both Fas and TRAIL specific DISC complexes. However, this protease is not

sufficient to replace the apoptosis inducing activity of procaspase-8 [314].

Upon recruitment to the DISC, procaspase-8 is activated by cleavage in an auto-
proteolytic fashion [315]. In addition, the recruitment of cellular FLICE like inhibitory
protein (c-FLIP), another DD containing protein with proteolytic activity, could provide
an additional mechanism for procaspase-8 activation. Alternatively, the recruitment of c-
FLIP may dampen the activation of procaspase-8 by functioning as a repressor of
cleavage. The dual roles of c-FLIP activity within the DISC have been demonstrated to
occur when varying levels of c-FLIP expression are examined. Endogenous low levels of
c-flip expression result in the activation of procaspase-8, while high levels of c-flip
expression lead to an inhibition of procaspase-8 cleavage [316]. Once activated, initiator
caspase-8 is then capable of inducing apoptosis by further activation of executor caspases

through two possible mechanisms, named type I and type II [260]. Type I employs the
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sufficient accumulation of activated caspase-8 molecules for the direct activation of
execution caspases, such as caspase-3, while type II requires signal amplification by
linking to mitochondrial mechanisms of caspase activation, such as the pro-apoptotic
BH3-only protein Bid [317]. This is proposed to be due to the insufficient activation of

procaspase-8 as a result of the repressive activity of c-FLIP.

E2. HCMV anti-apoptotic activity

It has long since been established that organisms use the induction of apoptosis as
a defense mechanism against viral infection [318]. Controlled cell death provides a
means of clearing out the infected cells in hopes of deterring further dissemination of the
virus throughout the tissue and organism. As previously discussed, in order to avoid this
detection viruses have developed numerous mechanisms of immune evasion. In addition,
it has also been well established that viruses use anti-apoptotic measures to interfere with
apoptosis induction and to stave off the removal of infected cells, which allows the cells
to remain in an altered functional state for the purposes of viral replication [319, 320].
Herpesviruses, including cytomegaloviruses, interfere with apoptosis mediated through
extrinsic and intrinsic pathways by modulating the expression of survival related cellular
genes, and also by expressing homologs of cellular anti-apoptotic proteins [321, 322].
HCMYV expresses a wide variety of anti-apoptotic factors, which are involved in these
mechanisms of interfering with apoptosis induction and execution, including pUL37x1,
pUL36, pUL38, as well as other viral proteins that inhibit apoptosis, and one functional

untranslated anti-apoptotic RNA [323].
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a. pUL37x1

As previously mentioned, the UL37 locus is expressed during IE times of
infection. During this time, pUL37x1 can function in the regulation of the transcription
of early genes [124, 125, 324]. However, in addition to this transactivation activity, one
of the major roles of pUL37x1 is to promote the inhibition of apoptosis. This viral
protein plays a significant role in the inhibition of apoptosis, with the identification of

multiple mechanisms for the prevention of apoptosis.

The most classically demonstrated mechanism by which pUL37x1 inhibits
apoptosis induction is through its interference with the function of the cellular pro-
apoptotic protein Bax. It has been well established that pUL37x1 inhibits apoptosis
induction through the disruption of MOMP and the subsequent release of cytochrome ¢
[325]. This activity has been demonstrated to occur through the binding of pUL37x1 to
the Bcl-2 pro-apoptotic family member, Bax, followed by its recruitment to the
mitochondrial membrane [33]. Although pUL37x1 does not contain any BH domains,
yeast two-hybrid studies suggest that its interaction with Bax could be mediated through
the association of pUL37x1 with another cellular protein, known as growth arrest and
DNA damage 45, (GADD45), which is involved in the regulation of the cell-cycle.
These authors demonstrated that the binding of pUL37x1 with GADDA45 is required for

its apoptosis suppressive activity [326].

The expression of pUL37x1 has been shown to disturb the customary formation

of the mitochondrial network by mitochondrial fusion as shown through the
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fragmentation of mitochondria following HCMV infection of HFF [327]. Furthermore,
it has been shown that this disruption of mitochondrial networks occurs through a
decrease in the rate of mitochondrial fusion [328]. These works further support the
notion that the fission of mitochondria is involved in the regulation of MOMP and the
induction of apoptosis. In addition, a murine ortholog of pUL37x1, m38.5, which
possesses no homology to pUL37x1, has also been shown to modulate the dynamics of
mitochondrial network formation [31], indicating the conservation of these mechanisms

for HCMV regulation of apoptosis.

The viral protein pUL37x1 is expressed in the cytoplasm and sequentially traffics
to the ER and mitochondria. It possesses a mitochondrial targeting signal within its
amino terminal leader sequence which has been recently demonstrated to be necessary for
the efficient trafficking of pUL37x1 from the ER to the mitochondria [329].
Furthermore, it has been demonstrated that the leader sequence of pUL37x1 also contains
a cholesterol binding domain (CBD), which regulates the incorporation of pUL37x1 into
lipid raft regions of the ER membrane [330]. Our group demonstrated that the function
of pUL37x1 within these internal lipid raft regions of the ER could also potentially
contribute to its ability to regulate apoptosis potentially through the dysregulation of Ca*"

signaling from the ER.
The viral protein pUL37x1 can also regulate cell death that is initiated through the

activity of the serine protease, HtrA2. As previously discussed, HtrA2 is released from

the mitochondria following MOMP and interacts with xIAP, inducing caspase dependent
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apoptosis. However, it has also been demonstrated that HtrA2 can initiate cell death
through a mechanism that is independent on both its interactions with XIAP and caspase
activation [290]. The use of HCMV pUL37x1 mutant viruses have shown that this viral
protein can inhibit a serine dependent mechanism of cell death that is initiated at late

stages of infection by HCMV [36].

b. pUL36

The UL36 genomic region of HCMV also encodes a viral protein, pUL36, which
provides the virus with anti-apoptotic capabilities. The viral inhibitor of caspase-8
activation (VICA), or pUL36, functions in the disruption of caspase-8 mediated extrinsic
apoptosis. The function of pUL36 as an inhibitor of apoptosis was first identified to
mediate its effects through the binding of procaspase-8 and its repression of caspase-8
mediated apoptosis [30]. Immunoprecipitation analysis revealed that pUL36 forms a
complex with procaspase-8, while infections with an HCMV pUL36 mutant virus

demonstrated resistance to Fas induced extrinsic apoptosis.

Similar to pUL37x1, it has also been suggested that pUL36 is involved in the
inhibition of apoptosis through caspase-independent mechanisms. In addition to its role
in the induction of extrinsic apoptosis, caspase-8 has also been shown to function in the
differentiation of monocytes to macrophage [331]. It was recently demonstrated that
when monocytes were infected with an HCMV pUL36 mutant virus during early stages
of differentiation, premature cell death was caused in the absence of functioning

caspases. Furthermore, infections with this same pUL36 mutant virus during late stages
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of differentiation demonstrated that cell death induction was dependent upon caspase
activation [42]. These data suggest that cell death mechanisms differ within
undifferentiated hematopoietic stem progenitor cells, when compared to their
differentiated derivatives, and furthermore, HCMV has developed mechanisms through
the use of pUL36 that can function to interfere with apoptosis induction within either of

these cell types.

c. pUL38

In addition to the viral proteins encoded by HCMV that interfere with the
mechanisms of extrinsic and mitochondrial apoptosis, HCMV also expresses a viral
protein that can interfere with the induction of apoptosis related to ER stress. The first
demonstration for the role of pUL38 in the repression of apoptosis indicated that pUL38
was capable of blocking caspase-dependent apoptosis induced by treatment with
thapsigargin (TG), an inhibitor of the ER Ca**-ATPase pump that induces apoptosis by

interfering with ER Ca®" homeostasis and raising cytosolic levels of Ca®" [40].

The mechanisms by which pUL38 exerts its anti-apoptotic activity by disrupting
ER stress induced apoptosis have been further described to involve specific mediators of
ER stress including, ATF-4 and JNK [39]. This research also utilized a pUL38 mutant
virus to examine the mechanisms by which pUL38 interfered with ER stress induced
apoptosis. These studies demonstrated that in the absence of pUL38 the increased
translation of ATF-4 did not occur, and the phosphorylation of JNK was permitted to

persist, while the over-expression of ATF-4 and the inhibition of JNK phosphorylation
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during pUL38 mutant infections rescued cells from apoptosis induction. More recently, it
was demonstrated that the ability of pUL38 to block cell death initiated by ER stress
required the first 239 amino acid residues at its N-terminus, and this activity occurred
independent of its ability to activate mTOR [332]. This research demonstrates that
pUL38 blocks apoptosis by interfering with molecular mechanisms that have been
implicated in ER stress, such as prolonged JNK phosphorylation and the production of

apoptotic regulators produced as a result of ATF-4 transactivation.

d. Additional HCMV encoded anti-apoptotic products

In addition to these well documented mechanisms for HCMV anti-apoptotic
activity, HCMV also expresses other viral proteins and RNA that have been implicated in
apoptosis, but their mechanism of action are still not completed understood. It is believed
that the IE gene products, IE 1 and 2 are involved in the inhibition of apoptosis. IE 1 and
2 have been shown to up-regulate the phosphotidylinositide 3’-OH kinase (PI3K) [333],
which in turn activates the AKT pathway. The AKT pathway has been implicated in the
regulation of cell death within neurons through the phosphorylation of multiple apoptotic
regulators such as Bad, caspase-9 and IkB [334]. Furthermore, experimentation at non-
permissive temperatures has demonstrated the ability of IE 1 and 2 to inhibit apoptosis

was blocked in the presence of PI3K inhibitors [335].

Finally, HCMYV also expresses an untranslated functional RNA molecule in high

abundance, known as (2.7, which displays anti-apoptotic activity through the regulation

of the stability of the mitochondrial electron transport chain. The chemical rotenone has
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long been associated with cell death through the induction of mitochondrial metabolic
stress [336]. Furthermore, GRIM-19, is a cellular protein that has been shown to be
critical for the assembly of electron transport chain complex I [37]. A recent study
examined rotenone induced mitochondrial metabolic stress and the role of B2.7 in
mediating cell death through this mechanism [38]. This work demonstrated that GRIM-
19 re-localizes out of the mitochondria following HCMV infection, and 2.7 specifically
associates with GRIM-19, preventing its re-localization during infection. Furthermore, in
contrast to HCMV wild type (wt) activity, infections with a 2.7 deletion mutant of

HCMV prevented a block in rotenone induced apoptosis.

E3. Apoptosis and the developing nervous system

Apoptotic cell death mechanisms have been show to be an important part of the
physiology associated with the sculpting of the developing nervous system. In fact, more
than 50% of the neurons that are generated during development are eliminated by
programmed cell death [52]. During vertebrate development these processes of selected
cell deletion are critical for managing the complexities of the expanding central nervous
system, whose growing numbers of neurons compete for growth factors secreted by the
cells in which they will innervate and make neural connections with [337].
Developmental studies often undertaken in organisms such as the nematode,
Caenorhabditis elegans, and the fruit fly, Drosophila melanogaster, have demonstrated
conservation of apoptotic pathways amongst varying species, and the importance for the

regulation of cell numbers during development [338].
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The mechanisms for regulation of controlled cell death within the developing
brain are still an active area of research. Recently, it has been demonstrated that DR6
functions in the degeneration of neuronal cell bodies and axons during neuronal
development through a Bax and caspase-6 dependent mechanism of apoptosis [339].
Furthermore, these authors suggested that the dysregulation of this developmental
pathway results in the pathological condition seen with Alzheimer’s disease, as they
identified B-amyloid precursor protein, which accumulates in the brains of Alzheimer’s

patients, as the ligand for DR6.

E4. HCMV pro-apoptotic activity within cells of the CNS

In contrast to the behavior of anti-apoptotic activity that has been previously
described within HCMV infected cells, mechanisms within cells of the developing
nervous system have suggested that apoptosis is a consequence of HCMV infection.
There is abundant literature that cell death is a prominent part of normal CNS
development among hNPC and post-mitotic neurons [340-343], and it is believed that
disruptions in the balance of survival and death can have deleterious effects on the
developing CNS [52]. HCMV has classically displayed anti-apoptotic activity in order to
allow for efficient viral replication [8, 9]. However, controversy remains regarding the
contribution of apoptosis towards HCMV caused cell death during nervous system

development.

There has been some evidence put forth that indicates the presence of apoptosis

following HCMV infection of the nervous system. Apoptotic cells have been identified
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within the brains of HCMV infected infants with viral encephalitis [344]. Apoptosis
induction was also shown to occur following neuronal differentiation within HuSC27
hNPC infected with HCMV strain TB40 [244]. Furthermore, apoptosis has been
demonstrated within HCMV infected primary astrocyte cultures [345]. However, in a
conflicting study, HCMV was shown to cause neuronal injury within differentiating
human neuroepithelial cells, but evidence of cell death by apoptosis induction was not
found [346]. In addition, studies of murine cytomegalovirus (MCMV) have shown that
apoptosis is induced within non-infected primary neuronal cultures, while apoptosis is
blocked within infected cells [347]. These reports highlight conflicting results in the
field regarding the ability of cytomegalovirus to induce apoptosis within populations of

neural stem and progenitor cells and their differentiated derivatives.

F. Global hypothesis, goals of study, and model validity
F1. Global hypothesis

The global hypothesis for the studies encompassing the first portion of this
dissertation states that blocking either the trafficking of pUL37x1 to the mitochondria or
its association with ER lipid rafts will prevent it from achieving its anti-apoptotic
function in response to either ER stress or mitochondrial induced apoptosis. We believe
that the mutation of the pUL37x1 leader sequence altering its hydrophobicity or
conserved cholesterol binding domain will in turn alter pUL37x1’s anti-apoptotic

activity.
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The global hypothesis of our studies of HCMV and hNPC states that HCMV
infection of hNPC will result in the induction of apoptosis. We believe that the death of
the cells of the developing nervous system following HCMV infection could lead to the
pathological phenotypes observed within the underdeveloped brains of congenitally
infected infants. Furthermore, we hypothesize that the absence of pUL37x1 expression
during infection with a pUL37x1 deletion mutant, BADsubstitutionUL37exon 1
(BADsubUL37x1) will lead to either increased apoptosis induction or a more rapid

progression of apoptotic mechanisms within infected hNPC.

F2. Goals of study

The goals of these studies were to examine molecular pathways involved in
pUL37x1’s regulation of apoptosis, as well as explore the survival of HCMV infected
cells of the developing nervous system. Our goal for the pUL37x1 wt and mutant
transfection studies was to determine whether a block in either pUL37x1 trafficking to
the mitochondria or association with ER lipid rafts could alter the viral proteins ability to
rescue cells from apoptosis. Another major goal of this study was to examine a model of
HCMYV congenital infection within cells of the developing brain for viral affects on
survival. We wanted to determine if HCMV infection could cause apoptosis within
hNPC. In addition, we also sought to determine the contributions of pUL37x1 towards
regulating the induction of apoptosis within HCMV infected cells through the use of a
pUL37x1 mutant virus, BADSUbUL37x1. Finally, we also wanted to examine the timing

of viral gene expression and protein production following HCMYV infection of hNPC, as
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well as the ability of hNPC to produce the numerous anti-apoptotic genes expressed by

HCMV.

F3. hNPC model validity

There are a number of considerations that constrain how HCMYV infection of cells
within the developing human nervous system can be studied. An in vivo model for
congenital infection would most accurately provide all physiologic parameters that could
affect nervous system development, and therefore would represent a strong model for
investigation of HCMV congenital infection. However, both the fact that HCMV
displays very strict host specificity, only infecting human cells, and its significant
divergence amongst different species of CMV preclude the use of in vivo animal models
of CMV infection. Therefore, the in vitro analysis of HCMV infection within hNPC

provides the best available model for the study of HCMV congenital infection.

The hNPC used in this study are a heterogeneous mix of multipotent stem cells and
committed progenitors, demonstrating the presence of neural stem cell markers such as
nestin, vimentin, Sox-2, and GFAP, and following differentiation have the ability to
produce all of the cells of the developing nervous system, including neurons and glia
[63]. Therefore, these cells are more likely to model aspects of human brain development
and HCMYV infection than HeLa cells, HFF, or mouse cells of the brain. However, it
should also be mentioned that due to the fact that the hNPC are grown under serum free

conditions, unlike studies conducted with HeLa cells or in vivo models, it is possible that
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hNPC could be more susceptible to apoptosis as the cultures may be missing certain

factors that could promote survival in vivo.

Oxygenation also provides a critical regulatory point that allows us to use our model
system in a manner that most effectively mimics the physiological conditions that would
be present during congenital infection of the developing brain. The oxygenation of tissue
within the cortical grey matter occurs at varying levels from 2.5% to 5% [348], and, as
previously mentioned, fate determination of human CNS precursors, characterized by
CD133 and Nestin expression, is regulated at multiple levels through the maintenance of
oxygen tension at a constant level at or below 5% [241]. These studies establish the
effectiveness of lowered oxygen tensions at mimicking the conditions under which hNPC
normally function, and suggest that the regulation of oxygen tension is critical for future
investigation of the survival of hNPC and the development of neural tissue following

HCMYV infection.
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Chapter 2: Materials and Methods

Cell culture

The hNPC, including the HuSC30 patient sample used in this study, were derived
from cortical tissue harvested from the SVZ of premature neonates at 22-25 weeks
gestation [63]. The premature neonates died of pulmonary complications unrelated to
HCMYV infection. Karyotyoping of these cells demonstrated normal chromosome
structures. Furthermore, the majority of these cells were positive for stem cell markers
including nestin, Sox-2, vimentin, and GFAP. The hNPC were maintained in Ham’s F-
12 DME high glucose medium (Irvine Scientific), supplemented with 10% BIT 9500
(StemCell Technologies), which contains 50 mg/ml BSA, 50 pg/ml insulin, and 1 mg/ml
transferrin, and 1% with glutamine (Sigma) and antibiotic-antimycotic (Invitrogen),
which includes penicillin (500 units/ml), streptomycin (500 pg/ml), and amphotericin B
(1.25 pg/ml). The hNPC were maintained in complete media supplemented daily with
bFGF (R&D Systems) and epidermal growth factor (EGF) (R&D Systems) each to a final
concentration of 10 ng/ml. The hNPC were grown as adherent monolayers, seeded onto
tissue culture dishes coated at 37 °C with 100 pg/ml poly-ornithine (Sigma) and 5 pg/ml
fibronectin (Roche) for 24 hr each. hNPC cultures were fed daily, replacing half of the

media with fresh, mitogen supplemented media.

