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CHAPTER 1: INTRODUCTION

. Herpesviruses

The name herpes comes from the Greek verb “€pmreiv’ meaning “to creep” and
was originally used to describe various recurring skin infections (4). Since the time of
Hippocrates, the use of the term “herpes” has been continually refined based on observed
characteristics of infection. Eventually, herpes came to describe infections resulting in
formation of small transient pustules that were resistant to other treatments. In the initial
17" through 19" century classifications of the genus Herpes, H. zoster and H. simplex
were first identified.

Through advances in technology and the characterization of viruses in modern
times, the genus Herpesvirus was officially recognized by the International Committee of
Taxonomy of Viruses (ICTV) starting in 1971 (5). Since then, the genus has been
elevated to the order Herpesvirales and now contains over 130 species divided into three
families based on host speciation: Herpesviridae (mammal, bird, and reptile),
Alloherpesviridae (fish and frog), and Malacoherpesviridae (mollusks). The human
herpesviruses (HHVs) are contained within Herpesviridae and help comprise three
subfamilies: Alphaherpesvirinae includes herpes simplex virus 1 (HSV-1, HHV-1), herpes
simplex virus 2 (HSV-2, HHV-2), and varicella zoster virus (VZV, HHV-3);
Betaherpesvirinae includes human cytomegalovirus (HCMV, HHV-5), HHV-6A, HHV-6B,
and HHV-7; finally, Gammaherpesvirinae includes Epstein-Barr virus (EBV, HHV-4) and
Kaposi’'s sarcoma-associated herpesvirus (KSHV, HHV-8). Based on evolutionary

phylogeny, divergence of the Herpesviridae subfamilies happened ~180-220 million years



ago whereas Homo sapiens are estimated to have evolved only ~1.3-1.8 million years
ago (6).

HHVs vary broadly in their tissue tropism and, as a result, are associated with a
wide range of etiologies with contrasting degrees of severity in healthy individuals. HSV-
1 and HSV-2 cause oral and genital lesions, respectively, and are classified as cofactors
for sexually transmitted infections. VZV is the causative agent of chicken pox and
shingles. HHV-6A, HHV-6B, and HHV-7 are all associated with roseola in infants.
Infectious mononucleosis is caused by EBV and to a lesser degree, HCMV. Lastly, HSV-
1, EBV, and KSHYV infections have also been correlated with the development of cancer.

Despite differences in virion tropism and disease progression, HHV virions
maintain a conserved structure similar to all herpesviruses (7). Mature virions range from
100-200 nm in size and contain a large linear double-stranded DNA genome packaged
within an icosahedral nucleocapsid (Fig. 1.1). Within HHVs, genomes range from 145-
240 kbp in size and vary in terms of coding potential and sequence organization (Fig. 1.2)
(8). The capsid is then wrapped in a proteinaceous tegument which serves as a bridge
between the capsid and the envelope in addition to several key effector functions upon
infection. Ultimately, mature virions are wrapped in a host-derived lipid bilayer containing
membrane bound glycoproteins and accessory factors required for receptor binding and
membrane fusion during initiation of infection.

Similar to structure, the general replication cycle for HHVs is also conserved
between subfamilies (Fig. 1.3) (8). During lytic infection, virions attach the receptors on
host cell membranes. Following adherence, the virion envelope fuses with the plasma

membrane or endocytic vesicle thus releasing the tegument and nucleocapsid into the



cytoplasmic space. The tegument downmodulates host immune responses while also
aiding in transport of the capsid to the nuclear membrane. Upon arrival at the nucleus,
the capsid portal is opened and the high internal pressure of the capsid ejects the viral
genome. Through a combination of tegument trans-activating proteins and host factors,
transcription of viral genes is initiated. This leads to the sequentially regulated expression
of viral proteins. Generally, immediate early (IE, a) genes promote replication by altering
the host environment, early (E, B) genes lead to DNA replication, and late (L, y) genes
produce structural components used in assembly of nascent virions. When the infection
has sufficiently progressed, genome concatemers are packaged into the capsid which is
then exported out of the nucleus and into the cytoplasm. An amorphous tegument layer
is added and virions are enveloped. Finally, HHV progeny are exported out of host cells
into the extracellular space.

A hallmark of HHV infection is the ability to establish latency within host tissues.
In these instances, a low level of IE gene expression is maintained while the majority of
downstream genes are repressed through various mechanisms. Following cellular stress
or another appropriate stimulus, viral gene expression is induced and lytic replication
proceeds normally.
A. Global health burden of HCMV infection

Of all the HHVs, HCMV is one of the most pervasive and opportunistic pathogens
worldwide. Seroprevalence has been shown to increase as a function of age with
approximately 60% of individuals being positive at 50 years of age (9). Rates of
seroprevalence also tend to be disproportionately higher in both non-white and low

socioeconomic groups suggesting lifestyle-associated risk factors. In healthy individuals,



primary symptoms are typically mild and may go unnoticed. Conversely, in individuals
with naive or compromised immune systems, infection can have severe and lasting
effects.

