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Abstract

The current HIV pandemic has killed more than 35 million people since 1985, and infects a further
30 million globally. Vaccines based on herpesvirus vectors, in particular cytomegalovirus, generate
unique, robust immune responses that may overcome many of the typical obstacles to an effective
preventative HIV vaccine. Recent studies using a cytomegalovirus based vaccine in the rhesus
macaque monkey model have protected close to half of all vaccinated monkeys from SIV, but
guestions remain as to the mechanism of protection and whether similar results will be seen in
humans against HIV.

These questions may be answerable through the use of the cynomolgus macaque monkey model,
and a minimally passaged cytomegalovirus vector that more closely resembles human
cytomegalovirus. To this end a novel cytomegalovirus was isolated from a Mauritian cynomolgus
macagque monkey. This virus was sequenced in full and phylogenetically characterized alongside
other primate cytomegaloviruses and their hosts.

To generate a vaccine construct the newly isolated and minimally passaged cynomolgus macaque
cytomegalovirus was first cloned as a bacterial artificial chromosome (BAC) to facilitate the
preservation of the virus without further accumulation of attenuations from in vitro passaging. After
sequencing the BAC, and comparison of the growth kinetics of the viruses derived from the BAC to
determine if there was an observed in vitro loss of fitness, the BAC was used to construct a vaccine

against SIV.



This new cynomolgus macaque cytomegalovirus based SIV vaccine for use in cynomolgus
macaques retains wildtype growth kinetics in vitro. It is the first cytomegalovirus based SIV vaccine
for use in the cynomolgus macaque model and the first cytomegalovirus used in vaccine studies that
purposely has been generated with a focus on retention of viral fitness. This is a valuable molecular
tool that will permit the further understanding of herpesviruses as vaccine vectors and their potential

application in humans.
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Chapter One: Introduction

1.1 Vaccines against Human Immunodeficiency Virus
1.1.1 HIV

1.1.1.1 HIV Virology

Human immunodeficiency virus (HIV), the causative agent of acquired immune deficiency
syndrome (AIDS), is a retrovirus of the lentivirus family [1-3]. It is an enveloped virus 100-120nm in
diameter containing two copies of a single stranded ribonucleic acid (SSRNA) genome in a conical
viral capsid [4-7]. The genome contains 9 open reading frames (ORFs) that encode just under 20 viral
proteins [4, 5, 8]. Following viral entry into the target cells, CD4+ cells, the virus uncoats [4]. Like
other retroviruses the sSRNA genome is translated into a cDNA copy that is then trafficked into the
cell nucleus and integrated into the host genome [4, 9, 10]. Integrated HIV can remain in the host
genome untranscribed as the cell returns to a resting state, becomes dormant, activates, differentiates,
or even proliferates [11-16]. Latently infected cells may not produce any viral proteins and are
undetectable to the host immune system before activation, though low-level viral transcription is
observed in a portion of latently infected cells [12, 15, 16]. Some integrated HIV genomes will be
completely non-functional and never produce virus or viral genes [12]. Alternatively, HIV ORFs can
activate immediately upon integration or at a later time point to produce viral proteins [11, 12, 14,
17]. Newly produced virus can bud from the cell surface within 24-48 hours of entry into a target cell
[11, 18-20].

The HIV envelope (Env) structural protein mediates viral entry. It is a highly variable protein and
can vary in amino acid sequence by as much as 35% between viral clades, and 20% within viral
clades [3]. The env gene is translated as a single polyprotein, gp160, which is subsequently spliced
into the glycoproteins gp120 and gp4l [11]. The transmembrane gp4l, and glycosylated gpl120
associate and move to the cell surface as a trimer of protein heterodimers necessary for mediating
viral entry into target cells [11].

The Env trimer binds to the CD4 receptor of CD4+ cells to initiate viral entry [11]. Following a
conformational change, Env binds with a second co-receptor, commonly CC chemokine receptor 5
(CCR5) [18, 21-26]. Alternatively, in CXC Chemokine receptor 4 (CXCR4) or dual tropic HIV,



CXCR4 may be used as a co-receptor [18, 25-28]. Transmitted founder virus is typically CCR5
tropic, becoming dual or CXCR4 tropic only in later infection following mutation [18, 21, 22, 26, 29].
Timothy Ray Brown, known as the Berlin patient, was infected with CCR5 tropic HIV when he
received a bone marrow transplant for acute myeloid leukemia from a CC chemokine receptor
(CCR5)-A32 HIV resistant donor. His reconstituted CD4+ cell population was no longer susceptible
to viral entry from Env utilizing CCR5 co-receptor. Though he remains susceptible to CXCR4 tropic
HIV, viremia has not returned years following his treatment [30].

Following Env binding of the co-receptor, the viral envelope fuses with the cell lipid membrane
releasing the viral capsid and tegument proteins into the cytoplasm. As the Env trimer is the only
exposed HIV protein on the virion surface it is the primary target for most antibody based vaccine
attempts (see Section 1.1.3). Antibodies against HIV occur in natural HIV infection and are a key
component of the host immune response against HIV but are typically non-neutralizing and do not
lead to the elimination of HIV from the host (see section 1.1.2). As Env is only produced late in the
viral lifecycle in the HIV infected cells, cytotoxic T lymphocyte (CTL) responses against Env are
thought to be of limited value in controlling the virus [31].

In some cases vaccine induced immune responses against Env have increased rather than
decreased susceptibility to HIV [32, 33]. Viral infection can be aided by the recruitment of activated
CD4+ immune cells, which are target of the virus, to sites of infection [32, 33]. Viral entry into these
immune cells may be further aided by the binding of the host cell Fc (Fragment, crystallisable)
receptor to antibody or complement opsonised virions, attaching the virus to its potential target [32,
33]. Integrins or their ligands expressed on activated immune cells may similarly enhance cell
infection rates as they interact with integrins or ligands retained on the HIV viral envelope [34-37]. In
macaques a varicella-zoster virus (VZV) based Env vaccine that activated CD4+ T cells without
inducing neutralizing antibody production or CD8+ T cell responses resulted in enhanced
susceptibility to SIV in vaccine recipients, demonstrating that a non-productive but highly
immunogenic vaccine actually increases mucosal susceptibility to SIV [32, 38].

HIV encodes for two other structural proteins, Group-specific Antigen (Gag) and DNA
(deoxyribonucleic acid) Polymerase (Pol). The HIV virion is given structure by the proteins of the
gag gene. Gag is translated as a single polyprotein, pr55, that is digested into smaller proteins by the
HIV protease [4]. The nucleocapsid protein p7 covalently binds and protects the sSRNA genome [11].
The viral capsid is formed from p24 and HIV is anchored to the lipid envelope by matrix protein p17
[11].

Gag is a tempting target for a HIV T cell mediated vaccine as it is made early in the HIV infection

cycle and is highly conserved. It contains the most highly conserved epitopes — across strains, clades



and time — in the HIV genome [39]. Escape mutations to avoid CTL responses have the highest
fitness costs in the gag, pol and nef genes and revert the most frequently [40]. Gag is present on the
surface major histocompatibility complex (MHC) -I of infected cells within two hours of viral entry,
well before Negative Regulatory Factor (Nef) mediated downregulation of MHC-I can begin 6-12
hours after viral entry [31].

The pol gene is transcribed out of frame as part of a single large ORF with gag [41, 42]. It is
translated only after ribosomal slippage occurs at a UUUA sequence located along the mRNA to
produce a -1 frameshift in the translation [41]. As a result Gag-Pol pre-protein is produced at a ratio
to Gag alone between 1:8 [41] and 1:20 [42]. The digested Pol proteins are encapsulated in the HIV
virion and distributed into newly infected cells [11].

Pol pre-protein is digested into Protease, which is responsible for digesting Pol and other HIV pre-
or poly proteins, and the proteins Integrase, Reverse transcriptase, and RNAse H which are essential
to the retroviral aspects of the HIV lifecycle [11]. Following fusion of the viral and cell membrane,
and uncoating of the viral capsid, Reverse transcriptase converts the two ssRNA HIV genome copies
into a cDNA copy [11]. Frequent switching of which ribonucleic acid (RNA) genome is utilized as
the template during copying introduces errors and contributes to the high mutation rate [4, 43].
RNAse H digests the RNA copy of the HIV genome, and Integrase catalyzes the integration of the
genome into the host cell [4, 11]. Both Reverse transcriptase and Integrase are key targets of
antiretroviral therapy (ART) [11]. Reverse transcriptase has a high error rate, and is partially
responsible for the high mutation rate of HIV [11] (See section 1.1.2). Host proteins, including A3
cytidine deaminases, further contribute to establish a mutation rate of one incorrect base pair every
1500-4000 DNA bases [44]. This high error rate can be both beneficial and problematic for viral
fitness. It drives adaptation to immune or chemical interventions, but also produces non-functional
virus [4, 44]. Replication incompetent or non-functional virus is difficult to distinguish from latent
virus by PCR based methods, often confounding estimates of the size of the latent viral reservoir [45].

Similar to Gag, Pol is expressed early after viral entry and found on surface MHC-I within 2 hours
of viral entry making them both natural targets for CD8+ T cell mediated vaccine approaches [42].
Functional regions of the pol gene are well conserved across HIV clades, meaning a single vaccine
may be sufficient to target most strains of HIV [46]. In studies with SIV, CD8+ T cells specific for
Pol were able to eliminate infected cells early after viral entry, prior to the expression of other
proteins, or the production of virus [42].

Beyond the structural proteins, HIV-1 encodes two regulatory proteins, Rev and Trans-activator of
Transcription (Tat), and four accessory proteins. SIV and HIV-2 encode a fifth accessory protein,

Viral Protein X (Vpx) but most do not encode Viral Protein U (Vpu). The regulatory proteins Tat and



Rev regulate gene expression, both supressing select host genes, and activating viral genes. Tat is an
intracellular transcription activator to promote HIV gene expression, and a secreted protein [47-50]. It
is produced and secreted very early after viral entry [51]. Secreted Tat binds surface receptors on
surrounding cells with immune modulatory effect [52-54] and to upregulate CCR5 and CXCR4
expression [55-57]. Endocytosis of Tat into surrounding nerve cells causes excitotoxicity, neuronal
degradation, and neuronal cell death [58].

Rev is a regulatory protein responsible for the shift from early to late gene production [51, 59].
Genes bearing the Rev response element (RRE), like gag and env, exhibit codon optimization
dissimilar to host genes, with a low G/C content and a high frequency of U/A in the final letter of
each codon [60, 61]. The odd codon usage, and small compatible tRNA pool, slows translation of
these genes in the early phase of HIV replication [60]. As it builds up in the nucleus, Rev binds the
RRE on HIV mRNAs to facilitate export to the cytoplasm, and improve the rate of translation [59-
62]. Rev is essential for viral replication and virion formation will not occur in the absence of this role
[51, 59-62]

Similar to Pol, Tat and Rev gene products are relatively highly conserved across clades [51, 63].
This makes them ideal vaccine targets. Antibody responses generated against Tat react across
subtypes [51, 64]. Tat and Rev specific CTL responses are inversely correlated with progression to
AIDS in HIV infected individuals [65, 66]. Tat specific antibodies are capable of sequestering
secreted Tat, preventing neurotoxicity and its immune modulatory effect [51, 67, 68]. They are only
observed in 10-20% of HIV infected individuals but are correlated with non-progression to AIDS [51,
64, 68]. Rev has not been used alone as a vaccine target but is frequently included in candidate
vaccines alongside other genes [51].

The accessory proteins Nef, Viral Infectivity Factor (Vif), Viral Protein R (Vpr), and in HIV-1:
Vpu or in HIV-2 and SIV: Vpx, are not essential for productive HIV infection in vitro [69, 70]. In
vivo, however, the accessory proteins play key roles in viral infection [69, 71-73].

Nef is translated as a 27 kiloDalton (kDa) protein with a myristoylation sequence to target it to the
cell membrane [74, 75]. A smaller non-myristoylated form of Nef also produced [69, 76]. Nef is
packaged into the HIV virion [69, 77]. Upon entry into the cell this virion trafficked Nef remains with
the viral core or forming ribonucleoprotein complex, while newly synthesized Nef localizes
throughout the cytoplasm, nucleus, and plasma membrane [69, 77-79]. The nef gene is not expressed
as early in the infection cycle as gag or pol (see above), but Nef is present within 12 hours after viral
entry [42].

Nef interacts with a number of proteins to influence cell activation, to increase virion production

rates, and to prevent apoptosis [69, 80]. Secreted Nef similarly affects surrounding non-infected cells,



and may stimulate viral replication in latently infected cells [69, 81]. Through multiple mechanisms
cell membrane associated Nef alters endosome trafficking pathways to downregulate surface
expression of cell proteins including CD4, MHC-I, MHC-II, CD28, and TNF, and to upregulate
expression of DC-SIGN (Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin) [69, 82-84]. MHC-1 and MHC-II downregulation interferes with the immune detection of
infected cells, while DC-SIGN upregulation improves the clustering of infected dendritic cells with
HIV susceptible T cells to improve cell-to-cell transmission [69, 82, 85]. CD4 downregulation limits
subsequent superinfection of HIV infected cells and curtails the binding of surface expressed Env to
CD4 on infected cells [69, 84]. Together both dramatically improve the spread of HIV within a host
[69, 84, 86].

There is above-average conservation across the nef gene between clades, marking it a potential
vaccine target [46, 75]. However, most HIV patients develop both T cell and antibody responses
against Nef and this natural immune response does correlate with protection from disease progression
[46, 69].

HIV and SIV lacking Nef are replication competent, but produce lower viral yields in vitro and
impaired pathogenicity in vivo [69, 87]. A number of HIV infected long-term non-progressing
patients have been found with mutations in the nef gene [69, 88, 89]. Macaques infected with nef-
deleted SIV (Anef) attenuated vaccine candidates progressed towards simian AIDS at a slower rate
and were protected from infection with closely related strains of SIV [51, 69, 90-94] (See Section
1.1.2). Vaccination with Anef provided one of the highest levels of protection against further
challenge with SIV to date [90-93].

The vpu gene is present in HIV-1 and chimpanzee SIV (SIVcpz) -related SIV strains, but not HIV-
2 or sooty mangabey SIV (SIVsm) related SIV strains including macaque SIV (SIVmac) [69, 72].
The protein is dispensable, particularly in vitro, but improves viral pathogenicity in vivo [69, 72]. Vpu
is not trafficked in the virion, and is instead produced in infected cells where it targets intracellular
CD4 and facilitates virion budding [69, 72]. CD4 binds to the Env precursor in the endoplasmic
reticulum of infected cells, preventing the export of either to the cell surface [69, 72]. Vpu binds the
Env precursor-CD4 complex to target CD4 for proteosomal degradation and free Env for surface
expression [69, 72].

Vpu is also important in the budding of completed HIV virions from the cell [69, 72]. Vpu binds a
number of cell factors; in tissue culture the effect of Vpu on viral budding is dependent on the host
cell phenotype [72]. In SIV and HIV-2, most of which lack vpu, an additional domain of Env fills a
similar role [72]. In SIVmac this function is also aided by Nef [72].



Vif is produced late in HIV and SIV replication and packaged into the virion [4, 69, 95-97]. Vif
was initially thought extraneous as it is unnecessary in many common cell culture lines, all of which
were later found to lack APOBEC3 (Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
like 3) [4, 69]. APOBECS3 is a cytidine deaminase which causes hypermutation of the pre-integration
HIV cDNA genome [73, 95, 98]. Vif promotes the proteosomal degradation of APOBEC3 enzymes
to protect the HIV or SIV genome from excessive mutagenesis [4, 44]. Vif is essential for HIV fitness
throughout replication in CD4+ T cells and macrophages in vivo [69]. A3 proteins lead to a
substantial decrease in the fitness of HIV when not countered by Vif [44, 98]

Vpr is a highly conserved protein in HIV and SIV, and a key target of host CTL responses [99].
Proportional to coding space, Vpr contains the greatest number of epitopes highly susceptible to
reversion after escape mutation [40]. It is also a key virulence factor. Vpr is packaged in the virion
and secreted Vpr can cross cell membranes to act in surrounding uninfected cells [69] Virion
packaged Vpr is associated into the HIV/SIV pre-integration complex which traffics the viral cDNA
genome into the cell nucleus [69, 99]. Independently Vpr drives apoptosis in CD4+ T cells and
neurons [69, 99]. This acts to supresses the host immune response [69, 99]. CTL responses and
antibody titres are higher in SIV infection with Vpr deleted strains [69, 99].

In infected and surrounding cells Vpr acts through multiple redundant pathways to arrest the cell
cycle in the G2 phase [69, 99]. In this phase host factors bias gene transcription and translation
towards viral genes [69]. Host genes which utilize the 5 m7GpppN cap for translation initiation are
supressed while the cell is in G2, preventing extraneous gene translation [69]. Meanwhile
transcription from the viral LTR promoter is marginally increased, and polyadenylation of viral genes
is improved [69]. This leads to an overall increase in virus gene translation [69, 99].

In some SIV strains the functions of VVpr are reduced and instead accomplished by Vpx, a related
gene in SIVsm related strains of SIV and HIV-2 [69, 100]. Vpx is incorporated into the virion, and
localizes in the nucleus. Vpx is incorporated into the pre-integration complex and contributes to
nuclear import [100]. Vpx is also key in protecting the virus from SAMHD1 (Sterile alpha motif
domain and HD domain-containing protein 1), a restriction factor expressed in myeloid cells that
restricts HIV replication despite viral entry [73, 98]. Vpx is highly variable in a species specific
manner having evolved rapidly alongside SAMHDL to protect the virus in its natural host [73]. As
such, and because it is not in HIV-1, Vpx is not a potential vaccine target in HIV vaccines or their
models.

Restriction factors play a role in limiting HIV and SIV to their native hosts, and can be
confounding factors in studies using animal models of HIV. Among the key restriction factors are the
IFN induced transmembrane (IFTM) proteins IFTM1, IFITM2 and IFITM3, which are expressed in



IFN stimulated cells [98]. IFTM proteins are incorporated into the virus envelope as HIV buds from
infected cells and interfere with subsequent fusion of the virus to target cells, impeding viral infection
[98]. Tripartite motif-containing protein 5 alpha (TRIMb5a) also impede cellular infection by
preventing the uncoating of the viral core after it enters the cytoplasm, leading to proteosomal
degradation rather than infection [4, 73].

Tetherin, also known as bone marrow stromal antigen-2 (BST-2), binds to and links the HIV
matrix protein to the cell cytoskeleton preventing viral budding [69, 72, 73].

Schlafin 11 prevents viral mediated alteration of the cellular tRNA pool, potentially through the
sequestering of tRNA [60]. In the absence of Schlafin 11 tRNA pools are altered in infected cells to
advantage the expression of viral genes over host genes [60, 101].

HIV and SIV have evolved alongside these restriction factors and have specific mechanisms to
circumvent them in their natural host [73, 98]. When virus is transmitted to a distant host, such as
when humans are exposed to SIV or non-human primates to HIV, the virus is often unable to
establish infection or spread because of these or other restriction factors [98].

HIV is a result of the cases where the virus was able to adapt and overcome the species barriers.
Early outbreaks of HIV in the 1920’s in Cameroon and the 1950’s in Kinshasa are thought to have
begun in hunters handling the carcases of SIV infected animals [102]. HIV-1, transmitted to humans
from such encounters with SIV infected apes, is the predominant form of HIV globally. There are 4
groups of HIV-1, groups M, N, O and P [18]. Group M, N and O result from separate historical
transmissions of HIV to humans from chimpanzees. Group P was transmitted to humans from
Gorillas [18]. The majority of HIV infections globally are derived from the 1980’s group M pandemic
and can be classified into 9 subtypes, A, B, C, D, F, G, H, J, and K as well as multiple circulating
recombinant forms [18].

HIV-2, which occurs mainly in western Africa, originated through transmission to humans from
sooty mangabeys [18, 103]. HIV-2 results in the same symptoms as HIV-1, but with a prolonged
asymptomatic phase and slower disease progression as the virus is less adapted to human hosts [18,

103]. It also has a lower transmission rate between humans than HIV-1 [18].

1.1.1.2 HIV Pathogenesis

In all but the rarest of cases HIV results in lifelong infection that can be divided into three general
phases. All patients will experience an initially acute phase, followed by a chronic phase that, without
treatment, lasts an average of 8-10 years [104, 105]. Without treatment HIV replicates in, and
gradually depletes, host CD4+ T cell leading to AIDS [106-109]. HIV infection establishes a latent
viral reservoir with a long half-life [110-112]. Though HIV can be treated and controlled with ART to



below the limit of detectability for plasma viral load, it cannot be eliminated and viremia returns if
ART ceases [110, 111].

Acute HIV infection is further classified into an eclipse phase of approximately ten days, before
HIV RNA is detectable in the plasma, followed by five Fiebig stages [29, 113] (Figure 1-1). A Sixth
Fiebig stage marks the end of acute HIV and the commencement of chronic HIV infection. The
Fiebig stages are defined by the detection of landmark molecules in patient plasma after infection
[113]. Viral RNA can be first found in the plasma during Fiebig I, the GAG p24 antigen during
Fiebig Il, and HIV targeting IgM during Fiebig 111 [113]. By Fiebig IV indeterminate HIV protein
bands can be detected by western blot while determinant protein bands to at least two of p24, gp41
and gp120/gp160 but not p31 can be detected by western blot during Fiebig V [113].
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Figure 1-1: Early stages of HIV infection. Red line plots trend for plasma viral load following
infection while Fiebig stages are indicated above. Reprinted by permission from Macmillan
Publishers Ltd: Nature Reviews Immunology [29], Copyright 2010 modified with permission from
[114] copyright 2008 National Academy of Sciences, USA.

During the eclipse phase HIV infection is established. In sexual transmission multiple exposures
are usually required for infection to occur [29]. With simian immunodeficiency virus (SIV), a non-
human primate model of HIV, infection can be initiated with cell bound or free virus, but successfully

crossing the epithelial barrier is a rare event for HIV and SIV in either form [29, 115]. A small



number of CD4+ cells are initially infected with a small number of viruses, or in 80% of cases - a
single founder virus [18, 29, 114, 116, 117]. The initial founder strain is typically CCR5 tropic, not
CXCR4 or dual tropic, regardless of method of transmission [18, 21, 22, 26, 29]. The virus replicates
locally, infecting CCR5+ CD4+ T cells as well as CD4+ monocytes and macrophages [29, 118].

The innate immune response to HIV begins early. Signalling molecules can be found in the blood
during the eclipse period [29]. Pro-inflammatory cytokines including interleukin (IL)-1, IL-18, IL-22,
tumor necrosis factor alpha (TNFa), and interferons (IFNs) are released in response to stimulation of
pattern recognition receptors (PRRs) in infected and nearby cells [29, 98]. These recruit innate and
adaptive immune cells to the area as well as promote the expression of a number of anti-viral genes,
including many restriction factors that limit viral infection of, or replication in, host cells [98].
Natural killer cells (NKCs) in particular seek out viral infected cells early, and contribute to the
milieu of antiviral cytokines and chemokines [29].

Within 10 days following sexual transmission HIV reaches the draining lymph nodes, where it
spreads among CCR5+ CD4+ T cells [29]. Dendritic cells and B cells bind to, and help spread, the
virus to activated T cells within the lymph nodes [29, 119, 120]. The virus disseminates and replicates
rapidly, spreading throughout the host lymphoid tissue at the end of the eclipse phase and the start of
Fiebig I, where viral RNA can be detected the plasma [29].

The initial adaptive immune response to HIV comes from CD8+ T cells [29, 121, 122]. CD8+ T
cell responses mount through Fiebig I/11 between day 10 and day 20 and drive the early selection of
mutations in the virus [29, 121, 122]. Antibodies against HIV are slower to emerge. The viral load
rises rapidly during Fiebig I and Il peaking in Feibig I1I/IV [29]. With HIV-1 and SIV, 20% of CD4+
T cells in the gut-associated lymphoid tissue become infected within the first three weeks [29, 123-
125].

The first antibodies against Env are seen around 18-23 days after initial infection [29]. Peak
plasma viral load occurs shortly afterwards at 21 to 28 days after initial infection [29]. At this time
there may be more than a million RNA copies of the HIV genome per milliliter of blood [29].

During this time the proportion and number of CD4+ CCR5+ T cells decrease dramatically in the
sigmoid colon from 11 x 10° cells/g of tissue (69.1% of CD3+ T cells) in HIV uninfected individuals,
to 6.9 x 10° cells/g of tissue (67.3% of CD3+ T cells) in Fiebig I/11, 1.2 x 10° cells/g of tissue (35.5%
of CD3+ T cells) in Fiebig 11l and 8 x 10° cells/g of tissue (17.4% of CD3+ T cells) in Fiebig IV
[126]. Proportions of peripheral blood CD4+ cells and mucosal Th17 cells, an important antibacterial
CD4+ T cell line in the mocosa, fall dramatically between Fiebig I/11 and Fiebig 1l [126]. These cell

populations begin to replenish slowly if ART commences later in infection, but never fully recover in
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number or function [126]. CD4+ T cells, including crucially those specific for HIV, are rapidly
depleted. [126, 127]

After peak viral load the adaptive immune response pushes the viral load down throughout Fiebig
V over the course of 12-20 weeks to a relatively stable set-point viral load [29]. Within the first 80
days of infection more than 80% of CD4+ T cells in the gut may be depleted and — due to a lack of
CD4+ T cell help, up to 50% of B cell germinal centers [29, 123-125, 128]

The early events and the extent of lymphoid CD4+ cell depletion in in Fiebig I-1V will determine
rate of disease progression afterwards [127]. The gradual decline of CD4+ T cells throughout Fiebig
VI and the eventual onset of AIDS can be prevented through the use of ART. However, chronic
immune inflammation will be maintained throughout infection with HIV-1, even if treated with ART
[29, 129].

Neutralizing antibodies against HIV are rarely seen before 12 weeks, and typically develop around
3 months after infection [18, 29]. This is after immune control of the virus and the set-point viral load
have already been established. Once they appear they begin driving the selection of Env mutations
[18, 29]. Antibodies that appear within the first 3-6 months are typically specific for the infecting
HIV strain and target the V1 and V2 region of HIV Env [94, 130, 131]. Broadly neutralizing
antibodies (BNAbs) develop in only a portion of HIV infected individuals and appear late in infection
[121, 132-135]. These target regions of Env like the CD4+ binding site [136, 137], V1V2 glycan
[138-140], V3 [137, 141] or membrane proximal region [142, 143] which are better conserved across
strains and clades of HIV [132, 133, 135]. Antibodies against these regions must adapt to self-
mimicry and tight conformational requirements. As a result they often have levels of self-reactivity
and abnormally long constant regions that require extensive somatic hyper mutation to achieve [133,
136, 144-150].

1.1.1.3 HIV Epidemiology

As of 2016, an estimated 35 million people have died from AIDS related causes since the
beginning of the current epidemic in 1981 [108]. Roughly 30 million people are currently living with
HIV [106-109]; a further 2 million people are newly infected each year [107-109]. This rate of
infection has remained stable since 2010 [107, 108].