The maintenance of low oxygen conditions (5%) was accomplished through the

use of an atmospheric regulated remote chamber and glove box (Biospherix) as described

[241]. The hNPC cultures were incubated at 37 °C within enclosed remote chambers.
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The atmosphere within the remote chambers was regulated at a constant level of 5% for

both O, and CO,, with brief exposure of hNPC to ambient conditions during subculture.

Low passage primary HFF (Viromed) and HeLa cervical carcinoma cells were
grown in Dulbecco's modified Eagle's medium (DMEM) supplemented to 10% with fetal
bovine serum (FBS) (Gemini BioProducts), and 1% with glutamine (200 mM)
(Invitrogen) and penicillin (10,000 units/ml) and streptomycin (10,000 pg/ml)

(Invitrogen).

Human cytomegalovirus stocks and titration

HCMV BADwt was genetically engineered in the laboratory of Dr. Thomas
Shenk, through the sub-cloning of HCMV strain AD169 into a Bacterial Artificial
Chromosome [349], and kindly provided for our studies. BADsubUL37x1 was generated
by Drs. Sharon-Friling and Thomas Shenk [107]. Stocks of BADwt or BADSubUL37x1
were generated in low passage primary HFF. HFF were inoculated with either BADwt or
BADsubUL37x1 at a MOI of 0.05 plaque forming units (pfu)/cell in DMEM (Gibco),
supplemented to 2% with FBS (Gemini BioProducts). HFF were monitored daily for
cytopathic effect (CPE), and supernatant was harvested following the display of 70-80%
CPE throughout, ~7-10 days post infection (dpi). Supernatant was replaced with fresh
DMEM 2% FBS, and this procedure for harvesting of HCMV stocks was repeated every
24 hr until total cell death was observed, ~17-21 dpi. Mock stocks, or HFF grown in

DMEM 2% FBS alone, were harvested in parallel.
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Harvested virus stocks were titered by plaque assay as previously described [81,
350]. Supernatants were serially diluted 1:10, 1:100, 1:1000, and 1:1000 in 1X
phosphate buffered saline (PBS). HFF were seeded into 6-well dishes and grown to a
density of 90% confluency. HFF were then incubated with 0.2 ml of each serial dilution
for 1 hr at 37 C°, rocking every 15 min, and then washed with 1X PBS. Overlay solution
was prepared prior to infection and contained a 1:1 mixture of 1% agarose with 2X
EMEM, supplemented to 1% with penicillin/streptomycin (Invitrogen), glutamine
(Invitrogen), sodium bicarbonate (7.5%) (Invitrogen), and FBS (Gemini BioProducts).
Agarose overlay solidified following 5 min of incubation at room temperature, and then
cultures were incubated at 37 °C for 14-17 dpi. At 7 dpi, another 5 ml of overlay was
applied to each well. At 14-17 dpi, plaques were fixed with 4% formaldehyde
(SigmaAldrich) for 24 hr. Following fixation, HFF were gently washed with water, and
then stained by rocking for 10-15 min in 0.02% methylene blue (Sigma). Plaques were
then counted at each dilution, and infectious titers were calculated based on the following

equation: (# plaques x serial dilution x 1/volume of inoculation) = titer (pfu/ml).

Western blot analysis

The hNPC were lysed at 1-6 dpi for analysis of viral and cellular protein. hNPC
plated in 6-well format were incubated with 0.5 ml of trypsin (Invitrogen)/well for 2 mins
at 37 °C. Trypsin was neutralized with 1.5 ml/well of complete Ham’s F-12 DME high
glucose medium. hNPC were pelleted by centrifugation at 290 x g for 5 min and
resuspended in 100 pl radioimmunoprecipitation assay (RIPA) lysis Buffer (Santa Cruz

Biotechnology #sc-24948), containing 50 mM Tris-HCl, pH 7.5, 140 mM NacCl, 1% NP-
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40, 0.25% sodium deoxycholate, 1 mM sodium orthovanadate, | mM NaF, | mM PMSF,
2 pg/ml aprotinin, 2 pg/ml pepstatin, 2 pg/ml leupeptin and 1 pM microcystin-LR
(Leucine Arginine). Lysates were incubated on ice for 30 min. Aliquots of 3.0 -5.0 pl of
lysates were mixed with 1.0 ml of Bradford solution (Biorad), incubated at room
temperature for 5 min, and quantified on a DU 530 Life Science UV/Vis

spectrophotometer (Beckman Coulter).

Gel electrophoresis was then conducted to resolve protein samples. Aliquotes of
20 pg of protein were resolved by electrophoresis in a NuPAGE 4-12% Bis-Tris gel
(Invitrogen) at 120 V for 2 hr. Proteins were then transferred onto nitrocellulose
membranes (GE Healthcare) at 50 V for 1 hr [351]. Membranes were probed with
primary antibodies, including the immediate early pUL37x1 (rabbit antiserum DC35,
1:1000, custom antiserum against amino acid residues 27-40, produced by Covance), the
early pp65 (Mouse IgG, 1:500, Dr. Bill Britt, University of Alabama, Birmingham), and
true late pp28 (Mouse IgG, 1:1000, Abcam #ab6502) for 2 hr at room temperature.
Secondary antibodies coupled to horse radish peroxidase (Santa Cruz, 1:2500) were
incubated for 1 hr at room temperature. Bioluminescence was used to detect proteins by
incubation with SuperSignal West Pico ECL Substrate (Thermo Scientific #34080) for 5
min. Membranes were then exposed to Kodak Biomax MS scientific imaging film for 1-

3 min and developed on a Konica SRX-101 developer.
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RNA isolation and RT-PCR

Mock or HCMYV infected hNPC were harvested at 2, 4, 8, 24, 48, and 72 hpi and
RNA was isolated using TRIZOL (Invitrogen) reagent as according manufacturer’s
protocol. Briefly, hNPC plated in 6-well format were harvested by trypsinization as
previously described, and resuspended in 1 ml TRIZOL/5-10 x10° cells. Homogenized
hNPC were incubated at room temperature for 5 min for the dissociation of nucleoprotein
complexes. Phase separation was accomplished by the addition of 0.2 ml of
chloroform/l ml TRIZOL, followed by rigorous shaking of solution for 15 sec,
incubation at room temperature for 3 min, and centrifugation at 12,000 x g for 10 min at
4 °C. The RNA containing aqueous phase was then removed for RNA precipitation.
RNA was precipitated by the addition of 0.5 ml isopropyl alcohol/lI ml TRIZOL,
followed by incubation for 10 min at room temperature, and centrifugation at 12,000 x g
for 10 min at 4 °C. RNA pellets were then washed twice in 1.0 ml of 75% ethanol, and
centrifuged at 7500 x g for 5 min at 4 °C following each wash. RNA pellets were
resuspended in 50 pl of RNase free water and treated with DNase turbo (Ambion) for 1.5
hr at 37 °C to eliminate DNA contamination. RNA precipitation procedure was repeated
following DNase treatment, and RNA was quantified on a Nanodrop 1000

spectrophotometer (Thermo Scientific).

The cDNA libraries were produced for each RNA sample by reverse transcription
polymerase chain reaction (RT-PCR). cDNA synthesis reactions included 500 ng of
oligo dT, 0.5 pg of RNA, and 1.0 pl of deoxyribonucleotide triphosphates (dNTPs),

which were incubated at 65 °C for 5 min, followed by incubation on ice for 2 min.
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cDNA first strand synthesis occurred following the addition of 1.0 pl of 0.1M DTT, 1.0
ul of RNaseOUT recombinant RNase inhibitor, and 1.0 pl of the reverse transcriptase
SuperScript III (Invitrogen) and incubation at 50 °C for 60 min. cDNA reactions were
then inactivated by incubation at 70 °C for 15 min These cDNA libraries were used for
standard PCR with gene specific primers for the detection of RNA transcripts for specific

viral and cellular genes.

Gene specific primers were used for the detection of RNA for UL36, UL37x1,
UL37x3, UL38, immediate early 1/2 (IE1 and IE2), 2.7 and B-actin. Gene specific PCR
was conducted on a GeneAmp PCR System 3700 thermocycler (Applied Biosystems)
with an initial denaturing step for 5 min at 95 °C, followed by 35 cycles of strand
denaturation at 95 °C for 30 sec, primer annealing at 60 °C for 30 sec, primer extension at
72 °C for 45 sec, and a final extension at 72 °C for 10 min. PCR products were resolved
by gel electrophoresis in a 1 % agarose gel (Invitrogen) with 50 pg of ethidium bromide
(Invitrogen). Agarose gels were run in 1X Tris-borate-EDTA (TBE) (Invitrogen) running
buffer for 1 hr at 80 V. Agarose gels were imaged by exposure to ultraviolet light (UV)

using a Biorad Universal Hood II.

Flow cytometry analysis

Mock or HCMV infected hNPC were harvested at 5 and 13 dpi as previously
described. The hNPC were washed twice in 1X PBS supplemented to 2.5 % with FBS,
and centrifuged at 290 x g for 5 min after each wash. The hNPC were re-suspended to a

final concentration of 1x10° cells/ml in 1X Annexin V binding buffer (BD Biosciences),
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and stained with 5 pl of Annexin V conjugated with allophycocyanin (APC) (BD
Biosciences) and 2 ul of Propidium Iodide (50 pg/ml) (BD Biosciences) for 15 min at
room temperature. The hNPC were acquired within 1 hr of staining on a FACS Caliber
(BD Biosciences), and data acquisition files were analyzed using FlowJo version 7.6
(TreeStar). Flow cytometry analysis of treated and/or transfected HeLa cells was
conducted as previously described for HCMV infected hNPC. In the case of transfected
HeLa cells, the analysis of apoptosis by Annexin V binding was conducted on cells gated
for YFP expression. The mean fluorescence intensity for a given population of
transfected cells was calculated by FlowJo analysis software and added to the analysis of
a given acquisition file through the “add statistic” module, where the mean fluorescence

was selected for each YFP gated transfected group.

Immunofluorescence assay

Mock or HCMV infected HFF and hNPC were fixed at various time-points
following infection by incubation with 4% paraformaldehyde (Sigma) for 15 min at room
temperature. Cells were permeabilized for 20 min with 0.75% TritonX-100 (Sigma) and
blocked for 45 min with 4% BSA (Sigma) at room temperature. Primary and secondary
antibodies were incubated at 37 °C for 1 hr. Cover slips were mounted onto microscope
slides using ProLong Gold antifade mounting media with 4',6-diamidino-2-phenylindole
(DAPI).  Slides were imaged using a LSM 510 laser scanning confocal microscope

(Zeiss) and image analysis was conducted using Zen software, 2008 version (Zeiss).
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Analysis of the actin cytoskeleton involved incubation of hNPC with Phalloidin
conjugated to Alexa Fluor *®® (Invitrogen), which binds filamentous actin, at 37 °C for 15
min following primary and secondary antibody staining procedures. Identification of
HCMV infected cells was conducted by probing hNPC with MAb 4B6B, which
recognizes amino acids residues 27-40 of pUL37x1 (Mouse IgG, hybridoma cells from
Drs. Sharon-Friling and Thomas Shenk). Apoptosis analysis involved the probing of
hNPC with primary antibody specific for PARP1-Alexa Fluor®™’ conjugated (Mouse
IgGlxk, 1:10, BD Pharmingen). The hNPC were probed with primary antibodies for the
identification of hNPC lineage identity, including Sox-2 (Goat polyclonal, 1:200, Santa
Cruz Biotechnology #SC-17320 and Rabbit IgG, 1:400, Cell Signaling Technology
#D6D9XP), GFAP (Mouse IgG;, 1:1000, Sigma Aldrich #G3893), DCX (Rabbit
polyclonal, 1:500, Abcam #ab11800), and Nestin (Rabbit IgG, 1:200, Millipore
#AB5922). Analysis of productive infection of hNPC involved the probing of HFF with
primary antibody against HCMV antigen IE1/2 (Mouse 1gGs,, 1:200, Chemicon MAb
810). Goat and donkey secondary antibodies raised against primary antibody species

- - 488, 568, or 647
were conjugated with Alexa Fluor “°% %

(Invitrogen). Analysis of pUL37x1
localization within hNPC involved the probing of hNPC with MAb 4B6B, and the

identification of mitochondria was conducted by incubating cells with 50 nM

MitoTracker Red (Invitrogen) for 15 min prior to fixation.

HelLa and hNPC transfection

HeLa cells were transfected with plasmids encoding fusion proteins of wt and

mutant version of pUL37x1 fused to YFP. Plasmids included pUL37x1 wt-YFP
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(p1363), pUL37x1 HHB (high hydrophobicity) mutant-YFP (p1501), pUL37x1 CBD I-
YFP (p1515) and CBD II-YFP (p1521), and the empty parental vector encoding YFP
alone (p1315). HeLa cells were plated in 6-well format and grown to 90% confluency
prior to transfection. An aliquot of 5.3 pg DNA for each plasmid were combined with
0.25 ml of OptiMEM (Invitrogen), and incubated for 5 min at room temperature. An
aliquot of 13 pl of lipofectamine 2000 (Invitrogen) were also added to a separate aliquot
of 0.25 ml OptiMEM and mixed with the diluted plasmid DNA following the 5 min
incubation. The lipofectamine 2000 and plasmid DNA were incubated for 20 min at
room temperature, and the 0.5 ml solution was then added drop-wise to each well.
Induction of apoptosis was conducted at 24 hr post transfection (hpt). hNPC were also
transfected using lipofectamine 2000 in a 6-well format as previously described.
However, in the case of hNPC transfection, only 4 pg of pUL37x1-YFP plasmid DNA

were incubated with 10pl of lipofectamine 2000.

Apoptosis induction

Mitochondrial mediated apoptosis of control uninfected hNPC was induced with
staurosporine (STS) (0.5 uM, Sigma) treatment for 24 hr. Mitochondrial apoptosis was
also induced within HFF through the addition of H,O, (1.0 mM, Sigma) for 24 hr. ER

stress induced apoptosis was stimulated using TG (1.0 uM, Sigma) treatment for 48 hr.
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Chapter 3: Results
A. Examining the specific role of pUL37x1 anti-apoptotic activity at the ER and
mitochondria.

HCMYV expresses a wide range of anti-apoptotic proteins and an untranslated RNA
that function to prevent the induction of apoptosis to allow the time required for viral
replication. The viral protein pUL37x1, or vMIA, is a major contributor to the anti-
apoptotic activity of HCMYV, with the demonstrated function of inhibiting apoptosis
induction at the mitochondrial membrane through its interference with the induction of
MOMP. This protein pUL37x1 has been shown to interact with Bax at the outer
mitochondrial membrane in a manner that decreases the release of apoptosis mediating

factors from the mitochondria, such as cytochrome ¢ [325].

As previously discussed, the induction of apoptosis within the cell involves
numerous mechanisms, with both internal and external stimuli converging upon the
activation of initiator and effector caspases for the execution of apoptosis. Based on the
significant role that the ER plays in inducing apoptosis following the activation of ER
stress pathways [291, 292], and the demonstration that the leader sequence of pUL37x1
contains conserved residues that target this viral protein to the ER [329, 352, 353], and
direct its incorporation into ER lipid rafts [330], we sought to examine if pUL37x1 was
capable of regulating apoptosis induction from locations within the cell in addition to the
mitochondria, such as the ER. We hypothesized that pUL37x1 could be important for
regulating apoptosis activity within the cell induced by either mitochondrial or ER stress

mechanisms.
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Furthermore, the identification of residues within the pUL37x1 leader sequence that
were previously mentioned to be required for the sequential trafficking of pUL37x1 to
the ER and to the mitochondria [329], as well as sequences required for incorporation of
pUL37x1 into internal lipid raft regions of the ER [330], led us to examine how the
alteration of this trafficking and lipid raft association could affect pUL37x1 anti-
apoptotic function. We further hypothesized that aberrant pUL37x1 trafficking and the
lack of association with ER lipid rafts would reduce pUL37x1 anti-apoptotic activity

under stress conditions.

Al. Induction of apoptosis through a mitochondrial stress mechanism.

One side effect of the production of ATP by oxidative phosphorylation within the
mitochondria is the production of ROS. The generation of ROS, such as O, production
by the electron transport chain through the reduction of oxygen during oxidative
phosphorylation, and its conversion to H;O,, through the dismutation of O, by
manganese superoxide dismutase, can result in damage to the mitochondria and release of
ROS into the cytoplasm leading to cellular oxidative stress [354]. Oxidative stress can be
toxic to the cell through the oxidation of nucleic acids, proteins and lipids, and will
eventually lead to the induction of apoptosis. It has been demonstrated that the treatment
of the neuronal cell line PC12 cells with H,O, will result in the induction of
mitochondrial apoptosis that is associated with the activation of caspase-3, while an
increase in the pro-apoptotic cellular protein Bcl-2 can inhibit this form of apoptosis

[355].
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To examine the role of pUL37x1 wt and mutant proteins towards the inhibition of
mitochondrial stress induced apoptosis we first had to establish a mechanism for the
specific induction of mitochondrial stress induced apoptosis. To accomplish this, we
examined the dose response of HeLa cells to varying concentrations of H,O,, and
measured this response through cell viability assays and the binding of Annexin V to
phosphatidylserine by flow cytometry. HeLa cells were treated with 0.1, 0.5, or 1.0 mM
H,0O, for 24 hr and then cells were harvested and viability was assessed by conducting
cell counts using trypan blue exclusion dye (Figure 1). Untreated HelLa cells
demonstrated 97% viability. Cells treated with 0.1 and 0.5 mM H,O, also demonstrated
high levels of viability, at 97% and 95% respectively. However, following treatment of
HeLa cells with 1.0 mM H,O,, cell viability decreased to 72%, indicating that cell death

was occurring following H,O, treatment.