HCMV is the leading infectious cause of congenital birth defects in the United
States (10). If a seronegative woman becomes infected prior to becoming pregnant, the
likelihood of fetal infection is low (11). If the same woman were to instead become
infected while pregnant, there is a 50% probability that the fetus will also be infected.
Even in healthy individuals, the normal immune response to HCMV is weakly protective.
Thus, if a mother contracts a previously unencountered strain of HCMV during pregnancy,
the risk for fetal infection increases. Of infected children, only 10% will show symptoms
although the other 90% may develop symptoms later. The primary outcomes of
congenital infection are microcephaly, hearing loss, and growth retardation, among others
(12). During infection, the virus is able to access the fetus through infection of placental
cytotrophoblasts unless sufficiently controlled by the maternal immune response.
Infection of cytotrophoblasts also alters cellular gene expression and may impact the
support structures required for fetal development, particularly if infection occurs within the
first trimester.

In addition to congenital cases, HCMV is particularly problematic for
immunocompromised individuals, including HIV/AIDS patients and organ transplantation
patients. Because HCMV is so prevalent and establishes latency in hosts, individuals
with diminished immune systems are at high-risk for experiencing frequent viral

reactivations.



Individuals infected with HIV were 2.5-times more likely to develop AIDS if they
were also HCMV-seropositive (13). For those who already developed AIDS, infection
with HCMV most often results in virally induced retinitis (14). The inability to mount a
sufficient neutralizing response to HCMV infection is correlated with decreased CD4*
leukocyte populations. The development of highly active antiretroviral therapy (HAART)
has led to dramatic improvements in the prognosis of AIDS patients but treatment can
also lead to temporary uveitis from reconstituted immune populations attacking remaining
viral antigens in the eye (15).

For solid organ transplant patients, CMV can be particularly problematic because
the virus exhibits an extraordinarily broad tissue tropism and is able to infect most major
organ systems. If a transplanted organ is directly infected or carries latently infected
monocytes, the new host may mount a strong CD8* response against the new tissue
resulting in graft versus host disease and ultimate rejection of the organ.

For all at risk populations, the combination of improved screening techniques and
development of HCMV antiviral treatments has greatly reduced the incidence of
complications (16). Currently, there are four treatments available for HCMV: ganciclovir,
valganciclovir, cidofovir, and foscarnet. Thus far, vaccination strategies against HCMV
have been unsuccessful due to its unique immune evasion tactics meaning the antivirals
are the only option for treating patients. Unfortunately, all available drugs target either
viral DNA polymerase (UL54) or the phosphokinase, pUL97, so antiviral resistance has
increased. Hindering the development on novel therapies is a lack in understanding of

HCMV replicative processes. In relation to several other clinically relevant viruses,



comparatively little is known regarding HCMV virion assembly and egress. If these

processes were better understood, drug targets could be pursued.

B. HCMV replication and formation of the assembly compartment

During infection, HCMV follows a replication cycle similar to other herpesviruses
(Fig. 1.3). Where HCMV replication deviates most notably from the other herpesviruses,
is the formation of the assembly compartment. Approximately three days post-infection,
the host organelle structure is significantly altered through a process dependent on viral
gene expression (17-19). The internal reorganization of host membranes leads to the
generation of the cytoplasmic virion assembly compartment (cVAC; Fig. 1.4). The cVAC
is a structure unique to HCMV infection and consists of one or more enlarged nuclei bent
around a perinuclear ring-like Golgi structure with various endosome populations at the
center (18-20). In tissue sections of clinical specimens, these structures are referred to
as “owl’s eye inclusions.” The prevailing idea is that the cVAC functions as a viral
assembly line where the maturing capsids pass through the subsequent layers, gathering
the requisite structural proteins, until envelopment and egress.

Several studies have looked for proteins integral to cVAC biogenesis leading to
identification of both viral and cellular factors. An siRNA screen of viral genes identified
UL48, UL94, and UL103 as being important for induction of cVAC structures (21). After
establishing a direct role for UL103, a follow-up proteomics study characterized several
cellular proteins that interact with UL103 (22). By this study and others, the Golgi-resident
motor protein, MYO18A, was found to facilitate cVAC structure formation (22, 23).

The induction of cVAC formation is not required for virion growth but does augment

it. Several studies seeking to understand envelopment and egress of HCMV virions have



found arrest of virion maturation is typically accompanied by improper localization of virion
structural proteins typically found in the cVAC. These observations lead to the question:
does cVAC development drive envelopment and egress or do envelopment and egress
drive cVAC development as a byproduct of virion production? To look at this interplay

further, we need to take a closer look at events required for envelopment and egress.

II. Envelopment and Eqress

Several components are required for virion biogenesis including: i) the viral
genome, ii) capsid proteins, iii) viral microRNAs (miRNAs), iv) tegument proteins, v) lipid
membranes, and iv) membrane-bound glycoproteins. During infection with HCMV and
other herpesviruses, the host environment is heavily modified to generate the various
components and organize them along a novel biosynthetic pathway. If any one of the
components is absent or mislocalized, the stability of maturing particles is compromised
because the scaffold-like assembly of virions requires accurate construction at the
preceding stages. As an example, the ability for nascent virions to acquire the lipid
envelope is dependent on proper tegumentation.