HIV is transmitted through contact with the bodily fluids of infected individuals, such as blood,
semen, vaginal fluids, rectal fluids, or breast milk [151, 152]. Globally most transmission occurs
through sexual contact [151]. Drug use is another key source of transmission, either directly through
the sharing of needles, or indirectly through the promotion of risky sexual behaviour [18]. Though not

a major topic of discussion in this thesis, due to the circumvention of protective mucosal barriers
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infection through blood-to-blood contact, as with injection drug users, blood transfusions, or
accidental needle pricks, does result in a larger number of transmitted founder viruses [153].
Transmission risks are higher per exposure by this route and range from 95:100-1:50, but are
responsible for only a small proportion of HIV cases worldwide when compared to sexual
transmission [154, 155]. Interestingly, though more viruses are transmitted in cases of injection drug
use, there are still selection processes that result in a smaller number of founder viruses than would be
expected from the transmission [153]. Additionally, though CXCR4 and dual tropic viruses may be
transmitted, founder viruses are typically CCR5 tropic [153].

Vertical transmission of HIV from mother to child can occur through the placentae, in the
transmission of fluids at birth, or through breast milk resulting in infection of roughly 30%-45% of
exposed infants [18, 156]. Fortunately vertical transmission can be effectively prevented through the
use ART [18, 156].

Sexual transmission rates per exposure event are low compared to other routes of infection and
range, for heterosexual transmission, from 1:200-1:2000 for women to 1:700-1:3000 for men [154,
157, 158]. Anal intercourse has a higher risk of transmission — 1:20-1:300 per exposure event — but is
responsible for a lower proportion of overall transmissions globally than vaginal intercourse [154,
158, 159]. Women are more vulnerable to infection in heterosexual transmission then men due to a
variety of biological and social factors [154, 160]. Despite this, there is no overall gender bias in the
global burden of HIV [109]. In the Americas, Western Europe, and Central Europe half of new
infection are among men who have sex with men (MSM) [18, 109].

Once infection has occurred HIV cannot be cleared (See Section 1.1.1.2). The development and
availability of ART has led to profound increases in the life expectancy of people living with HIV
[161]. However, even when treated early in infection, HIV infected individuals on ART have higher
systemic inflammation, and are at higher risk of all age-related diseases except cancer and severe
neurocognitive diseases, despite life expectancies that are approaching that of the overall average
[161, 162]. Even with ART there is never complete recovery from damage done early in HIV
infection, though early interventions can preserve key immune cell populations and substantially
benefit disease prognosis [126, 127, 163] (See Section 1.1.1.2). Only if ART treatment is initiated
prior to and not after Fiebig Il can CD4+ T cell levels, including Th17 cell populations, be
maintained [126]. Importantly, early intervention can prevent the depletion of HIV specific CD4+ T
cell populations leading to better control of the virus throughout infection [127]. On a global scale it
is not feasible to diagnose all or even most HIV cases this early, but it points to the effect of early

events and the benefit of early intervention.
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Even in the chronic stage of HIV there is significant benefit to beginning ART as early as possible
[163]. However, in 2015 only half of those infected with HIV had access to ART [109, 164]. AIDS
related deaths have decreased globally from their peak in 2005 of 1.7-2 million per year, but in 2015
one million people died of AIDS related diseases [107-109, 164].

In 2011 the Joint United Nations Programme on HIV/AIDS (UNAIDS) proposed the New
Investment Framework (IF) to reduce the global burden of HIV, calling for interventions targeting
key populations, the promotion of condom use, behavioural changes in high risk population,
voluntary medical male circumcision, investment into preventing mother to child transmissions, and
increased treatment, care and support for those already living with HIV [165, 166]. Costs for the IF
were estimated at an initial requirement of $22-24 billion United States Dollars (USD) annually
[167]. As the global burden of HIV decreased these costs would decrease and the IF would become
cost effective compared to the previous status quo in the following decades [167]. By 2014 however,
global funding had reached only $20.2 billion USD annually [166, 167].

In 2013 the IF was replaced by the Investment Framework Enhanced (IFE). Treatment guidelines
were updated alongside acknowledgement of new uses for antiretroviral drugs, and a call for
investment into a HIV vaccine [166, 168]. The IFE formally acknowledged the merit of treatment as
prevention, noting that ART treated individuals with undetectable viral counts are unlikely to transmit
HIV, and called for more comprehensive use of ART for this purpose [166, 168]. The IFE also
promoted pre-exposure prophylaxis (PrEP), the use of antiretroviral drugs in HIV negative persons
from at-risk populations to protect against infection with HIV [160, 166, 168, 169]. Multiple trials of
PrEP have demonstrated protective efficacy, showing prevention of HIV acquisition is closely linked
to adherence to PrEP regimens in males [169-172]. However, PrEP efficacy is less consistent in
females [173, 174], possibly due to interactions between PrEP and the vaginal microbiota [175, 176].
Women on PrEP with a non-lactobacillus dominant microbiota, and particularly those with higher
levels of Gardinerella vaginalis, are less protected from HIV acquisition compared to controls than
lactobacillus dominant women are [175]. G. vaginalis and other bacteria metabolize tenofovir
reducing the uptake and effectiveness of the drug [175]. Without addressing microbial constrains,
PrEP will be of limited value in a substantial portion of the population.

While mathematical modeling has suggested that PrEP in conjugation with other interventions
could prevent 3 million new infections in sub-Saharan Africa over 10 years, this would require
significant investment in PrEP availability alongside other prevention measures [160, 169]. To meet
the IFE, global funding would need to expand to $31 billion USD each year without investment in
PrEP and $50 billion USD with sufficient investment in PrEP included [166, 168]. Given the current

US political climate it is clear that these targets are unlikely to be met.
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In 2014 UNAIDS proposed the 90-90-90 campaign for 2020, calling for 90% of people living with
HIV to know their HIV status, for 90% of those diagnosed with HIV to receive ART, and for 90% of
ART recipients to achieve viral suppression [168]. If met, these ambitious goals are expected to
reduce new HIV acquisitions per year to slightly over half a million per year by 2070, meaningfully
decreasing but not eliminating the burden of HIV [168].

A vaccine against HIV has been sought as an ideal intervention against the epidemic. Successful
vaccines are often thought about as all or nothing prophylactic measures that will prevent infection in
a sterilizing manner. However, an effective vaccine against HIV can work via a number of
mechanisms to prevent the harm of the virus or reduce transmission (Figure 1-2). A vaccine which
provides sterilizing immunity (Figure 1-2A) by preventing the initial infection of HIV or eliminating
the infection would halt disease progression and prevent transmission of the virus. Such a vaccine has
proven difficult to develop (See Section 1.1.2 and Section 1.1.3.1), but would not need to be 100%
effective to substantially alter the course of the HIV epidemic.

In the best case scenario of a successful 90-90-90 campaign a partially efficacious vaccine with
70% efficacy at preventing HIV acquisition introduced by 2027 would reduce the expected yearly
infection rate by 2070 from 547 000 to 122 000 [16]. However, the yearly rate of new HIV infections
has not fallen since 2010 [107, 108] and global funding levels have not yet been achieved that meet
the IF, IFE, or 90-90-90 campaign [166-168]. In the reality that the IF is only 50% met, or remains
unmet, the proportional economic and humanitarian benefit of a sterilizing vaccine against HIV is
dramatically increased [166, 168].

As noted above, early events in HIV dictate the course of infection. Any treatment that is initiated
after HIV is detectable will be unable to reverse damage done in the early Fiebig stages of infection
[126] (See Section 1.1.1.2). PrEP, which is initiated prior to infection, may not be effective or
logistically achievable in large subsets of the population [166-168, 175, 176], but a non-preventative
vaccine that accelerated the immune response can produce substantial benefits to disease prognosis. If
key immune responses involving CD8+ T cells or antibodies occur earlier they will limit the peak
viral load (Figure 1-2B). Due to the rapid rate of HIV expansion in Fiebig I/l even a slight
acceleration of the immune response may decrease the peak viral load by several logs (Figure 1-2B).
A lower peak viral load affects the spread of the virus throughout the tissue, the size of the viral
reservoir, and the set-point viral load [177, 178]. By curtailing the spread of the virus key populations
of HIV susceptible immune cells, such as HIV specific CD4+ T cells and Th17 cells in the gut
mucosa, can be preserved [126, 127]. Such a vaccine, though unable to eliminate infection, may
prevent many of the HIV associated complication that cannot be recovered from despite ART [126,
127, 163].
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Figure 1-2: Protective mechanisms of a vaccine against HIV. An impactful vaccine against
HIV can act by: (A) preventing initial infection with HIV or eliminating the founder virus before it
can spread beyond a local infection; (B) lowering peak viremia; (C) lowering the set-point viral load
throughout infection; or (D) preventing disease progression. Plasma viral load without intervention
shown with red dotted line; plasma viral load with intervention shown in blue.

A vaccine which lowers the peak viral load, or independently lowers the set-point viral load
(Figure 1-2C) will further impact the spread of HIV. Viral load is directly associated with HIV
transmission rates [157, 179] and disease progression [177]. The highest rates of HIV transmission
occur during the first three months of infection while viral load is still high. At this point HIV is

twenty-seven times more likely to spread per sexual exposure than during chronic infection [158]. By
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contrast, during late stage infection and AIDS, when the viral load is again increasing, the
transmission rates per sexual exposure are only seven times higher than during chronic HIV infection
[158]. A vaccine that stops disease progression will prevent disease morbidity and spread (Figure 1-
2D). By lowering viral load, especially if it can be lowered below the point of detection, further HIV
transmissions can be prevented, impacting the epidemic in the same manner as a preventative
vaccine.

In all scenarios the development of a vaccine of any modality is the only measure that allows a
sustainable approach to manage the HIV epidemic. The benefits of a vaccine against HIV are
irreplaceable in the face of the current epidemic [168].

1.1.2 Obstacles to a HIV Vaccine

The creation of a sterilizing vaccine against HIV (Figure 1-1A) is complicated by the absence of
confirmed natural clearance of the virus in humans or any model [180, 181]. There have been several
human cases with extended periods of apparent HIV clearance, where the virus remained temporarily
below detectable levels [182-184]. Additionally, in the cytomegalovirus (CMV) vaccinated macaque
model some SIV infected animals have remained undetectable following transient CD8+ T cell
depletion despite CD8+ T cells mediating control of the virus [185]. However, even studying these
unusual cases, it has been impossible to completely decipher the factors involved in protective
immunity against HIV.

No currently existing vaccine for any virus completely prevents infection, with the possible
exception of rabies [180, 186]. Instead they prepare the immune system to control or eliminate
infection while it is still localized. With HIV there appears to be a narrow window of opportunity for
sterilizing immunity, when the virus can be completely eliminated. After vaginal inoculation it has
been shown that SIV replicates locally and spreads to the draining lymph nodes within 4 to 5 days;
after intrarectal inoculation virus can be detected in the draining lymph nodes within 4 hours [187].
Instances where ART was started within hours of exposure have been shown to decrease the infection
risk by 81% [188]. In macaques the success of post-exposure prophylaxis depends on both time
between exposure and commencement of ART and the duration of ART [189, 190]. Together these
indicate that abortive infection is theoretically possible.

Ongoing infection with HIV/SIV may not lead to protective immunity from further HIV
exposures. Instead subsequent exposure to a sufficiently diverse strain of HIV, even one of the same
clade, can lead to superinfection with both strains [191-194]. Despite this there is evidence of immune

protection against HIV and SIV infection.
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Studies of HIV exposed uninfected individuals, particularly repeatedly exposed sex workers, have
informed our understanding of natural susceptibility to HIV. A small subset (approximately 5%) of
the Majengo female sex worker cohort in Nairobi, Kenya who were found to be HIV seronegative
despite years of high-risk sexual activity and a high number of estimated unprotected HIV exposures
were examined exhaustively for demographic, behavioural, genetic and immunologic risk factors
[195-197]. Partial protection was found to be associated with a number of factors, including the
presence of the class | human leukocyte antigen (HLA) A2/6802 supertype and the DRB1*01 allele
among the sex workers [197].

Interestingly, HIV acquisition rates among the women in the cohort were highest in the first two
year of high risk activity and after that the HIV acquisition rate decreased significantly [195]. After
periods without regular exposure, such as if the sex workers took a break, there was an increased risk
of infection upon resumption of sex work suggesting that exposure to HIV induced protection [195].
Protection was correlated with mucosal CD8+ and CD4+ T cell responses and HIV specific mucosal
IgA, but not with plasma 1gG or IgA [196]. A decrease in HIV specific CTL responses coincided with
increased acquisition rates after periods without regular exposure [195]. That exposure led to short
lived partially protective immune responses in the women provides hope that a sterilizing HIV
vaccine may be possible.

However, to be successful a HIV vaccine does not need to be sterilizing (See Section 1.1.1.3;
Figure 1-2). A non-sterilizing vaccine that maintains an immune response to fully supress viral
replication despite a maintained viral reservoir would prevent the development of disease in currently
infected individuals and the transmission of virus [198, 199] (Figure 1-2C). If a vaccine can lower
the peak viral load, lower the set-point viral load, or halt the progression of disease it will reduce the
transmission rate of HIV, benefit those who are currently infected, and will have a profound impact
on the HIV epidemic [198] (See Section 1.1.1.3).

An effective, preventative HIV vaccine will need to overcome the high diversity and variability of
the HIV virus. Similar to influenza, one vaccine antigen will not protect from the antigens of all HIV
groups and subtypes [149]. Different HIV subtypes were originally geographically isolated [18]. Due
to increased rates of global movement geographically disparate subtypes and recombinant forms are
increasingly found at higher rates everywhere [18]. It is therefore no longer feasible to design
different vaccines for different regions, instead antigen design in any potential HIV vaccine must
accommaodate for differences between clades and subtypes.

On top of high population diversity there is a rapid rate of adaptation within the host [44, 121,
200]. HIV has a high rate of replication, high rate of mutation, and high level of functional plasticity
that allows HIV to mutate and rapidly escape immune control [44, 121, 200].
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There are preserved sites on all the HIV proteins that incur higher fitness costs when mutated [40].
Selective pressures from an immune response will drive mutations in all HIV proteins, but mutations
at these sites frequently revert upon removal of those pressures, such as when the virus is transmitted
to a new host [40]. These sites are ideal vaccine targets, as they are well conserved between strains
and clades. Gag, Pol and Nef contained the most preserved sites, and are ideal targets for T cell
responses but due to where they are expressed cannot be the target of neutralizing antibodies [40]
(See Section 1.1.1.1). By contrast, Env has few highly conserved sites visible to antibodies. HIV
Env, and in particular Gp41, has the highest rate of mutation of any HIV protein [44].

The HIV virion is enveloped in the host’s phospholipid bilayer, and coated in host proteins [4, 34].
Host surface molecules, including integrins and their ligands, aid in viral attachment to target cells,
but, as self-molecules, cannot be targeted by the host immune response [34-37]. Env is the only HIV
protein that is a viable target for neutralizing antibodies. As a result, neutralizing antibodies are
produced during natural HIV infection but they are typically only narrowly neutralizing against a
specific clonal lineage of HIV at a specific time [121, 201, 202]. Rather than controlling infection
these neutralizing antibodies drive the viral swarm to adopt escape mutations [121, 201-203].

There is further difficulty in generating an effective antibody response against the conserved sites
of Env. Glycosylation and a folded conformation protect the CD4 binding sites from antibodies [121,
149]. The Gp41l neutralization site of HIV Env mimics human antigens and is further protected from
the development of binding antibodies by self-tolerance controls [149].

There are conserved non-neutralizing immune dominant epitopes on Env that attract antibody
responses [121, 149]. Decoy immunogenic sites that are not exposed in the functional Env trimer are
presented on shed Env and non-functional Env monomers are present on the virion [121, 149, 204].
Antibody targeted against these decoy sites do not neutralize the virus, though they may aid in
opsonization. Additionally there are few functional Env trimers on the surface per virion [205, 206].
In the face of these obstacles the majority of antibodies developed throughout HIV infection will be
transiently effective and only 20% of HIV infected individuals will develop antibodies at any
measureable level that target conserved neutralization sites and are broadly neutralizing across
multiple strains [121, 132-135] (See 1.1.1.2). This likely contributes to the degree of HIV
superinfection discussed above. Further, BNAb that do develop are rarely effective in more than one
clade of HIV [139, 207].

Although broadly neutralizing antibodies and bispecific antibodies have been able to show a
synergy in terms of neutralizing capacity [139, 141, 207-209] and to demonstrate resistance to
challenge in vivo [141, 149, 210-213], efforts to induce these monoclonal antibody combinations

following vaccination have been limited primarily to transgenic mouse and small animal models [207,
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214, 215]. No vaccine attempt has successfully elicited BNAb against HIV/SIV in vaccine recipients
to date, a putative correlate of protection in most currently licenced vaccines for infectious diseases
[149] (See Section 1.1.3.1). To truly succeed in preventing multiple subtypes of HIV without escape
mutations a potential neutralizing antibody based HIV vaccine would need to induce development of
multiple BNAbs [149]. Antibodies that react against the broad range of encountered HIV lineages
should be mathematically favoured in antibody maturation [121]. Correspondingly, BNAb should be
more likely to emerge in individuals infected with multiple viral founder strains [121]. However, the
key neutralization sites on HIV are, as described above, protected from typical antibody responses
and BNAD require extensive somatic hypermutation to target them [133, 136, 147-150]. By screening
large numbers of HIV seropositive individuals for BNAbs, a small number have been identified and
cloned that are highly effective, even across clades HIV [139, 141, 207]. This painstaking work, and
evolutionary analysis chronicling BNAb development has yet to pay off in a multivalent BNADb
vaccine, but offers a potential direction for vaccine research [121, 148, 207].

The CD4+ cells that are activated and recruited to sites of infection and inflammation,
lymphocytes and macrophages, are targets cells of HIV [18]. Vaccine attempts that recruit activated
CD4+ cells to the site of infection without other protective measures, such as CD8+ T cell responses
or antibody production, risk increasing rather than decreasing the susceptibility of vaccine recipients
to infection [32, 38, 216]. As discussed in Section 1.1.1.1, this increased susceptibility was observed
in macaques vaccinated with a VZV based vaccine that activated CD4+ T cells without generating
protective antibody or CD8+ T cell responses [32, 38]. Fortunately not all CD4+ T cells are equally
susceptible to HIV infection [217]. Expression of integrins or their ligands, which may interact with
Env or host proteins on the HIV virion surface, increase the susceptibility of CD4+ T cells to HIV
infection [34-37] (See Section 1.1.1.1). Activated CD4+ T cells primed against some viruses are more
susceptible to HIV than others, contraindicating the use of some viral vectors in HIV vaccine design
[217] (see section 1.1.3.1).

Another obstacle to HIV vaccine development is the latent viral reservoir. It effectively limits
efforts to prevent HIV to mucosal approaches at the primary site of infection, typically the genital
tract and primary lymph nodes. Once the gut immune reservoir becomes involved, immune depletion
occurs and a latent pool of virus becomes established (See Section 1.1.1.2).

It is difficult to estimate the size of the HIV latent viral reservoir [45] but any vaccine-induced
immune response that does not completely prevent infection in a sterilizing manner must outlast the
latent reservoir to prevent viral resurgence. The viral reservoir is established within days of initial
infection [112] and wanes with an estimated half-life of 4.6 months to 44.2 months with ART [110,

111]. Stopping ART prior to complete clearance of the latent viral reservoir leads to viral rebound
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[110, 111]. If vaccine-induced immune responses against HIV wane, or immune suppression occurs
for any of a number of reasons, viral rebound will reoccur as it does in the macaque SIV vaccine
model when anti-CD8 antibodies are administered following CD8+ T cell suppression of viremia
[185, 218]. Any vaccination that controls disease, or eliminates infection after the establishment of
the latent viral reservoir must maintain enough antigenic load to lead to a vigorous long-lived CD8+
T cell immune response. It is not known whether immunotherapy alone in the absence of ART can do

this, or if immune exhaustion will eventually occur.

1.1.3 HIV Vaccine Strategies

Since the discovery of HIV as the causative agent of AIDS, there has been any number of
proposed vaccine strategies. To test these, numerous non-human primate trials and a small number of
human trials have taken place (See Section 1.1.3.1).

Although antibodies, specifically 1gG or IgA, are the predominant mechanism of protection in
most vaccines [219], T cell responses play an important role in the smallpox and yellow fever
vaccines where CTL responses are correlated with protection [220]. Only in a few vaccines, the
bacilli Calmette-Guerin (BCG) tuberculosis vaccine and VZVy, vaccine for chickenpox and zoster,
is protection mediated by cellular immune responses [219]. Not surprisingly, the first HIV vaccines
attempts were simple Env subunit-based vaccines. Single Env subunits were used to generate anti-
Env antibody responses with no success towards preventing HIV acquisition [221] (See Section
1.1.3.1). In retrospect, these vaccines did not generate anything near conformational-intact antigen
and simply induced more of the same non-functional decoy Env monomers that were being blebbed
off T cells during HIV infection (See Section 1.1.2).

Some might argue that no vaccine has ever completely prevented viral infection (See 1.1.2), and
that any attempt to do so would require abundant neutralizing IgG and IgA at the portals of entry
[180, 181, 186]. Env evolves quickly and while there are highly conserved sites, they are heavily
glycosylated or conformationally masked (See 1.1.2). So a successful humoral immune response will
require multiple BNAbs that target key conserved sites across all potential founder viruses, and will
require a sufficiently immunogenic antigen achieve sufficient antibody titres [149].

Potentially vaccine-achievable concentrations of infused BNAbs can protect rhesus macaques
from vaginal and intrarectal challenge with Simian/Human Immunodeficiency Virus (SHIV) [141,
149, 211, 212]. In pigtailed macaques sterilizing protection from SHIV is achieved against high dose
(751D50) SHIVpu1, when given 100 times the 50% inhibitory concentration of antibody 24 hours
before challenge [213]. It is unknown, however, how to induce the development of potent BNADbs

with a vaccine. There has been recent focus on creating a better vaccine antigen to mimic the Env
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trimer with the non-neutralizing immunodominant epitopes removed or hidden [222, 223]. To
generate a BNADb response it is likely that the vaccine will require multiple diverse antigens [121].
The most potent BNAbs have undergone extensive somatic hypermutation, have levels of auto-
reactivity, long CDR3 loops, and other features of secondary mutation that make them difficult to
induce [133, 136, 144-150]. Further, to develop the known BNADbs specific initial germ line alleles in
naive B cells are required [149].

Recently the development of some BNADbs has been studied to determine intermediate, non-
broadly neutralizing antibodies along the BNAb developmental lineage [148]. It may be possible to
induce BNAD production through a stepwise series of vaccine boosts with antigens designed to
produce successive intermediate antibodies [133, 149]. If this is possible, it will still be necessary to
ensure the induced BNAD of the proper antibody subtype are produced, and at a high enough titre to
protect from a potential HIV exposure years after vaccination.

Producing known BNADbs as transgenes, rather than attempting to induce novel responses in each
individual, has been suggested an alternative approach. Cloned BNAbs with the capability to
neutralize more than 90% of circulating HIV strains can currently be synthesised in large quantities
by hybridomas or in plant cells [94, 141, 211, 212]. These can be transfused to protect from infection
[94, 141, 211, 212]. Regular antibody infusions are not practical as a long-term preventative
approach, but BNAb production can be induced directly rather than developed as an immune
response. Adeno-associated virus (AAV) has been used to deliver the DNA to produce BNAD into
muscle tissue [94, 224, 225]. In rhesus macaques this approach has resulted in circulating anti-SIV
BNADb levels as high as 270ug/mL blood [225]. In most animals high levels of host-produced
antibodies target the induced antibodies, limiting the anti-SIV BNAD titres achieved [225, 226]. In an
attempt to limit host responses against the transgene antibodies, rhesus rhadinovirus (RRV) — a
simian herpesvirus related to Kaposi’s sarcoma-associated herpesvirus (KSV) in humans — was
modified to encode two anti-SIVV BNADbs for production in virally infected B cells [226]. Infection
with the modified RRV induced more modest antibody levels in macaques of 200-300 ng/mL blood,
but still resulted in notable anti-antibody responses [226]. There are further technical and ethical
complications of the transgene approach, as the transgenic BNAb production cannot be stopped and
there is risk of immunogenicity against the vector, the transgenic BNAbs, or the tissue producing
them [94].

Attenuating viruses to produce vaccines has resulted in several of most effective and impactful
vaccines  worldwide, including vaccines against smallpox, rabies, and yellow
fever [220, 227]. Traditionally, attenuated viral vaccines were produced by passaging the viruses

repeatedly in cell culture to yield a culture adapted virus that, as a consequence, had lost many of the
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virulence genes necessary to produce disease in the host [227]. In the modern era where the entire
viral genome is known and the functions of all viral genes are understood, this attenuation process can
be aided through modern molecular techniques. Since HIV is a small virus with a simple genetic
structure compared to smallpox or yellow fever, it initially appeared to be a good candidate for
targeted molecular attenuation. Efforts targeted nef after a partial ANef wildtype strain was shown to
be associated with HIV non-progression in a cohort of blood transfusion recipients in Sidney
Australia (all of whom later progressed) [88, 89].

Although impressive results demonstrating protection were initially seen in macaques vaccinated
with attenuated ANef SIV, there were concerns regarding disease progression using the existing
constructs and the potential for pathogenicity resulting from the vaccine [90-93]. When the level of
attenuation was increased to address these concerns, only half of the macaques vaccinated with
SIVmac239A3 were protected from challenge with the related SIVmac251 swarm [90-93].
Furthermore, this protection was short lived and did not extend to other strains of SIV [90-93].
However this trial, and other similar attenuated SIV vaccine trials, were among the first to
demonstrate that sterilizing immunity was not required to protect from SIV disease [92].

Safety has remained the biggest roadblock to attenuated HIV vaccines. Vaccine efficacy against
future challenge in these attenuated trials was inversely proportional to the level of attenuation [91,
92]. Furthermore, there always remained the possibility of the attenuations reverting and the vaccine
strain becoming more virulent. The virus is capable of repairing altered genes, possibly from random
mutation and selective pressure, or possibly through recombination with endogenous retroviral DNA
in the host genome [11, 40, 44, 92]. Thus it is currently accepted that there remains an unacceptably
high risk of attenuated vaccine virus reverting to a virulent state and causing disease [92]. This was
demonstrated in studies including a longer-term follow-up of animals receiving attenuated SIV
vaccines, where the macaques eventually developed symptoms from even the more attenuated
vaccine strain viruses. More than half of SIVmac239A3 vaccinated macaques developed symptomatic
T cell depletion by 6.8 years post vaccination, and 18% had progressed to simian AIDS [228].

A safer alternative is available in the use of viral vectors to deliver vaccine antigens. First human
and, more recently, non-human primate adenoviruses have been studied as potential HIV vaccine
vectors. Over the past twenty years a variety of poxviruses have been examined in-depth, first with
Modified Vaccinia Ankara, and then the slightly less virulent strain of New York Vaccinia [229].
Most recently attenuated Canarypox has been utilized as a vector in multiple Human HIV vaccine
trials (See section 1.1.3.1).
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The poxviruses produce robust cellular responses in both the CD4+ and CD8+ T cell
compartments [230-232]. Poxvirus generated humoral responses, in contrast, can be weak and are
best generated by pairing a poxvirus boost with a paired vaccine prime [229, 233, 234]

In general vector based approaches focus on generating cellular immune responses in the form of
both CD8+ and CD4+ effector T cells. CD8+ effector T cell responses are traditionally thought of as
cytolytic, but increasingly it has been accepted that robust CD8+ effector T cells are multifunctional
[235-237]. They secrete a variety of cytokines, and more than one lytic molecule [235-237]. CTL are
the earliest adaptive immune responders against HIV in natural infection of the submucosa (See
Section 1.1.1.2). The timing and size of the initial wave of CD8+ effector T cells is thought to alter
the ultimate size of the viral reservoir and to determine the extent of CD4+ cell depletion in the gut
[122, 238-241]. A rapid onset of robust CD8+ T cell responses early after infection is associated in
animal models with a lower set-point viral load, less bacterial translocation throughout infection, and
less inflammation throughout disease [126, 127, 177, 178, 238, 240, 241]. CD8+ T cell responses are
active throughout the mucosal tissue of the body, especially in the gut, but other than those found at
the site of primary infection they probably appear too late to prevent the establishment of infection
and entrenchment of a substantial latent viral reservoir [148, 180]. CD8+ T cells target virally
infected cells that are actively producing viral proteins, but not latent cells [148]. In most HIV
infected individuals CD8+ T cell responses are unable to clear infection or fully supress viral
replication by the time they occur. Despite this, strong CTL responses are still correlated with
improved disease outcome. Long-term non-progressors have more active CD8+ T cell responses than
HIV progressors [242, 243].