To further examine whether this cell death was related to an induction of
apoptosis, HeLa cells were treated again with 0.1, 0.5, or 1.0 mM H,O, for 24 hr and then
cells were harvested and analyzed by flow cytometry for the binding of Annexin V to
phosphatidylserine and the binding of PI to DNA (Figure 2). HeLa cells treated with
H,O demonstrated low baseline levels of apoptosis induction, with 1.9% of cells binding
Annexin V and 6.7% of cells binding both Annexin V and PI. HeLa cells treated with 0.1
mM H,O; also demonstrated similar low levels of apoptosis induction with 3.2% of cells
binding Annexin V, and 7.2% of cells binding both Annexin V and PI. There were also

low levels of apoptosis induction within HeLa cells treated with 0.5 mM H,0,, with 4.3%
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Figure 1. H,O, induced cell death in HeLa cells. The dose required to induce
mitochondrial related cell death was determined within HeLa cells using various
concentrations of H,O,, followed by analysis of cell viability. HeLa cells were treated
with various concentrations of H,O, (0.1, 0.5, and 1.0 mM) and analyzed at 24 hr
following treatment for cell viability by cell counting using trypan blue exclusion dye.
These data show that treatment of HeLa cells for 24 hr with 1.0 mM H,O, caused a

decrease in cell viability.
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Figure 2. H,O, induced apoptosis in HelLa cells. The dose required to stimulate
mitochondrial-induced apoptosis was determined by treating HeLa cells with various
concentrations of H,O, followed by analysis of apoptosis induction by flow cytometry.
HeLa cells were treated with various concentrations of H,O, (0.1, 0.5, and 1.0 mM) and
analyzed at 24 hr following treatment by flow cytometry for the externalization of
phosphatidylserine as measured by Annexin V binding and the binding of PI to cellular
DNA. These data show that treatment of HeLa cells for 24 hr with 1.0 mM H,0, induced

a significant up-regulation of apoptosis.
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of cells binding Annexin V and 7.7% of cells binding both Annexin V and PI. Although
HeLa cells treated with 1.0 mM H,O; only demonstrated 4.8% binding of Annexin V
alone, the induction of late apoptosis was demonstrated following treatment at this
concentration of H,O,, with 42% of cells binding both Annexin V and PI. These results
confirmed the previous results observed with cell viability assays, and demonstrated that
the treatment of HeLa cells with 1.0 mM of H,O, induced apoptosis through a

mitochondrial stress mechanism.

A2. Examining the ability of pUL37x1 wt to rescue HelLa cells from

mitochondrial induced apoptosis.

The investigation of the ability of pUL37x1 to rescue HeLa cells from
mitochondrial stress induced apoptosis was conducted following the establishment of the
concentration of H»O, required to induce mitochondrial apoptosis. This analysis
involved the transfection of HeLa cells with the empty parental vector encoding YFP-
alone and a vector encoding a pUL37x1 wt-YFP fusion protein. HeLa cells were then
treated with 1.0 mM H,0, at 24 hpt and cells were harvested at 24 hr following treatment
with H,O, for analysis of viability with trypan blue exclusion dye and apoptosis

induction by flow cytometry examining Annexin V binding.

HeLa cell viability was assessed following transfection with either the empty
parental vector encoding YFP-alone, or the vector encoding the pUL37x1 wt-YFP fusion
protein, and treatment with either H,O or H,O, (Figure 3). Examining the H,O treated

HeLa cells demonstrated high levels of viability within all experimental groups, including
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Figure 3. The effects of pUL37x1 expression on the viability of H,O, treated HelLa
cells. To examine the ability of pUL37x1 to increase the viability of HeLa cells treated
with H,O,, cell viability was measured following the transfection of HeLa cells with
pUL37x1 and subsequent induction of mitochondrial stress. HeLa cells were either
untransfected or transfected with either YFP-alone or pUL37x1 wt-YFP expression
vectors and treated at 24 hpt with 1.0 mM H,0,. Viable cell counts were conducted 24 hr
following treatment. Analysis is shown as +/- standard error (SE) (n =3), with no
statistical differences observed between groups. These data demonstrate an increase in
total cell viability within the pUL37x1 transfected group when compared to the YFP-

alone transfected group.
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untransfected, YFP-alone, and pUL37x1 wt-YFP transfected groups, with slight
decreases seen within the transfected groups, most likely attributed to the stress of
transfection, which could cause transient disruption of plasma membrane integrity or
stress related to an overabundance of protein production due to the transfected vectors.
Within the H,O treated groups, untransfected cells demonstrated 97% viability, YFP-
alone transfected cells were 85% viable, and pUL37x1 wt-YFP transfected cells were
91% viable. Interestingly, even in the absence of treatment to induce apoptosis, the
pUL37x1 wt-YFP transfected cells appeared to demonstrate modest rescue of HeLa cells
from cell death when compared to the YFP-alone transfected group. Cells treated with
1.0 mM H,O, demonstrated decreases in cell viability. Within the untransfected group,
cell viability only decreased to 91%. However, the cell viability of the YFP-alone
transfected group decreased to 77%, while the pUL37x1 transfected group only showed a
decrease to 85%. These data further suggest that the presence of pUL37x1 partially

rescues HeLa cells from death when compared to cells transfected with YFP alone.

To directly link the function of pUL37x1 to the rescue of mitochondrial stress
induced apoptosis, HeLa cells were transfected with either YFP-alone or pUL37x1 wt-
YFP, treated with 1.0 mM H,O, 24 hpt, and cells were harvested 24 hr following
treatment for analysis of apoptosis by examining the binding of Annexin V by flow
cytometry (Figure 4). To more accurately quantify the effect of pUL37x1 on apoptosis
in transfected cells, we limited the analysis to cells expressing the transfected DNAs, as
measured by the presence of YFP. Within the YFP-alone transfected group, and of the

population that was positive for YFP, it was demonstrated that 61% of cells were positive
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Figure 4. Rescue of H,O; induced apoptosis within HeLa cells expressing pUL37x1.
To examine the ability of pUL37x1 to rescue HeLa cells from H,O, induced apoptosis
HeLa cells were transfected with pUL37x1, treated with H,O,, and apoptosis induction
was measured by flow cytometry examining the binding of Annexin V to externalized
phosphatidylserine. HeLa cells were transfected with either YFP-alone or pUL37x1 wt-
YFP expression vectors, and cells were treated at 24 hpt with 1.0 mM H,0O,. HeLa cells
were then harvested at 24 hr following treatment and stained with Annexin V for analysis
by flow cytometry. The analysis of YFP positive cells demonstrated that the expression
of pUL37x1 resulted in a decrease in Annexin V binding when compared to cells
expressing YFP-alone. These results indicate that pUL37x1 is capable of rescuing HeLa

cells from H,0O; induced mitochondrial mediated apoptosis.
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for Annexin V. However, within the pUL37x1 wt-YFP transfected group of YFP
positive cells, only 13% of cells were positive for Annexin V binding. These data
demonstrate that the induction of apoptosis, as measured by the binding of Annexin V
was decreased within pUL37x1 wt transfected cells, and demonstrates the ability of

pUL37x1 wt to rescue HeLa cells from apoptosis induced by mitochondrial stress.

A3.  Examining the ability of pUL37x1 mutants to rescue HelLa cells from

mitochondrial induced apoptosis.

Following the establishment that pUL37x1 is capable of rescuing HeLa cells from
mitochondrial stress induced apoptosis through the buildup of H,O,, we wanted to
examine if blocking mitochondrial trafficking of pUL37x1 or blocking its incorporation
into ER lipid rafts would abrogate pUL37x1 anti-apoptotic capabilities. Mutants of
pUL37x1 were generated by increasing the hydrophobicity of the pUL37x1 leader
sequence (HHB), or by mutating the CBD, also within the pUL37x1 leader sequence,
with a single (CBD I) or double (CBD II) point mutation. The trafficking and ER lipid
raft association phenotypes of these mutants have been previously published [329, 330].
The HHB mutant was unable to properly traffic to the mitochondria, being trapped in the
ER and secretory apparatus, and the CBD I and II mutants were unable to be incorporated
into internal lipid raft regions of the ER, while their ability to traffic to the mitochondria

remained intact.

To examine the ability of these pUL37x1 mutants to interfere with cell death and

mitochondrial stress induced apoptosis, HeLa cells were transfected with either pUL37x1
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wt-YFP, or either HHB, CBD I, or the CBD II mutant, and analyzed for cell viability
with trypan blue exclusion dye and apoptosis induction by flow cytometry. Measuring
cell viability within H,O treated cells again demonstrated mostly high levels of viability
with the exception of the HHB and CBD II mutant (Figure 5). The viability of the
untransfected group was 97%, with similar high levels of cell viability for the pUL37x1
wt-YFP and the CBD I mutant transfected groups, at 94% and 92% viability respectively.
However, there were decreases seen within the viability of YFP-alone, and the HHB and
CBD II mutant transfected groups. The viability of YFP-alone transfected cells was
measured at 89%, while the HHB and CBD II mutant transfections resulted in cell
viability levels of 85% and 75%, respectively. These data demonstrate that cell death did
increase within cells expressing YFP-alone, HHB and CBD II mutants. However,

surprisingly the viability of cells expressing the CBD I mutant remained high.

Measuring viability within cells treated with 1.0 mM of H,O; also demonstrated a
similar trend (Figure 5). The viability of the untransfected group was measured at 93%,
while the viability of the YFP-alone transfected group decreased to 79%. In accordance
with previous viability measurements, the pUL37 wt-YFP and the CBD 1 transfected
groups demonstrated increases over YFP-alone, with pUL37x1 wt expressing cells
showing 82% viability and the CBD I expressing cells showing 85% viability. It was
again demonstrated that the absence of rescue from cell death occurred within both the
HHB and the CBD II mutant transfected groups, which demonstrated only 75% and 58%
viable cells, respectively. These data demonstrated that following the treatment of HeLa

cells with the mitochondrial apoptosis inducer H,O,, the expression of pUL37x1 wt
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Figure 5. The effects of pUL37x1 wt and mutant expression on the viability of H,O,
treated HelLa cells. To examine the ability of either pUL37x1 wt or pUL37x1 mutant
proteins to increase the viability of HeLa cells treated with H,O,, cell viability was
measured following the transfection of HeLa cells and their subsequent treatment with
H,0O,. HeLa cells were transfected with expression vectors encoding either YFP-alone,
pUL37x1 wt-YFP, or the HHB, CBD I, or CBD II mutants. HeLa were then treated with
1.0 mM H,0O, at 24 hpt and cells were harvested at 24 hr following treatment to conduct
viable cell counts with trypan blue exclusion dye. Analysis is shown as +/- S.D. from the
averages of 2 replicates, and no statistical evaluation was conducted. These data
demonstrated that both pUL37x1 and CBD I expression within H,O, treated HeLa cells
increased cell viability, while the expression of both HHB and CBD II mutants led to a
decrease in cell viability. These data suggest that pUL37x1 and CBD I are capable of

rescuing HeLa cells from H,O; induced cell death.
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and the CBD I mutant will promote increased cell viability. Furthermore, these results

showed that HHB and CBD II mutants did not protect HeLa cells from cell death.

Following the analysis of cell viability, the induction of mitochondrial apoptosis
was measured in transfected HeLa cells treated with H>O, to determine the ability of
pUL37x1 mutants to rescue HeLa cells from mitochondrial apoptosis compared with
pUL37x1 wt. HeLa cells were transfected with vectors encoding YFP-alone, pUL37x1
wt-YFP, and the HHB and CBD I and II mutants. HeLa cells were treated with 1.0 mM
H,O, at 24 hpt and cells were harvested at 24 hr following treatment for analysis of
apoptosis by flow cytometry measuring Annexin V binding within YFP positive cells

(Figure 6).

HeLa cells that were transfected with YFP-alone demonstrated an up-regulation
of apoptosis as shown by the binding of Annexin V within 63 % of YFP expressing cells.
As previously demonstrated, the expression of pUL37x1 wt-YFP partially rescued HeLa
cells from apoptosis induction, as those cells expressing pUL37x1 wt-YFP demonstrated
a decrease in Annexin V binding, with only 23% of YFP positive cells binding Annexin
V. In addition to the partial rescue demonstrated by the expression of pUL37x1 wt-YFP,
HeLa cells that expressed the CBD I mutant also demonstrated partial rescue from
apoptosis induction, with only 24% of YFP positive cells binding Annexin V. However,
examining the HHB and the CBD II mutant expressing cells demonstrated a lack of
rescue from apoptosis induction. HelLa cells that were transfected with HHB mutant

demonstrated 53% Annexin V binding within YFP positive cells, while those cells that
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Figure 6. Rescue of H,O, induced apoptosis in HeLa cells transfected with pUL37x1
wt and mutants. To examine the ability of the expression of either pUL37x1 wt or
mutants to rescue HeLa cells from mitochondrial induced apoptosis cells were transfected
and treated with H,O,, and examined by flow cytometry for the inhibition of apoptosis.
HeLa cells were transfected with either YFP-alone, pUL37x1 wt-YFP, or either the
HHB-YFP, CBD I-YFP, or CBD II-YFP mutants. HeLa were treated with 1.0 mM H,O,
at 24 hpt. Positively transfected HeLa (YFP") were analyzed at 24 hpt by flow cytometry
for the induction of apoptosis as measured by the binding of Annexin V to externalized
phosphatidylserine. These data indicate that the CBD I mutant has a similar ability to
partially rescue H,O, treated HeLa cells from apoptosis induction as demonstrated by
pUL37x1 wt-YFP, while HHB and CBD II mutants showed little rescue relative to the

activity of pUL37x1 and CBD 1.
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were transfected with the CBD II mutant demonstrated 45% Annexin V binding within
YFP positive cells. These data confirm results that were previously observed measuring
the viability of H,O, treated HeLa cells following transfection with pUL37x1 wt and
mutants. Furthermore, these results demonstrate that following the treatment of HelLa
cells with the mitochondrial apoptosis inducer H,O, (1.0 mM), the expression of either
pUL37x1 wt or the CBD I mutant will partially rescue HeLa cells from mitochondrial
induced apoptosis, while neither HHB nor CBD II mutants were able to protect HeLa

cells from apoptosis induction.

Following these initial findings, this experiment was repeated to determine the
statistical significance of the apoptotic rescue. The results from each experiment were
normalized by dividing the percentage of YFP positive cells that bound Annexin V for
pUL37x1 wt-YFP, and the HHB and CDB I and II mutants by the percentage of YFP
positive cells that bound Annexin V for the YFP-alone transfected cells (Figure 7). The
pUL37x1 wt-YFP transfected cells demonstrated 38% of the total apoptosis seen within
the YFP-alone transfected cells, while the CBD I transfected cells demonstrated 36% of
control levels of apoptosis. However, the HHB mutant demonstrated 90% of apoptosis
seen within the YFP-alone, while the percentage of apoptosis seen in the CBD II
transfected group when compared to YFP-alone was 74%. This transformation of data
further demonstrates that the pUL37x1 wt-YFP and CBD 1 transfected groups were
capable of partial rescue of the apoptosis phenotype seen within the YFP-alone
transfected HeLa. Furthermore, the HHB and the CBD II mutants were not capable of

achieving rescue from apoptosis induction when compared to the levels that were seen
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Figure 7. Normalization and quantification of anti-apoptotic capabilities of
pUL37x1 wt and mutants following mitochondrial induced apoptosis in transfected
HeLa cells. The analysis of rescue from apoptosis induction examined within pUL37x1
wt and mutant transfected HeLa cells treated with H,O, was repeated to demonstrate
significance. Results were normalized from each experiment by dividing the amount of
Annexin V binding within each experimental group by the amount of Annexin V binding
within the YFP-alone transfected group. The normalized results were then averaged and
results were reported as the average of Annexin V binding for each experimental group.
These results further demonstrate the mitochondrial apoptotic rescue capabilities of
pUL37x1 wt and CBD I mutant, and indicate the inability of rescue within the HHB and
CBD II mutant transfected cells. Analysis is shown as +/- S.D. from the averages of 2

replicates, and no statistical evaluation was conducted.
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within the pUL37x1 wt and CBD I transfected cells. These results suggest that the ability
of pUL37x1 to properly traffic to the mitochondria, as well as its ability to associate with
internal lipid raft regions of the ER membrane, is critical for its ability to achieve its full
anti-apoptotic capabilities. Furthermore, these results suggest that the final residue
mutated within the CBD of the pUL37x1 leader sequence provides an anti-apoptotic

function in addition to its requirement for ER lipid raft integration.

A4. Relative protein abundance and apoptosis induction.

The abundance of proteins expressed from each vector, YFP-alone, pUL37x1 wt-
YFP, and the three pUL37x1 mutants, HHB, CBD I and CBD II, varied based on
efficiency of transfection. To confirm that the phenotype observed with transfection of
each vector was not due to differences in the abundance of each protein, we examined the
fluorescence intensity of each transfection, and the level of rescue from apoptosis that
was achieved (Table 1). We observed that when similar levels of YFP expression were
achieved, the phenotypes of anti-apoptotic activity measured within each transfected
group were consistent with those values from previous experiments. The mean
fluorescence intensity of pUL37x1 wt was measured at 28.3 relative fluorescence units
(rfu) and demonstrated 32% of YFP-alone apoptosis. The mean fluorescence intensity of
HHB was 31.7 rfu, with 84% of the apoptosis seen with YFP-alone transfected cells.
CBD I mean fluorescence intensity was 39.8 rfu, and apoptosis induction was measured
at 33% of YFP-alone transfected cells. Finally, the mean fluorescence intensity of CBD
II transfected cells was 44.4 rfu, and still demonstrated 72% of YFP-alone levels of

apoptosis. These data were consistent with previous measurements of anti-apoptotic
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Table 1. Abundance of transfected proteins in relation to the block in H,0,
stimulated apoptosis induction. The percentage of apoptosis induction was examined
within populations of HeLa cells that achieved similar levels of transfected protein
production. This was conducted by comparing the levels of normalized apoptosis
induction within HeLa cells that demonstrated a similar level of mean fluorescence
intensity. Fluorescence intensity was acquired on a logarithmic scale. These data
demonstrate that when similar levels of protein expression are achieved, a phenotype of
rescue from induced apoptosis is demonstrated within those cells that express pUL37x1
wt and CBD 1. However, the ability to rescue from mitochondrial induced apoptosis is
not observed following expression of the HHB or CBD II mutant. Analysis is shown as

+/- S.D. from the averages of 2 replicates, and no statistical evaluation was conducted.
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Mean Fluorescence

% of YFP-alone

Intensity (rfu) Apoptosis +/- SD
pUL37x1 wt-YFP 28.3 38% +-1.7
HHB 3.7 89% +/-7.3
CBD | 39.8 36% +-2.4
CBDI1I 44.4 74% +i- 3.5
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activity demonstrated by pUL37x1 wt , and the HHB and CBD I and II mutants, and even
suggested that increased amounts of protein, as was the case for CBD II, did not confer

increased anti-apoptotic activity.