Secondary envelopment of maturing virions takes place in the cytoplasmic space
and only proceeds following successful tegumentation. Similar to replication of HSV-1
and other herpesviruses, the lipid envelope is essential because it carries the necessary
glycoproteins and other signaling molecules to initiate infection upon release from the
host cell (24, 25). Envelopment is mediated by layers of tegument proteins interacting
with cellular lipid membranes in the assembly compartment, either directly through lipid
modifications or indirectly via membrane bound proteins (26). Through these interactions,

HCMYV particles are engulfed by the target membranes and virion maturation is completed



upon membrane scission (27). For the replication cycle to complete, the last remaining
stage is virion egress.

In addition to factors required for initiation of infection, membranes used during
envelopment define the route of virion egress (28, 29). The lipid composition of co-opted
membranes determines which cellular mediators of vesicle trafficking are able to interact
and by extension, the direction of transport (23). HCMV influences the route of exocytosis
through manipulation of fatty acid (FA) synthesis and resultant shifts in the balance of
various lipid moieties in the assembly compartment during infection (30, 31). Likewise,
several viral gene products also influence the stability and localization of proteins required
for vesicle transport, further driving the process (21, 32, 33). Through this multi-faceted
approach, HCMV virions are carried along a pathway that appears to connect Golgi-
derived membranes to the plasma membrane (20, 29). Following fusion of the transport
vesicle at the plasma membrane, viral particles are released and infection can start anew.

Because secondary envelopment and exocytosis are the last stages required to
produce infectious virions, upstream disruptions of replicative processes can manifest as
defects in envelopment or export. To increase replication efficiency, HCMV expresses
several miRNAs and viral proteins with overlapping functions. Some alter the host cell
metabolic profile and internal morphology while others participate in virion construction
and recruitment of essential components. This observed functional redundancy is one of
the primary cofounding factors to studying HCMV replication.

In this section, we explore the impact of virally induced mechanisms leading to
secondary envelopment and egress. Through understanding the cooperative nature of

viral and host-derived factors, we seek to outline a progressively more detailed map of



these complex and often interwoven processes critical for virion maturation. Generation
of a map of HCMV replication enables identification of critical control points which can

then be exploited for the development of novel antiviral treatments.

A. Host-derived compartments as the site of secondary envelopment

Due to the dramatic restructuring of infected cells and the resultant shifts in
organelle identity (19), the source of membranes used for the process of envelopment is
unclear but correlations can be made using known cellular markers (23). Though it is not
strictly necessary, formation of the cytoplasmic virion assembly complex (cVAC) appears
to facilitate envelopment of nascent particles (21, 34). Following the cVAC model,
nascent particles are enveloped during translocation through a Golgi-derived ring-like
structure and upon entrance into the predominantly endosomal-staining central
compartment (18, 19, 34). Three-dimensional reconstruction of immune electron
micrographs (EMs) from infected human foreskin fibroblasts (HFFs) suggests that
envelopment likely occurs in a region coinciding with markers for both the trans-Golgi
Network (TGN) and various endosome populations as seen in other herpesviruses (19,
35-37).

Through immunofluorescence imaging and immunogold staining of EMs, it was
found that membranes targeted for envelopment based on glycoprotein accumulation
colocalize with typical Golgi-derived markers (TGN46, mannosidase Il, Rab3, syntaxin 5)
and endosomal markers (CD63, EEAL, Rab11) but not lysosomal markers in HFFs (17-
20, 38-41). Supporting the role of endosomes in herpesvirus replication, HSV-1 or HCMV
infected cells labeled with horse radish peroxidase (HRP), a fluid phase marker of uptake

and release through the endocytic recycling compartment (ERC), had an accumulation of
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HRP in the interstitial space between the lipid bilayers of successfully enveloped particles
(42, 43). HRP accumulation is indicative of a change in the net flux of endocytic and
exocytic pathways throughout the ERC during infection. Transferrin receptor (TfR) also
appears to be sequestered in a perinuclear secretory trap coinciding with markers of the
cVAC (20).

Formation of the secretory trap is partly induced by HCMV miRNA-mediated
downregulation of recycling activity by targeting host genes involved in ERC trafficking
(44), a pattern also seen in Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated
herpesvirus (KSHV) (45, 46). Characterization of the HCMV transcriptome late in
infection shows a much broader effect with 112 host vesicular trafficking genes being
differentially modulated by infection, far more than are targeted by miRNAs alone (44, 47,
48). This activity is multi-faceted because it both blocks innate immune signaling through
cytokines such as IL-6 or TNF-a and leads to the perinuclear pooling of virion
components, thus contributing to cVAC formation (44, 47, 49).

The immediate-early viral protein pUL37x1 also contributes to altered host
morphology and cVAC development by potentiating actin remodeling. pUL37x1 is a multi-
function protein responsible for releasing Ca?* stores from the endoplasmic reticulum
(ER) before traveling to mitochondria where it inhibits apoptosis (50-52). The Ca?* efflux
activates PKCa which remodels actin along with RhoB (53), leading to altered
morphology. In addition, the efflux causes the accumulation of large cytoplasmic vesicles
approximately 0.5-5 pm in diameter through a process requiring FA synthesis and
elongation (50, 51, 54). When pUL37x1 is not expressed, the cVAC is disrupted and

there is an buildup of nonenveloped particles in the perinuclear region (51).
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It is not enough that the virion structural components are made in sufficient
guantities, they must also be spatially organized in the appropriate order. Only through
extensive rearrangement of host morphology, are virions efficiently produced. The
complex orchestration of viral products and host factors underscores the complexity of
understanding virion envelopment.