Pre-existing CD8+ T cell responses, alongside CD4+ T cell responses, are correlated with
protection from infection in a repeatedly exposed, high risk population of sex workers that remained
seronegative for HIV [195] (See section 1.1.2). A robust, immediate CTL response at the portal of
entry may be capable of preventing HIV infection before it can be established. This idea led to the
development of effector memory T cell (Tgy) based vaccines. CD8+ and CD4+ Tgy, alongside tissue
resident memory T cells (Tryv) Which are often not differentiated from Tgy in non-human primate
vaccine models (See Section 1.2.2.2), act immediately without secondary signals or trafficking to
lymph nodes [185, 187]. A maintained population of circulating Tgw and Trw located at portals of
entry in the mucosa are hypothesized to pre-empt the establishment of a substantial latent viral
reservoir and immediately control infection to mitigate the acute phase of HIV replication, minimize
the HIV set-point viral load, and potentially clear virus before the establishment of a large latent viral

reservoir though they do not protect in a sterilizing manner [185, 187].
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Frequently reactivating, lifelong infection with herpesviruses maintains robust Tgy and Try
populations (See Section 1.2.2.2) that make them ideal as vaccine vectors for a Tew/Try based HIV
vaccine approach (See Section 1.3.2). A number of herpesviruses have been explored as possible
vaccine candidates, including CMV, VZV, KSV and Herpes Simplex Virus (HSV), but the most
promising data to date is from CMV and VZV vectored vaccines. Roughly 50% of male rhesus
macaques vaccinated with a CMV based SIV vaccine controlled the virus after they were infected
when challenged intrarectally [185, 244]. Similarly, 9 out of 16 female rhesus macaques (and none of
18 controls) infected through an intravaginal challenge with SIV after vaccination with the same
vaccine controlled the virus [187]. Further 2 out of 6 rhesus macaques given low dose intra venous
(IV) challenge controlled viremia [187]. In each case all macaques were infected with SIV following
challenge before a portion of the vaccinated macaques controlled the infection at plasma viral loads
below detectable levels with occasional spikes in viral load [244]. Protection of the macaques was not
associated with MHC haplotype or TRIM5a, but potentially mediated by robust CD8+ Tem/Trm
biased responses against SIV [187, 200, 244]. Due to mutations in the CMV vector all vaccinated
macaques generated CD8+ T cells responses to MHC-II and MHC-E presented epitopes, which it has
been suggested may also be involved in some manner in the protection seen in half of the vaccinated
animals [200, 245] (See Section 1.3.2). Interestingly, despite the inclusion of Env in the vaccine the
animals had no detectable antibody against it, a fact the investigators were unable to explain.

These protected macaques exhibited transient increases in SIV viral load to just above the limit of
detection, which the authors termed “viral blips”. The SIV viral load occasionally jumped to low
detectable levels for a single test before returning to undetectable throughout the first year [244].
After 30 weeks these “viral blips” decreased in frequency and were not observed after 52 weeks in the
male macaques or after 70 weeks in the female macaques [187, 244]. SIV infection spread to multiple
tissues and SIV infection was present in the gut mucosa, bone marrow, lymph nodes, and cervix of
female macaques for the first 9 weeks then undetectable afterwards [187]. Later using anti-CD8
antibodies, CD8+ T cells were briefly depleted in protected macaques without SIV viral rebound
leading to the possible conclusion that the macaques did not have an accessible viral reservoir and
were thus “cured” [185, 187] (see section 1.3.2).

The CMV vector-based vaccine provided protection regardless of route of exposure — vaginal,
intrarectal, or IV — indicating that the maintained presence of Tew/Trm populations may be sufficient
to protect from HIV/SIV without antibody help [185]. However, why only half of vaccinated animals
were protected remains unknown — as do the exact correlates of protection from these CMV based

SIV vaccines [185, 244]. A number of unusual features of the vaccine vector, rhesus macaque CMV
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(RhCMV) 68-1, may be involved in protection (see section 1.3.2.1) but these effects applied equally
to protected and non-protected vaccine recipients [200, 245].

It is likely that ultimately a successful HIV vaccine will use both CTL and antibody mediated
immunity, although not necessarily with neutralizing antibody. The most successful human vaccine
trial, RV144, combined two individually ineffective vaccines, one a CD8+ T cell based approach and
one an antibody based approach [246]. The development of better Tey/Trw based vaccines, alongside
independent BNADb based approaches, may generate the synergistic approach that ends the HIV
epidemic.

1.1.3.1 Human HIV Vaccine Trials

Only six vaccine phase llb (looking for efficacy greater than 0%) or phase I11 (looking for efficacy
greater than 30%) efficacy trials targeting HIV have been published: AIDSVAX B/B in 2005,
AIDSVAX B/E in 2006, HIV Vaccine trials Network (HVTN) 502 (Step study) in 2008, HVTN 503
(Phambili) in 2011, RV144 (Thai Trial) in 2012, and HTVN 505 in 2013 [46, 221].

AIDSVAX B/B, which ran 1998-2003, and AIDSVAX B/E which ran 1999-2003, attempted to
induce a humoral response against recombinant gp120 Env glycoprotein [221]. The limited antibody
responses developed were to portions of Env not typically exposed in the functional Env trimer and
the vaccines were not protective [221].

HVTN 502, HVTN 503, and HVTN 505 all used a human adenovirus type 5 (Ad5) vectored
vaccine. Despite high levels of protection observed against SHIV86.9P in vaccinated rhesus
macaques, protection in macaques against the more virulent SIVmac239 was less consistent [46, 247-
252]. The human AD5 vaccines ultimately failed to protect against HIV acquisition [46, 253]. HVTN
502 ran as a Phase Ilb vaccine efficacy study in 18-45 year old high risk populations across the
Americas and Australia from 2004-2007 [46]. Vaccine recipients were given 3 replication deficient
ADS vectors expressing HIV Gag, Pol, or Nef respectively in a 1:1:1 ratio with boosts at week 4 and
week 26 [46]. The three antigens were chosen due to their high level of conservation across clades,
favourable expression kinetics for vaccination, and their targeting during natural HIV infection [46]
(See Section 1.1.1.1). As the mechanism of protection in AD5 vectored vaccines is T cell derived and
antibody responses were not expected against the antigens, the highly variable env was not included
[46].

Despite immunogenicity in the phase 1 trial, and efficacy in the SHIV challenged macaque model
HVTN 502 was not successful [46, 247]. The vaccine induced Interferon-gamma (IFNy) elispot
responses, but did not prevent HIV acquisition or lower set-point viral load after infection [32, 46].

Instead a greater number of infections were observed among a subset of vaccine recipients then those
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receiving the placebo [32]. Self-reported risk behaviour was not different between vaccinated and
unvaccinated individuals [32]. There were too few infections to examine risk factors in women, but
risk of HIV infection in vaccinated men was increased if the men were uncircumcised, AD5
seropositive prior to vaccination, or both [32, 46]. There were no vaccine recipients at increased risk
as compared to non-recipients who were AD5seronegative prior to vaccination and circumcised [32,
46].

The correlation between previous AD5 seropositivity and increased risk of infection following
vaccination may partially explain the difference between the macaque model and human trial. While
human AD5is not a natural pathogen of macaques, % of North Americans, and a higher rate of South
Americans and South Asians, are seropositive [46]. Human anamnestic expansion in response to the
vaccine vector in previously seropositive vaccine recipients recruited more target cells susceptible to
HIV infection, something that would not have happened in macaque’s who are by definition naive to
human AD5 [32, 46]. A subsequent trial pre-exposing macaques to host-range mutant AD5 prior to
vaccination with an AD5 vectored SIV vaccine replicated increased susceptibility to penile
SIVmac251 exposure [254]. Possibly because natural adenovirus infects the mucosa, activated AD5
specific CD4+ T cells have since been found to be more susceptible to HIV infection than T cells
specific to many other viral infections [217]. AD5 specific T cells adopt a Thl7 like pro-
inflammatory cytokine profile that increases the AD5 specific CD4+ cells’ susceptibility to HIV, and
increased a4p7 expression that traffics the cells to sites of vulnerability [217]. Those cells may further
interact with ligands on the virion surface to aid viral binding [34-37, 217]. By contrast CMV specific
CD4+ T cells are less susceptible than most CD4+ T cells to HIV infection [217]. Infection risk was
observed to decrease among ADS5 seropositive vaccine recipients gradually over 18 months post
vaccination, potentially as vaccine induced HIV specific CD4+ T cells target cells were no longer as
prevalent at viral portals of entry [32].

As a result, the other AD5 trial, HVTN 503, which began recruiting in 2007, was cut off
prematurely as the HVTN 502 trial ended. This trial used the same vector and appeared to show no
decreased risk of if infection among vaccines, though these results are confounded by the premature
end to the trial before the enrolment phase was completed [253].

HVTN 503 used a DNA prime recombinant AD5 vaccine in high-risk circumcised men and male-
to-female transgender women with AD5 neutralizing antibody titres less than 1:18 [253]. The DNA
prime, delivered by bioinjector in the deltoid at weeks 0, 2 and 8, consisted of 6 circular double
stranded DNA (dsDNA) plasmids in a 1:1:1:1:1:1 ratio: HIV clade B gag, pol, nef and env, HIV clade
A env and HIV clade C env [253]. This was followed at week 24 with an intramuscular vaccination

with replication defective recombinant AD5 vectored Clade B gag-pol fusion, clade A env, clade B
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env, and clade C env in a 3:1:1:1 ratio respectively [253]. The AD5 vector differed from that used in
the previous trials. A number of deletions to the AD5 genome removed key immunogenic sites to
reduce vector immunogenicity [253].

There was no increased risk of HIV among vaccine recipients compared to controls, and strong
immune responses against HIV [253]. CD4+ and CD8+ T cell responses were similar to other AD5
vectored HIV vaccine immunogenicity trials [253]. 1gG and IgA were generated against HIV gp140.
IgG binding the V1-V2 loop of gp140 however, a correlate of protection in the RV144 trial (See
below), was at lower levels than in that vaccine [253]. Gp140 binding IgA, which was higher in
HVTN 503 than in RV144, was similarly correlated with a lack of protection in RV144 [246, 253].

At the HVTN 503 midpoint analysis 27 vaccine recipients and 21 controls had been infected with
HIV, demonstrating no statistical difference in protection between the groups [253]. There was no
difference between set-point viral loads in the HIV infected of either group and the trial was cancelled
due to lack of protective efficacy [253]. As a result human AD5 may no longer be seen a viable
option for development as a vaccine vector against HIV.

The human phase 1l trial, RVV144 is generally considered the most successful human HIV vaccine
trial to date. The vaccine was given to 18-30 year old HIV seronegative men and women in Thailand.
Vaccine recipients were vaccinated and boosted 3 times with ALVAC-HIV, a replication deficient
canarypox containing env, gag, and pol, and two boosts with the AIDSVAX B/E vaccine that had
previously failed to protect when used alone [255] (See Above). The trial reported a protective
efficacy of 31.2% over 42 months, with efficacy dropping afterwards over time [246, 255].
Accusations of mishandling or misinterpretation of the statistical analysis of the trial led to some
conflict. Gilbert et al. argued that when proper Bayesian analysis was conducted there remained only
a 78% chance the vaccine had protective efficacy against HIV, well shy of the standard threshold of
statistical significance [221].

CD4+ and CD8+ T cell effector responses were not correlated with protection from HIV [246].
Instead, protection was observed to be correlated with 1gG antibody binding to the V1-V2 loop of
Env [246]. Genetic analysis of HIV in infected vaccines showed 89% of breakthrough infection came
from strains with mutations in the V2 loop [256]. 1gG avidity, neutralization capacity, and level of
antibody dependant cellular cytotoxicity (ADCC) were not statically different between protected
vaccine recipients and unprotected vaccine recipients [246]. Vaccine recipients did not develop
BNADb, but a vaccine boost after 6-8 years did boost antibody production and lead to increased
antibody somatic hyper-mutation and recombination [147].

Protection in RV144 was inversely correlated with titres of Env binding IgA in the serum [246].

Vaccine recipients with higher Env binding IgA titres were at higher risk of HIV infection, though



27

increased IgG or IgA levels in unvaccinated controls were not correlated with protection or risk [246].
Neither IgA nor IgG titres correlated with altered disease progression following infection [246].

No vaccine trial has been wholly successful, but humerous conclusions can be drawn from the
HIV vaccine trials to date. The choice of vaccine vector is of prime importance. Pre-existing immune
responses to the vector or simply the nature of the immune response against the vector can predispose
recipients to increased risks of infection, as with human AD5 [217, 254]. CMV, which by contrast
provokes immune cells less susceptible to HIV may be a better choice although there is currently no
human data, and the mechanism of protection is not understood suggesting caution [217]. Sterilizing
immunity and neutralizing antibody responses are not necessary for protection against HIV, which is
important knowledge: non-neutralizing antibody responses were protective in the RV144 trial [246].
As seen by increased susceptibility to HIV of AD5 CD4+ cells and correlation of higher titre of Env
specific IgA with risk of infection, the nature of the vaccine-induced immune response is of more
importance than the magnitude [217, 246]. A successful HIV vaccine will likely include a synergistic

humoral and cellular immune response, which may come from optimizing strategies in both arenas.

1.2 Cytomegalovirus

Primates have evolved alongside their microbiome and virome. Viruses of Herpesviridae, a family
of viruses with large dSDNA genomes, are among the oldest constituents of the mammalian virome.
Herpesviruses were present in primates 70 million years ago (mya) [257] and have since evolved and
co-speciated with their mammalian hosts.

Unlike newly emerged viruses, highly prevalent herpesviruses like CMV have an evolved detent
with their host immune system [258]. The relationship between CMV and its host can be seen as
symbiotic and part of the natural virome.

CMV is a member of the betaherpesvirus subfamily of herpesviridae. The virus is asymptomatic in
normal infection and integral in shaping the host immune response [259]. There are differences in
gene regulation and immune activation between CMV seropositive and seronegative individuals at all
ages [259-262]. Chronic CMV infection alters the host immune profile and promotes inflammation
[259, 260, 262]. These changes generate a protective phenotype that protected mice against
subsequent challenge with a variety of diseases, including Yersinia pestis, influenza, and the
retrovirus friend virus [259, 262].

Human CMV (HCMV) prevalence ranges geographically from 45% in parts of North America and
Europe to near 100% prevalence in parts of the developing world [263]. In the developed world 0.7%
of infants are born with HCMV [264]. By age 11, a third of all children in the United States of
America (USA) are HCMV seropositive [265-267], and by age 50 seroprevalence has risen to 60%
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[263, 266, 267]. Seroprevalence is correlated with ethnicity. Rates of HCMV seroprevalence in the
USA are lowest among Caucasians and highest in Black and Hispanic populations [263, 265-267].

CMV s spread vertically through placental transfer in utero, or by breast milk [265, 268-271].
Most HCMV seropositive women shed HCMV in breast milk after delivery [265, 269, 271]. Roughly
10% of infants are HCMV seropositive at 1 year of age primarily due to this shedding [265].
Horizontal spread of CMV occurs through close contact and bodily fluids. HCMV is shed from
epithelial surfaces in bodily secretions at up to 10° infectious particles/mL of fluid [265, 272].
Infected infants shed HCMV in their urine and saliva at high levels for the first 4 years of life, with
the volume of shed virus decreasing over time after 6 months until eventually ceasing in early
childhood [265, 272]. Countries like Sweden, Japan, and Taiwan with widespread use of daycare
centers have higher population HCMV seroprevalence levels, counter to the typical trend of low
HCMYV rates in developed countries [263].

HCMV is commonly acquired prior to adulthood. Later in life HCMV transmission can occur
sexually, through genital secretions, or medically through blood products and solid organ transplants,
presenting health risks for recipients [265, 273, 274]. Prior infection with CMV is not protective
against superinfection at subsequent exposures; multiple strains can concurrently infect one individual

or alternatively recombine [275-277].

1.2.1 CMV Virology

CMV is a large, enveloped virus with around 200 distinct genes [278-282], and multiple surface
glycoproteins [283, 284]. Around 60 viral proteins and greater than 70 host cellular proteins are
carried in the virion tegument between the envelope and viral capsid to be released into infected cells
upon entry [284, 285]. An icosahedral capsid of 200nm encapsulates a single copy linear dsDNA
genome of 200-250 kbp, the largest of any known herpesvirus [286]. During genome replication the
virus circularizes and replicates as a rolling concatemer [283, 287].

The genome is organised into long and short segments, each with flanking repeat regions (Figure
1-3). The long region contains a terminal repeat long (TRL), a unique long (UL), and an internal
repeat long (IRL) region. The short region is comprised of an internal repeat short (IRS), a unique
short (US), and a terminal repeat short (TRS) region. The IRL and IRS regions are absent in some
primate CMVs, notably the sequenced African green monkey CMV (GMCMV), RhCMV and
cynomolgus macaque CMV (CyCMV) viral genomes [278, 288-290].
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Figure 1-3: Cytomegalovirus genome organization with (A) and without (B) IRL and IRS regions.
1211 CMV Replication Cycle

CMV strains are highly species specific and rarely, if ever, transmit between even closely related
species, a possible consequence of lengthy co-evolution and co-speciation with their hosts (See
Section 1.4.4) [268, 278, 291-294]. Within a host CMV are quite promiscuous and infect most cell
types: endoderm, ectoderm or mesoderm [295]. CMV replicates in peripheral blood mononuclear
cells (PBMCs) of bone marrow, the connective tissue of organs and in the smooth muscles of the
gastrointestinal tract [295-298]. Lymphocytes and polymorphonuclear leukocytes are the only notable
cell types that are thought to be non-permissive to CMV replication, though both cell types are
abortively infected and play a role in viral dissemination [295, 299-302].

Entry into different cell types is mediated by a number of glycoproteins on the surface of the
enveloped CMV virion [283, 303, 304]. CMV viral proteins UL128, UL130 and UL131 compete with
glycoprotein O (gO) to complex with the heterodimer of glycoprotein H (gH) and glycoprotein L (gL)
in the endoplasmic reticulum of infected cells during viral replication [283, 303]. Both the gH/gL/gO
heterotrimer and gH/gL/UL128/UL130/UL131 pentameric complex are expressed on the virion
surface and are responsible for receptor binding and cell entry [303, 305]. The pentameric complex is
essential for entry into endothelial and epithelial cells through endocytosis or macropinocytosis of the
virion into an endosome and pH dependant membrane fusion [303, 305]. The gH/gL heterodimer with
or without gO on the virion surface is necessary for infecting fibroblast cells [304, 305]. Glycoprotein
B (gB), a highly conserved envelope glycoprotein across all alpha-, beta- and gamma- herpesviruses,
mediates membrane fusion for CMV to enter the cell [304, 305].

Upon membrane fusion a number of tegument proteins are released into the cytoplasm of the
newly infected cell, some of which lead to the trafficking of the viral capsid into the nucleus using the
host microtubule system [283, 306, 307]. The linear viral genome circularizes in the nucleus, where
viral genes are transcribed into mRNA and the viral genome replicates [274, 283]. Regulation of

temporal gene expression, for immediate early (IE), early, early-late, late, or latency associated genes
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is initially controlled by virion transported tegument proteins, and later CMV expressed proteins [274,
283, 308]. A number of CMV genes are expressed throughout latent infection, though most genes are
supressed [309-311]. During lytic infection viral mRNA is transported from the nucleus and
translated by host machinery [274, 283].

Viral capsid proteins are produced as late genes and assembled in the nucleus [274, 283]. Viral
DNA-containing capsids are trafficked from the nucleus to the viral assembly complex in the
cytoplasm where they bud, along with tegument proteins, into intracellular vesicles coated internally
with virion glycoproteins to become vesicle contained enveloped virions [283, 284]. The vesicles are
then trafficked to the cell surface and infectious particles are released from the cell to complete the
viral lifecycle [283].

1.2.2 CMV Pathology

1.2.2.1 CMV Infection

CMV results in lifelong infection with continuous low-level viral replication [309, 312]. CMV can
replicate in most cell lines, and disseminates throughout the host both by direct cell-to-cell
transmission and as free virus [276]. Different glycoprotein complexes on the viral envelope are used
for entry into different cell types [303-305, 309] (See Section 1.2.1.1). Non-pathogenic infection with
virus production is established in endothelial cells, particularly vascular endothelial cells, and PBMCs
[296-298]. The virus establishes a latent reservoir primarily in undifferentiated myeloid cells, other
hematopoietic stem cells, and monocytes [298]. Differentiation of latently infected monocytes into
macrophages is suspected to be a key trigger of reactivation [308].

In otherwise healthy individuals HCMV is asymptomatic [309, 313]. In the adult population
HCMYV associated disease is linked to depression of the adaptive immune response in the host, such
as with organ transplant recipients or AIDS patients [309, 313]. The induction of cellular immune
responses alone against HCMV may be sufficient to prevent virus associated complications following
organ transplantation [309]. In congenital infection robust cellular and humoral responses are both
required to prevent virus-associated morbidity [309, 313].

HCMV is the most frequent congenital infection worldwide, causing virus associated
complications in 30 000 to 40 000 infants in the USA each year [265, 314]. As virus associated
complications are only clinically observed in tiny portion of congenitally infected infants, many more
infants are infected without observable complications. Neonatal HCMV shedding, traditionally
regarded as a marker for congenital infection at birth, is detected in 0.25 to 2% of all newborns
worldwide [265, 314].
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The HCMV foetal transmission rate is 40% when maternal primary infection occurs [265, 315].
There is still controversy surrounding the degree to which a preconceptual maternal immune
responses to CMV limits congenital infection [316]. Up to a third of congenital CMV infections occur
in cases where the mother was infected with CMV prior to conception, and HCMV can transmit to
the foetus without the need for secondary infection with a new strain of HCMV [265, 315, 316].
However, HCMV maternal transmission rates and outcomes are both linked to whether the mother is
naive to HCMV. Multiple studies have demonstrated that the rate of HCMV transmission to a foetus
is at least three-fold lower in CMV re-infected pregnant women then when it is a primary infection,
and that the rate of sequelea is even further reduced [316-319]. If symptomatic infection of the foetus
or neonate is diagnosed, treatment with antivirals such as ganciclovir can be instituted to reduce the
risk of sequelea and prevent further disease progression, but not reverse existing damage [265, 320,
321].

In untreated congenital infection the maternal immune response including maternal 1gG, the
timing of viral transmission to the placenta and the foetus, and cellular tropism of the transmitted
virus are key determinants of foetal outcome [265]. Viral associated complications occur in only 5-
13% of congenital infections [264, 265, 322]. Sensineuronal hearing loss, the most common
complication, occurs in 30-50% of symptomatic congenital infections while 10% of symptomatic
congenital infection result in sensineuronal vision damage [264, 265]. Other complications including
symptomatic abnormalities or calcifications in the brain, developmental or cognitive delays, and
cerebral palsy are rare [265]. Without more studies incorporating long term follow-up, it is difficult to
estimate how many congenitally infected infants born without symptoms will develop sensineuronal
damage later in life [264].

Post-natal neurologic infections with HCMV are thought rare, and unheard of in
immunocompetent patients [323]. In children or adolescents with impaired immunity neurologic
infection can be severe leading to infectious mononucleosis, encephalitis, myelitis, or Guillain-Barre
syndrome [265, 324, 325]. In addition to neurologic infection, immune supressed individuals,
including AIDS patients, are at risk of CMV retinitis, cochlear infection, and potentially fatal organ
disease [265, 323, 326]. The antiviral activity of standard ART therapy in AIDS patients reduces, but
does not eliminate, the risk of each of these complications [323].

Unlike many other herpesviruses, CMV is not linked to cancer. The virus lacks any transforming
function, and though CMV has been found in malignant tumours in the central nervous system this is
due to opportunistic infection of the tumour rather than a causal relationship [327].

As a widely prevalent virus with observed pathogenicity there is great interest in a vaccine to

prevent against congenital HCMV infection and HCMV caused disease, whether or not the vaccine
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protects against HCMV infection outright [328]. Previous vaccine attempts have most often used the
attenuated Towne strain of HCMV, which was developed in the 1970’s [329]. Inoculation with
HCMYV Towne did not prevent infection with subsequent strains of CMV, but did offer protective
efficacy against disease in renal transplant patients [328, 330, 331]. In CMV seronegative mothers,
HCMYV Towne does not prevent the acquisition of further CMV strains [328, 331].

1.2.2.2 Immune Response against CMV

Initial innate immune responses against CMV are triggered by resident PRRs. Toll-like receptor
(TLR) -2 on the host cell membrane responds to CMV gB and gH activating NF-xB (Nuclear factor
kappa-light-chain-enhancer of activated B cells) [309, 332]. After viral entry, TLR-9 responds to
intracellular viral DNA [333]. Pro-inflammatory cytokines attract antigen presenting cells (APC),
phagocytes and NKCs to the sites of viral replication [309]. The inflammatory cytokine milieu is
partially countered by CMV, which induces production of numerous anti-inflammatory and immune
evasion viral genes in infected cells (see below). NKC in particular are key in controlling CMV and
are the targets of CMV immune evasion genes like anti-inflammatory 1L-10 viral homologues UL111
and UL111.5A [309, 334-336]

A protective post-natal CMV immune response is biased towards a pro-inflammatory Thl
phenotype [259, 309]. In neonates there is a natural immune bias towards a Th2 phenotype with
decreased IFNy expression and increased IL-8 expression [309]. This is detrimental in preventing
congenital CMV disease [309]. IL-8 in particular directly stimulates CMV replication [309].

Background expression of IFNy and TNFa by CD4+ and CD8+ T cells is higher in CMV
seropositive individuals than seronegative controls [259, 323]. In general CMV seropositive
individuals have higher background cytokine expression levels due to frequent immune stimulation
throughout CMV infection [323]. Unsurprisingly, CMV infection has been described as a state of
chronic adaptive inflammation [337, 338]. Inflammation in vascular endothelial cells leads to
increased blood pressure and arterial stiffness late in life for CMV seropositive individuals [337,
338]. While possibly a case of antagonistic pleiotropy, maintained inflammation may be a calibrated
symbiotic benefit of CMV as a part of the natural host virome earlier in life [339]. Mice seropositive
for murine CMV (MCMV) fare better then CMV seronegative controls when infected with any of a
variety of bacterial and viral pathogens [259, 260] (see Section 4.4).