A5.  Induction of apoptosis through an ER stress mechanism.

To test the ability of pUL37x1 in blocking ER stress induced apoptosis, we first
required a mechanism for inducing apoptosis within the cell through an ER stress
response pathway. It has been previously demonstrated that the use of TG not only
inhibits the production of HCMV through the dysregulation of Ca®* homeostasis [356],
but treatment with TG can also result in the induction of apoptosis through caspase
cleavage, specifically through the activity of caspase-7 and its activation of caspase-12
[357]. TG is a non-competitive inhibitor of enzymes that regulate the influx of Ca*" into
the ER, known as sarco/ER Ca>” ATPases (SERCA). SERCA are ATP dependent Ca**
pumps that are present within the membranes of the ER, and regulate the flow of Ca**
from the cytosol into the ER lumen. TG binds to SERCA and inhibits the pumping of
Ca®" from the cytosol into the ER [358]. This leads to the activation of plasma
membrane bound Ca®" pumps through ER stress signals, which will lead to an
accumulation of Ca*" within the cytosol. Cytosolic increases in Ca*" can then lead to the
induction of apoptosis through the activation of Ca®" dependent proteases, known as
calpains, which have been shown to be involved with the cleavage and activation of

caspase-12 [359].
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To determine the dose of TG that is required to induce apoptosis within HeLa
cervical carcinoma cells following ER stress, HeLa cells were treated with various
concentrations of TG, including 0.1, 1.0, 2.0, 5.0, and 10.0 uM, and cells were then
harvested at 4, 24, and 48 hr following treatment for the analysis of apoptosis induction
by flow cytometry, examining the binding of Annexin V to externalized
phosphatidylserine (Figure 8). At 4 hr following TG treatment, there was little
difference in the binding of Annexin V at any concentration of TG tested. The
percentage of cells that bound Annexin V at 4 hr were not increased over untreated cells.
These data demonstrate that apoptosis was not induced within HelLa cells by 4 hr

following treatment with concentrations of TG up to 10.0 uM.

HeLa cells were next examined for apoptosis induction at 24 hr following TG
treatment. Measuring apoptosis by Annexin V binding of phosphatidylserine at this time-
point again demonstrated very little increase in apoptosis induction at any of the
concentrations examined. The percentage of cells that bound Annexin V at 24 hr was
still not increased when compared with untreated cells. These data demonstrated the lack
of apoptosis induction within HeLa cells treated with up to 10.0 uM of TG by 24 hr

following treatment.

Finally, TG treated HeLa cells were examined at 48 hr following treatment, and
the data suggested that higher concentrations of TG would in fact result in the binding of
Annexin V, suggesting apoptosis induction was occurring. The percentage of cells that

bound Annexin V at 48 hr were 11% for untreated cells, which increased to 17% at 5.0
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Figure 8. Apoptosis within TG treated HeLa cells. The dose required to induce ER
stress related apoptosis was determined by using various concentrations of TG to treat
HeLa cells followed by analysis of apoptosis induction. HeLa cells were treated with
various concentrations of TG (0.1,1.0, 2.0, 5.0, and 10.0 pM) and analyzed at 4, 24, and
48 hr following treatment by flow cytometry for the externalization of phosphatidylserine
measured by Annexin V binding. These data demonstrate that treatment of HeLa cells for
48 hr with 5.0 and 10.0 pM TG induces a significant up-regulation of apoptosis.

Analysis shown from one experiment, with no statistical analysis.
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uM TG, and 21% at 10.0 uM TG. When compared to untreated cells, the levels of
Annexin V binding in cells treated with 5.0 and 10.0 uM were 1.5-fold and 2-fold above
untreated cells, respectively. These results suggested that ER stress induced apoptosis

was occurring within HeLa cells following treatment with 5.0 or 10.0 uM TG.

Due to the highest levels of apoptosis induction measured occurring at 10.0 uM
TG, this concentration was chosen to move forward with experiments that would analyze
the ability of pUL37x1 wt and mutant proteins to rescue HeLa cells from ER stress
induced apoptosis. However, upon transfection of HeLa cells, and subsequent treatment
with such a high concentration of TG, the levels of death that were observed were too
high to allow for analysis by flow cytometry. In addition, cell death was observed in a
qualitative manner by light microscopy, and similar levels of cell death were observed
within both the negative and pUL37x1 wt transfected cells. It was believed that the
multiple stresses of transfection coupled with high concentrations of TG treatment,
resulted in rapid death of HeLa cells, and would not allow for the accurate analysis of

pUL37x1 anti-apoptotic capabilities.

This required further examination of TG concentration required for apoptosis
induction under the context of transfection. In this case, HeLa cells were transfected with
YFP-alone, and then treated with either DMSO, or 1.0 and 2.0 uM TG at 24 hpt, and cells
were again analyzed by flow cytometry for the binding of Annexin V to
phosphatidylserine at 48 hr following treatment (Figure 9). The percentage of cells that

bound Annexin V at 48 hr was 18% for DMSO treated, 55% for 1.0 uM TG treated, and
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Figure 9. Apoptosis within transfected and TG treated HelLa cells. The dose
required to induce ER stress related apoptosis within transfected HelLa cells was
determined by treating HeLa cells with various concentrations of TG followed by
analysis of apoptosis induction. HeLa cells were treated with various concentrations of
TG (1.0 and 2.0) at 24 hpt and analyzed at 48 hr following treatment by flow cytometry
for the externalization of phosphatidylserine measured by Annexin V binding. These data
show that treatment of transfected HeLa cells for 48 hr with 1.0 or 2.0 uM TG induced an
up-regulation of apoptosis. Analysis shown from one experiment, with no statistical

analysis conducted.
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58% for 2.0 uM TG treated. These data demonstrate that apoptosis was induced within
HeLa cells at lower concentrations of TG treatment, including 1.0 and 2.0 uM TG,
following transfection. These data could suggest that transfection alone contributes to the
induction of ER stress induced apoptosis or cell death, which as previously mentioned,
could be due to the transient disruption of plasma membrane integrity, or stress related to

increased protein production from transfected vectors.

A6. Examining the ability of pUL37x1 wt to rescue HelLa cells from ER

stress induced apoptosis.

Following the establishment of a concentration of TG that was appropriate for the
induction of ER stress related apoptosis within transfected HeLa cells, the ability of
pUL37x1 wt to rescue cells from ER stress induced apoptosis was assessed. In a similar
fashion to experiments conducted with the mitochondrial apoptosis inducer H,O,, HeLa
cells were transfected with vectors encoding either the empty parental vector YFP-alone
or pUL37x1 wt-YFP. Transfected cells were treated with 1.0 pM TG at 24 hpt, and cells
were then harvested at 48 hr following treatment for analysis by flow cytometry
examining the binding of Annexin V (Figure 10). As previously described, flow
cytometry analysis was limited to HeLa cells expressing the transfected DNAs, as
measured by their expression of YFP, in an effort to more accurately quantify the activity
of pUL37x1 wt in blocking ER stress induced apoptosis. The binding of Annexin V
occurred within 69% of YFP positive HeLa cells transfected with the YFP-alone vector,

while only 22% of YFP positive cells transfected with pUL37x1 wt-YFP bound Annexin
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Figure 10. Rescue of TG induced apoptosis within HeLa cells expressing pUL37x1
wt-YFP. To examine the ability of pUL37x1 to rescue HeLa cells from TG induced
apoptosis HeLa cells were transfected, treated with TG and apoptosis induction was
measured by flow cytometry examining the binding of Annexin V to externalized
phosphatidylserine. HeLa cells were transfected with either YFP-alone or pUL37x1 wt-
YFP expression vectors, and cells were treated at 24 hpt with 1.0 uM TG. HeLa cells
were then harvested at 48 hr following treatment and stained with Annexin V for analysis
by flow cytometry. The analysis of YFP positive cells demonstrated that the expression
of pUL37x1 will result in a decrease in Annexin V binding when compared to cells
expressing YFP-alone. These results indicate that pUL37x1 is capable of rescuing HeLa

cells from TG induced ER stress related apoptosis.
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V. These results indicate that the expression of pUL37x1 was capable of rescuing HeLa

cells from TG induced ER stress related apoptosis.

A7.  Examining the ability of pUL37x1 mutants to rescue HelLa cells from
ER stress induced apoptosis.

Once we had demonstrated that pUL37x1 not only functioned to rescue HelLa
cells from mitochondrial apoptosis, but could also show anti-apoptotic activity during ER
stress induced apoptosis, we wanted to examine the ability of pUL37x1 mutants to inhibit
ER stress induced apoptosis. This analysis again focused on the measurement of
apoptosis by examining the binding of Annexin V to externalized phosphatidylserine
following the transfection of HeLa cells with various pUL37x1 constructs and treatment

with TG.

HeLa cells were transfected with vectors expressing either YFP-alone, pUL37x1
wt-YFP, or the three pUL37x1 mutants, HHB, CBD I, or CBD II. HeLa cells were
treated with 1.0 uM TG following 24 hpt and harvested at 48 hr after treatment for
analysis by flow cytometry, examining the binding of Annexin V within YFP expressing
cells of each transfected group (Figure 11). The YFP-alone transfected cells showed
binding of Annexin V within 66% of YFP expressing cells. This decreased within the
pUL37x1 wt-YFP transfected group, which demonstrated 36% of cells that bound
Annexin V, which confirmed our previously measured data indicating that the expression
of pUL37x1 displayed an anti-apoptotic function during ER stress. In addition to the

anti-apoptotic capabilities of pUL37x1 wt, the CBD I mutant transfected group also

110



Figure 11. Rescue of TG induced apoptosis in HelLa cells transfected with pUL37x1
wt and mutants. To examine the ability of pUL37x1 wt and mutant expression to rescue
HeLa cells from ER stress induced apoptosis HeLa cells were transfected and treated
with TG followed by analysis of ER stress induced apoptosis induction. HeLa cells were
transfected with vectors expressing either YFP-alone, pUL37x1 wt-YFP, or either HHB,
CBD I, or CBD II mutants. HeLa cells were treated with 1.0 uM TG at 24 hpt.
Positively transfected HeLa (YFP") were analyzed at 48 hr post treatment by flow
cytometry for the induction of apoptosis as measured by the binding of Annexin V to
externalized phosphatidylserine. These data indicate that the CBD I mutant has an
increased ability to rescue TG treated HeLa over pUL37x1 wt, while CBD II mutant
shows little rescue. These data also suggest that HHB mutant expression may result in a

pro-apoptotic phenotype.
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demonstrated a decrease in Annexin V binding, with only 25% of cells expressing both
CBD I and YFP bound to Annexin V. These data further suggested a role for CBD I in
the inhibition of apoptosis, as was previously demonstrated through experiments that
examined the anti-apoptotic function of CBD I under the context of mitochondrial
induced apoptosis. However, it was shown that within HeLa cells expressing either the
HHB or the CBD II mutant, the presence of either mutant protein was not successful in
reducing Annexin V binding, as 81% of HHB expressing cells and 59% of CBD II
expressing cells bound Annexin V. These data demonstrate that the expression of either
pUL37x1 wt or the CBD I mutant results in an inhibition of ER stress induced apoptosis,
while neither HHB nor CBD II are capable of inhibiting this type of apoptosis induction.
Furthermore, HHB expression resulted in an increase in Annexin V binding (81%) over
that observed within YFP-alone expressing cells (66%). This suggests that not only is
HHB incapable of blocking apoptosis, but that it may in fact display a pro-apoptotic

function.

This experiment was then repeated to examine the statistical significance of
pUL37x1 rescue. The data were normalized and quantified as was previously described
within experiments that examined the effects of pUL37x1 wt and mutants towards
blocking mitochondrial apoptosis. The results of these experiments demonstrated
consistency, with both pUL37x1 and CBD I acting in an anti-apoptotic fashion, CBD II
not possessing any anti-apoptotic function, and HHB further demonstrating a pro-

apoptotic phenotype (Figure 12). The normalization of these data demonstrated that the
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Figure 12. Normalization and quantification of anti-apoptotic capabilities of
pUL37x1 wt and mutants following ER stress induced apoptosis in transfected HelLa
cells. The analysis of rescue from apoptosis induction examined within pUL37x1 wt and
mutant transfected HeLa cells treated with TG was repeated to demonstrated significance.
Results were normalized from each experiment by dividing the amount of Annexin V
binding within each experimental group by the amount and of Annexin V binding within
the YFP-alone transfected group. The normalized results were then averaged and results
were reported as the average of Annexin V binding for each experimental group. These
results further demonstrate the ER stress related apoptotic rescue capabilities of pUL37x1
wt and CBD I mutant, the inability of rescue within the CBD II mutant transfected cells,
and the potential pro-apoptotic phenotype within HHB transfected cells. Analysis is

shown as +/- SE (n =3, *p<0.05, unpaired student’s t-test.).
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levels of apoptosis that were seen within pUL37x1 wt-YFP expressing cells were only
54% of the total apoptosis observed within the YFP-alone expressing cells, while CBD I-
YFP expressing cells demonstrated only 50% of the apoptosis seen within YFP-alone
transfected cells. HHB expressing cells demonstrated 114% of the apoptosis observed
within YFP-alone expressing cells and CBD II expressing cells demonstrated 90% of the
apoptosis observed within YFP-alone transfected cells. These data further indicate that
anti-apoptotic functions exist for pUL37x1 wt and the CBD I mutant, while no apoptotic
inhibition occurs with the CBD II mutant, and a potential pro-apoptotic function could

exist for the HHB mutant.

To further examine the potential of pro-apoptotic activity displayed by mutants of
pUL37x1, apoptosis induction was examined by the binding of Annexin V to
externalized phosphatidylserine within transfected HeLa cells in the absence of any
apoptotic stimulus. HeLa cells were transfected with either YFP-alone, pUL37x1 wt-
YFP, or either the HHB-YFP, CBD I-YFP or CBD II-YFP mutants, and cells were then
harvested at 48 hpt for flow cytometry analysis of apoptosis induction as measured by
Annexin V binding (Figure 13). Analysis again was limited to YFP expressing cells, and
experiments were repeated, normalized and quantified as previously conducted. Lower
levels of apoptosis were measured within the untreated cells when compared to levels
previously seen with H,O, and TG treated cells, and the apoptosis that was observed was
attributed to the transient disruption of membrane integrity following transfection, as well
as the stimulation of ER stress induced apoptosis due to increased protein production

from the expression of transfected DNAs. The levels of Annexin V binding were
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Figure 13. Normalization and quantification of anti-apoptotic capabilities of
pUL37x1 wt and mutants within transfected untreated HeLa cells. The analysis of
rescue from apoptosis induction examined within pUL37x1 wt and mutant transfected
HeLa cells that remained untreated was repeated to demonstrate significance. Results
were normalized from each experiment by dividing the amount of Annexin V binding
within each experimental group by the amount and of Annexin V binding within the
YFP-alone transfected group. The normalized results were then averaged and results
were reported as the average of Annexin V binding for each experimental group. These
results further demonstrate the apoptotic rescue capabilities of pUL37x1 wt and CBD I
mutant, the inability of rescue within the CBD II mutant transfected cells, and the pro-
apoptotic phenotype within HHB transfected cells. Analysis is shown as +/- SE (n =3,

*p<0.05, unpaired student’s t-test.)
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decreased within both pUL37x1 wt-YFP and CBD I-YFP transfected cells, when
compared to YFP-alone transfected cells. The pUL37x1 wt-YFP expressing cells
displayed 44% of apoptosis observed in YFP-alone expressing cells, whereas CBD I
expressing cells demonstrated 47% of control levels of apoptosis. CBD II demonstrated
96% of apoptosis observed within YFP-alone expressing cells. However, there was a
significant increase in apoptosis over YFP-alone transfected cells within the HHB
expressing cells, demonstrating 142% of apoptosis compared with YFP-alone expressing
cells. These results further support a pro-apoptotic function for the HHB mutant during

potential times of transfection induced ER stress.

A8. Regulation of apoptosis by BADwt and BADsubUL37x1 within
infected HFF
To further examine the role that pUL37x1 plays in the blocking of apoptosis,
experiments were conducted under the context of infection that examined how the
absence of pUL37x1 would affect the survival of infected HFF. In order to conduct this
analysis a pUL37x1 mutant virus was used, BADsubUL37x1, and apoptosis induction
within BADwt and BADsubUL37x1 were compared by flow cytometry analysis of
Annexin V and PI binding. We hypothesized that in the absence of pUL37x1, HCMV

infection would result in a rapid induction of apoptosis within HFF cells.