B. Regulation of envelopment as a function of tegumentation

For envelopment to take place, one of several prerequisite steps that must be
completed is tegumentation. The tegument layer of herpesvirus virions provides a
scaffold-like interface for membrane-associated viral proteins to adhere to during
envelopment. Because of this, alterations in tegument composition can ultimately cause
defective envelopment.

As an example, products of the UL35 ORF have been implicated as having a role
in tegument recruitment (55). At early time points, both ppUL35* and ppUL35 localize to
the nucleus where they interact with ppUL82 and activate the major IE promoter. At late
timepoints, however, the longer form, ppUL35, helps shuttle ppUL82 and pp65 (ppUL83)
out of the nucleus as it translocates to the cytoplasm for incorporation into the tegument
(55-58). If the UL35 ORF is deleted, nonenveloped capsids accumulate in the
cytoplasmic space and infectious output is reduced 10-fold likely due to improper
tegument structure and inability to bind lipid recruiting molecules (55).

During infection, the tegument proteins pUL103 and pUL71 also contribute to the
process of envelopment (21, 59). pUL103 is required for cVAC biogenesis and efficient
release of nascent virions (21, 60, 61). Using the UL103-Stop-F/S deletion mutant or

UL103-FKBP destabilization mutant, decreased pUL103 expression correlated with
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altered trafficking of pp28 (viral UL99), golgin-97, GM130, and CD63 and decreased
plaque size (21, 60). Further imaging shows virions stalled during envelopment or with
abnormal structure accumulating in the perinuclear region (21). Because pUL103 has
several interacting partners during infection (22), it isn’t clear which process leads to the
observed phenotypes but it appears to be linked to the two C-terminal ALIX-binding
motifs. ALIX-binding motifs are also important in the maturation of other enveloped
viruses including during the primary envelopment of EBV (62-64). Alternatively, the
defective phenotypes may be linked to pUL103 interacting with pUL71 under normal
conditions (22, 65).

pUL71 is a component of mature virions and HCMYV infected patients mount a B
cell response against it suggesting it may be exposed on virions or it is otherwise released
from host cells (58, 66). pUL71 deficient virus causes the aberrant localization of viral
proteins in the cVAC and the formation of large Lamp1/CD63 positive multi-vesicular
bodies (MVBSs) near the cVAC in infected cells (59, 67). Structural analysis of the pUL71
null mutants, TBstop71 and BADInUL71STOP, showed the accumulation of HCMV
particles unable to complete envelopment on the cytoplasmic side of MVBs (59, 67).
During TBstop71 infection, 26.90% of particles were enveloped and 70.14% were
budding compared to 86.64% and 12.95%, respectively, during wild-type infection (68).
This behavior can be recapitulated when pUL71 is expressed with a mutated basic
leucine zipper (bZIP)-like domain suggesting oligomerization is necessary for pUL71 to
function properly (68, 69). Positional homologs of pUL71 are involved in envelopment
and are conserved amongst other herpesviruses including pUL51 in HSV-1 (70), UL51 in

pseudo-rabies virus (PRV) (71), and GP71 in guinea pig CMV (GPCMV) (72). The
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observed phenotypes of pUL71 suggest that it is involved in membrane scission events
during envelopment.

Despite being low abundance compared to other virion-associated proteins (58),
the outer tegument protein, pp28, is important for envelopment as well (73). After the
amino terminus of pp28 is myristoylated, it attaches to target membranes before localizing
to the cVAC and forming multimers late in infection (17, 39, 74, 75). When the first 50
residues at the amino terminus of pp28 are mutated, infectious yield is hindered due to
aberrant trafficking of pp28 and a corresponding accumulation of nonenveloped particles
in the cytoplasm (26, 76). The irregular trafficking of mutated pp28 does not affect the
level of other tegument proteins in mature virions suggesting it forms part of the outermost
layer of tegument proteins (26). Expression of only the amino-terminus of pp28 was
necessary and sufficient for reconstituting infectious output, accumulation of pp28 in
mature virions, and proper envelopment (76). Further characterization found the most
important sites of the pp28 amino terminus to be the second residue, glycine, which
serves as the site of myristoylation (39), amino acids (aa) 26-43 which are responsible
for multimerization in the cVAC (75), and aa 37-39 which allow interaction with the
cysteine residue at position 250 of the viral protein UL94 (77, 78). The ability of pp28 to
be incorporated in maturing virions is also dependent on its interaction with UL94 which
serves as a scaffold on the outside of the tegument (77, 78). Without UL94, secondary
envelopment and cVAC formation is hindered (79). In HSV-1, KSHV, mouse
cytomegalovirus (MCMV), and murine herpesvirus 68 (MHV-68), homologs of pp28 and
UL94 play an analogous role but in contrast to HCMV infection, they are not considered