The adaptive immune response against CMV is particularly potent. CMV elicits persistent effector
memory biased CD4+ and CD8+ T cell responses that protect against disease development but are
unable to clear the virus or prevent superinfection [185]. Unlike in chronic diseases such as HIV or

hepatitis C, the adaptive immune response against CMV does not become ‘fatigued’ [340, 341].
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Large populations of functional CD4+ and CD8+ T cells are maintained. In otherwise healthy
individuals, 4-5% of all peripheral blood T cell populations [312, 342] and 10% of all peripheral
blood memory T cell populations [312, 323] are specific for CMV. Inflationary CMV specific CD4+
T cell populations are largely polyfunctional, producing IFNy, TNFa, IL-2 and CCL4 [185, 323].

The initial CD8+ T cell response against CMV comes from activated naive T cells homing to the
lymph nodes [309, 343]. In established CMV infection a sustained inflationary T cell mediated
response is established predominantly by CCR7- CD27- CD28- CD45RA+ T cells [309, 343].
Inflationary CD8+ T cells produce IFNy, TNFa, and CCL4, but not IL-2 [185]. They are not
terminally differentiated, expand vigorously upon stimulation, and are effector cells capable of lysing
target cells with granzyme B or perforin [185, 309].

A single population view is still reflected in much of the non-human primate CMV literature,
where non-expression of CCR7, CD27 and CD28 are used to identify a rapidly responding cohort of
“Tem” cells in both the peripheral blood and the mucosa [185, 187, 200, 244, 344-346]. However, it
has since become evident that two separate effector-memory populations are involved in the CMV
immune response — one in circulation, Tgy, and the second, Try, are resident in the peripheral tissue
and mucosa. The discovery that CCR7, which the CMV specific inflationary T cell populations lack,
is involved in cellular exit from peripheral tissue through lymph vessels challenged the notion that a
single population of Tgy could recirculate through both blood and tissue [347, 348]. Subsequent
experiments in mice confirm that Tgy do not readily egress from the blood into non-lymphoid tissue,
and that the Try remain in the peripheral non-lymphoid tissue where they differentiate and do not
circulate [349-352]. Trw populations have been identified at the portals of viral entry including skin,
lung and intestinal mucosa of humans [351, 353] as well as genital mucosa in mice [354]. These cells
have some proliferative capacity but Try populations are augmented throughout CMV infection by
effector T cell populations which migrate into the peripheral tissue or mucosa and differentiate into
effector-memory cells [355, 356]. Like Tem, Trm have effector functionality and can rapidly respond
rapidly to antigens [350, 355]. Tru are defined by their localization and lack of systemic circulation.
Multiple markers have been identified to differentiate CD8+ Tgy from CD8+ Tgy, although none
encompass all Try in all tissues. Try have distinct, tissue specific transcriptional profiles; mucosal
CD8+ Trum can be differentiated from circulating CD8+ Tgy by the expression of CD69, CD103 and
lower expression of CX3CRL1, but this is not true of all Tgy in all tissues [349-351, 357].

Trm cells have been identified as playing a key role in controlling several viral infections in
humans and mice, including influenza and HSV type-1 and type-2 [354, 358-362]. Like circulating
Tem, Trm populations are maintained in CMV seropositive individuals and are believed to play a key

role controlling the virus within a variety of tissues and at the mucosa [356, 363]. To date the relative
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contributions of Tgry and Tey have not been well differentiated in non-human primate models of
CMV. As new reagents and technigues become available to researchers to better differentiate the cell
types this will change.

Additionally there is a small maintained, circulating population of CD4+ CD8™ MHC-II
restricted cells that respond to CMV [323, 364]. These cells have a memory phenotype, are cytotoxic
effector cells, and contribute a disproportionately high proportion of the CMV specific CD4+ T cell
cytokine response [364]The immune response to CMV is broad: CD4+ and CD8+ T cell responses
target 70% of HCMV genes [312]. The immune response to each gene is mostly proportional to the
coding space of the gene with two notable exceptions [312]. Perhaps not surprisingly, IE genes are
more immunogenic than would be expected by their coding space and latency associated proteins are
less immunogenic, but still targeted by CMV specific T cells [309, 312].

In addition to a cellular response, there is a substantial humoral immune response maintained by
the host against CMV. Antibody is produced against the surface glycoproteins — predominantly
against gB, gH and the gH/gL multimer [309, 365]. Antibody against the gH/gL complex is
neutralizing and prevents the infection of specific cell types through cell-free virus [309, 365, 366].
Non-neutralizing antibodies are also produced against tegument proteins and some key non-structural
proteins like 1E-1 [309, 366]. ADCC plays a key role in controlling CMV disease in immune
compromised individuals [367].

The CMV genome encodes numerous immune modulatory genes to protect viral infected cells
from the host immune response. Two CMV encoded homologues of the anti-inflammatory cytokine
IL-10, UL111 and UL111.5A, are secreted from CMV infected cells [335, 336, 368]. In addition to
immune suppression these genes downregulate the expression of MHC-1 and MHC-I1 [368].

Cell surface MHC-I expression is further supressed by a multitude of viral proteins. US2 redirects
the MHC-I alpha chain for proteosomal degradation [369-373], while US11 redirects the MHC-I
heavy chain for degradation [200, 334, 369, 370, 373, 374]. US6 prevents completion of the MHC-I
complex by preventing the Transporter associated with antigen processing (TAP) protein from
translocating peptide fragments into the endoplasmic reticulum to be loaded on the MHC complex
[334, 369, 373, 375]. US3 and US10 delay trafficking of completed MHC-1 complexes out of the
endoplasmic reticulum towards the cell surface [274, 334, 372, 373, 376, 377]. US2 and US3 further
interfere with MHC-I1I presentation by inducing MHC-II mislocation and degradation [334, 373, 376,
378]. In old-world primate CMV, the protein 022 (Rh178) acts before any of the other MHC-I
repressing proteins to prevent the completion of translation of the MHC-1 heavy chain [275, 379,
380]. These proteins are key to CMV superinfection, and isolates of CMV lacking MHC-I

downregulatory capacity are unable to superinfect CMV seropositive hosts [275].
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Substantial MHC-I downregulation would make target cells vulnerable to NKC mediated
cytotoxicity if NKC activity were not also supressed [334, 381, 382]. In addition, apoptosis of
infected cells is prevented by UL36, UL37, and UL38 [288, 334, 383, 384].

In RhCMV 68-1, which is fibroblast adapted and lacks the anti-apoptotic UL36, it has been
suggested that the combined effect leads to unorthodox antigen presentation as a means to control
CMV infection [200, 245]. In the model, non-canonical MHC-II antigen presentation to CD8+T cells
has been observed along with an increased reliance on MHC-E mediated antigen presentation, which
is unregulated to counter NKC cytotoxicity [245, 385]. However this is not observed in HCMV, even
fibroblast adapted HCMV intended to mimic RhnCMV 68-1, and may be a unique trait of CMV in
rhesus macaques [386].

A level of inflammation is maintained throughout CMV infection. Neutrophil chemo-attraction is
mediated by the viral CXCL5 chemokine like secreted proteins UL146 and UL147 [274]. The
inflammatory cyclooxygenase-2 (COX-2) is required for viral replication in vitro [298]. Some strains
of CMV encode their own viral COX-2 homologue [278, 298, 387]. In all CMV, COX-2 expression
is induced by the viral capsid bound chemokine receptor like viral protein US28 [387]. CMV is not a
passive observer, or un-invested pathogen, but is involved directly in modulating the immune system
that controls it. CMV and the host immune system have evolved alongside each other in a carefully

negotiated detent.

1.3 Cytomegalovirus as a Vaccine Vector

CMV has been considered as a potential vaccine vector due to several characteristics of infection.
The potency of the sustained robust immune response against CMV in CMV seropositive individuals
is of key interest. If a fraction of the 10% of memory T cells maintained against CMV were to be
directed at antigens of a desired target pathogen it could provide reliable protection from disease or
infection [312, 323]. The ability of CMV to superinfect seropositive individuals further increases the
usefulness of a CMV vector which, unlike other vaccine vectors, can be utilized in all individuals
whether previously seropositive or seronegative CMV is of particular interest as a vaccine vector
against pathogens where a CD8+ Tgy or Try response has the potential to protect from disease. CD8+
Tewm response was correlated with protection in the attenuated virus vaccines against yellow fever and
smallpox [220]. CD4+ and CD8+ Try have been correlated in mice with broad vaccine induced
protection against influenza [361, 362] There is thus reason to believe that Tgy and Try responses
induced by a CMV vaccine vector may similarly contribute to protection from other pathogens. This
has provided part of the rationale for the recent interest in employing CMV vectors in novel vaccine
approaches against HIV/SIV [185, 388], tuberculosis (TB) [388], Hepatitis C [388], and a variety of
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cancers [389]. CMV is a potent immune modulator with a lifelong effect on its host. The reactivating

nature of infection may induce the robust protection required to redefine current epidemics.

1.3.1 CMV Based Vaccines

CMV has been used as a vaccine vector for candidate vaccines in the SIV model of HIV (See
1.3.2), TB [390], Ebola [391-393], and HSV type-1 [394]. Other additional targets are potentially
under development.

A MCMV based TB vaccine was designed by inserting a codon optimized TB antigen 85 complex
— consisting of three key proteins in mycobacterium tuberculosis infection — into MCMV for testing
in mice [390]. The MCMV model provides a cost effect setting for early proof of concept work, but
should be evaluated carefully due to substantial differences between MCMYV and HCMV, as well as
well characterized differences between human and mouse immune systems. The MCMYV strain used
in this study lacked several MHC-I downregulating proteins to prevent immune suppression of the
vaccine construct, ultimately altering the nature of the CMV immune response observed [390].
MCMV-antigen 85 infected and replicated in BALB/c mice; antigen 85 RNA was constitutively
expressed [390]. Despite detection of the vaccine in the liver, spleen and salivary gland the immune
response generated was small [390]. T cell responses to antigen 85 epitopes could not be detected
prior to an adenovirus-antigen 85 boost 4 weeks after infection [390]. The vaccine and boost did not
protect from pulmonary TB when the mice were challenge at five weeks, but pulmonary TB colony
forming units (CFU) were reduced in vaccinated mice [390]. The protection came mostly from NKC,
with a small memory CD4+ T cell compartment, rather than the inflationary T cell response expected
with CMV vectored vaccinations, possibly as a result of the adenovirus vectored boost rather than the
CMV based vaccination [390].

CMV based vaccines targeting Ebola were more promising and demonstrated potentially
protective immune responses [391-393, 395]. A MCMV Ebola vaccine was generated by fusing an 11
amino acid T cell epitope from the nucleoprotein of Zaire Ebola virus to the C terminus of the
MCMV IE-2 gene. The construct induced strong TFNy+ and TNFoa+ CTL responses against the Ebola
virus nucleoprotein in C57/BL6 and 129S1/SvimJ/Cr mice [392]. The T cell immune response
inflated over time and adopted a Tgy phenotype [392]. All vaccinated mice were protected following
challenge with Ebola virus while unvaccinated controls succumbed to the virus [392, 393]. Due to the
absence of detectable antibody against Ebola and the presence of only a single Ebola CTL epitope in
the vaccine the CMV induced CD8+ response can be credited as protective [393]. There is
controversy over the validity of the murine Ebola model, as adult mice are not naturally susceptible to

Ebola infection. Despite differences from Ebola in primates, the mouse adapted Ebola virus used in
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these studies is lethal after intraperitoneal inoculation [396-398]. Separated from the challenge
efficacy the immune responses generated by the CMV vaccine vector were still promising.

A further CMV based Ebola vaccine was tested in a small study using the Rhesus macagque model.
The vaccine construct expressed a full length, codon optimized Ebola glycoprotein under the control
of the RhUL83 (Rh112) gene promoter in RhCMV 68-1 [391]. Macaques were vaccinated and
boosted at twelve weeks, then challenged with a lethal dose of infectious Ebola virus [391]. Three of
four vaccinated animals, and neither of two unvaccinated controls, survived the challenge [391].
Protection was not sterilizing, two of the three protected animals developed fever but fully recovered
[391], a result that is difficult to interpret into solid conclusions due to the small size of the study.

Protection against Ebola in the study was not correlated with Tgy responses. In fact the vaccinated
animals lacked detectable CD4+ or CD8+ T cell responses to the Ebola glycoprotein before challenge
[391]. Ebola glycoprotein targeting non-neutralizing 1gG was abundant in vaccinated animals, but the
study was too small to establish any correlation or lack there-of between 1gG responses and protection
[391]. However, the apparent protection does demonstrate that the construct warrants further
attention. The interesting lack of T cell responses against Ebola glycoprotein can potentially be
attributed to timing of protein expression. Expression using the RhUL83 promoter, contrary to the
constitutive protein expression used in other CMV based vaccines, expresses the Ebola glycoprotein
concurrent with peak expression of MHC downregulating viral proteins, which are under similar
promoters [391]. MHC presentation of Ebola glycoprotein may therefore have been supressed and a
robust memory T cell response unable to develop [391]. Why 1gG was produced against Ebola
glycoprotein, when it is not observed in other CMV based vaccines (See Section 1.3.2), is worth
investigating in further studies.

Expression characteristics of the vaccine transgene also proved important in shaping the immune
phenotype in a MCMV based HSV-1 vaccine [394]. Several putative MCMV based HSV-1 vaccines
were designed by fusing a single immunodominant MHC-I restricted epitope of the HSV-1 gB to the
C terminus of the IE-2 gene or M45 (partially homologous to HCMV UL45) gene [394]. The IE-2
gene is expressed most abundantly immediately after infection and at low levels during latency [394].
M45 is expressed as an early gene, similar to RhUL83, concurrent with most MHC downregulatory
proteins [391, 394].

Both vaccines protected mice from challenge with HSV-1 [394]. Expression of the antigen with
early kinetics under the M45 promoter induced a CD8+ T cell response within 12 hours of inoculation
that waned after 14 days [394]. The inflammatory response from mice inoculated with the IE
expressed antigen under the 1E-2 promoter was initially milder. Early expressed M45 fused antigen

had a higher percentage of CD8+ T cells targeting the antigen (15% against 5% for the 1E-2 based
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vaccine), and a higher percentage of antigen specific CD8+ T cells producing IFNy (30.5% versus
19.9%). However the CD8+ T cell response to the IE expressed antigen IE-2 continued to expand
over 60 to 120 days and was maintained until follow-up ceased at 180 days post inoculation [394]. At
180 days ~5% of the CD8+ T cells in mice given the M45 fused vaccine targeted HSV-1 epitopes,
compared to ~35% of CD8+ T cells in mice given the IE-2 fused vaccine [394]. A larger portion of
the CD8+ T cells in mice given the IE-2 fused vaccine retained effector functionality [394]. This
alongside the findings of Marzi et al. with their RnCMV 68-1 vectored Ebola Vaccine, supports the
idea that timing of antigen expression in a CMV vector vaccine is key to develop the desired
sustained CD8+ inflationary T cell phenotype. Antigen expression should be IE, and continuous at
low levels throughout viral latency to develop robust inflationary T cell responses [391, 394].

1.3.2 CMV Based HIV Vaccines

Hansen et al. developed a RhnCMV based SIV vaccine candidate to model a HCMV based vaccine
against HIV in the rhesus macagque model [185]. RhCMV 68-1 was prepared to express SIVmac239
derived transgenes [185]. The RhCMV 68-1 vectored SIV vaccine failed to protect any animals from
SIV acquisition but led to control of the virus down to below the level of detection in roughly half of
all vaccinated animals through multiple trials (see 1.1.3) [185, 187, 200, 244]. The remaining
vaccinated animals had peak and set-point viral loads identical to negative control animals and
rapidly progressive disease [185, 187, 200, 244]. In the studies RhnCMV 68-1 was modified to
express one of five SIV protein constructs: a Rev, Tat, and Nef fusion protein, a Gag protein, an Env
protein or one of two inactivated Pol proteins [185, 187, 200, 244]. All constructs except Env were
designed with an EFla promoter [185, 187, 200, 244]. The Env protein, modified to lack the RRE,
was designed under the control of the CMV gH promoter [185, 187, 200, 244].

RhCMV 68-1 vector-induced SIV specific T cells exhibited the functional profile of natural CMV
specific T cells [185]. CD4+ T cells were polyfunctional; a large SIV specific CD8+ Tgy pool was
established [185] (See 1.2.2.2). Following vaccination with the RhCMV 68-1 vectored SIV vaccines,
1.5% of memory CD4+ T cells and 2.0% of memory CD8+ T cells in the blood of vaccinated animals
were specific for SIV antigens [185]. The vaccine generated CD8+ T cell responses were broad:
responses to the SIV Gag protein targeted three times as many epitopes as occur with a conventional
SIV-induced Gag response [200, 245]. Substantial CD8+ T cell responses were observed against the
Env transgene, despite its expression under the gH promoter, rather than the constitutive EFla
promoter used to promote the other transgenes [185, 244]. It was not presented, however, whether
responses against Env exhibited a Tgy phenotype [185, 200, 244]. A lack of CD8+ Tgy responses

were observed in similarly non-IE expressed transgenes in other CMV vectored vaccines (See Section
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1.3.1). It is thought that CD8+ T cell responses against Env are of limited value in a vaccine as
HIV/SIV Env is highly variable and produced only late in infected cells immediately prior to virus
production [31], so the contribution of Env to protection, whether Tgy or not, was likely minimal.
Alongside cellular responses, the vaccines induced only weak, non-neutralizing antibody to SIV
targets and none against Env [185, 200].

Interestingly the CD8+ T cell response was not limited to MHC-I epitopes [200, 245]. Instead Tewm
targeted MHC-I, MHC-Il and MHC-E restricted epitopes [200, 245] (See Section 1.3.2.1). There
were no CD8+ T cell responses to the typical immunodominant epitopes on Gag and Tat, amino acids
181-189 and 28-35 respectively [200]. These epitopes had been present in the vaccines, and the group
of macaques primed with AD5 vaccination prior to the RnCMV 68-1 vaccines developed responses to
these epitopes that were not boosted by the subsequent RnCMV 68-1 vaccine [200, 244]. The failure
to target typical immune dominant epitopes was identified to be due to action of the MHC-I
downregulatory CMV protein US11 [200] (See Section 1.2.2.2). Deletion of US11 restored immune
targeting of conventional vaccine induced SIV epitopes while maintaining the breadth of alternative
targets but impaired the ability for RhRCMV to superinfect CMV seropositive macaques [200].

The exact correlates of protection from vaccination in these studies with the RhCMV vectored
vaccine are unknown. Protection was mediated by CCR7- CD28- inflationary T cell responses, but
these responses were observed in both protected and unprotected vaccinated animals [185, 187, 200,
244]. Similarly, CD8+ T cells targeting MHC-I, MHC-Il and MHC-E restricted epitopes were seen in
all vaccinated animals, and there were no quantitative differences found in the magnitude or qualities
of the immune responses between the SIV controlling and non-controlling animals after exhaustive
examination [200, 245]. Furthermore, no known genetic phenotype was involved in protection; there
was no significant difference in MHC type and TRIM5a alleles between groups [244].

The Tgm response, though non-sterilizing, was able to effectively control and eliminate SIV
infection in the half of vaccinated animals that were protected [185, 187, 200, 244]. Protected
macaques had lower peak and set-point viral loads, and viremia was quickly reduced to below
detectable levels after infection [185, 187, 200, 244]. Vaccine induced Tgy responses were long lived
and outlasted responses to SIV antigens not included in the vaccines, such as Vif [187]. Though
viremia periodically elevated over the first 50-70 weeks, it was subsequently supressed by the
immune response [185, 187]. It appears that after this time the macaques had cleared SIV, as transient
depletion of the CD8+ T cells using cM-T807 did not result in the return of viremia [185, 187]. In
contrast, unprotected animals had a peak and set-point viral load not significantly different from

unvaccinated animals and never controlled the virus down to undetectable levels [185, 187, 200, 244].
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It may be that as Tgy are outside the lymph compartment and have limited expansion potential to
match an established viral infection [185].

A lack of antibody response against Env despite its inclusion as a vaccine vector has been
observed in multiple herpesviruses based vaccines [185, 244, 399]. The RhCMV 68-1 vectored SIV
vaccines reported no notable antibody responses [185, 187]. Regardless, if a method cannot be
devised to generate antibody responses through a CMV vector it will still be possible to later pair the
vaccine with an Env targeting antibody mediated vaccine as was the case with ALVAC-HIV in
RV 144 [246].

The protection of half of all vaccinated macaques with CMV-SIV vaccines warrants further
investigation of CMV as an SIV vaccine vector. Until the correlates of protection are understood,
however, it may be difficult to improve on the results seen thus far. Unfortunately peculiarities of
RhCMYV 68-1 vector will complicate the search for correlates.

1.3.2.1 Rhesus Macaque CMV 68-1

RhCMYV 68-1 has been widely utilized since it was isolated from the urine of a captive Indian
rhesus macaque in 1968 [400]. It was not until 2003 that a stable BAC incorporating the full length
RhCMYV 68-1 genome was developed by Chang et al. [288, 401]. Prior to 2003, the virus underwent
many years of adaptation from passaging and selection resulting in known and unknown effects [282,
288, 385, 401]. For instance, the lab attenuation prior to cloning of both the HCMV AD169 strain and
the RhCMYV 68-1 strain as BACs has resulted in slower growth kinetics than wildtype CMV and the
production of lower viral titres in a single cycle growth curve assay [401].

RhCMV 68-1 is considered fibroblast adapted. The virus is attenuated in the UL128-UL131 region
necessary for entry into endothelial and epithelial cell lines as part of the glycoprotein pentameric
complex [200, 303, 305, 309, 379, 385, 402]. However the virus is still capable of infecting a rhesus
macaque microvascular endothelial cell line in vitro [403]. The genome contains multiple smaller
attenuations, and is missing homologues of HCMV RL13, UL36, UL119, UL118, and US14D present
in other wildtype RhCMV strains [379]. Following repair of UL36 RhCMV 68-1 is also able to infect
kidney epithelial cells in vivo despite the lack of a pentameric complex [379].

Alongside deletions, RhnCMV 68-1 encodes for a number of proteins not present in HCMV, many
of unknown function. Of note is Rh10, a homologue of mammalian Prostaglandin-endoperoxide
synthase 2 (PTGS2), or COX-2 [288, 298, 387]. COX-2 expression is induced upon entry into host
cells in most CMV strains by the viral protein US28 [387]. A number of CMV strains, including all
sequenced RhCMV strains, also encode a PTGS2 homologue to ensure COX-2 expression [379].
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Despite attenuation RhCMV 68-1 is capable of replication in vivo. Reactivating infection with a
RhCMYV 68-1 vectored SIV vaccine was established in rhesus macaques. Following immunization the
macaques developed robust cellular immune responses against the included SIV transgenes, as
measured by intracellular cytokine staining [200]. As noted above, vaccinated macaques developed
responses to three times more epitopes on SIV antigens than develop in natural SIV infection [200]
(See Section 1.3.2). Initially the MHC class restriction and effector cell type was not reported, only
that overlapping 15mer libraries of SIV peptides were used to measure TNFa and IFNy production. It
was some time later determined that CD8+ T cell effectors were not targeting conventional MHC-I
epitopes [200, 385]. Instead the CD8+ T cells were targeting both MHC-11 and MHC-E epitopes [200,
245, 385]. Moreover these responses occurred in both animals that controlled SIV infection and non-
controllers, and so could not be considered correlates of protection even when additional studies were
completed [200, 245, 385]. This unusual antigen targeting is not associated with the typical anti-CMV
immune response; rather it is associated with the use of the particular RhnCMV 68-1 strain as a vector
[200]. Restoration of the UL128-UL131 homologous region, as in the RhnCMV 68-1.2 construct,
results in exclusively MHC-I restricted epitope responses, and the re-excision of UL128-UL131
restores MHC-E epitope targeting [200, 245]. However, fibroblast adapted HCMV strains lacking a
functional UL128-UL131 region do not generate MHC-I1 or MHC-E restricted CD8+ T cell responses
[386]. It is possible MHC-E targeting is due to some other feature of RnCMV 68-1, is the result of a
combination of deleted and altered genes, or that there is some effect from the decreased diversity of
MHC-E alleles in humans compared to Rhesus Macaques (2 compared to 25) [404] (See Section
1.4.2.2).

Other reactivating herpesvirus vectored vaccines have achieved levels of protection without
notable MHC-1I or MHC-E restricted epitope targeting [218, 390, 391, 393]. Instead it is argued that
protection is mediated by peripheral Tem/Trm responses, with the exception of one study where
protection against Ebola was thought to be mediated by antibody responses [185, 187, 390, 391, 393]
(See Section 1.3.2).

The group of Louis Picker and associates who initiated the RnCMV 68-1 vector studies have
recently focused on the MHC-II and MHC-E restricted CD8+ T cell immune responses as a potential
source of protection [200, 245, 404]. However, to date there have been no efforts to compare the
RhCMYV 68-1 vector against a less attenuated RhCMV strain, which might induce typical CD8+ T
cell effector responses.

The RhCMV 68-1 vectored SIV vaccine model has shown the potential for CMV as a vaccine
vector. It has not, however, provided reliable protection in all vaccine recipients. Instead, through a

mechanism still not fully understood, only half of vaccinated animals are protected from SIV disease.
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Additionally, there is no known way of replicating the odd MHC-II and MHC-E restricted pattern of
antigen presentation in a HCMV vaccine [386]. As was observed with AD5 vectored SIV vaccines,
protection observed in rhesus macaques does not always correspond to protection in humans [32, 46,
253]. Without knowing the correlates of protection, translating even non-human primate studies from
animal surrogate virus models to vaccine efficacy in humans is not predictable.

To better understand the immune mechanisms at play in a complex CMV vectored vaccine, we
have proposed the use of the cynomolgus macaque-CMV model. Cynomolgus macaques are a distinct
but closely related species to rhesus macaques [405, 406]. They have been routinely used with SIV as
a model of HIV in humans. Furthermore they have their own more recently identified and well
documented strains of CyCMV with minimal lab adaptation when compared to RnCMV [289, 407].
As a readily available scientific model they represent an excellent opportunity to better understand the
role of CMV and immune correlates of protection against SIV/HIV infection with a non-human
primate CMV vectored vaccine.

1.4 Macaque Models

1.4.1 Differentiation of Macaque Species

The macaca genus, incorporating all macaque monkeys, originated in northeast Africa 7 mya
during the late Miocene epoch [408]. The genus spread across Europe and to continental Asia roughly
5.5 mya, diversifying into 22 extant species as they migrated [408, 409]. Today macaques are spread
across a range of more than five million square kilometers between the Iberian peninsula, and Japan,
encompassing much of southern Europe, Asia and northern Africa [409]. Rhesus macaques (Macaca
mulatta), cynomolgus macaques (M. fascicularis), Formosan rock macaques (M cyclopsis) and
Japanese macaques (M. fuscata) are included in the fascicularis group that evolved from a common
ancestor in South-east Asia 2.5 Mya [408-410].

Multiple scenarios have been proposed to explain macaque divergence based on occasionally
conflicting evidence from fossil sources [411], macaque morphology [406, 408], protein
polymorphisms [412] and MHC haplotyping [413, 414]. Best estimates place the most recent
common ancestor of cynomolgus and other fascicularis group macaques in Thailand [415, 416]. From
there other macaque species migrated northward into mainland China, Formosa and Japan [408, 417].
Cynomolgus macaques spread throughout peninsular and insular Indochina while rhesus macaques
spread between southern China and northern India [416, 418]. The two species began to diverge
approximately 1.2 mya [419, 420]. There is still some ongoing introgression between cynomolgus

and rhesus macaques in peninsular Indochina where their ranges overlap, though a hard genetic
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barrier exists at the Kra isthmus in southern Thailand and Myanmar [416, 421]. Comparisons of
mitochondrial DNA and Y chromosomal DNA show a tendency towards male migration and female
philopatry both in rhesus and cynomolgus macaques [409, 419, 420, 422]. Y chromosomal DNA
(YDNA) shows male cynomolgus macaque migration and genetic exchange continued throughout
Indonesia and the Philippines until 400 thousand years ago (kya), likely ending when the islands
separated due to Pleistocene glacial events [409, 420, 423].