The induction of apoptosis and the requirement of pUL37x1 towards blocking

apoptosis induction were assessed within HFF cells infected at an MOI of 1 pfu/cell with

BADwt or BADsubUL37x1. Following infection, HFF cells were harvested at 3 and 5
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dpi and examined for apoptosis induction by flow cytometry, through the analysis of
Annexin V binding to externalized phosphatidylserine, and the binding of PI to cellular
DNA (Figure 14).  Within mock infected HFF cells examined at 3 dpi, baseline levels
of apoptosis demonstrated 4.0% of cells binding Annexin V and 3.9% of cells binding
both Annexin V and PI. The BADwt infected group demonstrated 4.0% of cells binding
Annexin V and 4.4% of cells binding both Annexin V and PI at 3 dpi. However, within
the BADsubUL37x1 infected cells, 17% of the cells bound Annexin V and 7.8% of cells
were double positive for Annexin V and PI. At 5 dpi, the levels of baseline apoptosis
within mock infected cells remained similar to those observed 2 days prior, with 6.2% of
cells binding Annexin V and 4.4% of cells binding both Annexin V and PI. Apoptosis
levels within BADwt infected cells were also similar to analysis on 3 dpi, with 5.1% of
cells binding Annexin V and 4.4% of cells binding Annexin V and PI. However, the
levels of Annexin V binding within BADSubUL37x1 infected cells at 5dpi increased to
50% of cells, while 7.8% of cells bound both Annexin V and PI. These data
demonstrated that the expression of pUL37x1 during HCMV infection promotes the
inhibition of apoptosis, and in the absence of pUL37x1 apoptosis is induced within

HCMYV infected HFF cells at very late times of infection.
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Figure 14. Regulation of apoptosis by pUL37x1 within HFF infected with BADwt or
BADsubUL37x1. The contribution of pUL37x1 towards the regulation of apoptosis
within HFF cells was examined under the context of infection through the use of a
pUL37x1 mutant virus, BADsubUL37x1. HFF cells were mock, BADwt, or
BADsubUL37x1 infected at an MOI of 1 pfu/cell. Infected HFF cells were harvested at 3
and 5 dpi for analysis of apoptosis induction by flow cytometry, examining the binding of
Annexin V to externalized phosphatidylserine and the binding of PI to cellular DNA.
These data demonstrate that during infection of HFF with HCMV, apoptosis induction
only occurs in the absence of pUL37x1 expression. Analyses shown are the results of

one experiment, with no statistical analysis conducted.
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B. Investigating apoptosis induction within HCMV infected hNPC.

HCMV has classically been documented to display anti-apoptotic mechanisms
during infection in order to provide the virus with sufficient time for viral replication.
This is clearly beneficial to the virus, and within immunocompetent individuals can cause
little harm to the host. However, following congenital infection, numerous neurological
deficiencies can result, and based on observed morphological abnormalities, these
neurological disorders are attributed to the underdevelopment of nervous tissue. This
could further suggest that cell death may occur within the cells of the developing brain
following HCMV infection, altering the proper development of nervous tissue seen
within healthy individuals. We wanted to examine the ability of HCMV infection to
cause cell death within the cells that play an active role in forming the central nervous
system during development, including human neural stem cells and their committed
progenitors. We hypothesized that HCMV did in fact cause the death of neural stem and
progenitor cells within the developing brain, and furthermore, this occurred through a

controlled program of cell death initiated by the induction of apoptosis within the cell.

Bl1. HCMV temporal phase gene and protein expression within HCMV

infected hNPC.

HCMYV infection is characterized by three temporal phases of protein expression,
including IE, early, and late. We wanted to examine the kinetics of temporal protein
expression to establish that infection of hNPC with HCMV follows the classic viral life
cycle of temporal regulation of gene expression and protein production. In order to

determine the kinetics of temporal gene expression within HCMV infected hNPC, RNA

123



was isolated from HCMYV infected hNPC at various time-points following infection.
RNA was isolated from HCMYV infected cells at 2, 4, 8, 24, 48, and 72 hpi. Following
PCR of cDNA libraries produced from RNA isolated at those time-points, RNA was
detected for the immediate early gene UL37x1 as early as 2 hpi, which increased through

8 hpi (Figure 15 a.).

To examine whether HCMV infection of hNPC resulted in the expression of all of
the genes that encode the anti-apoptotic proteins that are produced by HCMV, in addition
to pUL37x1, PCR was conducted with cDNA from RNA isolated at 48 and 72 hpi using
gene specific primers for the amplification of UL36, UL37x3, UL38, IE 1 and 2, and the
functional RNA, 2.7 (Figure 15 b.). RNA was detected for all anti-apoptotic products
expressed by HCMV at 48 and 72 hpi. These data demonstrate the transcription of RNA
for the immediate early and early class of HCMV proteins, as well as the production of

RNA for all currently identified anti-apoptotic proteins expressed by HCMV.

Following the detection of RNA that encodes the immediate early and early class
of HCMV proteins, the kinetics of HCMV temporal class protein production were
examined. For these experiments, the expression of the immediate early protein
pUL37x1, the early protein pp65, and the true late protein pp28 were measured. HCMV
infected hNPC were lysed at 1-5 dpi, and western blotting was conducted with protein
lysates to demonstrate HCMV temporal protein production (Figure 16). The member of
the immediate early class of HCMV proteins, pUL37x1, was detected as early as 1 dpi,

and increased through 5 dpi. The early class of HCMV temporal proteins, specifically
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Figure 15. Kinetics of RNA transcript expression for HCMV temporal classes and
anti-apoptotic proteins in infected hNPCs under low oxygen conditions. To examine
the kinetics of HCMV IE gene expression, and the expression of anti-apoptotic genes
within HCMYV infected hNPC, RNA was isolated from HCMYV infected hNPC and RT-
PCR was conducted using gene specific primers. a). The hNPC were infected at an MOI
of 3 pfu/cell with BADwt. RNA was isolated from mock and HCMV infected hNPC at 2,
4, and 8 hpi and 1-5 dpi. cDNA libraries were produced by RT-PCR from RNA isolated
at 2, 4, and 8 hpi. UL37x1 gene expression was measured using standard PCR from
cDNA libraries with the use of UL37x1 gene specific primers. b.) hNPC were infected
at an MOI of 3 pfu/cell with BADwt. RNA was isolated from hNPC at 48 and 72 hpi, and
cDNA libraries were produced by RT-PCR. Anti-apoptotic genes were analyzed by
standard PCR, using gene specific primers to analyze RNA for UL36, UL37x3, UL38,
IE1, 1IE2, and the anti-apoptotic functional RNA $2.7. These data demonstrated the
production of the IE gene UL37x1, as well as the production of all genes encoding the

known HCMV anti-apoptotic products.
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Figure 16. Kinetics of HCMV IE, early, and true late protein expression within
HCMYV infected hNPC under low oxygen conditions. To examine the kinetics of
HCMYV temporal class protein production within HCMV infected hNPC under low (5%)
oxygen conditions, hNPC were infected with HCMV and Western blotting was
conducted with protein lysates collected at various time-points following infection.
hNPC were infected at an MOI of 3 pfu/cell with BADwt and total protein lysates were
collected at 1-5 dpi. Aliquots of 20 pg protein lysates were resolved by SDS-PAGE gel
electrophoresis. Cell lysates were analyzed by Western blot, using anti-pUL37x1 (DC35
Rabbit antiserum, 1:1000), anti-pp65 (Mouse IgG, 1:500), and anti-pp28 (Mouse IgG,
1:1000). These data demonstrate that HCMV infection of hNPC under low oxygen (5%)

conditions displays the classic temporal production of HCMV proteins.
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pp65, was detected by 2 dpi and continued to increase through 5 dpi. Finally, the
member of the true late class of proteins, pp28, was detected at 3 dpi, and its expression
increased through 5 dpi. These data demonstrate the production of all three phases of
HCMYV temporal protein expression within HCMV BADwt infected hNPC grown under
low oxygen conditions, and correspond with previous reports demonstrating the kinetics
of HCMV temporal protein expression under ambient conditions within HCMV Towne

infected hNPC [360].

B2. Production of HCMYV infectious progeny within BADwt infected

hNPC under low oxygen conditions.

HCMV infectious virion production has been shown to occur to varying degrees
within multiple cell types, including skin and lung fibroblasts [81], vascular endothelium
[82], macrophages [83] and dendritic cells [84]. In order to determine the ability of
hNPC grown under low oxygen (5%) conditions to produce infectious progeny, these
cells were infected with HCMV, and at various time-points following infection
supernatant was harvested for further analysis examining the presence of infectious
virion. Supernatants were tested for the presence of virus by examining their ability to
form plaques within indicator HFF cells (Figure 17). The amount of input virus that was
used to inoculate hNPC during infection was measured at a titer of 4.0 x 10° pfu/ml.
Following infection, the eclipse of this input viral load occurred with the viral titer within
the supernatant collected at 1 dpi measuring 3.0 x 10* pfu/ml, and then increasing to a

titer of 1.6 x 10* pfu/ml by 3 dpi. Virion production continued to increase and began to
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Figure 17. Production of infectious virion within HCMV infected hNPC under low
oxygen conditions. To examine the production of infectious HCMV progeny within
hNPC infected under low oxygen (5%) conditions, hNPC were infected and culture
supernatants were harvested at various time points and analyzed for the presence of
infectious HCMV virion by plaque assay. The hNPC were infected at an MOI of 1
pfu/cell with BADwt. Supernatants were collected at 1, 3, 5, 8, and 10 dpi. To conduct
plaque assays, various dilutions of hNPC supernatants were used to infect HFF indicator
cells and plaques were quantified at 14 dpi of HFF. Infectious titers were calculated
based on the following equation: (# plaques x serial dilution x 1/volume of inoculation) =
titer (pfu/ml). These data demonstrate the production of HCMV infectious progeny

within low oxygen (5%) cultured hNPC.
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plateau at 5 dpi with the viral titer within hNPC supernatants measuring 1.1 x 10> pfu/ml
and 9.0 x 10* pfu/ml at 8 dpi. Finally, virus production was shown to decrease at 10 dpi,
off of its peak at 5 dpi, with hNPC supernatant viral titers measuring 3.0 x 10* pfu/ml.
These data demonstrate that hNPC infected with laboratory strain BADwt grown under
low oxygen conditions are able to produce infectious HCMV progeny following
infection, and correspond with previous reports demonstrating the production of HCMV
infectious progeny under ambient oxygen conditions within HCMV Towne infected

hNPC [360].

B3.  Expression of neural stem and progenitor cell markers by hNPC.

Prior to analysis of apoptosis induction within HCMV infected hNPC it was
necessary to demonstrate that the culture was composed entirely of neural stem and
committed progenitor cells, and contained none of their fully differentiated derivatives.
This was done by conducting immunofluorescence analysis of hNPC. Cells were probed
with antibodies specific for proteins that are exclusively expressed within neural stem and
progenitor cell populations, including Nestin and Sox-2, which are used to confirm neural
precursor cell identity. It was demonstrated that all hNPC within our cultures expressed
the markers Nestin and Sox-2 (Figure 18). These data suggest that our cultures are
composed entirely of neural stem and progenitor cells, and do not contain any of their

fully differentiated derivatives.
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Figure 18. Expression of neural stem and progenitor cell markers by hNPC. In
order to establish that hNPC were composed primarily of neural stem and progenitor
cells, immunofluorescence analysis was conducted with markers used to distinguish
neural progenitors from their fully differentiated derivatives. hNPC were fixed and
probed with antibodies specific for Nestin and Sox-2. hNPC were then imaged on a Zeiss
LSM 510 laser scanning confocal microscope. These data demonstrate that hNPC
cultures grown under low oxygen (5%) conditions were composed of neural stem

progenitor cells.
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B4. HCMV induced morphological changes within infected hNPC under

low oxygen conditions.

We first wanted to examine if morphology changes occurred within hNPC cells
following infection with HCMV. Certain morphological hallmarks of apoptosis can be
identified following infection in vitro, such as cell shrinkage and cell rounding. The
hNPC were infected at an MOI of 3 pfu/cell and were examined at 5 dpi for
morphological changes within infected hNPC compared to uninfected cells (Figure 19).
Within the uninfected culture, hNPC maintained their structure with full extension of
processes, and retained their ability to adhere to a fibronectin matrix. However, within
the hNPC infected culture morphological changes were observed, which could suggest an
induction of apoptosis. Infected hNPC were observed to shrink and retract their
processes, as well as round up and enter into suspension, an indication that HCMV
infected cells lost their ability to adhere to the fibronectin matrix. The demonstration of
these morphological changes within HCMV infected cells, including cell shrinkage,
rounding, and loss of adherence, suggests that during the infection of hNPC with HCMV

apoptosis induction could occur.

B5. HCMV causes rearrangement of the F-actin cytoskeleton within
infected hNPC.

It has been previously established that HCMV infection results in a rapid

reorganization of the actin cytoskeleton [90], and furthermore this reorganization requires

the activity of pUL37x1 [107]. Based on these previous works, as well as our

observation that HCMV infection of hNPC results in the loss of properties required to
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Figure 19. Morphological changes in HCMV infected hNPC under low oxygen
conditions. Alterations in the morphology of hNPC were observed following HCMV
infection. The hNPC were either uninfected or infected with BADwt at an MOI of 3
pfu/cell. Cells were fixed at 5 dpi and analyzed by light microscopy for changes in the
morphology of HCMYV infected cells. The morphological alterations observed included
the rounding of cells, the retraction of processes, and the loss of adherence, which could

suggest an induction of apoptosis.
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maintain adherence to a fibronectin matrix, we sought to examine whether HCMV

infection of hNPC resulted in the rearrangement of the actin cytoskeleton.

In order to examine the structure of the actin cytoskeleton within HCMV infected
hNPC, cells were infected with HCMV and immunofluorescence analysis was conducted
to visualize the actin cytoskeleton. hNPC were either uninfected or infected with BADwt
at an MOI of 3 pfu/cell and were analyzed by confocal microscopy following staining for
filamentous actin (Red) and pUL37x1 (Green) (Figure 20). Within the uninfected hNPC
cultures at 48 hpi, the structure of the F-actin cytoskeleton demonstrated clear actin stress
fibers throughout the cytoplasm, as well as the extension of actin stress fibers throughout
the cell projections. However, when analyzing the actin cytoskeleton within hNPC
infected cells at 48 hpi it was observed that the cells had rounded, and the actin
cytoskeleton had collapsed with little detectable actin stress fibers within the cytoplasm.
This phenotype occurred only within infected cells, which was established through the
presence of pUL37x1 as indicated by cells that contained the green colored stain. In
addition, it appeared that the actin remained associated with the plasma membrane, with

the appearance of bundles of actin that were visualized around the plasma membrane.

The observation of the actin cytoskeleton at 72 hpi provided similar results as
shown at 48 hpi. Uninfected hNPC maintained their actin cytoskeleton structure, with
the presence of actin stress fibers throughout the cytoplasm and extension into cell
processes. Furthermore, the actin cytoskeleton continued to rearrange within HCMV

infected hNPC, with the cells taking on a rounded shape and bundles of actin forming
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Figure 20. Actin cytoskeleton rearrangement within HCMV infected hNPC.
Rearrangement within the F-actin cytoskeleton was observed within HCMV infected
hNPC. hNPC were either uninfected of infected with BADwt at an MOI of 3 pfu/cell.
hNPC were fixed at 48 and 72 hpi, and immunofluorescence analysis was conducted to
observe the actin cytoskeleton within hNPC. Fibrous actin filaments were stained with
Phalloidin-Alexa Fluor’®, while pUL37x1 proteins were probed with MAb 4B6B to
mark HCMV infected cells. hNPC were then imaged on an Zeiss LSM 510 laser
scanning confocal microscope. These data demonstrate the rearrangement of the F-actin

cytoskeleton in hNPC following infection with HCMV at both 48 and 72 dpi.
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along the plasma membrane. In addition, within the HCMV infected culture was
observed an uninfected cell which served as an internal control. This cell, which did not
contain positive staining for pUL37x1, maintained its actin cytoskeletal structure, with
actin stress fibers visible throughout the cytoplasm. These results demonstrated that
following infection of hNPC with HCMV, the actin cytoskeleton underwent
rearrangement and stress fibers within the cytoplasm dissolved and completely associated

with the plasma membrane.

B6. HCMV infection of hNPC under low oxygen conditions causes

induction of apoptosis.

Analysis of apoptosis by flow cytometry with Annexin V and PI staining not only
allows for the examination of the specific type of cell death that is occurring, whether it
be apoptosis or necrosis, it also allows for one to determine the status of cell death
progression. It will allow for the detection of viable cells (AV", PI'), non-apoptotic cell
death (AV", PI"), as well as early stage apoptosis (AV", PI') and late stage apoptosis

(AV", PI).

In order to establish the phenotype we would observe during Annexin V and PI
staining by flow cytometry that would indicate hNPC apoptosis, we first sought to induce
apoptosis within uninfected hNPC. This was conducted by administering the apoptosis
inducer STS, which has been previously shown to be a non-competitive kinase inhibitor
that is capable of inducing apoptosis within neurons [361]. Following treatment with

STS, apoptosis induction was measured by flow cytometry. The hNPC were treated with
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0.5 uM STS and harvested at 24 hr following treatment for analysis of Annexin V
binding to externalized phosphatidylserine and PI binding to cellular DNA (Figure 21).
Harvested hNPC were either unstained or stained with both Annexin V and PI. It was
demonstrated that following 24 hr of treatment with 0.5 uM STS, 24% of hNPC bound
Annexin V, while 74% of hNPC bound both Annexin V and PI. These data demonstrate
that STS induction of apoptosis within hNPC results in the up-regulation of an Annexin

V and PI positive population.

In order to address the controversy concerning the induction of apoptosis within
hNPC by HCMYV infection, apoptosis was measured within HCMV infected hNPC grown
under low oxygen conditions at various time-points following infection with HCMV.
The hNPC were either mock or BADwt infected at an MOI of 3.0 pfu/cell, and cells were
harvested at 5 and 13 dpi for analysis by flow cytometry, measuring the binding of
Annexin V and PI (Figure 21). Within the mock infected cultures examined at 5dpi,
Annexin V bound to 5.7% of cells, while both Annexin V and PI were bound to 3.6% of
cells. Within BADwt infected cells examined at 5 dpi, the binding of Annexin V alone
occurred within 4.9% of cells, while the binding of both Annexin V and PI occurred
within 26% of cells. This amounted to over a 20% increase in the binding Annexin V
and PI to BADwWt infected cells when compared to mock infected hNPC. The binding of
Annexin V and PI further increased at 13 dpi when mock and BADwt infected hNPC
were examined by flow cytometry. At 13 dpi, mock infected cells exhibited little change
in the binding of Annexin V and PI when compared to the levels observed at 5 dpi, with

2.4% of cells binding Annexin V alone, and 4.4% of cells binding both Annexin V and
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Figure 21. Apoptosis induction within HCMV Infected hNPC cultured under low
oxygen conditions. To examine the induction of apoptosis within HCMV infected hNPC
cultured under low oxygen (5%) conditions, hNPC were infected with HCMV and
analyzed at various time-points by flow cytometry for apoptosis induction. Uninfected
cells were treated with 0.5 uM Staurosporine for 24 hr to establish a positive control for
apoptosis induction. hNPC were mock or BADwt infected at an MOI of 3 pfu/cell.
hNPC were harvested at 5 and 13 dpi and analyzed for cell death by flow cytometry,

staining with Annexin V-APC and PL
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PI. However, within the BADWt infected cells that were examined at 13 dpi, the binding
of Annexin V alone occurred within 11% of hNPC, while the binding of both Annexin V
and PI was shown to occur within 81% of cells. This amounted to over a 75% increase
in the binding of Annexin V and PI to BADwt infected cells when compared to mock
infected hNPC. These data demonstrate that the induction of apoptosis occurs within

hNPC infected with HCMYV as early as 5 dpi and continues to increase through 13 dpi.