essential for virus replication (80-84).
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Genes within the HCMV Uvwb’ region influence maturation through cell-specific
mechanisms. Within this region, the UL133-UL138 (UL133/8) locus is nonessential for
growth in fibroblasts but required for other cell types (85). Proteins produced by HCMV
UL135 and UL136 are transcribed as part of UL133/8 polycistronic mMRNAs (86), localize
to Golgi membrane structures (87, 88), and are required for latency and virion maturation
(86, 88-93). UL135 and UL136 ORFs were responsible for the dispersion of cVAC
markers and abnormal particle formation when human lung microvascular endothelial
cells (HMVECSs), but not fibroblasts, were infected with a TB40/E-UL133-UL138nuLL Virus
(88-91). Using a TB40/E-UL135stor mutant defective in UL135 expression to infect
HMVECSs, only 27% of virions exhibited normal morphology with the remainder being non-
infectious enveloped particles (NIEPs) or aberrantly enveloped particles (90). UL135
mutation also resulted in smaller dense bodies, caused by a 2- to 3-fold decrease in pp65
and pp150 expression, and, furthermore, dense bodies were excluded from MVBs where
they normally aggregate with progeny virus in endothelial cells (89, 90). In fibroblasts,
the only phenotype of infection with TB40/E-UL135stop was a slight increase in NIEPs
relative to wild type (91). Using similar methodology as the UL135 studies, a TB40/E-
UL136cak mutant with a disrupted UL136 ORF produced aberrantly enveloped virions
65% of the time and dense bodies that were 2.5 times larger on average despite having
comparable levels of tegument proteins compared to wild type (90). Of the several
different sized proteins encoded by UL136 splice variants, the 26 kDa and 33 kDa
products were shown to be the most important in facilitating normal cVAC biogenesis and
particle formation (92, 93). Although specific mechanisms have yet to be determined,

HCMV pUL135 appears to direct maturation and envelopment through interactions with
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other tegument proteins while UL136 ORF isoforms are needed for interacting with target
membranes. The endothelial-dependent phenotypes exhibited by UL133/8 locus
mutations are a prime example of the manipulative nature of HCMV in distinct host
environments.

The herpesvirus tegument serves essential functions during replication and
initiation of new infections. During HCMV infection, the diverse, yet overlapping,
mechanisms of recruiting lipids demonstrate how important this function is to virion
replication. Through their interactions between capsids and envelope-associated
glycoproteins, tegument proteins are responsible for bringing together the various
biosynthetic pathways and initiating secondary envelopment.

C. Outcomes of envelopment as determined by glycoprotein composition

The variability in cellular tropism of nascent virions from different cell types
suggests different maturation events occur leading up to egress. As in other
herpesviruses, including GPCMV and rhesus CMV (RhCMV), HCMV glycoprotein
composition plays a role in establishing sites of envelopment (94-100). HCMYV isolates
contain approximately 70 ORFs with predicted features of glycoproteins but only a few
have been directly studied (95, 101, 102). The most abundant HCMV glycoproteins are
gM (UL100), gN (UL73), gB (UL55), gH (UL75), gL (UL115), gO (UL74), and UL128-131
(58) but most have not been detected in virions suggesting non-structural roles. The
gM/gN complex is the most abundant glycoprotein complex in mature HCMV virion
envelopes and if either is deleted, the virus is unable to replicate (103).

Similar to EBV (104, 105), gM and gN form a complex (gM/gN) when present in

the ER before they can be trafficked to cytoplasmic vesicles and colocalize with other
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markers of the cVAC (106, 107). Translocation of HCMV gM to the cVAC occurs when
the cytoplasmic region of gM interacts with cellular FIP4, FIP4 binds Rabll, and Rabl11
recruits further effector proteins until gM is transported in complex with gN (108). gM and
gN also contain other C-terminal endocytic trafficking motifs, including an acidic cluster
used for binding cellular transport proteins, such as PACS-1, and a YXX® tyrosine motif
(109-111). The highly-conserved nature of the C-terminal acidic clusters in herpesvirus
glycoproteins suggests a common mechanism for direct transport to the site of virion
envelopment using membranes believed to be TGN-derived (112-116). YXX® motifs are
also conserved across all subfamilies of Herpesviridae and allow various envelope
proteins to be retrieved from the plasma membrane through interactions with the AP-2
complex leading to clathrin-mediated, dynamin-dependent, endocytosis and
accumulation in endosomes or the TGN (98, 117-120).

Cell-to-cell spread during HSV-1 infection is dependent on the UL51 (HCMV
pUL71 homolog)/gE (US8) interaction (121, 122), an important mediator of syncytia
formation (123, 124), before both are transported to the site of envelopment through use
of terminal YXX® tyrosine motifs (70, 122, 125-128). When the motif is mutated in pUL51,
neither pUL51 nor gE is incorporated into nascent virions and spread is hindered in Hep-
2 human epithelial cells but not Vero monkey epithelial cells suggesting cell type
dependent mechanisms for spread (122).

In HCMV, the more defined assembly compartment results in greater
concentration of envelope proteins compared to other herpesviruses. Inclusion of both
the acidic cluster and YXX® motifs in most envelope proteins ensures proper localization

to the assembly compartment. Neither trafficking pattern is essential for virus production
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but they both serve to augment infectious output as seen in HCMV gB, gM/gN, and
gpUL132 (109, 119, 129-132), varicella-zoster virus (VZV) gE, gH, and gB (99), HSV-1
gB, pUL51, and gE (98, 122, 133), or PRV gB (134), amongst others. During HSV-1
infection, UL20 helps chaperone gK and gE from the ER to Golgi and without it, neither
glycoprotein is incorporated resulting in accumulation of nonenveloped particles and
inability to form syncytia (135, 136).