1.4.2 Macaqgue Use in Biomedical Research

Cynomolgus and rhesus macaques are key models of biomedical research. They were,
respectively, the most and second most procured non-human primates at research facilities in North
America between 2011 and 2014 [424]. Macaques and humans shared a common ancestor 25 — 28
mya [425-427]. While not as close of a homologue to humans as chimpanzees, macaques are more
readily available, and less costly to work with [428].

There are notable immune differences from the human system that must be accounted for in the
macaque model [426]. In silico studies have identified 164 human-specific immune related genes,
including TLR4 and DEFA4, which have become non-functional pseudogenes in at least one if the
macaque species [426]. A further 25 key immune related genes, including a homologue of 1L32, are
single copy genes susceptible to loss of function mutations [426]. Possibly as a result of this and other
factors, results of protection seen in macaque vaccine studies have not always replicated in
subsequent human studies (See section 1.1.3.1). It is therefore important to go beyond efficacy

observed for an intervention and characterize the underlying mechanisms in any animal model trial.

14.2.1 Rhesus Macaques

In the early 2000’s rhesus macaques were the most frequently used non-human primate research
model by publication number, outcompeting cynomolgus macaques by three to one [424]. They are
still a preferred species in much of the USA as disease susceptibility and MHC are well understood
[428]. Due to a global moratorium affecting the export of Indian Rhesus macaques in the 1970, the
majority of rhesus macaques in North America are captive bred [424]. As a limited commodity they
have become expensive to purchase.

Chinese origin rhesus macaques are more readily available to the scientific community, but cannot
be used as a direct replacement of Indian rhesus macaques in research [428, 429]. Chinese rhesus
macaques are genetically distinct, and respond uniquely to a variety of pathogens, including SIV
[426, 428-430]. Diversity between the Indian rhesus macaque and Chinese rhesus macaque

subspecies rivals that between rhesus and cynomolgus macaques, and are sufficient to confound
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research outcomes [426]. There is a great deal of heterogeneity even within Chinese rhesus macaque
populations and the MHC genetics of the subspecies is only now being explored [425]. As of yet it is
unknown to what extent RhCMV strains of Chinese rhesus macaques differ from those of other

subspecies.

1.4.2.2 Cynomolgus Macaques

Cynomolgus macaques are increasingly the favoured non-human primate research model. They
are now the most commonly procured non-human primate in North America, and well used in Europe
[424, 428]. There are several populations of cynomolgus macaque available spread across peninsular
Indochina and the Indofilipino archipelago. Genetic diversity between macaques across the islands is
as extreme as that between Chinese and Indian Rhesus macaques, with some scientists calling for the
reclassification of cynomolgus macaques as several distinct species [430].

Sometime between 1598 and 1606 a small founder population of macaques were introduced on the
island of Mauritius in the Indian Ocean, possibly on Portuguese trading vessels or pirate ships [431-
435]. Due to peninsular YDNA and insular mitochondrial DNA in cynomolgus macaques of
Mauritius, also found in Sumatran cynomolgus macaques, Sumatra is assumed as the origin of the
Mauritian founder population [436]. This extreme bottleneck on Mauritius has created an abundant
and relatively homogenous population of macaques ideal for use in research [430-433, 435]. In
particular Mauritian macaques have a lower diversity of TRIM5 genes and MHC haplotypes that may
confound vaccine studies [426, 428, 437]. A recent focus on MHC-E restricted CD8+ T cells in the
Rhesus Macaque RhCMV 68-1 model has highlighted the importance of Mauritian macaques (See
Section 1.3.2.1). There are only two known human MHC-E alleles that narrowly limit the peptide
binding diversity [438-440]. In contrast to the 25 MHC-E alleles found in Indian Rhesus macaque
populations, up to four of which may be expressed in any one animal, a total of only four MHC-E
alleles were found among Mauritian cynomolgus macaques [404]. If the Mauritian macaque
population is restricted to most common MHC haplotypes M1, M2 and M3, then similar to humans
only two MHC-E haplotypes, with the same peptide binding affinity as human MHC-E, are expressed
[404].

Both captive bred and wild caught Mauritian cynomolgus macaques are used in research.
Currently there are 30 000 - 40 000 macaques of low heterogeneity on Mauritius [435]. The island is
the second largest exporter of live cynomolgus macaques globally, behind only China [441].

Cynomolgus macaques differ from Indian rhesus macaques by 0.4% across the genome including
in key immune related genes [426]. TRIMS5q, a key restriction factor against retroviruses including

SIV, differs between the macaque species at a number of polymorphism sites [426]. In Cynomolgus
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macaques, 97.5% have a 6bp deletion resulting in the loss of Thr339 and Phe340, only 50% of
Chinese rhesus macaques and 36% of Indian rhesus macaques has the same deletion [426]. Loss of
these amino acids is thought to increase susceptibility to retroviral infection [426, 442, 443].

Previous research with cynomolgus macaques was held back by a lower availability of reagents,
and genetics that were previously less well characterized than those of rhesus macaques [428]. With
increased usage, and the increased development of reagents and resources for use in this model,
cynomolgus macaques have come into their own. The recent publication of the complete cynomolgus
macaque genome sequence [426] demonstrates the increasing importance of these animals in

scientific investigation.

1.4.3 The SIV Vaccine Model of HIV

There is no ideal non-human model of HIV. HIV-1 cannot reproducibly cause human-like disease
in any animal model [437, 444-449]. Chimpanzees can be infected with HIV-1, potentially resulting
in limited pathogenic infection, but not consistently mimicking disease in humans [437, 446-448,
450]. Furthermore, ethical issues regarding the use of chimpanzees in research firmly prevent the
development of this model. Pigtailed macaques (Macaca nemestrina), a more distant relative of
cynomolgus and rhesus macaques which diverged from the fascicularis group 3.5-5 mya [409], are
also susceptible to viral infection and replication by HIV-1, though it does not cause AIDS and the
virus is cleared within several weeks [449, 451]. Pigtailed macaque susceptibility to HIV-1 results
from the absence of TRIMS5a in the species [443, 452]. Instead, Pigtailed macaques encode a
TRIMCyp also present in cynomolgus macaques that does not inhibit HIV-1 infection [443, 452].
Replacing the vif gene in HIV-1 with vif from SIVmac to counteract macaque APOBEC3, another
HIV restriction factor (See Section 1.1.1.1), generated a simian Tropic HIV-1 that could establish
infection in pigtailed macaques for up to 25 weeks before it was cleared [451]. The pig-tailed
macaque HIV-1 model provides an opportunity to test sterilizing immunity in a vaccine, but due to
the absence of human-like disease progression and eventual clearance of the virus it does not provide
an opportunity to examine alternative forms of vaccine mediated protection (See Section 1.1.1.3).

Instead, to accurately model HIV-1 infection and progression in humans, non-human primate
models of SIV have been developed. Unique strains of SIV are endemic to more than 40 species of
primates, but result in limited or non-pathogenic infections in most African non-human primate
species [437, 450, 453-455]. SIV infected African sooty mangabeys show no signs of disease despite
chronic high viral loads [456]. As the viruses progress to AIDS in some Asian non-human primate
species, SIV was first discovered and isolated in rhesus and cynomolgus macaques despite the

absence of the virus in wild populations [453, 457]. SIV infection was unintentionally established in
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captive macaque populations multiple times following the passaging of sooty mangabey tissue into
macaques in US primate centers as a part of several unrelated studies [458, 459]. Two sooty
mangabey derived SIV lineages, SIVmac and SIVb670/H5, account for the majority of macaque
model-SIV research [437, 458, 459]. SIVmne, a third family developed through passaging in pigtail
rather than rhesus macaques is considerably less pathogenic [459, 460].

The pathogenic SIVmac251 viral swarm, and highly-pathogenic, neutralization-resistant
SIVmac239 viral clone, are derived from the SIVmac lineage after 4 and 7 serial passages in rhesus
macaques respectively [437, 458, 459]. They utilize CCR5 as a co-receptor, but replicate better in
CCR5+ T cells than macrophages [437, 459, 461]. The SIVb670/H5 lineage includes the commonly
used viral swarm SIVsmE660 and related viral clone SIVsmE543-3 [437]. The genetic distance
between SIVmac251 and SIVSmEG60 is similar to that between HIV-1 isolates of the same clade
[437]; the percent similarity between individual proteins of SIVmac239 and SIVSmE543-3 range
from 64.1% for Tat to 92.1% for Pol [461]. Unlike the SIVmac viral family, SIVsmE543-3 is a dual
tropic virus, and induces early neurologic and pulmonary pathology in infected animals [461].

All four viruses induce human-like disease progression to simian AIDS in infected macaques
[437, 459, 461, 462]. The macaque-SIV model of HIV therefore allows examination of both
sterilizing and non-sterilizing vaccine approaches (See Section 1.1.1.3). SIVmac251 and SIVmac239
establish similar peak and set-point viral loads in Indian rhesus and pigtail macaques, while infection
of cynomolgus macaques results in a lower average peak and set-point viral load [437, 463]. CD4+
cell depletion rates are also similar in rhesus and pigtail macaques, but pigtail macaques progress far
more rapidly than rhesus and cynomolgus macaques to AIDS, averaging 42 weeks instead of 70 for
rhesus macaques [463]. With SIVsmE543-3 in pigtailed macaques some animals have been observed
to progress to AIDS within 14 weeks [461]. This accelerated disease progression is ultimately due to
higher natural rates of T cell turnover in pigtail macaques [463].

A third option of modelling HIV-1 infection in non-human primates is through the use of SHIVs.
The first generation of SHIV replaced the env, tat, and rev genes of SIVmac239 with Clade B HIV-1
equivalents [464]. The virus could infect and reproduce in macaques, but was non-pathogenic [464,
465]. Subsequent SHIVs included vpu, a gene which down-regulates surface CD4 expression and
enhances viral budding [69, 72, 465] (See Section 1.1.1.1). The SIV Env, unlike HIV-1 Env,
generally contributes to these functions, but Vpu still enhances SIV replication [72]. Vpu improved
the persistence of SHIV in cynomolgus macaques, but did not immediately augment pathogenicity
[465].

SHIV 86.9 constructed expressing dual tropic HIV-1 env and tat, vpu and rep replicated at higher

levels in rhesus macaques then prior SHIVs constructed using CCRS5 tropic Env [466], but it was
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repeated passaging in rhesus and pigtailed macaques that produced pathogenic SHIV [467, 468].
Initially SHIVpu12/SHIVpy1or required transient CD8+ T cell depletion to establish viral infection,
however subsequent passages readily infected and induced AIDS in rhesus macaques [467].
Accumulated mutations in the HIV-1 env gene adapted the virus for macague hosts, and led to CXC4
tropism [467, 469]. This tropism has been problematic, as CXCR4 tropic pathogenic SHIVS targeted
naive CXCR4+ CCR5- T cells, leading to severe immune depletion within weeks of infection [469].
Thinking SHIV 86.9P a robust challenge virus because of this, highly pathogenic macaque passaged
SHIV86.9P was utilized in a variety of studies including an AD5 vectored HIV vaccine challenged
that led to the failed HVTN 502 clinical trial [247] (See Section 1.1.3.1). ADS5 vector HIV vaccinated
macaques were protected against SHIV86.9P challenge, but not challenge with SIVmac239 which, it
has since been discovered, is far less sensitive to neutralization [46, 247, 251, 252]. As the human
trials ultimately failed, the validity of SHIV86.9P as a model of human HIV-1 in most vaccine trials
should be carefully evaluated.

There remains continued development of SHIVs. Due to their inclusion of human genes they are
susceptible to HIV-1 ART and unlike SIV can test HIV-1 targeting antibodies [437, 459, 464]. The
macaque-SHIV model was designed to overcome differences in immune responses to HIV and SIV
Env protein that must be accounted for in the macaque-SIV model [464]. Though HIV-1 env included
in SHIV typically acquire mutations to adapt to their macaque hosts, they remain closer to HIV-1 env
than SIV env. CCR5 tropic SHIV have been developed, better mimicking early transmitted HIV-1
variants, along with SHIV encoding non-clade B HIV-1 env [437, 459, 470-473]. They remain an
important model of HIV-1 in macaques, but in a vaccine approach focusing on effector CD8+ T cell
mediated protection, and examining effect on disease progression, SIVmac239 and SIVmac251
currently present the most robust challenge. In addition, studies utilising SIVmac239 and SIVmac251
can be directly compared with a wide range of existing vaccine trials including the RhCMV 68-1
vectored SIV vaccine in rhesus macaques and human VZVq, vectored SIV vaccine in the
cynomolgus macaque model [187, 200, 244, 251, 252, 288, 345, 474-476]

1.4.4 Macague Model of CMV

Multiple animal models are utilized for the study of CMV. The most widely used small animal
models, mouse and rat, are responsible for the vast majority of CMV based research to date. The
murine model in particular is cost effective and quite powerful due to the breadth of well
characterized MCMYV strains, transgenic mice, and molecular reagents available for use in the model.
However, both models are limited in scope due to anatomical differences between humans, mice, and
rats, viral differences between HCMV, MCMYV and Rat CMV (RCMV) and resulting differences in
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their course of infection [268, 293]. The guinea pig model, infected with guinea pig CMV (GPCMV)
is well utilized as a small animal model of congenital CMV due to similarities between human and
guinea pig placentae not present in mice or rats, and the transmission of CMV across it [268, 293],
but remains similarly restricted.

The macague model of CMV was developed to better understand congenital CMV and CMV
related sensineuronal damage [292]. Similar to in small animal models of CMV, the strict host species
specificity precludes the use of HCMV in any non-human primate models [268, 292, 293, 477].
Macaque CMV is the most similar animal model of HCMV available — only chimpanzee CMV
(CCMV) and CMV of the other great apes, which are unfeasible as laboratory models, are more
closely related to HCMV [282, 292, 294]. Similarities also exist in the host pathogen interaction of
humans and macaques to their respective CMVs. Macaque CMV grows in the same tissue, establishes
latency in the same reservoirs, and produces the same congenital defects, and transmits at similar
rates to those observed in humans [268, 477, 478]. Immune responses to CMV in macaques mirror
those seen in humans [268, 478]. Macaque rates of seroprevalence to CMV are high: essentially all
captive bred rhesus macaques are seropositive at 1 year of age, half at six months [477]. Until the
recent implementation of specific pathogen free breeding programs for Indian rhesus macaques, CMV
seronegative macaques — including cynomolgus macaques and Chinese rhesus macaques — were not
available to researchers [268, 477, 479]. Several RNCMV seronegative breeding groups have been
established by removing newborns from dams at birth and raising them separated from infected adults
[479]. At present there is a limited supply of RhCMV seronegative macaques, and colonies are
maintained at high cost.

Due to the availability of macaques as a model of both SIV and CMV, they are an ideal model to
examine a macaque CMV vectored SIV vaccine. Two RhCMV strains have been cultured and
characterized, RNCMV 68-1 (See Section 1.3.2.1) and RhCMV 180.92 [282, 480]. Both were
isolated from Indian rhesus macaques [282, 480]. CyCMV Ottawa, the only strain of CyCMV
isolated and sequenced prior to the work in this thesis, was collected from a 4-year-old Filipino

cynomolgus macaque by members of the authors research laboratory [289, 407].

1441 Manipulating Macague CMV

CMV does not accommodate most conventional DNA manipulations [276, 401, 481]. The virus is
too large and grows slowly. Instead chemical mutagenesis and lab adaptation have been relied on
historically to study the knock-out of particular genes [276]. Lab adaptation through repeated

passaging can lead to the loss of genes necessary in vivo but not in vitro, like immune modulatory
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genes [282, 480, 482, 483]. Passaging exclusively on fibroblast cell lines can similarly lead to
fibroblast adaptation and attenuation of genes unnecessary in that cell type. This happened with
RhCMYV 68-1 which lost genes in the pentameric complex [379, 484] (See Section 1.3.2.1). For site
directed mutagenesis, or more complex manipulations, homologous recombination has historically
been the only viable option with CMVs [276, 401, 481, 485]. Unfortunately, slow growth kinetics and
the high rate of genetic adaptation to tissue culture complicate this strategy [485].

Recently CRISPR (Clustered regularly interspaced short palindromic repeats) and CRISPR
associated protein 9 (cas-9) systems have been used to edit GPRCMV [485]. Specific guide RNA can
be prepared to target any unique region of the CMV genome to change, remove, or insert specific
DNA sequences [485]. CRISPR/Cas-9 edited CMV improves on homologous recombination in terms
of efficiency, but is still limited by viral growth speeds and the risk of recombination events between
edited and non-edited viral genomes. Rates of viral attenuation and genomic instability also limit the
number of sequential edits possible if multiple changes are desired at different sites in the genome.
Additionally, changes which remove essential viral genes to create replication deficient viruses are
difficult within a system that edits CMV as a virus, and cannot be done if the gene cannot be
expressed by the infected cell line [276].

To preserve the CMV genome in a stable format throughout multiple changes it necessary to clone
CMV onto cosmids or as a BAC. To clone CMV onto cosmids the genome is broken up into multiple
overlapping fragments which are independently cloned onto smaller plasmids [276]. Each individual
plasmid can be replicated in bacterial cells, stored with high fidelity, and manipulated by traditional
cloning methodology [276]. Alternatively, as the cost of chemical DNA synthesis falls, entire cosmid
sequences can be synthesized exactly as desired. The virus cosmids can be reconstituted as an
infectious virus through co-transfection in host cells [276]. Due to the need for replication to produce
competent virus cosmid manipulations are limited. Essential genes cannot be knocked out unless they
can be expressed in the infected cell line [276]. Additionally unexpected recombination can occur
between high copy cosmids within a bacterial cell, or between cosmids in a eukaryotic cell to
duplicate regions of DNA, lose regions, or acquire mutations [276, 486]. While revolutionary to the
CMV field, cosmids have now largely been replaced by BACs.

BACs are based off the E. coli F plasmid, which can hold up to 300kbp of DNA [276, 401, 487].
The BAC backbone is a single copy plasmid [276, 487]. This restricts the possibility of
recombination occurring between viral genomes within a bacterial cell [276]. As a result BAC
contained viral genomes are exceptionally stable and have been replicated in E. coli without changes
for over 100 generations [276, 487]. Similar to cosmids, since the DNA is faithfully replicated in

bacteria, large volumes of DNA can be easily produced and the viral DNA can be stored in bacterial
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glycerol stocks. There is no limit to the number of subsequent manipulations that can be done, and
any number of changes can be made to the CMV viral genome once it has been cloned onto a BAC
[276].

Edits to BAC DNA are made primarily through homologous recombination with small, editable
shuttle vectors — plasmids with regions of homology to the BAC flanking a central region with the
desired insertion, deletion, or mutation [276, 481, 488].

A CMV BAC can be reconstituted as infectious virus through transfection into a suitable host cell.
Viral genes are transcribed and translated, and viral DNA replicated once the genome is in suitable
cell culture. Removal of the BAC DNA from the CMV genome is not necessary to produce infectious
virus but is advised. The additional, unnecessary DNA slows viral growth kinetics and decreases viral
yield if retained in the viral genome [401, 481]. If retained, BAC DNA in the virus has been linked to
instability in the surrounding viral genome [486, 488]. Slower growth kinetics and lower yields can
be overcome by removing unnecessary CMV genes where the BAC is inserted to not change the
overall CMV genome size [489]. Alternatively the BAC can be removed from the virus after it has
been reconstituted to restore viral growth Kinetics [481]. BAC DNA can be inserted surrounded by
loxP so that co expression of Cre in infected host cells will excise the BAC from the virus [481].

There are several limitations to the use of BACs with CMV. The CMV BAC cannot incorporate
any genes that will be expressed in bacteria and produce negative effects [485]. The CMV promoters
are eukaryotic promoters for expression in mammalian cells, but can contain putative bacterial
promoters within them [490]. At least two studies have shown some level of gene expression of
transgenes under the CMV promoter in E. coli provided a bacterial ribosome-binding site occurs
somewhere downstream within the gene [490, 491]. This is not a concern for the majority of the
CMV genome but must be accounted for if transgenes are inserted into the BAC. Similarly, BACs
containing features such as loxP cannot be stored in Cre expressing E. coli.

A major limiting factor to the use of BACs is the time and effort required to generate one.
Multiple sequential steps of homologous recombination are required to integrate BAC DNA into the
CMV genome [401, 481, 488, 492]. After each edit several laborious rounds of plaque purification
are required to select for successfully edited virus [401, 481, 488, 492]. It can take months to years of
effort to successfully clone a CMV as a BAC. Each round of plaque purification introduces a genetic
bottleneck where mutations can also be selected.

Multiple BACs have been prepared from a variety of CMV viruses, including HCMV, MCMV,
and GPCMV [481, 488, 489]. At the initiation of this project there existed only one macaque CMV
that had been cloned as a BAC, RhCMYV 68-1 [401]. No CyCMV BAC had been created.
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1.4.4.2 RhCMV 68-1 Does Not Infect Cynomolgus Macaques

Only recently has it been accepted that each species of macaque constitutes a discrete model for
biomedical research (See section 1.4.2). Significant differences exist between Indian rhesus
macaques, Chinese rhesus macaques and cynomolgus macaques in their interaction to both CMV and
SIV [379, 426, 428-430, 493, 494].

RhCMYV 68-1 was first used in the rhesus macaque model to vaccinate against SIV with promising
but mixed results; at this time, the correlates of the protection seen in a subset of animals have yet to
be determined [187, 200, 244, 288] (See Section 1.1.3). However, the number of precise
modifications to the CMV genome needed to prepare it as a viral vaccine vector for similar studies
calls for the use of a suitable CMV cosmid or BAC (See Section 1.4.4.1).Cynomolgus macaques had
been used for SIV research in Canada for more than twenty years due to the availability of animals
from a breeding colony first developed for Polio vaccine quality control and research in 1983 [495].
The colony was maintained by Health Canada in Ottawa until the early 2000s, and cynomolgus
macaques were readily available to Canadian researchers through the Public Health Agency of
Canada. As RnCMV 68-1 was the only macaque CMV BAC available at the initiation of this project
our lab attempted to utilize it in the available cynomolgus macaque model as the base of a new SIV
vaccine [291, 401]. An infectivity study was undertaken to assess the viability of using RhCMV 68-1
to superinfect twelve CMV seropositive cynomolgus macaques from Mauritius [291].

Despite two high dose subcutaneous inoculations with enhanced green fluorescent protein (eGFP)
expressing RhCMV 68-1, and a subsequent high dose intravenous inoculation in a subset of the
cynomolgus macaques, no signs of infection were observed [291]. RhCMV 68-1 challenged
macaques developed antibody and PBMC cytokine responses to RhCMV proteins and eGFP
equivalent to controls challenged with inactivated virus [291]. Qualitative PCR confirmed
endogenous CyCMV infection, but did not detect RhCMV gene translation [291]. This author
successfully cultured CMV from biological secretions, but eGFP could not be detected visually or by
western blot in ex-vivo cultures [291].

To confirm the addition of eGFP did not affect the fitness of the RhCMV, this author sequenced
the complete virus by next-generation sequencing, and assembled the reads to the expected sequence
using a Burrows-wheeler alignment algorithm [291]. Though RhCMV 68-1 differs from primary
RhCMYV isolates on a number of genes, no changes could be identified between RhCMV 68-1 and
RhCMYV 68-1 eGFP that are known to affect virulence [291, 379].

It has since been found that the species specificity of RNCMV 68-1 may be due not to intrinsic
cross-species specificity but to attenuation now inherent in the RnCMV 68-1 genome [379]. Rn\CMV
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68-1 cannot productively infect cynomolgus macaque cells as the virus lacks an equivalent of the
anti-apoptotic UL36, and cell entry factors UL128-UL131 [379]. Repair of these features in the
RhCMYV 68-1 BAC allows productive infection of, and viral shedding from cynomolgus macaques
[379]. It is unknown how natural this infection is. To date no comparison of CMV viral load or in-
host growth kinetics have been undertaken to compare infection with RhnCMV in cynomolgus
macaques to that in rhesus macaques. An important lesson of the HIV vaccine STEP trial (see section
1.1.3.1) is that quality of an immune response against a vector that does not naturally infect the
animal model may not predict the response in humans [46]. We have concluded that working in a
cynomolgus macaque model with a cynomolgus macaque strain of CMV will most accurately model
natural CMV host dynamics. Further, the least attenuated strain of CMV, with the most natural host-
CMV dynamics, will best predict the natural interaction between HCMV and its human hosts.
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1.5 Thesis Objectives

1.5.1 Thesis Objectives

Overview: The overall aim of this thesis is to prepare a Mauritius strain of CyCMV as a SIV
vaccine for use in cynomolgus macaques in order to evaluate the use of HCMV vectored vaccines
against HIV. To this end a strain of CyCMV has been isolated from cynomolgus macaques from the
island of Mauritius. This CyCMV strain was sequenced in full, and compared alongside other
sequenced CMV strains to confirm infection with CyCMV Mauritius will parallel natural infection
with HCMV in humans. The virus has been cloned as a BAC to permit rapid, site-specific
modifications of the viral genome. The CyCMV Mauritius BAC was then modified to express two
SIV vaccine transgenes throughout viral infection that permit the use of CyCMV Mauritius as a

putative vaccine against SIV in the cynomolgus macaque model.

Main Objective: To prepare a Mauritius strain of CyCMV as a SIV vaccine for evaluation in

cynomolgus macaques.

Specific Objectives:

1. Sequencing and genomic characterization of a Mauritian Cynomolgus Macaque strain of
CMV (Chapter 2)

2. Comparative phylogenetic analysis of CyCMV Mauritius (Chapter 2)

3. Cloning of CyCMV Mauritius as an excisable BAC (Chapter 3)

4. Utilization of CyCMV Mauritius to produce an SIV vaccine candidate (Chapter 3)
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2.1 Overview

A wildtype strain of CMV isolated from a cynomolgus macaque of Mauritian origin and
minimally passaged was sequenced in full. ORFs were identified in the CyCMV sequence and used
alongside known sequences of primate CMVs to confirm the fitness of the virus. The sequences were
further utilized to understand the evolution of primate CMVs alongside their hosts and ascertain the

relationship between the new CyCMV strain and other models of HCMV.

Main Objective: To prepare a Mauritius strain of CyCMV as a SIV vaccine for evaluation in

cynomolgus macaques.

Specific Objectives:

1. Sequencing and genomic characterization of a Mauritian Cynomolgus Macaque strain
of CMV (Chapter 2)

2. Comparative phylogenetic analysis of CyCMV Mauritius (Chapter 2)

3. Cloning of CyCMV Mauritius as an excisable BAC (Chapter 3)

4. Utilization of CyCMV Mauritius to produce an SIV vaccine candidate (Chapter 3)

2.2 Abstract

Background

CMV belongs to a large, ancient, genus of DNA viruses comprised of a wide array of species-
specific strains that occur in diverse array of hosts.