The previous experiment was repeated, with the normalization and quantification
of cell death conducted as previously described within Hela apoptosis assays. The
hNPC were either mock or BADwt infected at an MOI of 3 pfu/cell, and cells were
harvested at 5 and 13 dpi for analysis by flow cytometry, staining with Annexin V and PI
(Figure 22 a.). At 5 dpi, the viable population of cells (AV/PI') within the mock
infected group was 87%, while the HCMV infected viable cell population decreased to
68%. Cells within the non-apoptotic cell death quadrant (AV'PI") were less than 1.0%
for both mock and HCMV infected populations, at 0.5% and 0.7% respectively. Early
apoptosis (AV'/PI') analysis of mock infected cells demonstrated 7.5% of cells binding
Annexin V alone. The examination of early apoptosis within BADwt infected hNPC at 5
dpi showed 8.1% of cells binding Annexin V alone. However, the major difference
observed at 5 dpi was seen within the late stage apoptosis quadrant (AV'/PI"), with only
4.6% of mock infected cells binding both Annexin V and PI, while 22% of BADwt
infected cells were positive for both markers. These data suggest that apoptosis induction

had proceeded to the late phase by 5 dpi within BADwt infected hNPC.
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Figure 22. Quantification of apoptosis within BADwt infected hNPC. To examine
the induction of apoptosis within HCMV infected hNPC cultured under low oxygen (5%)
conditions, hNPC were infected with hNPC and analyzed at various time-points by flow
cytometry for apoptosis induction. a.) hNPC were infected with BADwt at an MOI of 3
pfu/cell. The induction of apoptosis was examined by flow cytometry through the binding
of Annexin V and PI. Apoptosis was analyzed in three independent experiments, with
the results of each experiment averaged based on the population of cells in each quadrant
(AV/PT, AV/PI', AV'/PI', and AV'/PI"). Analysis is shown as +/- standard error of the
means (SEM) (n =3, *p<0.05, unpaired student’s t-Test). b.) Total Annexin V'
populations were determined by combining populations of Annexin V'/PI" and Annexin
V'/PI" cells. These data demonstrate the induction of apoptosis within HCMV infected
hNPC cultured under low oxygen (5%) conditions at 5 and 8 dpi. Analysis is shown as

+/- SEM (n =3, *p<0.05, unpaired student’s t-test).
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The examination of mock and HCMV infected cells at 13 dpi demonstrated
similar results (Figure 22 a.). Within BADwt infected cells analyzed at 13 dpi, we
observed a further decrease in cell viability, and an increase in early and late apoptosis
when compared to mock infected cells. Within the mock infected hNPC, there was a
high level of viability, with viable cells amounting to 90% of the total population of mock
infected hNPC. However, within the BADwt infected population of cells, the viable
quadrant amounted to only 22% of HCMYV infected cells. Non-apoptotic cell death still
remained low for both the mock and BADwt infected groups, with 0.7% of mock cells
and 0.8% of BADwt infected cells binding PI alone. However, within the early apoptosis
quadrant the amount of BADwt infected cells increased to 11%, while the mock infected
cells within the early stage apoptosis quadrant remained low, with only 4.4% of cells
binding Annexin V alone. Furthermore, the largest difference in apoptosis induction
observed between mock and HCMV infected cells was again shown to occur within the
late stage apoptosis quadrant. Only 4.1% of mock infected cells analyzed at 13 dpi
demonstrated binding of both Annexin V and PI. However, within the BADwt infected
cells, the levels of late apoptosis had increased, with 66% of cells binding both Annexin
V and PI. These data demonstrate an induction of apoptosis within HCMV infected

hNPC that progressed towards late apoptosis by 5 dpi, and increased through 13 dpi.

To further examine the induction of apoptosis, the analysis of total Annexin V"
cells was conducted. This involved combining the AV'/PI" and the AV'/PI" groups into
one value that indicated the total Annexin V' cells (Figure 22 b.). It was demonstrated

that at 5 dpi there was a 27% increase in Annexin V' cells within the BADwt infected
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group when compared to mock infected cells. There were a total of 12% of mock
infected cells that were Annexin V' at 5 dpi, while there were a total of 30% of BADwt
infected cells that were Annexin V'. This difference increased to 65% by 13 dpi, with
12% of mock infected cells binding Annexin V and 77% of HCMYV infected cells binding
Annexin V. These data further demonstrate the induction of apoptosis within HCMV

infected hNPC.

B7.  Kinetics of BADsubUL37x1 virus temporal protein expression.

pUL37x1, or vMIA, is the major anti-apoptotic protein produced during HCMV
infection, and has been shown to display its anti-apoptotic activity through the
sequestering of the cellular pro-apoptotic protein Bax at the mitochondrial membrane [31,
33,362]. To determine the contributions of pUL37x1 towards the regulation of apoptosis
in the context of HCMV infected hNPC, we examined infection of hNPC using a

pUL37x1 mutant virus, BADsubUL37x1 [107].

The kinetics of temporal protein expression were measured following
BADsubUL37x1 infection of hNPC, and were compared to that of BADwt temporal
protein expression kinetics. BADSubUL37x1 infection demonstrated delayed kinetics
compared to BADwt with each class of viral proteins, IE, early, and late appearing at later
time-points following infection than was observed with the wt virus (Figure 23). IE1
and 2 were detected at 24 hpi within BADwt infected hNPC, while they were not detected
until 3 dpi within BADsubUL37x1 infected hNPC. Early protein, pp65, was detected as

early as 3 dpi within BADwt infected hNPC, and was not seen until 5 dpi within
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Figure 23. Kinetics of BADwt and BADsubUL37x1 temporal phase protein
production. To compare the kinetics of BADwt and BADsSubUL37x1 temporal protein
production within hNPC cultured under low oxygen (5%) conditions, hNPC were
infected and Western blots were conducted with protein lysates collected at various time-
points after infection. The hNPC were infected at an MOI of 1 pfu/cell with BADwt or
BADsubUL37x1. Total protein lysates were collected at 1-5 dpi following infection. 20
ug of protein lysates were resolved by SDS-PAGE gel electrophoresis. Cell lysates were
analyzed by Western blot, using anti-IE1/2 (Mouse IgG2a, 1:500), anti-pUL37x1 (DC35
Rabbit antiserum, 1:1000), anti-pp65 (Mouse IgG, 1:500), and anti-pp28 (Mouse IgG,
1:1000). These data demonstrate delayed kinetics of BADSubUL37x1 protein production

when compared to those of BADwt.
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BADsubUL37x1 infected hNPC. Finally, true late protein, pp28, was detected at 5 dpi
within BADwt infected cells, while this protein was not detected as late as 5 dpi within
mutant infected hNPC. In addition, the IE protein pUL37x1 was seen at 24 hpi within
BADwt infected hNPC, while it was not detected within BADsubUL37x1 infected cells,
demonstrating the loss of pUL37x1 expression by the mutant virus. These data

demonstrated delayed kinetics of temporal class protein expression within

BADsubUL37x1 infected hNPC.

B8. Production of infectious progeny in BADsubUL37x1 infected hNPC.

To further examine BADsubUL37x1 infection of hNPC, the production of
infectious progeny was measured by plaque assay with BADSubUL37x1 infected hNPC
supernatants. hNPC were infected with BADsubUL37x1 at an MOI of 1.0 pfu/cell and
supernatants were collected at various time-points following infection.  These
supernatants were then used at various dilutions to infect indicator HFF cells to measure
the amount of infectious virions produced in hNPC infected by BADSubUL37x1 through
the quantification of plaque formation (Figure 24). The amount of input virus that was
used to inoculate hNPC during infection was measured at a titer of 4.0 x 10° pfu/ml.
Following infection, the eclipse of this input viral load occurred with the viral titer within
the supernatant collected at 1 dpi measuring 2.7 x 10" pfu/ml, and then increasing to a
titer of 6.5 x 10° pfu/ml by 3 dpi. Virion production continued to increase as the viral
titer within ANPC supernatants measured 2.5 x 10* pfu/ml at 5 dpi and 8.2 x10* pfu/ml by

7 dpi. These data demonstrate that BADSubUL37x1 is capable of producing infectious
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Figure 24. Kinetics of BADsubUL37x1 infectious progeny production within
infected hNPC. To examine the production of infectious BADsubUL37x1 progeny
within hNPC infected under low oxygen (5%) conditions, hNPC were infected and
culture supernatants were harvested at various time-points and analyzed for the presence
of infectious HCMV virion by plaque assay. The hNPC were infected at an MOI of 1
pfu/cell with BADsubUL37x1 and hNPC supernatants were collected at 1, 3, 5, and 7
dpi. To conduct plaque assays, various dilutions of hNPC supernatants were used to
infect HFF indicator cells and plaques were quantified at 14 dpi of HFF. Infectious titers
were calculated based on the following equation: (# plaques x serial dilution x 1/volume
of inoculation) = titer (pfu/ml). These data demonstrated the production of infectious

progeny following the infection of hANPC with BADsubUL37x1.
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progeny within infected hNPC at levels that are similar to those observed within hNPC

infected with BADwt.

B9.  Apoptosis induction within BADsubUL37x1 infected hNPC

In order to determine the contributions of pUL37x1 towards the regulation of
apoptosis within infected hNPC, apoptosis induction was compared within mock, BADwt
and BADsubUL37x1 infected hNPC. The hNPC were infected with either mock, BADwt

or BADsubUL37x1 and analyzed for viability and for apoptosis induction.

The viability of mock, BADwt, and BADsubUL37x1 infected hNPC was
analyzed at 5, 8, and 12 dpi to determine whether the presence of pUL37x1 affects hNPC
cell survival when compared to mock infected cells. The hNPC were infected with either
mock, BADwt, or BADsubUL37x1 at an MOI of 1.0 pfu/cell. Cells were harvested at 5,
8, and 12 dpi and viable cell counts were conducted with trypan blue exclusion dye
(Figure 25). Approximately 96% of total mock infected cells were viable at 5 dpi. This
number decreased for both BADwt and BADsubUL37x1 infected cells, with BADwt
infected cells demonstrating 81% viability, and BADsubUL37x1 infected cells

demonstrating 87% viability.

The viability of HCMV infected cells continued to decrease by 8 dpi within both
BADwt and BADsubUL37x1. Mock infected cells demonstrated 95% viability at 8 dpi,
while BADwt infected cells were only 47% viable and BADsubUL37x1 infected cells

were 62% viable. Finally by 12 dpi, the large majority of HCMV infected cells
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Figure 25. Viability of BADwt or BADsubUL37x1 infected hNPC. To examine the
viability of BADsubUL37x1 infected hNPC in comparison to BADwt infected hNPC
viability, hNPC were infected and viable cell counts were conducted at various time-
points following infection. The hNPC were mock, BADwt, or BADsSubUL37x1 infected
at an MOI of 1 pfu/mL. Cells were harvested at 5, 8, and 12 dpi and analyzed for cell
viability by conducting cell counts with trypan blue viable cell exclusion dye. Viable cell
counts were conducted at each time-point, prior to re-suspension of hNPC to 1x10°
cells/ml and staining with AV and PI. Analysis is shown as +/- SEM (n=3), with no
statistical differences observed between hNPC infected with either BADwt or

BADsubUL37x1.
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were non-viable. Mock infected cells examined at 13 dpi demonstrated consistent high
levels of viability with 95% of cells being viable. However, cell death had increased to a
large majority of infected hNPC with only 6.6% of BADwt infected cells demonstrating
viability, and 20% of BADsubUL37 infected cells being viable. These data demonstrate
that cell death occurs within hNPC infected with either BADwt or BADSubUL37x1.
There was no significant difference in viability observed between BADwt and

BADsubUL37x1 infected hNPC.

Following the analysis of cell wviability within mock, BADwt, and
BADsubUL37x1 infected hNPC, flow cytometry was conducted using the binding of
Annexin V and PI to evaluate the induction of apoptosis. At 5 dpi (Figure 26 a.), the
viable quadrant (AV/PI') within mock infected cells contained 91% of total cells. This
level was decreased within both BADwt and BADsubUL37x1 infected groups. At 5 dpi,
73% of cells were negative for both Annexin V and PI, while 80% of hNPC infected with
BADsubUL37x1 were also negative for both markers. The non-apoptotic cell death
quadrant (AV/PT") was low for mock, BADwt, and BADsubUL37x1 infected hNPC,
with 0.3%, 0.6%, and 0.4% binding of PI alone respectively. Within the early apoptosis
quadrant (AV'/PI'), 4.2% of mock infected cells were positive for Annexin V alone,
while 2.1% of BADwt infected cells and 10% of BADsubUL37x1 infected cells bound
Annexin V alone. However, the largest difference in apoptosis induction at 5 dpi was
again seen to occur within the late apoptosis quadrant (AV'/PI"). Only 4.7% of mock
infected cells bound both markers, while 13% of BADwt and 9.5% of BADsubUL37x1

infected cells bound both Annexin V and PI.

159



Figure 26. Quantification of apoptosis induction within BADwt or BADsubUL37x1
infected hNPC. To examine the induction of apoptosis within BADsubUL37x1 infected
hNPC in comparison to BADwt infected hNPC, hNPC were infected and apoptosis
measured at various time-points following infection. The hNPC were mock, BADwt, or
BADsubUL37x1 infected at an MOI of 1 pfu/cell. Cells were harvested at 5, 8 and 12
dpi and analyzed for apoptosis by flow cytometry. The hNPC were resuspended to a
final concentration of 1x10° cells/m. Apoptosis induction was analyzed in three
independent experiments. Viable cells (AV/PI’), non-apoptotic cell death (AV",PI"),
early apoptosis (AV'/PI'), and late apoptosis (AV'/PI") were examined at 5 dpi (a.), 8 dpi
(b.), and 12 dpi (c.). Analysis is shown as +/- SEM (n =3, *p<0.05, unpaired student’s t-

test.)
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Analysis of apoptosis induction at 8 dpi showed further increases in apoptosis
within HCMV infected cells when compared to mock infected hNPC (Figure 26 b.). The
analysis of mock infected cells at 8 dpi demonstrated the maintenance of cell viability,
with 92% viable cells. However, cell viability continued to decrease within both BADwt
and BADsubUL37x1 infected cells. Only 41% of BADwt infected cells and 55% of
BADsubUL37x1 infected cells were viable. Non-apoptotic cell death remained low for
all infected groups, with 0.3% of mock, 0.5% of BADwt, and 1.0% of BADsubUL37x1
infected cells binding PI alone. The analysis of early apoptosis at 8 dpi remained
consistent with values observed at 5 dpi, with moderate increases seen within both
BADwt and BADsubUL37x1 infected cells. Binding of Annexin V alone occurred
within only 3.7% of mock infected cells, while 6.1% of BADwt infected cells and 9.6%
of BADsubUL37x1 infected cells were bound to Annexin V alone. Again, the most
striking differences observed in the induction of apoptosis at 8 dpi when comparing mock
infected cells with HCMV infected cells occurred within the analysis of the late apoptosis
quadrant. Only 3.7% of mock infected cells were observed to bind both Annexin V and
PI, while 52% of BADwt infected cells and 34% of BADsubUL37x1 infected cells were

positive for both markers.

Finally, analysis of all infected groups at 13 dpi continued to demonstrate
decreases in cell viability and increases in apoptosis induction when comparing mock and
HCMV infected cells (Figure 26 c.). Mock infected cells continued to maintain a high
level of viability at 13 dpi, with 90% of cells negative for both Annexin V and PI.

However, the viability of both BADwt and BADsubUL37x1 infected cells continued to
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decrease through 13 dpi, where non-viable cells accounted for the vast majority of the
population, with only 4.5% of BADwt and 12% of BADsubUL37x1 infected cells
negative for both Annexin V and PI binding. There was still very little non-apoptotic cell
death within any of the infected groups, as 0.5% of mock, 0.4% of BADwt and 0.8% of
BADsubUL37x1 infected cells bound PI alone. There were slight increases in the early
apoptosis quadrant within HCMV infected hNPC. Approxiamately 5.4% of mock cells
infected cells bound Annexin V alone, while 6.7% of BADwt and 11% of
BADsubUL37x1 infected cells were positive for Annexin V alone. Finally, the
differences in late apoptosis amongst the mock and HCMV infected group remained the
highest. Only 4.7% of mock infected cells were positive for both Annexin V and PI,
while 89% of BADwt infected cells and 76% of BADsubUL37x1 infected cells were

positive for both markers.

These data further demonstrate that infection of hNPC with HCMV will lead to
the induction of apoptosis. However, they provide no indication that the presence of
pUL37x1 acts in an anti-apoptotic fashion within HCMV infected cells. These data could
suggest a delay of apoptosis induction and/or progression to late stages of apoptosis due
to the absence of pUL37x1, or they could also suggest a delay in the progression of the
viral life cycle, as pUL37x1 also plays a role in the transactivation of early proteins
required for the initiation of viral genome replication. These data do indicate that the
expression of pUL37x1 by HCMV does not protect cells from apoptosis induction.

Moreover, these data suggest that neither the absence nor the presence of pUL37x1
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expression during infection will affect the induction of apoptosis within BADsubUL37x1

infected hNPC.

B10. Co-localization of pUL37x1 with mitochondria in transfected hNPC.