The incorporation of gH/gL complexes into the envelope of nascent virions is
another example of maturation events defining HCMV tropism (137-140). HCMV and
GPCMV virions require the gH/gL/gO complex for entering fibroblasts by fusion at the
plasma membrane and the gH/gL/UL128-131 pentameric complex for entry into epithelial
and endothelial cells by pH dependent endocytosis (24, 94, 96, 141). Some laboratory
strains are fibroblast-restricted because serial passaging has led to loss of functional
UL128-UL131 and a compensatory increase in gH/gL/gO concentration (142-144). The
ratio between gH/gL/gO and gH/gL/UL128-131 complexes is determined within the ER
prior to transport to Golgi or post-Golgi membranes for use in envelopment (96, 140, 145,
146). After gH and gL interact and stabilize each other in the ER (147), a single gH/gL
complex can either form a disulfide bond with gO or a noncovalent bond with UL128-131
but not both (96, 148). During formation of the pentameric complex, UL128, UL130, and
UL131 are each capable of binding to gH/gL and help recruit the remaining components
of the pentameric complex (96). To a lesser degree, the UL116 glycoprotein also appears
to compete for gH binding in the ER but its role is still unknown (149). Only after formation
of gH/gL/gO or gH/gL/UL128-131 do the complexes migrate to the Golgi where they

mature through glycosylation and become incorporated into virions (96, 145, 150).
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Glycoprotein complex formation and incorporation in HCMV infected cells is driven
by several viral proteins including US17, UL148, and gO (1, 151, 152). In addition to its
immune modulatory role, when the transmembrane protein US17 was deleted, gH was
mislocalized and there was a 3-fold decrease in the level of gH found in virions (1).

UL148 is a glycoprotein with a RXR motif that retains it in the ER where it appears
to bind and sequester gH/gL/UL130 or gH/gL/UL131 thus reducing the formation and
trafficking of completed gH/gL/UL128-131 complexes to the cVAC leading to an
enrichment of gH/gL/gO in virions (151). Using the TB40/E deletion strain TB_A148, high
MOI infections were similar to parent in HFFs but yielded 100x more infectious output in
ARPE-19 human retinal pigment epithelial cells (151). The deletion also caused
substantially less gH/gL/gO complexes to form (151). Insertion of UL148 into the
laboratory strain ADr131 which previously lacked it decreased ARPE-19 tropism four-fold
(151). Arelated tropism effect was seen when comparing B cell-derived to epithelial cell-
derived EBV suggesting mechanisms for selecting envelope glycoprotein complexes may
be a conserved feature of herpesviruses (147). Positional homologs of HCMV gO exhibit
approximately 40% aa similarity on average and are maintained in HHV-6A (U47), HHV-
6B (KA8L), HHV-7 (U47), and MCMV (M74) (153, 154). Binding properties of HCMV gO
vary in efficiency and are strain dependent (146). When aligning the aa sequences of
HCMV gO in 40 clinical and 6 laboratory strains, gO isoforms group into 8 different
families with increased diversity between sequences at aa 1-100 of the N-terminus and
residues in the 270-340 region (146, 155). While gO isoforms from HCMV strains Towne,
TR, Merlin, TB40/E, and AD169 were all able to form disulfide bonds with TR gH/gL in

HFFs, virions produced in the presence of Merlin gO incorporated significantly more
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gH/gL/UL128-131 than gH/gL/gO as opposed to the other strains in which the ratios were
reversed (146). Infecting fibroblasts using strains without gO expression caused
accumulation of nonenveloped particles in the cytoplasm and mature virions had
increased levels of gH/gL/UL128-131 but 50% less gH/gL overall (143, 152).
Interestingly, when HUVECs were infected with a UL131 deletion mutant, an identical
phenotype was observed but virions accumulated increased levels of gH/gL/gO instead
emphasizing the cell specific pathways and competitive nature of glycoprotein complex
selection in virion maturation.

By altering glycoprotein expression during infection, HCMV is able to diversify the
spread of infection and avoid complete elimination from infected hosts. On a more basic
level than determining cellular tropisms, herpesvirus glycoproteins serve a crucial role as
bridges between the lipid membrane and tegument layer, without which, production of

infectious particles is severely diminished.

D. Fatty acid metabolism as a driver of envelopment

As part of the process that leads to cVAC formation, envelopment, and egress,
HCMV induces significant alterations in the metabolic profile of host cells (156). As
opposed to HSV-1 infection which upregulates pyrimidine nucleotide synthesis, HCMV
induces a metabolic shift that favors long chain FA synthesis (30, 156-158). By altering
the metabolic profile during infection, HCMV upregulates saturated FA, which increase
membrane curvature at sites of envelopment. As seen with other enveloped viruses,
increased curvature promotes envelopment through concentration of membrane-bound

viral proteins and decreased energy cost during membrane budding (159-162).
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The first committed step of FA acid synthesis is catalyzed by acetyl-CoA
carboxylase (ACC) generating malonyl-CoA from byproducts of glycolysis and the
tricarboxylic acid (TCA) cycle (163, 164). Malonyl-CoA is then used as a substrate by
cellular acyl-CoA synthetases and elongases to create long chain FA (LCFA; 14-21 C
chain) and very long chain FA (VLCFA; 21 < C chain) (163, 164).