Methods

In this study we sequenced the ~217 Kb genome of a CMV isolated from a Mauritius cynomolgus

macaque, CyCMV Mauritius, and compared it to previously sequenced CMV from a cynomolgus
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macaque of Filipino origin (CyCMV Ottawa) and two from Indian rhesus macaques (RhCMV 180.92
and RhCMV 68-1).

Results

Though more closely related to CyCMV Ottawa, CyCMV Mauritius is less genetically distant
from both RhCMYV strains than is CyCMV Ottawa. Several individual genes, including homologues
of CMV genes RL11B, UL123, UL83b, UL84 and a homologue of mammalian COX-2, show a closer
relationship between homologues of CyCMV Mauritius and the RhCMVs than between homologues
of CyCMV Mauritius and CyCMV Ottawa. A broader phylogenetic analysis of 12 CMV strains from
eight species recovers evolutionary relationships among viral strains that mirror those amongst the
host species, further demonstrating co-evolution of host and virus.

Conclusions

Phylogenetic analyses of rhesus and cynomolgus macaque CMV genome sequences demonstrate

co-speciation of the virus and host.

2.3 Background

Macaque monkeys are an important animal model in biomedical research, particularly in
infectious diseases. They are used in vaccine and infectivity studies of viruses that either do not infect
or do not produce realistic pathogenic features in small animal models — viruses such as HIV, where
SIV or SHIV can be studied as a surrogate in macaques.

Recently, the limited availability of Indian rhesus macaques in North America and elsewhere has
led to the development of resources and standards for the use of cynomolgus macaques and Chinese
rhesus macaques [428], the former in particular being an excellent model of HIV-1/SIV infection
[494]. Though relatively closely related, divergence between populations or species of macaques and
their corresponding CMV strains is substantial enough as to preclude direct replacement in any study.
In fact, with increased usage in research, it has been questioned whether cynomolgus macaques may

be in need of taxonomic re-classification [430]. Captive populations of cynomolgus macaques are
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frequently interbred with little concern as to their origins. However, the genetic divergence between
geographically distinct populations of cynomolgus macaques rivals that found between Indian and
Chinese rhesus macaques, a factor that has the potential to differently influence experimental results
[430]. For example, disease susceptibility is highly variable between isolated-tightly knit groups of
macaques found across the Sunda Shelf of Southeast Asia. Macague genome sequencing has enabled
a better understanding of their disease susceptibility from an evolutionary and conservation
standpoint, and provided insight into population structure and patterns of migration [408, 416, 430,
496].

Interest in non-human primate herpesviruses, and CMVs in particular, has increased in recent
years in recognition of the unique immune response that they evoke. Specifically, CMV evokes a type
of effector memory T cell response, which intermittently is boosted by reactivated virus throughout
the life of its immunocompetent host. This type of immune memory qualitatively is different from
conventional T cell memory in that it does not require priming and can respond immediately to
antigen. Thus CMVs are also of interest to vaccinologists who are examining ways to expand the
duration of rapidly inducible T cell responses to block primary viral infection. The evaluation of
CMVs in rhesus and more recently, in cynomolgus macaques, has become a priority in order to
facilitate the use of these animal models for vaccine research and development. CMV infects many
primate and non-primate hosts including humans, baboons, green monkeys, chimpanzees, squirrel
monkeys, macaques, oysters and rodents [290]. Since previous studies have demonstrated only
limited mixing and horizontal transmission between mammalian populations [294], it is thought that
CMV, like other herpesviruses, diversified via co-evolution with their host species [294, 497].

During speciation, pathogens may co-speciation with their host [498]. Herpesviruses, for instance,
co-evolve with their mammalian hosts [499]. Herpesviruses were present in primates 70 mya [257],
and have been used as surrogates to track mammalian — including human — evolution and migration
[257, 500]. Herpesviruses, including CMVs, were also present in the most recent common ancestor of

rhesus and cynomolgus macaques, and are presumed to have undergone geographic differentiation
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similar to their host species [501]. However, macaques can become infected with multiple strains of
CMV and these CMV strains may experience recombination. Hosts co-infected with two CMV
strains occasionally release infectious viral particles (shed virus) from multiple strains (dual
shedding), but generally have a dominant strain that makes up the majority of shed virus [502].
Interaction among populations of cynomolgus macaques can facilitate the exchange of CMV strains
[503] but cross infection between species is generally rare [291].

In the present study, we sequenced a new strain of CyCMV from a cynomolgus macaque from
Mauritius and compared it to three other strains — one from a cynomolgus macaque that originated in
the Philippines: CyCMV Ottawa [289], and two from Indian rhesus macaques: RhCMV 68-1 [288]
and RhCMV 180.92 [480]. We also characterized variation in gene content among these macaque
CMVs. Our results indicate that evolutionary relationships over the complete genomes of cynomolgus
CMV strains matches those of their hosts, thereby supporting their co-evolution and also the further
use of CMVs in the study of mammalian biogeography and phylogeny. We also found phylogenetic
correspondence between CMVs and their hosts in a broader phylogenetic analysis that included
several other CMV strains. However, phylogenetic relationships among some genomic regions of the
macaque CMVs deviated from the expected relationship, and this can be explained either by intra-

strain recombination or alternatively could reflect phylogenetic error.

2.4  Materials and Methods

2.4.1 Isolating Virus

All animal procedures were performed as part of a series of experiments approved by the Health Canada
National Nonhuman Primate Animal Care Committee. Urine samples were collected from a 15 year-old
cynomolgus macaque imported from Mauritius using bladder catheterization. After filtration through a
0.45 um filter, the urine samples were centrifuged at 900 x g for 30 mins at 4°C and supernatants were

collected and mixed 1:1 with 2x Minimum Essential Media (MEM) supplemented with 2x antibiotic-
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antimycotic (Gibco) and 20 mg/ml gentamycin (Invitrogen). The cell pellets were resuspended with 1 ml of
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma) supplemented with 1x antibiotic-antimycotic, and
10 mg/ml gentamycin. Urine supernatants were ultracentrifuged at 20 000 x g for 30 mins at 4°C and the
pellets resuspended in 500 ul of DMEM supplemented with 1x antibiotic-antimycotic and 10 mg/ml
gentamycin.

CyCMV Mauritius virus was grown on human foetal lung fibroblast (MRC-5) cells [504] from the
American Type Culture Collection (ATCC) as described previously [289]. MRC-5 cells were seeded 1:2 in
a 12-well tissue culture plate and grown at 37°C in a 5% CO, incubator for 2 days prior to inoculation.
Resuspended viral pellets were each plated in triplicate in wells of MRC-5 cells, spinoculated at 2,000 x g
for 30 mins at 4°C, and incubated for 2-3 hours at 37°C in a 5% CO, incubator. The inoculum was aspirated
and replaced with 2ml of DMEM [supplemented with 10% foetal bovine serum (FBS) (Wisent
Bioproducts), 100 U/ml penicillin, 100 pug/ml streptomycin (Sigma)] and amphotericin B. The medium was
changed the following day and every week thereafter. Cultures were monitored daily for CMV cytopathic
effect (CPE). Cells showed 100% CPE after approximately 1 month. The virus was further propagated in

MRC-5 cells at a 1:2 split ratio each time CPE reached 90-100% to achieve higher viral titers.

2.4.2 DNA Extraction

Viral DNA was isolated from cell free virus following centrifugation, digestion with pronase, and
phenol-chloroform extraction. Fifteen 75-cm? tissue culture flasks containing CyCMV Mauritius-infected
MRC-5 cells were used for viral DNA isolation using a Hirt extraction protocol as described previously
[289]. To confirm the purity of the viral DNA isolation, 1 ug of isolated extracellular viral DNA was
digested with 20 U of BamHI or Hindlll restriction enzymes (New England Biolabs) and fractionated by gel

electrophoresis on a 0.8% agarose gel.



60

2.4.3 Next Generation Sequencing

A paired-end library of CyCMV Mauritius DNA was prepared with 500 base pair (bp) insert size and
high-throughput Illumina Genome Analyzer Il paired end sequencing with 72 bp read length was performed
as described previously [289]. The complete genome was sequenced at the Centre of Applied Genomics,

Toronto, Canada.

2.4.4 Genome Assembly

De novo assembly of the CyCMV Mauritius genome was achieved from 2 268 822 reads on the Illumina
Genome Analyzer Il platform. Paired ends were filtered to match the barcode (1 134 411 paired reads) and
assembled using Velvet (version 0.7.55) [505]. Results were best obtained using a kmer length of 39, an
insert length of 500, and an expected coverage of 280X to generate multiple partial contigs. Three seed
sequences, A: 5’-AAACCAGCGCCGTTGTTTTCCGTTCTACGTTCGGG-3’,
B: 5’-ACTATCGAGGACAACGATGTTTTTTCCAACATAAA-3’ and

C: 5>-TATCGGTATCTATTCCAAGCAGACCAAGTACGATT-3’ were used to create contigs.

2.4.5 Gap Closing
Gap closing in the de novo genome build was accomplished using PCR. Primers were designed from the
sequenced contigs, and amplified using purified viral DNA. The resulting product sizes were used to

confirm the de novo DNA assembly.

2.4.6 Error Correction

Regions of low resolution or ambiguity were confirmed using Sanger sequencing. First, a 3 555 bp
region (3 567-7 122 bp) was confirmed using the primers 5’-TCGGCAAAGTCAGGAGCGGC-3’ and
5’-TGCACAATTTGCGATGCCTATCGTT-3’. Next, Sanger sequencing to amplify the 1 207 bp region
spanning the origin of lytic replication (OriLyt) [82 561 bp—83 768 bp] was attempted using the primers
5’-TGGCGATCTGAAACCACACCCC-3> and 5’-CGCCCAAGAGAGAGCGCACC-3" but proved

challenging due to the presence of inverted and repeated sequence motifs [506] as our previous experience
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has shown [289]. Amplification of a 1 688 bp segment spanning 154 169 bp -155 856 bp using multiple
primers also proved unsuccessful. However, a 560 bp region spanning 173 964 bp - 174 520 bp was
amplified using the primers 5>-ACTTCGCTTCTGTTCTAGCGTTTAGG-3’ and
5’-CCGCTGTGGCTTGCTGGCTC-3’ and successfully confirmed by sequencing. The CyCMV Mauritius
sequence was finally confirmed for errors by aligning with that of RhnCMV 68-1 (accession: AY186194),

RhCMYV 180.92 (accession: DQ120516) and CyCMV Ottawa (accession: JN227533).

2.4.7 ORF Assignment

1408 putative ORFs, greater than 30 amino acids in length, and not contained within and in frame of
another identified potential ORFs were identified in silico using Geneious Pro 6.1.4 (Biomatters Ltd.,
Auckland, New Zealand). BLAST-P (National center for biotechnology information; NCBI) with a
BLOSUMG62 matrix, gap opening cost of 11 and gap extension cost of 1 was used to screen the ORFs.
Homologous protein lists were generated using a maximum E value of 10*. ORFs with irrelevant or no

homology were not included.

2.4.8 Nomenclature

Putative genes were named with respect to homologues, as determined above, when applicable.
Homologues of human genes are given the prefix ‘Cy’ followed by the region name: TRL, TRS, UL, or US
and a number previously attributed to the homologue. Homologues of old world monkey CMV genes were
given the prefix ‘Cy’ followed by ‘O’ and a gene number attributed to the homologue. Some of these were
given alternative names, indicated in brackets, due to naming of CyCMV Ottawa homologues prior to this
nomenclature [289]. Putative genes with previously named CyCMV Ottawa homologues were given the
prefix ‘Cy’ followed by the previously assigned number. Putative genes lacking a CMV homologue were
given the prefix ‘Cy’ followed by a unique number not used in naming within CyCMV Ottawa and
corresponding to gene order within the genome. Capital letter suffixes (for example, CyUL48A) indicate

unique ORFs with a shared gene number as previously established [289]. Lower case single letter suffixes
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(for example CyUS28b) indicate closely related or repeated genes that share homologous partners. Putative
genes were assigned to one of 18 families, or designated Non-Core family, based on previously designated

family of gene homologues.

2.4.9 Bit-Score Plots

Bit-scores were calculated using Geneious Pro 6.1.4 (Biomatters Ltd., Auckland, New Zealand) to
compare individual CyCMV Mauritius or RhnCMV 180.92 ORFs to homologous ORFs of CyCMV Ottawa
(accession: IN227533), RnCMV 180.92 (accession: DQ120516), and RhCMV 68-1 (accession: AY186194)
found using BLAST-P (NCBI) using a BLOSUMG62 matrix, gap opening cost of 11, gap extension cost of 1
and a maximum E value of 10™. Calculated scores for individual ORF were plotted as seen previously [289]
as a scatterplot comparing the bit-score for CyCMV Mauritius-CyCMV Ottawa, CyCMV Mauritius -

RhCMYV 180.92 and CyCMV Mauritius -RhCMV 68-1 to each other.

2.4.10 Gross Genome Comparison

CyCMV Mauritius has been deposited in the GenBank database (accession: KP796148). Other Genomes
and annotations were obtained from GenBank using available strains as follows: CyCMV Ottawa
(accession: JN227533), RhCMYV 180.92 (accession: DQ120516), and RhCMV 68-1 (accession: AY186194).
Comparisons were also made with human CMV strains [HCMV Towne (accession: AY315197), HCMV
AD169 (accession: X17403) and HCMV HAN1 (accession: JX512199)], CCMV Heberling (accession:
AF480884), Baboon CMV (BaCMV) OCOM4-37 (accession: AC090446), Cercopithecine herpesvirus 5
(GMCMV) Colburn (accession: FJ483969), Cercopithecine herpesvirus 5 (GMCMV) strain 2715
(accession: FJ483968), Aotine herpesvirus 1 strain S34E (accession: FJ483970), and Saimiriine (Squirrel
monkey) betaherpesvirus 4 (Squirrel monkey CMV; SMCMYV) strain SqSHV (accession: FJ483967).
Genome identity between CMV strains was determined using global alignment with free end gaps set at a
cost matrix of 65% similarity (5.0/-4.0), a gap open penalty of 12 and a gap extension penalty of 3 with

automatic sequence direction determination on Geneious 6.1.4 (Biomatters Ltd., Auckland, New Zealand).
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Whole genome alignments were generated using progressive MAUVE multiple genome alignment

algorithm [507] available in Geneious 6.1.4 (Biomatters Ltd., Auckland, New Zealand).

2.4.11Phylogenetic Analysis

Phylogenetic analysis was carried out with Geneious Pro 6.1.4 (Biomatters Ltd., Auckland, New
Zealand). Alignments were created using MAFFT version 7.017 [508] with a scoring matrix of
200PAM/k=2 a Gap open penalty of 1.53 and offset value of 0.123. An appropriate phylogenetic model was
selected for each tree using JModel test 2.1.7 [509]. Most trees were generated with the MrBayes plugin for
Geneious Pro 6.1.4 [510] after 1 100 000 iterations and a burn-in of 110 000. The individual ORFs or whole
genome sequences of CyCMV Mauritius, CyCMV Ottawa (accession: JN227533), RhCMV 68-1
(accession: AY186194), and RhCMV 180.92 (accession: DQ120516), were compared with the outgroup
HCMV AD169 (accession: FJ527563) (Figure 2-2), Homo Sapiens PTGS2 (accession: BAA05698)
(Figure 2-16a), Homo Sapiens CXCL5 (accession: CR457428) (Figure 2-16b), or Homo Sapiens
TNFRSF14X1 (trimmed CDS from accession: XM_011542383) (Figure 2-16¢). The 12 CMV full genome
tree (Figure 2-17) was generated using MrBayes 3.2.4 run in MPI (Message Passaging Interface) on the
SciNet supercomputer at the University of Toronto [511] using a generalized time reversible (GTR) tree
with proportion invariant sites and gamma distribution. Genomes utilized were selected from fully
sequenced CMV genomes at the time of publication due to similar organization. CMVs included were free
from large rearrangements or inverted regions with respect to CyCMV Mauritius as determined from
alignments using progressive MAUVE multiple genome alignment algorithm [507] in Geneious 6.1.4

(Biomatters Ltd., Auckland, New Zealand). RCMV Maastricht (accession: AF232689) was used as the out-

group.
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2.5 Results and Discussion

2.5.1 CyCMV Mauritius is a Unique CMV from Mauritian Cynomolgus Macaques

In the present study, we characterized a novel CMV strain, isolated from a Mauritian cynomolgus
macaque, and compared its sequence to that of three other CMV strains, including that of CyCMV Ottawa
[289], and two strains from rhesus macaques: RhCMV 68-1 [288] and RhCMV 180.92 [480]. Our analyses
indicate that the sequence of CyCMV Mauritius is highly similar to the sequence of CyCMV Ottawa, and
also that both are derived from a more recent common ancestor than either is with one of the rhesus
macaque strains.

Our assembly of Illumina reads from CyCMV Mauritius produced three contigs that were then connected
by Sanger sequencing. The assembly had an average 280X fold coverage that was 217 200 bp in length, and
had 49.5% GC content. In comparison, CyCMV Ottawa is 841 bp longer and has a similar GC content
(Table 2-1). RhCMV 68-1 and RhCMV180.92 are both similar in length and GC content, with RhCMV
180.92 being the shortest and RhnCMYV 68-1 the longest of the four viruses. Compared to other mammalian
CMVs, all macaque CMVs examined are shorter than CCMV Heberling strain and shorter on average than
HCMV strains AD169 and HAN1. Of the CMVs that have been sequenced thus far, these four macaque

CMVs are most similar in length to Aotine (Owl Monkey) CMV (OMCMYV) and GMCMV.

Table 2-1: Select Sequenced primate CMV strains

Virus Strain GenBank Accession Host Species Length (bp) 9%GC
CyCMV  Mauritius KP796148 Cynomolgus Macaque 217 200 49.5%
CyCMV Ottawa JN227533 Cynomolgus Macaque 218 041 49.5%
RhCMV 180.92 DQ120516 Rhesus Macaque 215 678 49.1%
RhCMV 68-1 AY186194 Rhesus Macaque 221 454 49.1%
OMCMV S34E F1483970 Owl Monkey 219 474 56.3%
GMCMV  Colburn F]483969 African Green Monkey 219 526 51.2%
GMCMV 2715 F1483968 African Green Monkey 226 205 50.8%
CCMV Heberling AF480884 Chimpanzee 241 087 61.7%
HCMV AD169 F1527563 Human 229 354 57.2%
HCMV HAN1 JX512199 Human 235 006 62.4%
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CyCMV Mauritius and CyCMV Ottawa share 95.3% identity by linear full genome alignment while
RhCMV 68-1 and RhCMV 180.92 share 95.6% identity. CyCMV Mauritius and RhCMV 180.92 have
87.9% identity and CyCMV Mauritius and RhnCMV 68-1 have 89.7% identity. CyCMV Ottawa has 89.8%
identity with RnCMV 68-1 and 88.2% identity with RnCMV 180.92.

Due to the possibility of rearrangements in these viral genomes we evaluated sequence synteny using the
progressive Mauve multiple genome alignment algorithm [507]. This analysis reveals a local co-linear
region around 160-170 kbp where the RhCMV 68-1 sequence is reversed in comparison to CyCMV
Mauritius, CyCMV Ottawa and RhCMV 180.92 (Figure 2-1). This region is immediately adjacent to the
UL128 to UL130 deletion found in RhCMV 68-1. There are two locally collinear blocks whose order are
reversed between rhesus (RhCMV 68-1 and RhCMV 180.92) and cynomolgus (CyCMV Mauritius and
CyCMV Ottawa) macaque CMV genomes. Both collinear blocks are short and located immediately

upstream of the reversed region in RNCMV 68-1.

2.5.2 Phylogenetic Relationships Among CMV Strains Match Those of Their Hosts.

Evolutionary relationships were estimated for CyCMV Mauritius, CyCMV Ottawa, Rn\CMV 180.92 and
RhCMYV 68-1 using HCMV AD169 as an outgroup (Figure 2-2). Evolutionary relationships among these
complete macaque CMV genome sequences match those of their hosts (Figure 2-2a). Within the
cynomolgus macaque, the viral strains CyCMV Mauritius and CyCMV Ottawa are diverged by 0.036
substitutions per site (sps), whereas within the rhesus macaque, the viral strains RhnCMV 180.92 and
RhCMV 68-1 are diverged by only 0.017 sps. Thus, divergence between CMV strains of cynomolgus
macaques is greater than between the CMV strains of rhesus macaques, and this may also be true of the
respective host populations.

All four-macaque CMVs share similar genome architecture. Macaque CMV and the CMV of closely
related primates, like GMCMVs Colburn and 2715, have terminal repeats, as well as unique long and unique

short regions in genome structure, but lack the internal repeat regions of other primate CMVs [290].
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Figure 2-1: Multiple genome alignment of CyCMV Mauritius, CyCMV Ottawa, RhnCMV 68-1, and RhCMV 180.92. Genome homology and
rearrangement are presented using the MAUVE multiple genome alignment algorithm. Locally collinear blocks are indicated differentiated by
colour and connected by linking line. Within collinear blocks column height within collinear blocks indicates average conservation of base pairs
locally between homologous collinear blocks in other strains, full columns indicate regions fully conserved between species while empty columns
indicate unique regions to the particular genome or absences. Collinear blocks shown above the x-axis are in the same orientation, with those
shown below reversed in comparison to the same co-linear blocks in other species.
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Figure 2-2: Phylogenetic tree comparison of Macague CMV genome and select genes. Trees
were generated comparing CyCMV Mauritius, CyCMV Ottawa, RhCMV 68-1 and RhCMV 180.92
using HCMV AD169 as an out-group. Trees were generated using Mr. Bayes, following MAFFT
alignment, using a model of evolution selected by JModel test a) from a full genome global
alignment; b) from an alignment of putative gB (UL55) ORF, a typical marker of phylogeny; c) from
an alignment of US11, an MHC-1 downregulatory gene necessary for superinfection of CMV,
Chimpanzee CMV is included; d) from an alignment of US28 genes, for which 5 copies are encoded
in each macaque CMV (4 copies of the gene and one copy of a non-functional pseudogene for
RhCMYV 68-1). CyCMV genes CyUS28a-CyUS28e and RnNCMV genes rh214-rh220 are relabeled as
US28a — US28e, inclusive of the RhCMV 68-1 pseudogene homologous to other macague CMV
US28c, based on order in genome. Numbers at loci indicate posterior probability with color scaled
according to probability; genetic distances measured in sps are given by scale below.

2.5.3 CyCMV genomes show diversity in gene conservation

Viral genes that are important for host specificity may tend to be more diverged among strains in

different hosts. To explore these possibilities, we compared divergence and gene content of the four

completely sequenced macague CMV strains in order to better understand how these factors varied among

strains. Annotation of the sequenced CyCMV Mauritius genome identified 290 putative ORFs (Figure 2-3;
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Table 2-2). By contrast, CyCMV Ottawa has 262 putative ORFs [289], RhCMV 68-1 has 230 ORFs [288],
and RhCMV 180.92 has 258 ORFs [480]. To better understand the conservation of individual ORFs in these
CMV genomes we used bit-score, a log-scaled measure indicating the size of a random search string
required to find an equivalently or more similar sequence than the observed match. Bit-scores were
generated by comparing ORFs in each of the six pairwise comparisons between the four macaque CMV
genomes. Bit-scores comparing homologous ORFs of CyCMV Mauritius and CyCMV Ottawa, RnCMV 68-
1 or RhCMV 180.92 were examined grouped by gene family (Figure 2-4). The average bit-score for genes
in each family, but not the bit-score of each individual gene, is higher for the comparison of genes between
the two CyCMVs than between CyCMV Mauritius and RhCMV 180.92 or RhCMV 68-1. The only
exception to this is the COX-2 family, which is absent from CyCMV Ottawa. Two-dimensional bit-score
plots were used to further visualize variation in individual gene conservation in the pairwise comparisons
between the four macaque CMV strains (Figure 2-5, Figure 2-6, Figure 2-7, Figure 2-8 and Figure 2-9),
as in [289]. When plotted this way, ORFs found along the x=y diagonal have equivalent sequence
conservation in both pairwise comparisons. Genes that are equally well conserved between the two
RhCMVs and between the two CyCMVs (Bit Score >1000 in one comparison) cluster along the diagonal.
However, this analysis of pairwise comparisons highlights a non-uniform level of sequence conservation in
some genes. The cyclooxygenase-2 gene (CyCOX2), for example, is absent in CyCMV Ottawa. Similarly
CyTRL1, an epithelial cell tropism factor [512], is more highly conserved between the RhCMVs than
between the two CyCMVs. There was a larger discordance between the bit-scores generated comparing
CyCMV genes and those comparing RnNCMV for genes with a lower maximum bit-score. Of those genes
with known functions, those involved in immune modulation or as temperance factors, and membrane
proteins are more dispersed than other groups with many individual genes being more highly conserved in
viruses from one species of macaque than the other. This could suggest that these viral genes face differing

evolutionary pressures in the two macaque species.
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Figure 2-3: Map of ORFs in CyCMV Mauritius genome. CyCMV Mauritius encodes 290 putative ORFs that are annotated by gene name
and colour coded based on gene families. Of the CyCMV Mauritius ORFs, 268 (92%) share homologues with CyCMV Ottawa, 239 share
homologues with RnCMV 68-1 (82%), and 158 (54%) share homologs with HCMV strains. CyCMV Mauritius like RhCMV but unlike CyCMV
Ottawa or HCMV contains ORFs with homology to COX-2. CyCMV ORFs with an HCMV homologue are annotated by “Cy” followed by the
HCMYV name. Arrowheads indicate the directions of the ORFs. Core genes are herpes virus core genes.
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Figure 2-4: Conservation of ORFs of known’ gene families. Bit-scores are plotted for ORFs of CyCMV Mauritius to ﬁ?)mologous ORFs of
RhCMV 68-1 and RhnCMV 180.92 (Black) and to homologous ORFs of CyCMV Ottawa (Red) grouped by gene gamily. Each point represents a
single  bit-score  comparison for a single ORF. Horizontal line indicates the mean + standard deviation.