To further study the functional role of pUL37x1 within hNPC, the localization of
this viral protein to the mitochondria was examined. hNPC were either untransfected or
transfected with the pUL37x1 wt-YFP encoding vector. Cells were then fixed at 24 hpt
and mitochondria were stained with MitoTracker Red, followed by confocal microscopy
analysis to determine whether pUL37x]1 traffics to the mitochondria within hNPC. It was
demonstrated that pUL37x1 does in fact traffic within hNPC to the mitochondria (Figure
27). This was demonstrated by the visualization of the yellow color which occurred due
the co-localization of signals from pUL37x1 (green) and mitochondria (red). These data
suggest that although pUL37x1 expression may not be sufficient enough to prevent
apoptosis induction within HCMV infected hNPC, the protein is still properly trafficked
to a mitochondrial sub-cellular location, which has been observed in other cell types,

such as HFF cells.
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Figure 27. Colocalization of pUL37x1 and mitochondria in transfected hNPC. NPC
were either untransfected or transfected by lipofection with vector expressing pUL37x1.
Cells were fixed and stained at 24 hpt with Mab4B6B for the detection of pUL37x1
(Green) and MitoTracker (Red). The colocalization of pUL37x1 with mitochondria is
indicated by the presence of the yellow color within the merge in image on the far right
of the bottom panel. These data demonstrate that within hNPC pUL37x1 is trafficked to

the mitochondria.
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Chapter 4: Discussion

A. pUL37x1 and ER and mitochondrial apoptosis

Apoptosis is a mechanism that is regulated at many levels, including Ca**
homeostasis within the cytoplasm and various organelles, the production of ROS, and the
induction of various forms of intracellular stress, which can occur at numerous locations
within the cell, including the ER and the mitochondria. The major findings of these
studies include the ability of pUL37x1 to inhibit apoptosis following the stimulation of
ER stress, in addition to the verification of pUL37x1’s known ability to display anti-
apoptotic function towards the initiation of apoptosis induced at the mitochondria. The
regulation of apoptosis through the activity of pUL37x1 examined within this study
demonstrates the multifaceted role of this viral protein in regulating cell survival for the
facilitation of HCMV’s prolonged viral life cycle. This study provides new information
for the field of HCMV pathology, regarding the capabilities of pUL37x1 to act on
cellular ER stress pathways for the inhibition of apoptosis. These studies also provide
insight into the complexity of apoptosis induction within the cell, by providing a
mechanism by which HCMV can regulate the communication between the ER and the

mitochondria for the regulation of apoptosis.

Al. The mitochondrial associated ER membrane: a link between the ER, the

mitochondria, and apoptosis

Communication between the ER and the mitochondria occurs through what is
known as the mitochondrial associated ER membranes (MAM). These membranes serve

as a junction for connecting the two organelles, and they provide a system for the
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integration of signals through the transport of proteins, lipids, and other signaling
molecules such as Ca®", for the regulation of signal transduction and metabolic pathways
occurring within the mitochondria [363]. The MAM has been implicated in the
regulation of cell survival through its role in the control of apoptosis. This occurs
through the regulation of Ca®" signaling from the ER to the mitochondria. Previous work
has demonstrated that upon the use of TG to induce ER stress, a slow sustained increase
in the concentration of Ca®" within the mitochondria will result [364, 365]. Furthermore,
within neurons, it was demonstrated that treatment with TG resulted in the up-regulation
of the BH3 only protein PUMA in an ATF-4 dependent fashion, the up-regulation of
ATF-4 production, and the activation of caspase-3 [302]. These data, as well as other
work demonstrating that ATF-4 is involved in the up-regulation of genes involved in the
repression of Bel-2 expression [301], serve to link ER stress induced apoptosis with the
permeabilization of the mitochondria. In addition, the link between the induction of ER
stress and mitochondrial apoptosis provide an explanation for the similarities in results

observed in our experiments that analyzed pUL37x1 mutant effects on apoptosis.

Calpains are a family of Ca®" dependent cysteine proteases that are involved in
the induction of ER stress related apoptosis [366]. The protease m-calpain has been
implicated in the induction of apoptosis through its cleavage of caspase-12 and its
conversion of Bel-xL from anti-apoptotic to pro-apoptotic function through the cleavage
of its loop region [359]. This protein received its name based on the requirement of
millimolar concentrations of Ca>" for activation. Furthermore, the absence of calpain

expression leaves cells resistant to TG stimulated ER stress-induced apoptosis, as calpain
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knock out cells have demonstrated an inability to activate both caspase-12 and JNK
[367]. The requirement for such high concentrations of Ca** within the cytoplasm for the
activation of m-calpain [368] demonstrates how the release of intracellular Ca®" from the
ER through the induction of ER stress, and subsequently from the mitochondria through

the induction of MOMP, is critical for apoptosis.

The buildup of Ca*" within the mitochondria occurs through the transfer of Ca**
from the ER through the MAM directly to the mitochondria. However, induction of ER
stress also mobilizes ER Ca®" stores into the cytoplasm. Once Ca®" builds up to a
particular threshold within the cytoplasm, it can activate calcium/calmodulin-dependent
protein kinase IT (CAMKII), which is essential for the uptake of Ca®" from the ER to the
mitochondria [364]. This study also demonstrated that in addition to inducing apoptosis
by increasing ER to mitochondrial Ca®" efflux, CAMKII also contributes to apoptosis
induction by the activation of JNK, and STAT-1. Furthermore, there is also evidence
demonstrating that the release of ER Ca®" stores into the cytoplasm following TG
treatment provides a mechanism for the propagation of apoptosis and MOMP, as the
release of cytochrome € from the mitochondria has been shown to act upon ER
membrane IP3R-1 to mobilize Ca”" stores from the ER lumen [369, 370]. We provide a
model that highlights the mechanisms linking interactions between the ER and the

mitochondria leading to apoptosis (Figure 28).
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Figure 28. TG stimulated ER stress induced apoptosis linked to the mitochondria
through the regulation of Ca** signaling. The induction of ER stress by treatment with
TG will lead to a decrease in the Ca>" concentrations within the ER lumen [Ca2+]ER and a
subsequent increase in cytoplasmic calcium concentrations [Ca*"]. and mitochondrial
Ca®" concentrations [Ca’']y. Increases in [Ca*']. lead to the activation of CAMKII,
which is essential for mediating the transfer of Ca®* from the ER to the mitochondria.
Increases in [C212+]m lead to the swelling of the mitochondrial matrix and the induction of
MOMP, as well as an increase in the conversion of O, to H,O, through the Ca**
dependent activation of superoxide dismutase. The permeabilization of the outer
mitochondrial membrane will cause the release of apoptosis mediating factors such as
cytochrome ¢, H,O,, and Ca*". Cytochrome ¢ mediates apoptosis through the activation
of caspase-3, while H,O, release results in oxidative stress induced apoptosis. The
release of Ca®" from the mitochondria following MOMP will lead to further increases in
[Ca*]., and this contributes to the induction of apoptosis through the activation of Ca**
dependent proteases known as calpains, which result in the activation of caspase-12. In
addition, TG stimulated ER stress also results in the transactivation of ATF-4 responsive
elements such as the pro-apoptotic PUMA, as well as repressors of anti-apoptotic Bcl-2

expression.
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In addition to regulating mitochondrial Ca** concentrations by facilitating the
trafficking of ER Ca®" stores to the mitochondria, the production of the lipid ceramide
and its trafficking to the mitochondria has also been shown to occur within the MAM
[371]. Increases in the production of ceramide result in the induction of apoptosis, as
ceramide forms stable channels within the outer mitochondrial membranes in a manner
that contributes to MOMP [372]. Ceramide synthesizing enzymes are present within the
MAM, providing an alternative mechanism for production of these apoptosis inducing
lipids outside of their de novo synthesis in the mitochondria, and the MAM based
production of these lipids can result in the production of functional ceramide channels

that will release pro-apoptotic factors from the mitochondria [373].

A2. Apoptosis induction through related mitochondrial and ER stress

mechanisms.

There are multiple integrated pathways for the induction of apoptosis within the
cell directed by stress from the mitochondria and the ER. Oxidative stress, for example,
can occur through the release of oxidants, namely H,O,, from the mitochondria into the
cytoplasm. Our data demonstrate that the presence of H,O; at a concentration of 1 mM
within the cell can result in the induction of apoptosis. The conversion of O,  to H,O; in
the mitochondria occurs through the activity of superoxide dismutase, which relies on
Ca®" dependent dephosphorylation for its activity [374]. Ca>" can also contribute to the
induction of apoptosis by additional mechanisms acting through oxidative stress. As
previously mentioned, the generation of oxidants by the mitochondria occurs following

the reduction of oxygen species during the production of ATP by the electron transport
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chain and oxidative phosphorylation. Furthermore, the power to drive the electron
transport chain comes from the production of the electron donor NADH during the citric
acid cycle within the mitochondria and involves the activity of numerous Ca** dependent
enzymes. There are three critical enzymes that are involved in the citric acid cycle that
require Ca®’, including pyruvate dehydrogenase, which requires a mechanism of Ca*"
dependent dephosphorylation for its activation, and o-ketoglutarate and isocitrate
dehydrogenases, which are directly activated by Ca*". This provides a link between the
production of oxidative stress and an increase in metabolic activity through the presence

of high concentrations of Ca** within the mitochondria.

Our work has also demonstrated that the dysregulation of Ca®" homeostasis within
the ER through the use of the SERCA Ca*" pump inhibitor, TG, also results in the
induction of apoptosis. The difference in apoptosis levels observed when cells were only
treated with TG, versus when cells were both transfected and treated with TG could also
explain how cytoplasmic Ca®" levels in the mitochondria contribute to apoptosis
induction. The over-production of proteins within the ER, often a result of transfection,
can exceed the ability of this organelle to meet protein folding demands, initiating UPR,
leading to the induction of apoptosis [375]. The integration of ER stress signals from the
depletion of Ca’" with ER stress signals from protein over-production from the

abundance of transfected DNAs could provide a synergistic effect for inducing apoptosis.
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A3. pUL37x1 trafficking between the ER and the mitochondria through the

MAM, incorporation into ER lipid rafts, and the regulation of mitochondrial

apoptosis

As previously mentioned the major anti-apoptotic protein expressed by HCMV,
pUL37x1, or vMIA, is expressed in the cytoplasm and is sequentially trafficked to the ER
and mitochondria [329, 352, 353]. We have shown that upon stimulation of
mitochondrial apoptosis induction, pUL37x1 plays an important role in maintaining high
levels of cell viability and also promoting the rescue of cells from apoptosis induction.
Our data demonstrate that the mutation of the mitochondrial targeting signal present
within the leader sequence of pUL37x1, specifically increasing the hydrophobicity to
block pUL37x1 trafficking to the mitochondria [329], will result in a decrease in cell
viability, and the partial loss of ~ 50% of its anti-apoptotic activity, as shown with the
HHB mutant. These results suggest that the primary role of pUL37x1’s ability to inhibit
apoptosis occurs at the mitochondrial membrane. This is further supported by works
demonstrating the role of pUL37x1 in interfering with the pro-apoptotic activity of the
Bcl-2 family member Bax towards inducing the permeabilization of the outer
mitochondrial membrane [31, 35, 376]. In addition, the function of disrupting the
regulation of MOMP by human cytomegalovirus has been shown to be conserved across
cytomegalovirus species, with MCMV expressing a cell death suppressor known as
m38.5, which also acts through its inhibition of Bax mediated permeabilization of the
outer mitochondrial membrane [31, 377]. Finally, pUL37x1 is also conserved amongst

other primate CMVs [34, 325, 327].
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Lipid rafts are membranes that contain clusters of sphingolipids and cholesterol,
which have been implicated in the sorting and trafficking of proteins from the plasma
membrane to internal organelles for the regulation of intracellular signaling [378, 379].
Microdomains of the MAM that are rich in cholesterol and ceramide lipids, and are
resistant to the treatment of detergent, are known as internal ER lipid rafts [330, 380,
381]. It has also been demonstrated that these internal lipid raft regions are important for
staging the transport of proteins from the ER to the Golgi apparatus [382]. In addition
these regions have been shown to be involved in the anchoring of sigma-1 receptors in
the MAM [380]. Sigma-1 receptors serve as molecular chaperones for regulating the
conformation and activity of IP3R-1 [383], and the distribution of cholesterol [384].
Finally, ERO1a, an oxidoreductase implicated in regulating ER Ca®" release by IP3R-1

during ER stress has also been shown to localize to the MAM [385].

The mutation of the CBD within the leader sequence of pUL37x1 resulted in a
partial reduction in its incorporation into ER lipid rafts [330], however that study also
showed that pUL37x1 was still able to traffic to the mitochondria. Examination of the
apoptosis phenotype within HeLa cells expressing pUL37x1 CBD mutants, following the
stimulation of mitochondrial induced apoptosis, provided mutant specific results. A
single point mutation of the CBD, which mutated the internal tyrosine for a serine residue
at position 19, resulted in no significant change in anti-apoptotic activity when compared
to that displayed by pUL37x1 wt. However, when a second mutation of the terminal
conserved residue of the CBD, which involved the replacement of an arginine to an

alanine residue at position 23, was incorporated with the initial tyrosine point mutation,
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the anti-apoptotic activity observed was decreased when compared to either pUL37x1 wt
or CBD I mutant activity. Interestingly, these results demonstrate that although transport
to the mitochondria is critical for pUL37x1 anti-apoptotic activity, and may be enhanced
by lipid rafts, the arginine residue 23 is still required for anti-apoptotic activity. Since
there was no change in the trafficking phenotype observed between the CBD I and the
CBD II mutant [330], the arginine mutation at position 23 may alter a residue that is
critical for anti-apoptotic function at the outer mitochondrial membrane. However, since
this mutation is located within the lipid raft targeting signal, it may also play a role at this

site.

A4. pUL37x1 trafficking between the ER and the mitochondria through the

MAM, incorporation into ER lipid rafts, and the regulation of ER stress

induced apoptosis

The ability of pUL37x1 to protect cells from apoptosis has never been examined
under the context of ER stress induced apoptosis. Due to the sequential trafficking of
pUL37x1 through the ER to the mitochondria, and its association with lipid rafts of the
ER, we wanted to examine whether pUL37x1 anti-apoptotic activity would occur

following an ER stress mechanism of apoptosis induction, specifically through the use of

TG.

As previously mentioned, the induction of apoptosis does occur within HeLa cells
at 48 hr following treatment with 5 or 10 uM TG. Furthermore, following transfection of

HeLa cells, 1 uM TG is sufficient to induce apoptosis at 48 hr following treatment. The
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increase in apoptosis that occurs within transfected cells is attributed to the transient
disruption of plasma membrane integrity, and the over-production of proteins that are
encoded by the transfected DNAs resulting in the induction of UPR. Our data
demonstrate that the induction of apoptosis by ER stress mechanisms can be partially
rescued through the expression of pUL37x1. We suggest that the function of pUL37x1
within the ER contributes to the regulation of apoptosis directly at the ER, in addition to
its inhibition of mitochondrial apoptosis. =~ We believe this occurs through the
dysregulation of the release of ER Ca®" stores, as well as its potential interference with

the formation of the apoptosis executing complex, the apoptosome, on ER lipid rafts.

While the functions of lipid rafts at the plasma membrane have been well
documented to involve the concentration of signaling molecules for enhancement of
intracellular signaling, including a role in the regulation of Ca®" signaling [386], the
function of internal lipid raft regions within the ER still remain unclear. We believe that,
similar to its functions at the plasma membrane, these internal lipid raft regions also play
a role in facilitating Ca>" signaling through the concentration of molecules and complexes
that regulate the release of Ca*" from the ER. This is also supported by evidence that
IP3R-1 associates with lipid rafts [384]. Furthermore, plasma membrane lipid rafts have
also been implicated in facilitating the formation of the DISC and play a role in the
propagation of external death stimulus [387]. In addition, this study also demonstrated
the presence of members of the apoptosome complex within the lipid rafts, and proposed
that these domains are critical for the formation of this structure. We propose that the ER

lipid rafts provide the scaffold on which the apoptosome will form, and the assembly of
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these structures for the execution of apoptosis could be disrupted by the presence of
pUL37x1 within the lipid raft regions of the ER. Our data examining a double point
mutation within the CBD domain of pUL37x1 demonstrate its exclusion from lipid rafts,
as well as its inability to inhibit apoptosis. However, the exclusion of CBD I from ER
lipid rafts does not abolish its ability to prevent ER stress induced apoptosis, and we
would suggest that proper sequential trafficking to the mitochondria is needed for

pUL37x1 to function as an inhibitor of apoptosis.

Finally, the increase in expression of a non lipid raft associated protein could be
detrimental to the cell. The buildup of non lipid raft associated proteins within the MAM
could interfere with the normal transit of Bcl-2 family members to the mitochondria
through the MAM, which could be detrimental to the cell by altering their trafficking to
the mitochondria and dysregulating apoptosis at this cellular location. Unpublished work
by our group has demonstrated that within pUL37x1 wt transfected HFF cells, the
pUL37x1 binding partner Bax could be retained within the lipid raft regions of the ER
[330]. Lack of this retention, due to the inability of pUL37x1 to incorporate into the ER
lipid rafts could result in pre-mature apoptosis induction through the trafficking of the

pro-apoptotic protein Bax to the mitochondria.

One interesting finding that was observed during these studies of ER stress
induced apoptosis was that the transfection of HHB appeared to cause more death than
was observed within the YFP-alone transfected group. Although this phenotype was not

measured to be significantly different, it was intriguing and required further analysis. To
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further examine the potential anti-apoptotic activity of HHB mutant transfected cells, we
conducted the measurement of apoptosis induction within HeLa cells that were

transfected yet untreated with an apoptosis inducing reagent.

Apoptosis in the absence of treatment with an apoptosis inducing agent is a result
of the transient disruption of plasma membrane integrity and the over-production of
protein from the transfected DNA’s leading to UPR. As we suspected, the levels of cell
death measured following the expression of the HHB mutant were significantly higher
than those levels observed within YFP-alone transfected HeLa cells. These data suggest
that the presence of the HHB mutant and its retention within the secretory apparatus
results in a pro-apoptotic phenotype. This could be due to numerous factors that are
involved with ER stress induced apoptosis, including HHB’s dysregulation of Ca*"

signaling or the interference with apoptosome formation.