Following HCMV infection, uptake of cellular glucose required for glycolysis was
increased as a downstream result of the antiviral protein viperin becoming activated (165-
167). Cellular ACC levels also increased coincident with HCMV infection. By increasing
glucose and ACC, host malonyl-CoA production capacity increases and drives
downstream FA synthesis. If this process is blocked as during inhibition of ACC by siRNA
or the inhibitor TOFA, virion output decreased by 10-100-fold ostensibly due to loss of FA
(157, 158).

In addition to viperin, infected cells also upregulate the plasma membrane-bound
low-density lipoprotein related receptor 1 (LRP1) as part of the antiviral response (28).
Offsetting the adipogenic outcome of viperin upregulation, LRP1 depletes cellular- and
virion-associated cholesterol because of amplified FA synthesis during infection.
Inhibition of LRP1 by siRNA or antibody binding was sufficient to increase cholesterol
concentration and infectivity of nascent virions (28).

An extensive siRNA screen identified 172 cellular enzymes associated with FA
metabolism and adipogenesis as having a role in HCMV replication (30). From the
screen, several acyl-CoA synthetases, including ACSM2A, 3-5, ACSBG1-2, ACSL1, 3-6,
and SLC27A1-6 plus the ELOVL1-7 family of elongases, were found to be important for

HCMV biogenesis (30). Pharmacological inhibition of either set of enzymes caused
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reduced viral infectivity with elongase inhibitors delaying expression of viral genes and
causing a reduction in overall abundance of the tequment protein pp28 (30). In addition
to acyl-CoA synthetases and elongases, class Il phosphatidylinositol 3-kinase (Vps34)
was also identified in the screen as being required for growth; without it, nonenveloped
virions accumulate in the cytoplasm (30, 51).

During HCMV infection, Vps34 and ACC cooperatively form large cytoplasmic
vesicles, presumed to be the sites of virion envelopment, and act downstream of the viral
protein pUL37x1 in the process of envelopment (51). Through carbon labeling and mass
spectrometry, the increased acyl-CoA synthetase, elongase, and Vps34 expression were
found to cause an upregulation of saturated VLCFA in the viral envelope due to C18 FA
elongation, not de novo synthesis (30). Accumulation of VLCFA in defined regions is
associated with increased membrane curvature (162, 168-171). The lack of de novo
synthesis suggested HCMV uses preexisting stores of FAs to generate VLCFA for virion
envelopes. The source was later found to be lipid droplets within the host cell (30).

The ability to maintain elevated lipogenesis during HCMV infection is dependent
on cleavage of the cellular sterol regulatory element binding protein (SREBP) by SREBP
activation protein (SCAP) (172). Under normal conditions, the interaction of SREBP1 and
SCARP is inhibited by increased sterol formation but HCMV overrides the failsafe through
expression of pUL38 (31, 172). pUL38 removes a repressor of mTOR activity which is
sufficient for maintaining cleavage and activation of SREBP1 thereby inducing elongase

ELOVLY and VLCFA is synthesized for use in virion envelopment (31, 173, 174).
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E. Completion of envelopment by membrane scission

After maturing virions have initiated the budding process, membrane scission
events are required to seal the envelope. In cellular pathways, scission is mediated by
dynamin- or endosomal sorting complex required for transport (ESCRT)-dependent
mechanisms (175, 176). Dynamin is required for pinching off membranes during inbound
trafficking and ESCRT stitches membranes closed as they bud into topologically
extracellular vacuoles within cells as seen in MVB formation. While both are used for
replication of enveloped viruses (177-179), the propensity for HCMV virions to
accumulate in structures resembling MVBs suggests a dependence on ESCRT-mediated
pathways (67, 90, 175, 176).

ESCRT machinery is comprised of five main cytoplasmic complexes, ESCRT-0, -
I, -1, Ill, and Vps4-Vtal, and assists in both budding and scission of cellular vesicles
through recognition of ubiquitin signals (175, 180-182). There is some conflicting
evidence but ESCRT-O0, -I, and -1l appear to act in parallel, not sequentially, to facilitate
budding (175, 180-182). ESCRT-IIl and Vps4-Vtal act downstream of the other
complexes and control the scission and release events, respectively (175, 176).

Following cVAC formation during HCMV infection, components of the ESCRT
machinery are intermingled with Golgi and endosomal markers near sites of envelopment
(19, 183). During infection of RPE1 retinal pigment epithelial cells with a GFP labelled
variant of AD169, siRNA silencing of Tsg101, a component of ESCRT-I, and Alix, which
helps recruit ESCRT-III, did not reduce virion output (184). Conversely, siRNA silencing
of Vps4A/B resulted in increased infectious output suggesting ESCRT recruitment was

nonessential and, in some cases, inhibitory to virion maturation (184). In a separate
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Fig. 3.5. Ultrastructural analysis of HCMV infected cells suggests virion egress by compound
exocytosis. Representative images of HFFs infected by the AD169-derived bacterial artificial chromosome
(BAC) pAD/Cre (MOI 0.3) show the accumulation of multiple mature viral particles packaged within individual

vesicles (red).
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Extracellular space