Table 2-2: ORFs of CyCMV Mauritius

Translation S Non-Human Primate Homologues
t Putative Nearest
ORF Gene Putative Function® rSize  Molecular HCMV
Family Start Stop a (ad) Mass homologue? ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92

n (kDa)

d
CyTRL1 RL1 - 903 2675 + 590 65.808 RLO1 ** CyTRL1 (90.4%) RhO1 (85.9%) RhRL1 (86.7%)
Cy02 - - 1589 1849 + 86 9.794 - Cy02 (85.3%) RhO02 (76.8%) Rh2 (78%)
Cy03 - - 1993 2730 + 245 26.341 - Cy03 (69.4%) - Rh2.1 (71%)
Cy04 - - 2727 3224 + 165 18.209 - Cy04 (95.2%) Rh03 (91.3%) Rh3 (90.7%)
Cy05 - - 3510 2812 - 232 27.064 - Cy05 (97%) Rh04 (90.9%) Rh4 (90.5%)
CyO1 (Cy06) - - 2860 3162 + 100 11.511 - Cy06 (98%) - Rh3.1 (94%)
Cy07 - - 3197 3682 + 161 18.051 - Cy07 (96.9%) - Rh3.2 (92%)
CyRL11A RL11 1gG Fc binding glycoprotein 3637 4458 + 273 30.151 CyRL11 (97.4%) RhO5 (96%) Rh5 (95.6%)

modulator of antibody activity )
CyRL11B - - 4821 5303 + 160 18.479 i Cy09 (44.2%) RhO06 (86.4%) Rh6 (86.2%)
(Cy09)
CyRL11C - - 5415 6038 + 208 23.627 i Cy10 (58.6%) RhO7 (59.5%) Rh7 (60%)
(Cy10)
CyRL11D - - 6201 6812 + 203 23.135 ) Cyl11 (31.2%) Rh08 (33.8%) Rh8 (29.1%)
(Cy1l)
Cy0s3 - - 6821 7039 72 8.144 - - - -
CyO7 - - 7795 8019 + 74 8.419 - - - -
CyCOX2A COX-2 Putative COX-2 Homologue® 8563 8081 - 160 16.88 } - Rh10 (94.3%) Rh10 (94.3%)
CyCOX2B COX-2 Putative COX-2 Homologue® 8728 8579 - 49 6.126 } - Rh10 (92.6%) -
CyCOX2C COX-2 Putative COX-2 Homologue® 9357 8743 - 204 23.458 ; - Rh10 (98%) Rh10 (98.1%)
CyUL7 RL11 Putative membrane glycoprotein 9040 9480 + 146 16.945 - CyUL7 (90%) Rh11 (89.9%) Rh11 (89.9%)
CyUL6 RL11 Putative membrane glycoprotein 9538 10128 + 192 21.782 ue * CyULS6 (82.2%) Rh20 (88.8%) RhUL6 (88.9%)
CyUL9a RL11 Temperance factor & Putative 10160 10843 + 227 26.516 ue v CyUL9 (97.4%) Rh21 (61.8%) Rh21 (66.7%)
membrane glycoprotein
Cy20 RL11 Putative membrane 10997 11146 + 49 6.069 i - Rh22 (58.7%) Rh22 (66.7%)
glycoprotein®

CyUL11 RL11 Membrane glycoprotein 11044 11721 225 25.308 uLe * CyUL11 (85.4%) Rh23 (79.7%) RhUL1 (80.6%)
CyUL9b RL11  Temperance factor & Putative 11772 12134 + 120  13.631 uLe  # CyUL9 (95%) Rh24 (88.3%) Rh24 (88.3%)

membrane glycoprotein
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Translation S Non-Human Primate Homologues
t Putative Nearest
ORF Gene Putative Function® rSize  Molecular HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92

n (kDa) 9

d
CyUL9c RL11 Temperance factor & Putative 12213 12887 + 224 24.673 ug CyUL9 (92%) Rh25 (92%) Rh26 (29.5%)

membrane glycoprotein
CyuL9d RL11 Temperance factor & Putative 12892 13710 + 272 31.067 uLe * CyUL9 (89%) Rh26 (81.4%) Rh26 (81.8%)
membrane glycoprotein
CyRL11Q RL11 - 13855 14463 + 202 22.99 i Cy22 (93.6%) Rh27 (93.6%) Rh27 (90.1%)
(Cy22)
CyRL11R RL11 - 14465 15088 + 207 23.948 i Cy23 (75.4%) Rh28 (86%) Rh28 (88.4%)
(Cy23)
CyRL11S RL11 Putative membrane 15163 16422 + 419 45.885 i Cy24 (70.5%) Rh29 (69.1%) Rh29 (70.7%)
(Cy24) glycoprotein®
Cy25 - - 16821 16498 - 107 11.613 - Cy25 (97.2%) Rh30 (97.2%) Rh30 (96.1%)
CyUL13 - Putative secreted protein 16538 17848 + 436 50.654 - CyUL13 (94.7%) Rh31 (94%) Rh31 (94.3%)
Cy28 - - 17203 16760 - 147 16.953 - Cy28 (95.8%) Rh32 (89.1%) Rh32 (89.1%)
CyUL14 uL14 Putative membrane glycoprotein 18123 19034 + 303 35.334 uLia % CyUL14 (99.7%) Rh33 (98%) RhUL1 (97%)
CyO8 - - 19309 19599 + 96 11.399 - - - -
Cy09 - - 19683 19880 + 65 7.73 - - - -
Cy29 - - 20149 19886 - 87 9.952 - - Rh34 (95.4%) Rh34 (95.4%)
CyuUL17 - Putative 7-transmembrane 19946 20272 + 108 12.773 ) Cy30 (95.4%) Rh35 (96.3%) -
(Cy30) protein
CyUL19 - - 20598 20885 + 95 19.748 uLie *# CyUL19 (96.8%) Rh35.1 (95.8%) RhUL1 (94.7%)
CyUL20 - T cell receptor gamma chain 20994 22364 + 456 51.387 uL2o * CyUL20 (85.3%) Rh36 (83.3%) RhUL2 (83.8%)
homologue
CyUL21A - Fibroblast temperance factor & 22831 22468 - 120 13.841 UL21A ° CyUL21A Rh37 (98.3%) RhUL2 (99.2%)
CC chemokine-binding protein (99.2%)
Cy34 - - 23375 23187 - 62 6.33 - Cy34 (68%) - -
Cy35 - - 23529 23314 - 71 8.232 - - Rh39 (88.9%) Rh39 (71.4%)
CyUL23 us22 Temperance factor & Tegument 24864 23926 - 312 35.906 uL23z CyUL23 (98.1%) Rh40 (95.8%) -
protein
Cy36 - - 24746 24994 + 82 9.49 - Cy36 (97.6%) Rh41 (92.7%) Rh41 (91.5%)
CyuL24 us22 Temperance factor & Tegument 25850 24921 - 309 35.228 uL24 * CyUL24 (100%) Rh42 (98.1%) UL24 (95.8%)
protein ]

CyuUL25 uL25 Temperance factor & Tegument 25917 27683 + 588 67.28 uL2s  *t CyUL25 (98.3%) Rh43 (95.1%) RhUL25 (95.6%)

phosphoprotein
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Translation S Non-Human Primate Homologues
t Putative
Gene . L1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
CyUL26 US22  Transcriptional activator of major 28499 27744 - 251 28.188 uL2e * CyUL26 (98.8%) Rh44 (97.5%) RhUL26 (97.5%)
immediate early promoter &
regulator of tegument protein
phosphorylation
CyuL27 - Maribavir resistance 30186 28453 - 577 65.694 puL27 * CyUL27 (99.1%) Rh46 (97.6%) RhUL27 (97.6%)
CyuL28 us22 - 31284 30271 - 337 38.679 uL2s ° CyUL28 (98.8%)  Putative Rh50/47  RhUL28 (98.5%)
(98.2%)
Cy42 - - 30496 30957 + 153 17.046 - Cy42 (91.1%) Rh48 (87.6%) -
Cy43 - - 31396 31794 + 132 15.247 - Cy43 (96.3%) Rh49 (91.7%) Rh49 (92.4%)
CyuUL29 us22 Temperance factor 32424 31414 - 336 38.843 uL29 °® CyUL29 (99.4%) Rh50 (98.5%) UL29 (98.2%)
Cy45 - - 31961 31545 - 138 15.642 - Cy45 (97%) Rh51 (93.3%) Rh51 (94%)
Cy46 - - 31810 32322 + 170 19.225 - Cy46 (96.5%) Rh52 (92.1%) -
Cya7 - - 32476 32709 + 77 9.002 - Cy47 (100%) Rh52 (100%) -
CyUL30 - - 32764 32498 - 88 10.32 uL3o *# CyUL30 (100%) Rh50.1 (96.4%) -
Cy49 - - 33188 32754 - 144 17.408 UL30A ° Cy49 (97.7%) Rh53 (94.8%) Unknown
(94.5%)
CyuUL31 dUTPa Immediate early protein 33071 34696 + 541 61.074 uL3r *® CyUL31 (99.3%) Rh54 (97.8%) UL31 (94.7%)
se
CyUL32 - Major Tegument phosphoprotein 36839 34707 - 710 79.61 ppl50 *° CyUL32 (97.3%) Rh55 (92.4%) RhUL32 (92.5%)
(UL32)
Cy52_exl1 - - 36793 36945 + 50 6.024 Cy52 exon 1 - G protein
- (100%) coupled UL33
like (94%)
CyUL33 ex2 GPCR Constitutive signalling 37207 38196 + 329 37.331 CyUL33 (98.5%) G protein coupled  RhUL33 exon 2
) UL33 like (93%) (95.7%)
CyuUL34 - Repressor of US3 transcription 38401 39258 + 285 32.858 uL34 * CyUL34 (99.6%) Rh57 (96.6%) RhUL34 (99.3%)
Cy54 - - 38715 39101 + 128 13.906 - Cy54 (93%) Rh58 (91.4%) Rh58 (93.8%)
CyUL35 uL25 Tegument phosphoprotein, 39321 41093 590 66.924 uLss ° CyUL35 (99.3%) Rh59 (98.1%) RhUL25 (22%)
Virion transactivation and
assembly regulation & interacts
with UL82
CyUL36_ex1  US22 Immediate early tegument 42380 41217 - 387 44.731 uL3e * CyUL36 (97.4%) Rh60 (97.4%) RhUL36 (97.7%)

protein / Inhibitor of caspase-8-
induced apoptosis
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Translation S Non-Human Primate Homologues
t Putative
Gene . L1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
Cy57 - - 41487 41786 + 99 11.289 - Cy57 (93.9%) - Rh59.1 (89.9%)
CyUL36_ex2  US22 Immediate early tegument 42712 42434 - 92 10.341 uL3e * CyUL36 (97.8%) Rh61 (94.6%) RhUL36 (97.4%)
protein / Inhibitor of caspase-8-
induced apoptosis
CyUL37_ex1 - Immediate early protein / 43628 42810 - 272 31.148 uLzz CyUL37 (97.1%) Rh62 (98.2%) RhUL37 (98.2%)
Mitochondrial inhibitor of
apoptosis
Cy59 - - 43830 43961 + 43 5.049 - Cy59 (82.5%) Rh63 (77.5%) -
CyuUL38 - Virion Envelope Glycoprotein 44816 43932 - 294 33.344 uLzg * CyUL38 (99.3%) Rh64 (96.6%) RhUL38 (96.9%)
Cy61 - - 44001 44366 + 121 13.733 - Cy61 (95.9%) Rh65 (94.2%) Rh65 (93.4%)
Cy62 - - 44562 44861 + 99 11.442 - Cy62 (91.9%) - Rh65.1 (91.9%)
CyUL37_ex2 - Immediate early protein / 45142 44858 - 94 10.703 uL3z CyUL37 (94.8%) Rh66 (93.6%) RhUL37 (93.4%)
Mitochondrial inhibitor of
apoptosis
CyuL40 - - 46023 45493 - 176 18.952 ) Cy63 (100%) Rh67 (93.2%) -
(Cy63)
CyUL41A - Virion Envelope Protein 46340 46101 - 79 9.408 UL41A °'  CyUL41A (100%) Rh67.1 (97.5%) RhUL41 (98.7%)
CyuL42 - Putative membrane protein 46858 46472 - 128 14.102 uL42 CyUL42 (91.4%) Rh68 (92.3%) RhUL42 (91.4%)
CyuL43 us22 Tegument protein / Putative 47843 46842 - 333 38.49 uL43 CyUL43 (99.7%) Rh69 (98.2%) -
multiple transmembrane protein
CyuL44 Core DNA polymerase accessory 49134 47962 - 390 44011 uL44 ° CyUL44 (99%) Rh70 (98.5%) -
Gene subunit / Increases DNA
polymerase product length
Cy68 - - 48364 48840 + 158 17.891 - Cy68 (96.2%) Rh71 (93.7%) -
CyUL45 Core Enzymatically inactive large 51927 49375 - 850 96.916 uL44 = CyUL45 (99.6%) Rh72 (98.1%) Rh72 (97.9%)
Gene  subunit ribonucleotide reductase
homologue tegument protein
Cy70 - - 49636 49827 + 63 6.807 - Cy70 (98.4%) Rh73 (92.1%) -
Cy71 - - 51413 51715 + 100 11.284 - Cy (0%) Rh74 (99%) -
CyUL46 Core Component of Capsid triplexes 52818 51946 - 290 33.128 uL4e CyUL46 (99.7%) Rh75 (98.3%) -
Gene (minor capsid binding protein)
CyuL47 Core UL48 binding tegument protein 52817 55693 + 958 110.632 uL37 CyUL47 (99.1%) Rh76 (97.7%) RhUL47 (97.6%)
Gene involved in intracellular capsid

transport
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop @ (aa) Mass 2 CyCMV Ottawa RhCMV 68-1 RhCMV 180.92
homologue
n (kDa)
d
CyuL48 Core Largest Capsid protein involved 55714 62253 + 217 246.998 uL4s “ CyUL48 (99.2%) Rh78 (98.5%) RhUL48 (98.6%)
Gene in intracellular capsid transport 9
transport
Cy75 - - 56213 56605 + 130 15.039 - Cy75 (92.3%) - Rh78.1 (89.2%)
CyUL48A Core  Smallest Capsid protein (located ~ 62547 62326 - 73 8.439 UL48A ' CyUL48a (100%) - -
Gene on tip of hexons) putatively
involved in capsid transport
Cy77 - - 62405 63091 + 228 24.686 - Cy77 (99.5%) Rh79 (99.1%) -
CyuL49 Betaga Membrane protein 64009 62540 - 489 56.125 uL49 * CyUL49 (99.6%) Rh80 (99.2%) RhUL49 (99.4%)
mma
ORF
CyUL50 Core Inner nuclear membrane protein 64880 63999 - 293 32.346 uLso “*° CyUL50 (100%) Rh81 (99.3%) RhULS50 (99.3%)
Gene involved in nuclear egress of
capsids
CyuUL51 GPCR  Terminase component (TER3)/ 65241 64906 - 111 12.356 uLss *° CyUL51 (100%) Rh82 (99.1%) RhUL51 (97.3%)
DNA packaging
CyUL52 Core Putatively involved in capsid 65279 66937 + 552 62.559 uLs2 * CyUL52 (98.7%) Rh83 (98.7%) RhUL52 (98.9%)
Gene transport in nucleus
Cy82 - - 65697 65311 - 128 13.632 - Cy82 (98.8%) Rh84 (98.8%) Rh84 (98.8%)
CyUL53 Core Tegument protein / Nuclear 66930 67796 + 288 33.024 uLs3 *® CyUL53 (99.3%) Rh85 (98.6%) -
Gene matrix protein /Capsid and
nuclear egress lamina protein
Cy83 - - 67772 67341 - 143 16.017 - - Rh86 (97.9%) -
CyuUL54 Core DNA polymerase catalytic 70881 67774 - 103 116.571 uLs4 ¥ CyUL54 (99.9%) Rh87 (98.9%) RhUL54 (98.8%)
Gene subunit (POL) 5
Cy86 - - 70702 71079 + 125 14.097 - Cy86 (96%) Rh88 (96.8%) Rh88 (96%)
CyUL55 Core Virion Envelope Glycoprotein B 73449 70900 - 849 97.466 ULs5 **  CyGlycoprotein B Rh89 (88.7%) RhUL55 (88%)
Gene (gB) / Forms homomultimers / (cyUL55)
Heparin binding / Role in entry (77.7%)
and signalling
Cy87 - - 72895 72987 + 30 3.516 - - Rh90 (72.4%) Rh90 (72.4%)
CyUL57 Core ssDNA binding protein 75721 73415 - 768 88.185 uLs7  *# CyUL57 (99.8%) Rh92 (99.7%) RhUL57 (99.6%)
Gene
Cy89 - - 75785 74418 - 455 48.398 - Cy89 (98.9%) - Rh91.1 (97.4%)
Cy90 - Bat Herpesvirus Homology® 75666 75842 + 58 6.832 - - -
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
CyUL56 Core Terminase component (TER2) / 79359 75868 - 116 129.202 uLse *° CyUL56 (99.1%) Rh91 (99%) RhUL56 (99.1%)
Gene binds DNA packaging motif & 3
nuclease activity
Cy91l - - 80825 80577 - 82 9.184 - Cy91 (87.8%) Rh93 (86.6%) Rh93 (86.6%)
Cy92 - - 80934 80674 - 86 8.889 - Cy92 (71.4%) - -
Cy93 - - 81372 81064 - 102 10.76 - Cy93 (98.9%) Rh95 (96.7%) Rh95 (97.8%)
CyUL69 Core Multiple regulatory protein 85484 83157 - 775 87.204 uLe9 ° CyUL69 (98.1%) Rh97 (96.7%) RhULG69 (96.9%)
Gene  tegument protein / Contributes to
cell cycle block and
nucleocytoplasmic export of
unspliced mRNA
Cy95 - - 84148 84456 + 102 11.793 - Cy95 (100%) Rh98 (99%) -
Cy96 - - 84699 85481 + 260 28.354 - Cy96 (96.9%) Rh99 (93.8%) Rh99 (94.2%)
Cy98 - - 86693 86884 + 63 7.075 - Cy98 (88.9%) Rh99.1 (88.9%)
CyUL70 Core DNA Helicase primase subunit 88156 85418 - 912 105.521 uizo ® CyUL70 (99.6%) Rh100 (98.5%) RhUL70 (98.5%)
Gene involved in DNA unwinding
CyUL71 Core Tegument protein putatively 88169 88885 + 238 26.247 uLs:y CyUL71 (98.3%) Rh100.1 (95%) RhUL71 (95.4%)
Gene involved in Cytoplasmic egress
CyUL72 dUTPa  Enzymatically inactive dUTPase 89984 88953 - 343 39.208 uL72 ¥ CyUL72 (99.7%) Rh101 (98.3%) RhUL72 (98%)
se homologue virion protein
CyUL73 Core Virion Envelope Glycoprotein N 89979 90290 + 103 11.713 UL73 CyUL73 (97.1%) Rh102 (96.2%) -
Gene (gN) / Complexes with gM
involved in entry
CyUL74 Non- Virion Envelope Glycoprotein O 91452 90271 - 393 46.01 uL74 CyUL74 (98.2%) Rh103 (95.4%) RhUL74 (95.2%)
Core (gO) / Complexes with gH:gL
involved in entry N
CyUL74A Non- Virion Envelope Glycoprotein 24 91451 91621 + 56 6.415 UL74A & CyUL74A - -
Core (100%)
CyUL75 Core Virion Envelope Glycoprotein H 93831 91669 - 720 81.442 uL7s  *® CyUL75 (98.5%) Rh104 (97.8%) RhUL75 (97.6%)
Gene (gH) / Associates with gO &
complexes with GL or UL128-
131 involved in entry
CyUL76 Core Viral associated regulatory 93964 94848 + 294 32.85 uL24 ° CyUL76 (98.6%) Rh105 (100%) RhUL76 (99.7%)
Gene protein )
CyUL77 Core DNA packaging & Portal 94517 96304 + 595 67.331 uL2s % CyUL77 (99.5%) Rh106 (99.7%) RhUL77 (99.5%)
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Translation S Non-Human Primate Homologues
t Putative
Gene . L1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
Gene Capping protein
Cyl107 - - 94996 94613 127 14.328 - Cy107 (98.4%) - Rh106.1 (97.6%)
CyuUL78 GPCR Putative chemokine receptor 96431 97576 + 381 42.149 uL7g *® CyUL78 (92.9%) Rh107 (91.3%) RhUL78 (90.8%)
protein
CyUL79 Betaga - 98478 97678 - 266 30.455 uL79 * CyUL79 (100%) Rh108 (98.9%) RhUL79 (99.2%)
mma
ORF
CyuUL80 Core Capsid maturation protease and 98477 100315 + 612 66.39 uigo ¥ CyUL80 (98.7%) Rh109 (98%) RhULS8O0 (98%)
Gene  capsid assembly scaffold protein
precursor
CyuL82 dUTPa Tegument phosphoprotein 102080 100431 - 549 61.672 uig2 ¥ CyUL82 (98.9%) Rh110 (94.8%) RhUL83 (24.8%)
se/ (pp65) (lower matrix protein) /
uLs2 Virion transactivator )
CyUL83a dUTPa Major Tegument phosphoprotein 103832 102210 - 540 62.106 uLes ¥ CyUL83 (98.5%) Rh111 (97%) RhUL83 (96.9%)
se/ (pp65) (upper matrix protein) /
uL82 Interferon response suppression
Cy113 - - 102658 102410 - 82 9.098 - Cy113 (95.2%) - -
CyUL83b dUTPa  Major Tegument phosphoprotein 105532 103901 - 543 61.741 uLsz ¥ CyUL83 (95.8%) Rh112 (96.9%) RhUL83 (97.2%)
se/ (pp65) / Interferon response
uL82 suppression
Cy115 - - 104705 105151 + 148 16.367 - Cy115 (90.3%) Rh113 (91.9%) Rh113 (91.2%)
CyuL84 dUTPa  Nucleocytoplasmic shuttling and 107189 105651 - 512 57.359 uLs4 * CyUL84 (97.9%) Rh114 (99.4%) RhUL84 (99.2%)
se/UL8 DNA replication
2 organization/Binds IE2
Cyl118 - - 105712 106080 + 122 13.366 - Cy118 (98%) Rh115 (97.5%) Rh115 (96.7%)
Cy119 - - 106140 105781 - 119 13.13 - Cy119 (91.6%) - Rh115.1 (92.4%)
Cy120 - - 106931 107389 + 152 16.124 - Cy120 (98%) Rh116 (99.3%) -
CyuUL85 Core Capsid triplex subunit”® 108030 107104 - 308 34.656 uLes * CyUL85 (99.4%) Rh117 (100%) -
Gene
CyUL86 Core Major capsid protein 112122 108091 - 134 151.345 uLse CyUL86 (99%) Rh118 (99.4%) RhUL86 (99.3%)
Gene 3
Cy123 - - 108656 108970 + 104 11.804 - Cy123 (99%) Rh119 (97.1%) -
Cyl24 - - 110317 109583 - 244 28.846 - Cy124 (96.3%) Rh120 (97.5%) -
CyuL87 Betaga - 112137 114692 + 851 96.581 uLe7 * CyUL87 (99%) Rh122 (98.7%) -
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop @ (aa) Mass 2 CyCMV Ottawa RhCMV 68-1 RhCMV 180.92
homologue
n (kDa)
d
ORF
CyuL88 Betaga Terminase Component 114704 115906 + 400 45.605 uLes ** CyUL88 (99.3%) Rh123 (98.3%) -
mma putatively involved in
ORF Cytoplasmic egress
CyUL89 _ex1 Core Terminase Component (TER1)/ 116850 115903 - 315 35.829 uige ' CyUL89 (100%) UL89 DNA RhUL89 (100%)
Gene ATPase subunit packaging Protein
(100%)
Cyl128 - - 116566 117135 + 189 20.879 - Cy128 (96.3%) Rh125 (93.2%) Rh125 (92.7%)
CyUL91a Betaga Essential for transcription of true 116849 117040 + 63 7.289 uLor * - - RhORF6 (100%)
mma late (y2) genes®
ORF
CyUL91b Betaga - 117167 117475 + 102 10.84 uLor *® CyUL91 (98.1%) Rh126 (93.2%) RhUL91 (96.1%)
mma
ORF )
CyUL92 Betaga - 117363 118073 + 236 26.494 uL92 * CyUL92 (98.3%) Rh127 (97.5%) RhUL92 (99.2%)
mma
ORF ]
CyUL93 Core Tegument protein putatively 118039 119604 + 521 59.752 uLiz » CyUL93 (97.1%) Rh128 (97.7%) RhUL93 (97.7%)
Gene involved in Capsid transport
Cy132 - - 118200 118520 + 106 11.189 - Cy132 (96.2%) - Rh128.1 (92.5%)
CyuL94 Core ssDNA binding cytoplasmic 119480 120520 + 346 37.682 uLie ° CyUL94 (98%) - RhUL94 (97.4%)
Gene egress tegument protein
CyUL89_ex2 Core Terminase Component / 121440 120517 - 307 35.795 uigy * CyUL89 (99.3%) UL89 (99.7%) RhUL89 (100%)
Gene ATPase subunit
CyUL95 Core Putative encapsulation 121439 122734 + 431 47.029 uLes ° CyUL95 (99.2%) Rh130 (99.2%) RhUL95 (99%)
Gene chaperone protein ]
CyUL96 - Tegument protein 122731 123120 + 129 14.796 uLis % CyUL96 (100%) Rh131 (97.7%) RhUL96 (96.9%)
CyUL97 Core Viral serine-threonine protein 123177 125003 + 608 67.997 uLa7 ¥ CyUL97 (99.2%) Rh132 (95.9%) RhUL97 (96.4%)
Gene kinase tegument protein
Cy133 - - 124136 123822 - 104 11.853 - - Rh133 (94.2%) -
Cyl34 - Murid herpesvirus homology® 124487 124248 - 79 8.681 ) - - -
CyuL98 Core DNAse 125054 126724 + 556 63.381 UL98 **  CyuL98(99.6%)  Rh134 (99.8%) -
Gene
Cy138 - - 125967 125689 - 92 10.188 - Cy138 (100%) Rh135 (98.9%) -
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
Cy139 - - 126454 126005 - 149 16.874 . Cy139 (99.3%)  Rh136 (98.7%)  Rh136 (98%)
CyUL99 Core Myristoylated tegument 126661 127116 + 151 16.654 uLgg *# CyUL99 (92.7%) Rh137 (92.8%) -
Gene phosphoprotein (pp28) involved
in cytoplasmic egress
CyuUL100 Core Virion Envelope Glycoprotein M 128353 127283 - 356 41.054 uLio0 ¥’ CyuL100 Rh138 (98.6%) -
Gene (gM) / Complexes with gN (99.2%)
involved in entry
CyuL102 Core DNA Helicase primase subunit 128542 130716 + 724 80.418 uLio2 *° CyUL102 (99%) Rh139 (98.2%) RhUL10 (98.1%)
Gene
CyuL103 Core Tegument protein putatively 131493 130738 - 251 28.842 uLy CyuL103 Rh140 (97.2%) -
Genes involved in nuclear egress (98.4%)
/envelope fusion protein
CyuUL104 Core Capsid Portal Protein’/DNA 133390 131420 - 656 75.513 ullo4 CyUL104  Rh141(99.2%)  RhUL104
Gene encapsulation ] (99.8%) (99.1%)
CyUL105 Core DNA Helicase primase subunit 133227 135806 + 859 97.481 uLios * CyUL105 Rh142 (99.5%) -
Gene (99.4%)
Cy146 - - 133376 133828 + 150 16.912 - Cy146 (98%) - Rh142.1 (95%)
Cy147 - - 136674 136805 43 5.151 - Cy147 (100%) - Rh142.3 (97.6%)
Cyl148 exl - Latency-associated viral 139102 139299 65 7.05 Cyl148 exon 1l Interleukin-10-like  RhUL111
Interleukin 10* - (96.9%)  protein precursor  (96.8%)
(93.8%)
CyUL111.5A - Latency-associated viral 139187 139648 + 153 17.642 CyUL111.5A Rh143 (93.5%) RhUL111a
_ex2 Interleukin 10* i (96.1%) (91%)
Cyl148 ex3 - Interleukin 10 like protein 140026 140115 + 29 3.312 Cyl148 ex3 Interleukin-10-like RhUL111a
precursor4 - (100%)  protein precursor  (91.3%)
(91.3%)
CyUL112_ex - Early Phosphoprotein (p50) 140520 141317 + 265 28.286 ULz ~ CyUL112 Rh144/Rh145 RhUL112
1 (94.3%) (94.9%) (90.6%)
CyUL112/11 - Early phosphoprotein 141416 142300 + 294 30.422 uL112 ° CyUL112/113 Rh144/Rh145 RhUL112
3 ex2 (p84)4/TranscriptionaI activation (98.3%) (94.9%) (94.9%)
and DNA replication
CyUL114 Core Uracil-DNA glycosylase 143158 142415 - 247 28.253 uL1i4 > CyuL114 Rh146 (99.2%) -
Gene (99.6%)