A5. HCMV Infection requires pUL37x1 for anti-apoptotic activity

The production of pUL37x1 is critical for the promotion of apoptosis inhibition
by HCMV during infection. The absence of pUL37x1 results in the induction of
apoptosis within HCMYV infected fibroblast cells. This work demonstrates that pUL37x1
is crucial for HCMYV to inhibit apoptosis in an effort to provide the required time for viral
replication to occur. In the absence of pUL37x1, apoptosis is less efficiently blocked
within HCMV infected fibroblast cells, and cell death increases, despite the presence of
multiple other anti-apoptotic products. This work also provides a baseline for the anti-

apoptotic activity that is displayed during HCMV infection of HFF when pUL37x1 is or
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is not expressed for comparison of this activity examined during HCMV infection of

hNPC.

A6. Conclusions and future directions

The conclusions that we can draw from this study provide new evidence of
pUL37x1 anti-apoptotic activity within multiple locations of the cell. We show that
pUL37x1 not only functions to inhibit apoptosis that is stimulated by the release of
oxidants from the mitochondria, namely H>O,, but pUL37x1 is also capable of inhibiting
apoptosis that is stimulated from an ER stress mechanism, such as the depletion of ER

2+
Ca” stores.

We can also conclude from these studies that there are critical residues within the
pUL37x1 leader sequence, that when mutated, not only disturb the intracellular
trafficking of pUL37x1 from the ER to the mitochondria, and its incorporation into ER
lipid rafts, but these mutations will also interrupt pUL37x1 apoptotic regulatory function.
In addition, we conclude that the final conserved arginine residue at position 23 within
the CBD mediates an anti-apoptotic function in addition to its mediation of pUL37x1 ER
lipid raft incorporation. Although the mutation of this residue did not further decrease
incorporation in ER lipid rafts, it did result in a decrease in anti-apoptotic activity.
Finally, we conclude that the retention of pUL37x1 within the secretory apparatus will
promote a pro-apoptotic phenotype, as the HHB mutant demonstrated increased apoptosis

within untreated HelLa cells.
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Future directions for these studies should include a dissection of the function of
the Arginine residue at amino acid position 23 within the CBD of the pUL37x1 leader
sequence to determine its singular contributions towards intracellular trafficking and
apoptosis regulation. These studies will require the analysis of a pUL37x1 mutant that
only incorporates a single point mutation at amino acid position 23. These studies should
include the analysis of the arginine mutation alone towards altering the trafficking of
pUL37x1 to the mitochondria and its incorporation into lipid rafts, as well as defining
proteins or lipids that interact with this pUL37x1 domain. Finally, the production of
mutant viruses that contain these pUL37x1 mutations incorporated into the HCMV
genome will allow for the analysis of pUL37x1 mutant function in the context of

infection.

B. Apoptosis induction in neural stem cells under low oxygen conditions.

The investigation of apoptosis induction within HCMV infected hNPC under low
oxygen conditions provides analysis of a cellular mechanism that could be activated
following infection, and lead to the development of neurological deficiencies that are
associated with congenital HCMV infections. Currently, there is controversy regarding
the ability of HCMV to induce apoptosis within hNPC. This stems not only from the
classic ability of HCMYV to inhibit apoptosis in other cell types, but also from conflicting
studies that have demonstrated either apoptosis induction within terminally differentiated
derivatives of hNPC [244, 345], as well as studies that have shown cell death within
neural epithelial cells that did not involve apoptosis induction [346]. In order to address

this controversy and these conflicting studies, we chose to examine the induction of
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apoptosis within HCMV infected hNPC cultured and infected under low oxygen
conditions. The major findings of these studies included the identification of temporal
regulation of viral gene expression and protein production, the production of infectious
progeny within hNPC, and the induction of apoptosis, which was not dependent upon, or

blocked by pUL37x1 expression.

B1l. Examining the Kinetics of the HCMV viral life cycle during HCMV

infection of hNPC under low oxygen conditions

Examining the expression of HCMV temporal class genes, as well as the genes
for the anti-apoptotic products produced during HCMV infection allowed us to determine
whether HCMYV infection progressed normally within hNPC cultured under low oxygen
conditions, and whether HCMV was capable of producing all of the known anti-apoptotic
proteins during infection of NPC. The observation that HCMV temporal gene expression
occurs in a similar fashion within hNPC as occurs within other infected cell types that do
not undergo apoptosis indicates that there is not a disruption in the progression of the

viral life cycle that could result in apoptosis induction.

The inability of HCMV to produce all of its known anti-apoptotic proteins within
HCMYV infected hNPC would also provide an explanation as to why apoptosis could be
induced within hNPC following HCMV infection. However, the detection of all of the
RNA species for these anti-apoptotic genes suggests that the anti-apoptotic proteins are

present within HCMV infected hNPC during IE, early, and late times of infection. This
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would suggest that HCMV products should be capable of inhibiting apoptosis induction

during infection of hNPC.

Establishing that temporal class gene expression within HCMV infected hNPC
under low oxygen conditions demonstrates that the transcription of these genes does
occur. However, it still required us to examine the production of temporal class proteins
from the translation of these genes. Detection of a protein member from each temporal
class, IE, early, and late, over a time-course of infection demonstrates that the classic
mechanism of temporal regulation of HCMV protein production occurs during HCMV

infection of hNPC under low oxygen conditions.

To ensure that the progression of the viral life cycle in hNPC grown under low
oxygen conditions culminates in the production of infectious progeny, we examined
virion production over a time-course of infection. HCMYV infection of hNPC under low
oxygen conditions resulted in a pattern of virion production that is consistent with
established patterns of viral replication. Within hNPC cultures grown and infected under
low oxygen conditions, the detection of virion decreased in the first few days following
infection, but then increased in the subsequent days following this decrease, in a pattern
known as eclipse, eventually reaching a plateau in the amount of infectious virion
produced. When compared to models of HCMV infection within HFF, the levels of
infectious virion production are decreased [388]. This suggests that the premature death
of hNPC caused by apoptosis induction results in the loss of capable virus producing

cells, and therefore the production of infectious virion is decreased.
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Examining the kinetics of temporal gene expression and protein production
demonstrates that HCMV temporal regulation occurs within hNPC under low oxygen
conditions. Furthermore, measuring the kinetics of infectious virion production also
demonstrates that hNPC infected with HCMV under low oxygen are capable of
producing infectious progeny. These results are in agreement with other current work
demonstrating patterns of temporal gene expression, protein production, and the
production of infectious progeny all within hNPC that were infected under ambient

oxygen conditions with the HCMV laboratory Towne strain [360].

B2. Examining the heterogeneity of hNPC cultures grown under low oxygen

conditions.

It was important to establish the cellular makeup of our hNPC cultures prior to
analysis of HCMYV induced apoptosis because apoptosis has been shown to occur within
HCMV infected fully differentiated neurons [244] and astrocytes [345]. Furthermore,
apoptotic cell death of newly formed neurons is a critical point of control for sculpting
the developing nervous system [340-343]. The presence of these fully differentiated
derivatives within our hNPC cultures would confound analysis of apoptosis occurring
with neural stem and progenitor cells. Sox-2 and nestin are markers that are used for the
identification of cells within the neural lineage that have the potential to differentiate into
more specialized cell types, as the expression of Sox-2 and nestin is lost following
differentiation. Our analysis demonstrates that virtually all cells within our hNPC

cultures express Sox-2 and nestin, indicating that they are in fact neural precursor cells,
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and that our analysis will not be confounded by the presence of fully differentiated

neurons or astrocytes.

B3. Examining apoptosis in HCMV infected hNPC under low oxygen

conditions by observing alterations in cellular morphology and cytoskeleton

architecture

There are numerous indicators that the induction and execution of apoptosis are
taking place within the cell. Many of these indicators are molecular markers that provide
a clear indication that the mechanisms of apoptosis are underway. One of the most
classically known molecular markers for apoptosis is the activation of caspase molecules
by cleavage, as well as the cleavage of caspase targets, most notably PARP. The
cleavage of these molecules is most often measured by Western blot, examining the shift

of the un-cleaved to cleaved protein.

Another molecular hallmark of apoptosis is the fragmentation of cellular DNA,
which can be measured through the use of terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL). The TUNEL assay takes advantage of the very specific
nicks within the DNA strand ends that are left following cleavage during the controlled
fragmentation of DNA that occurs during apoptosis. This analysis is customarily
conducted using immunofluorescence assays that recognize the addition of fluorescently
labeled nucleotides. Furthermore, DNA fragmentation can also be measured through the
observation of DNA laddering by agarose gel electrophoresis, where the normal DNA

genome observed on an agarose gel provides one band corresponding to a large fragment
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of DNA, while within apoptotic cells a laddering effect is observed with multiple bands

present at multiple sizes.

In the absence of, or prior to the expression of molecular makers, the presence of
morphological changes within HCMYV infected cells can be used to suggest that apoptosis
is occurring. These include alterations in the size and shape of infected cells, as well as
changes in the cytoskeletal structure. Shrinking and rounding of the HCMV infected
neural precursor cells suggests that these cells are undergoing a metamorphosis that is
commonly associated with apoptosis induction. However, this phenotype is commonly
observed within cells that are dying by other non-apoptotic mechanisms, such as necrosis
[389]. Furthermore, this phenotype is also strikingly similar to the classic demonstration
of CPE within HCMYV infected cells. It is believed that CPE in permissive HFF results

from the disruption of the actin cytoskeleton by HCMV.

In addition to this morphological change, HCMV infection of neural precursor
cells also causes the rearrangement of the actin cytoskeleton. Although this phenotype is
also associated with apoptosis induction, HCMV infection within other cell types
resulting in anti-apoptotic activity by the virus demonstrates rapid actin rearrangement
[90], which is dependent upon the activity of pUL37x1 [107]. Recently, it has been
demonstrated that pUL37x1 interacts with viperin, and this interaction leads to its re-
localization from the ER to the mitochondria, where it reduces cellular ATP generation,
which results in the rearrangement of the actin cytoskeleton [390]. The presence of these

morphological changes within infected cells that have classically demonstrated an
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inhibition of apoptosis by HCMV required us to undertake more specific analysis of
molecular markers of apoptosis that would directly link HCMV infection of hNPC with

apoptosis induction.

B4. Demonstration of molecular hallmarks of apoptosis within HCMV

infected hNPC under low oxygen conditions.

Based upon the multitude of anti-apoptotic factors encoded by HCMV during
infection [30-41], it was necessary to further identify a specific molecular marker that
would directly link HCMV infection with the induction of apoptosis within hNPC under
low oxygen conditions. We chose to examine the externalization of phosphatidylserine,
which occurs during apoptosis induction to serve as signal for resident phagocytes to
engulf cells undergoing apoptosis. HCMYV infection causes the externalization of
phosphatidylserine during HCMV infection, and based upon the additional binding of PI
to cellular DNA, the presence of a large double positive population demonstrates late
stage apoptosis within HCMV infected hNPC under low oxygen conditions. As
previously mentioned, previous work has shown that a physiologically relevant low
oxygen tension (5%) promotes the maintenance of the stem cell phenotype, while
inhibiting terminal differentiation and/or apoptosis [237, 241]. Importantly, this indicates
that the pro-apoptotic effect demonstrated by HCMYV infection of hNPCs is not a result of

stress due to hypoxia.

Previous works have shown that HCMV infection does result in apoptosis

induction within terminally differentiated neurons [244] and astrocytes [345] under
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ambient oxygen tension, however the observation of this phenotype within
undifferentiated neural stem and progenitor cells has not been done. However, HCMV
was shown to cause neuronal injury within differentiating human neuroepithelial cells,
but evidence of cell death by apoptosis induction was not found [346]. We are the first
group to demonstrate apoptosis induction following HCMYV infection within
undifferentiated hNPC under low oxygen conditions. Furthermore, this work provides a
mechanism by which the trajectory of CNS development could be affected in a manner

that would result in neurological deficiencies related to HCMV congenital infections.

One potential mechanism which could explain the paradoxical pro-apoptotic
response of hNPCs to HCMYV infection would involve death associated protein 6 (Daxx).
Daxx is a cellular protein that interacts with the DISC during extrinsic apoptosis
induction to facilitate controlled cell death. When HCMYV infects cells that are
incompletely differentiated, such as CD34" hematopoietic stem progenitor cells, Daxx
remains active in the cytoplasm, where it dictates the transition between lytic and latent
infection by regulating cellular immune responses to viral infection. Furthermore, it has
been demonstrated that upon the terminal differentiation of CD34" hematopoietic stem
progenitor cells into a dendritic cell lineage, pp71 directs the nuclear localization and
degradation of Daxx [391, 392]. Although this mechanism plays a role in determining
latent versus lytic infection, it could also contribute to the induction of apoptosis by Daxx
within stem cell populations. We hypothesize that the localization of Daxx is different in
hNPC than in differentiated neurons or glia, leading to apoptosis induction rather than

survival.
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B5. Examining apoptosis induction within pUL37x1 mutant virus infections

of hNPC under low oxygen conditions.

pUL37x1 has classically been characterized as an anti-apoptotic protein within
HCMYV infected cells [31, 35, 36, 325-327, 376, 377], and our work demonstrates this
phenotype within fibroblast cells infected with either BADwt or BADsubUL37xl1.
However, it has been demonstrated that the mechanisms of apoptosis regulation
demonstrated by Bcl-2 family members within neurons differ from established functions
of these proteins in other cell types. For example, the Bcl-2 family member Bak can
switch from a pro-apoptotic to an anti-apoptotic function within neurons during postnatal
development [393]. Furthermore, another pro-apoptotic Bcl-2 family member, Bax, has
been shown to inhibit viral induced neuronal apoptosis [394]. Finally, activated calpains
can switch Bcl-xL from an anti-apoptotic regulator to that of a pro-apoptotic regulator
through the cleavage of its loop region [359]. Based on these atypical functions of classic
pro-apoptotic Bcl-2 family members within cells of a neuronal lineage, and the fact that
pUL37x1 has been shown to display its anti-apoptotic activity by binding and interfering
with the pro-apoptotic function of Bax [31, 35, 376, 377], we chose to further examine
the role of pUL37x1 in the regulation of apoptosis within HCMV infected hNPC under

low oxygen conditions.

Establishing the kinetics of HCMV infection in the absence of pUL37x1
expression allowed us to understand how the viral life cycle progressed within hNPC
under low oxygen conditions infected with BADsSubUL37x1. The kinetics of viral

protein production within BADsubUL37x1 infected hNPC are slower than those
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observed within BADwt infected cells. We attribute this lag in progress of the viral life
cycle to the involvement of pUL37x1 in initiating transcription of early genes [124, 395],
which are required to drive viral life cycle progression. Although the life cycle did
proceed in a retracted fashion within BADsSubUL37x1 infected hNPC when compared to
BADwt infected cells, hNPC infected with BADsubUL37x1 were still capable of
producing similar levels of HCMV infectious progeny. This suggests that pUL37x1 is

not required for the production of infectious progeny in hNPC.

Apoptosis was induced within hNPC under low oxygen conditions following
infection with BADSubUL37x1. These data indicate that pUL37x1 does not provide any
protective mechanisms, or any function that increases cell death within neural stem and
progenitor cells. pUL37x1 does not appear to play a role in either promoting or
inhibiting apoptosis within HCMV infected hNPC, as the levels of apoptosis observed
between BADwt and BADsubUL37x1 were not significantly different, however both
infections did result in the appearance of a large population undergoing late stage

apoptosis.

We also show that the trafficking of pUL37x1 within hNPC transfected with
vectors encoding the viral protein are similar to those trafficking patterns observed within
transfected fibroblast cells [329, 352, 353]. pUL37x1 colocalizes with the mitochondria
following its production within transfected hNPC. This demonstrates that although

pUL37x1 does not promote anti-apoptotic activity within HCMV infected hNPC under
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low oxygen conditions, it is able to traffic to mitochondria, and could potentially interact

with Bax at this cellular location.

B6. Conclusions and future directions

The conclusions that we can draw from these studies provide new evidence that
apoptosis is induced within cells of the developing nervous system following HCMV
infection. Furthermore, this pro-apoptotic phenotype demonstrated by HCMV infection
within hNPC is strikingly different from the anti-apoptotic phenotype that is observed
during HCMV infection of other cell types. We conclude that apoptosis is, in fact,
induced following HCMYV infection of hNPC under physiologically-relevant low oxygen
conditions. ~ We support these findings through evidence of both morphological
alterations that suggest apoptosis induction, as well evidence of molecular markers that
directly indicate apoptosis induction occurs. We can also conclude from these studies
that the progression of the viral life cycle occurs through the classic temporal regulation
of viral gene expression and protein production, and that hNPC are capable of producing
HCMYV infectious virions. Furthermore, we can conclude that despite our demonstration
of apoptosis induction, HCMV still expresses all of its known anti-apoptotic genes and

properly traffics to the mitochondria.

Future directions for these studies should confirm the induction of apoptosis by
examining additional molecular markers that would indicate apoptosis induction is
occurring, such as the activation of caspases and the cleavage of their downstream

targets, such as PARP, as well as analysis of the fragmentation of cellular DNA. In
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addition the kinetics of apoptosis induction should be further examined to determine the
exact timeframe following infection of hNPC that establishes when apoptosis initiation
first occurs, and when this transitions to the phase of execution. Furthermore, the
possibility and potential mechanisms of differential apoptosis induction that could occur
within either multi-potent neural stem cells or their committed progenitors should be
examined. It is conceivable that the induction of apoptosis could occur differentially
within these various cell types, and the susceptibility to death could also occur to a
different degree. These studies should involve the isolation of different hNPC
subpopulations and their subsequent infection and analysis of apoptosis induction to
determine if a differential susceptibility to the induction and execution to controlled cell
death exists. Furthermore, future studies should also include analysis of which HCMV

products are responsible for inducing apoptosis.

Finally, we also conclude that neither the presence nor absence of pUL37x1
during HCMV infection of hNPC under low oxygen conditions will result in differences
in the virus’ ability to regulate apoptosis within these cells, although this protein does
localize to the mitochondria where its anti-apoptotic functions have been previously
demonstrated to occur in HeLa cells, mouse cells, and permissive HFFs. Future
directions for these studies should involve the identification of the apoptotic regulation
that occurs within hNPC by the various Bcl-2 and BH3-only family members, as well as
the HCMV encoded apoptotic regulators. These studies should include the transfection
of hNPC with either cellular or viral apoptotic regulators, followed by the analysis of

apoptosis induction to determine how these proteins function within neural stem and

192



progenitor cells. This will provide further information regarding the activity of apoptosis

regulation in the context of neural development.
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