Fig. 3.6. HCMV induced alterations to trafficking within the endocytic recycling compartment (ERC)
based on transcriptional data. Following significance analysis of microarray (SAM), 328 significant
transcripts were identified as being involved with cellular vesicle-mediated transport. The effects of
transcriptional regulation during infection were mapped onto the various pathways within the ERC. The
resultant diagram showcases changes in the net flux of various ERC pathways and resultant increase in
secretory vesicle exocytosis. Thickness of arrows indicates change in flux relative to uninfected cells with
thicker arrows being the favored direction of transport. Abbreviations: endoplasmic reticulum (ER), Golgi
apparatus (GA), common recycling endosomes (CRE), early endosomes (EE), apical recycling endosomes
(ARE), late endosomes (LE), multivesicular bodies (MVB), lysosomes (LYS), endosomal sorting complex
required for transport (ESCRT, E).
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CHAPTER 4: GENERAL CONCLUSIONS

Herpesvirus replication cycle relies heavily on remodeling host environments to
achieve envelopment and egress of nascent particles. While similar high order
requirements exist between the different subfamilies of Herpesviridae, details of virion
replication differ based on the repertoire of cells infected by each virus. Areas of observed
differences include development of an assembly compartment, function of virion structural
proteins, composition of virion envelopes, and mechanisms required for membrane
scission and virion egress.

In general, herpesviruses hijack host trafficking pathways and direct virion
components to a defined assembly region in infected cells, the HCMV cVAC being the
most prominent, before exocytosis of fully matured particles. Redirection of trafficking is
a result of transcriptional regulation, a complex network of viral protein interactions, and
modifications to the metabolic profile of host cells. Key proteins have been identified as
having a role in virion maturation but interpretation is difficult due to functional
redundancies and downstream cascades of interactions.

As part of this research, we generated a series of novel tools and ideas that will
continue to advance the study of HCMV replication. Through the BAC, TB40/E/Cre,
genes of interest can be expressed in the context of infection. Through manipulation of
cellular and viral processes we will be able to identify pathways integral to HCMV
maturation. Through our model of HCMV induced changes to cellular trafficking, we have
identified a series of potential targets for further characterization and potential

development of novel therapeutics.
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Human cytomegalovirus (HCMV) is a ubiquitous viral pathogen. In individuals with
fully functioning and mature immune systems, HCMV is associated with mild symptoms
prior to establishing latency. In individuals with naive or compromised immune systems,
HCMV is capable of causing severe organ damage. HCMV is the leading infectious cause
of congenital birth defects and a major non-genetic cause of hearing loss. Unfortunately,
antiviral treatment options lack diversity due to limited knowledge of virion replication. If
HCMV replication were better understood, new antiviral treatments could be developed.

In this work, we describe the development and implementation of new tools to
study HCMV replication with a focus on envelopment and egress. We generated a novel
HCMV bacterial artificial chromosome (BAC) expression system for characterizing the
effects of exogenous proteins in the context of HCMV replication. While demonstrating
the new BAC, TB40/E/Cre, we are also able to draw conclusions relating HCMV genome
size to replication efficiency. In addition, we characterize the transcriptional profile of
cellular proteins during HCMV infection. We found that HCMV causes significant

alteration in host MRNA expression and targets a number of transcripts related to vesicle-
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mediated trafficking. By tracing the effects of HCMV on cellular trafficking, we propose a
model of virion envelopment and egress.

Through this work, we now have the capability to test our predictions and
determine the route of viral maturation and exocytosis in host cells. By constructing a
map of HCMV replication, we provide critical control points for use in developing novel

antiviral therapies.



122

AUTOBIOGRAPHICAL STATEMENT

William L. Close

EDUCATION:
Ph.D., Immunology and Microbiology
Wayne State University School of Medicine, Detroit, MI, August 2017

Bachelor of Science in Microbiology with Business Concentration
University of Wisconsin — La Crosse, La Crosse, WI, May 2012

WORK EXPERIENCE:
2010-2012  Microbiology Quality Assurance Intern
City Brewing Company, La Crosse, WI

AWARDS:
2017 American Society for Virology 36" Annual Meeting Travel Grant
American Society for Virology

2016 Second Place, Poster Presentation, Graduate and Postdoctoral Research Symposium
Wayne State University

2016 Honorable Mention, Poster Presentation, 20" Annual Graduate Student Research Day
Wayne State University

2015-2017 Thomas C. Rumble Fellow
Wayne State University

PUBLICATIONS:
2017 Close WL, Bhandari A, Hojeij M, Pellett PE. Generation of a novel human cytomegalovirus
bacterial artificial chromosome tailored for transduction of exogenous sequences. Virus
Research. Under revision.

2013 Tiruveedhula VV, Witzigmann CM, Verma R, Kabir MS, Rott M, Schwan WR, Medina-
Bielski S, Lane M, Close W, Polanowski RL, Sherman D, Monte A, Deschamps JR, Cook
JM. Design and synthesis of novel antimicrobials with activity against Gram-positive
bacteria and mycobacterial species, including M. tuberculosis. Bioorganic & Medicinal
Chemistry. 21(24):7830-7840.