80

Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop @ (aa) Mass 2 CyCMV Ottawa RhCMV 68-1 RhCMV 180.92
homologue
n (kDa)
d
CyUL115 Core Virion Envelope Glycoprotein L~ 143897 143121 - 258 29.176 uL1is ¥ CyUL115 Rh147 (98.4%) RhUL115
Gene (gL)/Associated with GH and (99.6%) (98.1%)
complexes with gO or US128-
130-131 for entry
CyUL116 - Putative membrane glycoprotein 144987 143908 - 359 38.048 uLiie *# CyUL116 Rh148 (92%) RhUL116
(96.7%) (83.6%)
Cy153 - - 144512 145009 + 165 16.703 - Cy153 (99%) Rh147.1 (89.2%) -
Cyl54 - - 145126 144641 - 161 20.015 - Cy154 (97.5%) Rh149 (93.5%) Rh149 (91.9%)
20

CyuL117 - - 146117 144969 - 382 42552 UL/ CyUL117 (100%)  Rh150 (99.7%) (Rgrs]aU5L0/i)l7

Cy156 - - 145953 146162 + 69 7.751 - Cy156 (96.9%) Rh149.1 (96.9%) -

CyUL119_ex - 1gG Fc binding glycoprotein 146743 146144 - 199 23.478 uL119 % CyUL119 (93%) Rh141 (92.5%) RhUL119

1 modulator of antibody activity/ (92.5%)

virion glycoprotein
Cyl157_ex2 - - 147504 146788 - 238 24.188 Cy157_exon 2 Rh152 (93.9%) RhUL119
. (88.8%) (78.7%)

Cy158 - - 147296 146979 - 105 11.721 - Cy158 (100%) Rh153 (87.6%) Rh153 (87.5%)

CyUL120 UL120 Putative membrane glycoprotein 148149 147553 - 198 22.577 UL120 **  CyUL120 (100%) Rh154 (92.4%) -

CyuUL121 UL120 Putative membrane glycoprotein 148699 148151 - 182 21.046 uLiz21 * CyuL121 Rh155 (95.6%) Rh155 (95.1%)

) (97.8%)

CyUL122 - Immediate Early 2 150452 148965 - 495 53.824 IL122 *° CyUL122 (92%) Rh156 (94.3%) RhUL122
Transactivator/DNA-binding (92.3%)
repressor activity & cell cycle

modulation
CyuUL123 - Major immediate early 1 co- 152140 150953 - 395 44.25 L2z * CyuL123 Rh156 (83.5%) RhUL123
transactivator/ enhancer of (61.9%) (83.8%)
activation by IE2 & indirect effect
on transcription machinery
Cyl61_ex3 - Immediate early protein® 152582 152298 - 94 10.526 ) Cyl61_exon 3 Rh156 (80.6%) RhUL122
(65.9%) (80.6%)

Cy162 - - 152697 152954 + 85 10.229 - Cy162 (93.1%) Rh156.1 (90.7%) -

Cy163 - - 152806 153255 + 149 15.47 - Cy163 (91.4%) Rh156.2 (94.7%) Rh156.2 (95.3%)

Cyl61_ex4 - Immediate early protein® 153101 152991 - 36 4.201 Cyl161_exon 4 Rh156 (IE1) RhUL123

- (94.9%) (87.2%) (82.1%)
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
Cyl65a - - 153246 153512 + 88 9.609 - Cy165 (43.1%) - -
CyUL126 - Putative Map Kinase interacting 153942 153796 - 48 5.661 uLize ° CyUL126 - -
Kinase® (97.9%)
Cy166 - - 154358 154507 + 49 5.827 - Cy166 (98%) - Rh157.1 (59.1%)
Cy165b - - 154811 154374 - 145 16.433 - Cy165 (93.8%) - Rh157.1 (90.3%)
Cy165c - - 154386 154520 + 44 4,918 - Cy165 (57.9%) - Rh157.1 (55.3%)
Cyl67 - - 154492 154695 + 67 7.168 - Cy167 (94%) - Rh157.3 (55.1%)
Cyl170 - - 155050 154517 - 177 20.109 - Cy170 (73.6%) Rh157 (75%) Rh157.3 (74.9%)
Cy168 - - 154563 154796 + 77 8.476 - Cy168 (90.9%) - Rh157.1 (56.3%)
Cyl71 - - 154735 155139 + 134 15.833 - Cyl171 (77.3%) Rh157 (67.5%) Rh157 (73.7%)
Cy165 - - 154823 154927 + 34 3.748 - Cy165 (66.7%) -
Cyl72 - - 154839 155084 + 81 9.239 - Cyl172 (75%) - Rh157.2 (69.3%)
CyUL128_ex - Putative secreted CC 156220 155894 - 108 12.075 CyUL128 (100%) - RhUL128
3 chemokine/ Involved in ) (97.2%)
endothelial and epithelial
tropism/ complexes with gH & gL
CyUL128_ex - Putative secreted CC 156519 156430 - 29 3.372 - - RhUL128
2 chemokine/ Involved in ) (93.1%)
endothelial and epithelial
tropism/ complexes with gH & gL
CyUL128_ex - Putative secreted CC 156798 156634 - 54 6.287 uLi2g ' CyUL128 - RhUL128
1 chemokine/ Involved in (94.4%) (93.6%)
endothelial and epithelial
tropism/ complexes with gH & gL
Cyl74 - - 157495 156800 - 231 25.044 - Cyl174 (86.4%) - Rh157.4 (77%)
CyUL130 - Putative Secreted protein 157909 157616 - 97 11.524 uLizo ¥ CyUL130 - RhUL130
involved in endothelial and (95.9%) (85.6%)
epithelial tropism/ Complexes
with gH & gL
CyUL131A - Putative Secreted protein 158506 158249 - 85 9.717 ULzl *® CyUL131A  Rh157.6 (96.5%) RhUL131a
involved in endothelial and A (100%) (96.5%)

epithelial tropism/ Complexes
with gH & gL
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) 9
d
CyUL132 - Envelope Glycoprotein /post- 159215 158550 - 221 24.275 uL1zz * CyUL132 Rh160 (97.4%) RhUL132
entry temperance factor in (96.6%) (96.6%)
fibroblasts
CyuUL148 - Putative membrane glycoprotein 160261 159281 - 326 36.884 uLi4s * CyuUL148 Rh159 (90.2%) RhUL148
(96.9%) (87.5%)
CyUL147A - Putative membrane protein 160469 160272 - 65 6.957 - - - -
CyuL147 CXCL  CXCL5 chemokine like secreted 160927 160466 - 153 17.559 uL147 ¥ CyuL147 UL147 (96.7%) UL147 (98.7%)
glycoprotein® (89.6%)
CyUL146 CXCL  CXCL5 chemokine like secreted 161322 160978 - 114 12.922 i CyUL146 - RhUL146
glycoprotein® (77.9%) (98.2%)
Cy181 - Putative CXC chemokine like 161762 161568 - 64 7.234 i Cy181 (90.6%) - RhUL146a
protein* (98.4%)
Cy182 - Putative CXC chemokine like 162211 161885 - 108 12.033 i Cy182 (93.5%) - RhUL146b
protein* (95.4%)
Cy183 - Putative CXC chepokine like 162666 162334 - 110 12.498 i Cy183 (99.1%) Rh161 (35.2%) Rh161.1 (93.6%)
protein
Cyl84 - Putative CXC chepokine like 163165 162749 - 138 15.767 i Cy184 (97.8%) Rh161 (97.3%) Rh161.2 (97.1%)
protein
CyUL145 RL1 - 163656 163351 - 101 11.259 UL145 ¥ CyUL145 (100%) Rh162 (99%) RhUL145 (98%)
CyuUL144 - TNF receptor homologue 164590 164075 - 171 18.686 i CyUL144 Rh163 (98.8%) RhUL144
membrane protein ] (98.8%) (98.8%)
CyUL141 uL14 NK cell inhibiting membrane 166101 164806 - 431 48.822 uLi41 % CyuUL141 Rh164 (97%) RhUL141
glycoprotein (97.2%) (96.8%)
CyO11 - - 166412 166185 - 75 8.539 - - Rh164.1 (100%) -
Cy188 - - 167041 166595 - 148 17.239 - Cy188 (98%) Rh165 (94.6%) Rh165 (94.6%)
Cy013 - - 167615 167088 - 175 19.479 i Cy189 (93.1%) Rh166 (94.9%) Rh166 (94.3%)
(Cy189)
CyO14 - - 168249 167746 - 167 18.177 i Cy190 (97.6%) Rh167 (96.4%) RhUL148
(Cy190) (83.7%)
CyO15 - - 169162 168503 - 219 24651 i Cy191 (97.3%) Rh168 (95.9%) Rh168 (95.4%)
(Cy191)
Cy192 - - 169259 169690 + 143 16.256 - Cy192 (86.7%) - Rh168.1 (83.9%)
Cy016 016 - 169828 169265 - 187 20.667 i Cy193 (94.7%) Rh169 (92.5%) Rh169 (91.4%)
(Cy193)
CyO17 0O16 - 170528 169962 - 188 21.24 Cy194 (99.5%) Rh170 (96.3%) Rh170 (96.8%)

(Cy194)
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Translation S Non-Human Primate Homologues
t Putative
Gene . L1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92

n (kDa) 9

d
CyO18 - - 171370 170531 - 279 30.633 ] Cy195 (96.1%)  Rh171(92.5%)  Rh171 (92.1%)
(Cy195)
Cy019 - - 172101 171571 - 176 19.975 ) Cy196 (98.3%) Rh172 (95.5%) Rh172 (96.6%)
(Cy196)
Cy197 - - 171826 171978 + 50 5.352 - Cy197 (96%) - Rh171.1 (92%)
CyuUL153 RL11 Putative membrane protein® 173280 172153 - 375 40.855 RL13 *° CyUL153  Rh173(57.9%)  Rh173(90.9%)

(96.5%)
Cy020 - - 175499 174417 - 360 40.025 ) Cy199 (92.5%)  Rh174(93.6%)  Rh174 (93.6%)
(Cy199)
Cy200 - - 176196 176651 + 151 16.309 - Cy200 (96.7%) Rh175 (94%) Rh175 (94.7%)
Cy021 - - 176992 176345 - 215 23.507 Cy201 (93.1%) Rh176 (93%) Rh176 (94.9%)
(Cy201) )
Cy202 - - 177425 176958 - 155 17.491 - Cy202 (93%)  Rh177 (79.9%)  Rh177 (79.2%)
Cy022 - - 177819 177052 - 255 28.114 ) Cy203 (91.8%)  Rh178 (87.5%)  Rh178 (86.4%)
(Cy203)
Cy204 - - 178111 17789 - 71 7.586 - Cy204 (87.7%) - Rh178.2 (88.9%)
Cy205 - - 178044 178142 + 32 3.415 - Cy205 (87.9%) - Rh178.1 (76.7%)
Cy206 - - 178231 178734 + 167 17.956 - Cy206 (91.6%) - Rh178.3 (70.8%)
Cy207 - - 178371 178694 + 107 11.841 - Cy207 (87.9%) - Rh178.3 (84.6%)
Cy209 - - 179424 178903 - 173 17.196 - Cy209 (92.6%)  Rh180 (91.3%)  Rh180 (94.2%)
023 (Cy208) - - 178994 179509 + 171 18.631 - Cy208 (91.8%) Rh179 (93%) Rh179 (94.2%)
CyuUs1 Us1 - 180039 179533 - 168 19.267 ust ¥ CyUS1 (100%) Rh181 (97.6%) RhUS1 (98.8%)
Cy211 - - 179888 180121 + 77 8.31 - Cy211 (97.4%) Rh180.1 (96.1%)
Cyus2 us2 Membrane glycoprotein/MHC 180864 180274 - 196 23.139 usz2 ° CyUS2 (92.9%) Rh182 (77.9%) Rh182 (76.9%)
processing and transport
inhibition
Cyuss - - 181370 181735 + 121 13.682 ) Cy214 (89.7%) Rh183 (86%) Rh183 (86.8%)
(Cy214)
CyuUss us2 Immediate early membrane 182062 181397 - 221 25.397 CyUS3 (94%) Rh184 (92.6%) Rh184 (92.6%)
glycoprotein/MHC processing -
and transport inhibition

Cy215 - - 182860 182561 - 99 11.146 - Cy215 (97%) - Rh184.1 (94.9%)
Cyus6é use Putatively inhibits TAP peptide 183514 182942 - 190 21.417 Cy216 (96.8%)  Rh185(95.9%)  Rh185 (95.3%)

(Cy216)

translocation
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop @ (aa) Mass 2 CyCMV Ottawa RhCMV 68-1 RhCMV 180.92
homologue
n (kDa)
d
Cy217 - - 184413 183724 - 229 27.241 - Cy217 (83.1%) Rh186 (83.2%) Rh186 (84.1%)
CyUS1la uUsé6 MHC | degrading membrane 185230 184658 190 21.79 i CyUS11 (92.6%) Rh187 (94.7%) Rh187 (94.7%)
glycoprotein
CyUS11b usé6 MHC | degrading membrane 185343 185113 - 76 8.399 i CyUS11 (86.8%) Rh187 (86.8%) Rh187 (78.9%)
glycoprotein
Cy219 - - 185813 185439 - 124 14.579 - Cy219 (92.7%) Rh188 (98.4%) -
CyUS1lc usé6 MHC | degrading membrane 187041 186100 - 313 36.658 usia * CyUS11 (91.8%) Rh189 (90.8%) RhUS11 (90.8%)
glycoprotein
Cy223 - - 187938 187156 - 260 30.051 - Cy223 (93.6%) Rh191 (85.5%) -
Cyusi12 US12  Putative multiple transmembrane 187855 187313 - 180 19.783 usiz * CyUS12 (97.3%) Rh190 (98.1%) -
protein
CyUs13 US12  Putative multiple transmembrane 188760 187996 - 254 29.726 usiz ¥ CyUS13 (99.6%) Rh192 (100%) RhUS13 (99.6%)
protein
Cy224 - - 189251 188766 - 161 18.461 - - Rh193 (93.2%) Rh193 (92.5%)
CyUS14a US12  Putative multiple transmembrane 189706 188873 - 277 31.395 usi4 * CyUS14 (98.2%) Rh194 (98.6%) Rh194 (98.9%)
protein
CyUS14b US12  Putative multiple transmembrane 190565 189837 - 242 27.324 usi4 CyUS14 (99.2%) Rh195 (97.9%) RhUS14 (26.8%)
protein
CyUS14c US12  Putative multiple transmembrane 191416 190658 - 252 29.503 usi4 ° CyUS14 (99.6%) Rh196 (98.8%) RhUS14 (99.2%)
protein
Cy228 - - 192247 191522 - 241 27.85 - Cy228 (96.3%) Rh197 (95.9%) Rh197 (95.9%)
Cy229 - - 192116 191802 - 104 12.443 - Cy229 (92.1%) - Rh196.1 (91.3%)
CyuUs17 US12  Putative multiple transmembrane 193049 192225 - 274 30.415 usiz * CyUS17 (98.5%) Rh198 (97.8%) RhUS17 (97.8%)
protein
Cyus1s8 US12  Putative multiple transmembrane 193955 193155 - 266 30.015 usis * CyUS18 (98.9%) Rh192 (23.9%) RhUS18 (98.5%)
protein )
CyUs19 usi12 Temperance factor and putative 194860 194075 - 261 30.0734 usig = CyUS19 (96.2%) Rh200 (96.2%) Rh200 (95.8%)
multiple transmembrane protein
CyUs20 US12  Putative multiple transmembrane 195682 194921 - 253 28.578 us2o * CyUS20 (99.2%) Rh201 (99.2%) RhUS13 (27%)
protein ] )
Cyus21 usi12 Membrane protein® 196416 195730 - 228 26.086 us2t *# CyUS21 (100%) Rh202 (98.2%) -
CyUs22 us22 Tegument protein 198262 196538 - 574 65.879 us22 ° CyUS22 (98.4%) Rh203 (97.6%) RhUS22 (97.4%)
CyuUs23 us22 Tegument protein 200292 198421 - 623 72.542 us2z * CyUS23 (97.6%) Rh204 (95.4%) RhUS23 (95.7%)
Cy237 - - 199133 198720 - 137 16.402 - Cy237 (81.2%) Rh206 (89%) Rh206 (89.8%)
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Translation S Non-Human Primate Homologues
t Putative
Gene . 1 r Size Molecular Nearest
ORF . Putative Function HCMV
Family Start Stop a (aa) Mass homoloque?> ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa) g
d
Cy238 - - 198925 199248 + 107 12.684 - Cy238 (94.2%) Rh205 (88.4%) Rh205 (88.4%)
Cy239 - - 200077 200394 + 105 11.668 - Cy239 (95.2%) Rh208 (90.5%) Rh208 (91.4%)
Cyus24 us22 Tegument protein 201746 200316 - 476 56.539 us24 * CyUS24 (99.6%) Rh209 (99.2%) RhUS23 (27.1%)
Cy241 - - 201153 201338 + 61 6.852 - Cy241 (91.7%) Rh210 (85.2%) -
uUs26 us22 - 203902 202109 - 597 67.842 us2e ° CyUS26 (98.2%) Rh211 (99.2%) RhUS26 (99%)
Cy243 - - 202878 202564 - 104 11.597 - Cy243 (96.2%) Rh212 (96.2%) -
Cy244 - - 202655 203170 171 19.018 - Cy244 (95.3%) Rh213 (94.7%) -
CyuUS28a GPCR CC and CXC chemokine 204074 205060 + 328 37.497 us2gs * CyUS28 (99.4%) Rh214 (98.5%) Rh214 (98.8%)
receptor like virion envelope
glycoprotein
CyUs28b GPCR CC and CXC chemokine 205395 206408 + 337 38.662 us2g ' CyUsS28 (99.1%) Rh215 (93.8%) Rh218 (38.1%)
receptor like virion envelope
glycoprotein
CyuUs28c GPCR CC and CXC chemokine 206543 207544 + 333 38.093 us2g ¥ CyuUs28 (99.4%) Rh218 (37.2%) Rh218 (37.5%)
receptor like virion envelope
glycoprotein
Cy248 - - 207720 207439 - 93 10.528 - Cy248 (96.7%) Rh217 (89.1%) Rh217 (91.3%)
us28d GPCR Membrane protein 207617 208639 + 340 39.229 us2g ¥ CyUsS28 (98.2%) Rh218 (96.5%) Rh218 (97.4%)
Cy250 - - 208714 208409 - 101 11.545 - Cy250 (96%) Rh219 (94.1%) Rh219 (93.1%)
CyUS28e GPCR Membrane protein 208784 210235 + 483 53.429 us2s ° CyUS28 (85.6%) Rh220 (98.6%) RhUS28 (98.7%)
Cyus29 us29 Putative membrane glycoprotein 210396 211715 + 439 49.253 us29 ° CyUsS29 (97.3%) Rh221 (94.8%) RhUS29 (94.6%)
Cy253 - - 210862 211185 + 107 12.663 - Cy253 (97.2%) Rh222 (95.3%) -
CyUs30 - Putative membrane glycoprotein 211633 212454 + 273 30.767 usso ° CyUS30 (98.2%) Rh223 (96%) Rh223 (96%)
Cy255 - - 212933 212316 - 205 22.469 - Cy255 (96.7%) Rh224 (94.8%) Rh224 (94.3%)
CyUs31 uUsl1 - 212530 213015 + 161 18.547 usst ° CyUS31 (97.5%) Rh225 (93.2%) RhUS31 (91.9%)
CyUs32 uUsl1 - 213142 213702 + 186 22.205 us3z2 * CyUS32 (100%) Rh226 (96.8%) RhUS32 (96.2%)
Cy259 - - 213616 213422 - 64 7.203 - Cy259 (100%) Rh227 (93.7%) -
Cy024 - - 213845 214150 + 101 10.809 ) Cy260 (98%) Rh228 (93.1%) Rh228 (88.3%)
(Cy260)
Cy025 - Putative secreted protein 214774 214394 - 126 14.167 - - Rh228.1 (89.7%) -
Cy261 - Putative membrane protein 215251 214793 - 152 16.754 - Cy261 (92.1%) Rh229 (85.5%) Rh229 (84.9%)
CyTRS1 us22 Immediate early tegument 216947 214872 - 691 77.289 TRS1 *  CyTRS1 (96.7%) Rh230 (92.5%) RhTRS1
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Translation S Non-Human Primate Homologues

t Putative Nearest

ORF Gene Putative Function® rSize  Molecular HCMV

Family Start Stop a (aa) Mass homologue? ~ CYCMV Ottawa RhCMV 68-1 RhCMV 180.92
n (kDa)
d
protein (92.8%)
Footnotes:

1 Functions annotated based on studies of
HCMV [274] unless otherwise indicated.

2 Nearest homologous HCMV gene based on
Bit score using BLASTP search. Strain of
HCMV gene indicated with footnote.

3 Based on function of RhCMV68-1
homologue [288].

4 Based on function of CyCMV Ottawa
homologue [289]

5 Based on studies of HCMV Towne-BAC
[513]

6 Inferred through function of homologous
proteins [274]

8 HCMV strain AD169

9 HCMV strain AF1

10 HCMV strain ASM72

11 HCMV strain C154

12 HCMV strain C425,

13 HCMV strain CINCY+Towne

14 HCMV strain Coz

15 HCMV strain David

16 HCMV strain FRCMV-14L
17 HCMV strain GSV6

18 HCMV strain GSV9

19 HCMV strain HAN1

20 HCMV strain HAN13

21 HCMV strain HAN16

22 HCMV strain HAN20

23 HCMV strain HAN3

24 HCMV strain HAN38

25 HCMV strain HKS40

26 HCMV strain 1-10

27 HCMV strain I1S17

28 HCMV strain JHC

29 HCMV strain JP

30 HCMV strain L2

31 HCMV strain Merlin

32 HCMV strain RK (Human Herpesvirus 7)

33 HCMV strain TB40/E
34 HCMV strain Toledo
35 HCMV strain Towne
36 HCMV strain TR

37 HCMV strain U11

38 HCMV strain U8

39 HCMV strain VR1814
40 HCMV strain 35

41 HCMV strain 66

42 HCMV strain 452

43 HCMV strain 553

44 HCMV strain 3157
45 HCMV strain 3301
46 HCMV strain 5234
47 HCMV strain 401058
48 HCMV strain 26M
49 HCMV strain 51C
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Figure 2-5: Two-dimensional bit-score plots between CMV strains. Graph represents comparisons
of gene homologue bit-scores across CyCMV Mauritius versus CyCMV Ottawa and RnCMV 68-1
versus RhCMV 180.92. Bit-score among RhCMV homologues of the indicated gene are tracked on
the y-axis while CyCMV homologues are tracked on the x-axis. A high bit-score indicated a high
level of similarity between genes, while a bit-score of zero indicates one or both species in the
comparison lacked a copy of the gene. Genes that fall on the diagonal are equally conserved in all
comparisons, for example CyUL48 (rh78) and CyUL74 (rh74); genes that fall to one side of the
diagonal are better conserved between viruses of one species than between viruses of the other
species, for example COX-2 (rh10) which is highly conserved between RhCMV 180.92 and RhnCMV
68-1, but absent from CyCMV Ottawa, and CyUL94 (rh129). Genes are coloured according to known
gene family. Select genes are annotated according to their CyCMV Mauritius names. Where genes
belong to multiple families only one is indicated, for breakdown of chart by gene family see Figure
2-6, Figure 2-7, Figure 2-8 and Figure 2-9 for alternative pairwise comparisons.
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Figure 2-6: Break down of two-dimensional bit-score plots between CMV Mauritius-CyCMV
Ottawa versus RhCMV 68-1-RhCMV 180.92 by ORF family. Graphs represent comparisons of
ORF homologue bit-scores across three strains simultaneously. ORFs are coloured according to ORF
family. CyCMV Mauritius names for ORF labels.
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Figure 2-7: Break down of two-dimensional bit-score plots between CyCMV Mauritius-
RhCMV 68-1 versus CyCMV Mauritius-RhCMV 180.92 by ORF family. Graphs represent
comparisons of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured
according to ORF family. CyCMV Mauritius names for ORF labels
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Figure 2-8: Break down of two-dimensional bit-score plots between CMV Mauritius-CyCMV
Ottawa versus CyCMV Mauritius-RhCMYV 180.92 by ORF family. Graphs represent comparisons
of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured according to
ORF family. CyCMV Mauritius names used for ORF labels.
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Figure 2-9: Break down of two-dimensional bit-score plots between CMV Mauritius-RhCMV
68-1 versus CyCMV Mauritius-CyCMYV Ottawa by ORF family. Graphs represent comparisons
of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured according to
ORF family. CyCMV Mauritius names used for ORF labels.
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When grouped by gene function, capsid, DNA binding/nuclear, and tegument groupings contain
highly conserved genes and less deviation in bit-score from the diagonal is observed (Figure 2-10;
Figure 2-11, Figure 2-12, Figure 2-13 and Figure 2-14). In each of these functional categories,
genes deviate towards a higher bit-score in CyCMV Mauritius versus CyCMV Ottawa and CyCMV
Mauritius versus RhCMV 68-1, and towards a lower bit-score in CyCMV Mauritius versus RhnCMV
180.92. A similar trend for higher bit-scores in CyCMV Mauritius versus CyCMV Ottawa and
CyCMV Mauritius versus RhnCMV 68-1, and a lower bit-score in CyCMV Mauritius versus RnCMV
180.92 was observed with ORFs involved in viral temperance, though the average bit-score was
lower, and was observed to a lesser absolute extent with immune regulatory, entry, and membrane
associating ORF groupings.

Though closely related to CyCMV Ottawa, CyCMV Mauritius is less genetically diverged from
both RNCMVs than CyCMV Ottawa is at several individual genes, including homologues of CMV
genes RL11B, UL123, UL83b, UL84 and a homologue of mammalian COX-2 (Table 2-2). This
suggests a non-uniform rate of evolution of some genes (Figure 2-2a) and could reflect differences in
selective pressure on the CMV strains in different hosts. The high average bit-score of capsid, DNA
binding/nuclear, and tegument ORFs indicate a slow rate of evolution of these genes. Immune
regulatory, viral entry, and membrane associated ORFs, in contrast, exhibit signs of more rapid
evolution. This may be because the proteins these genes encode interact directly with the host
immune system and may consequentially face greater directional or diversifying selection.

Macaque CMV genomes lack an internal repeat region between the UL and US regions. We
explored the effect of this feature of genome architecture on the genomic location of genes using gene
bit-scores. Our analyses indicate that there is more divergence between genes from different macaque
CMV strains that are closer to the terminal regions of both the UL and US genome regions than
between genes in different strains that are far from these genomic features (Figure 2-15). This
decrease in gene conservation near the UL/US border was observed even in the absence of an internal
terminal repeat region between the UL and US regions. Additionally, these terminal areas contain a
higher proportion of genes that are strain specific. The center of the UL region contains a region with
a high density of highly conserved genes. This is expected since in general, the rate of evolution of
genes in a virus is slower in key genes, faster in less important genes, and fastest in non-coding and
non-regulatory regions [514, 515], and because the UL region includes a cluster of core genes that are

conserved across all herpesviruses.
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Figure 2-10: Two-dimensional bit-score plots between CMV strains. Graphs represent comparisons of gene homologue bit-scores across
three strains simultaneously. Comparison of CyCMV Mauritius versus CyCMV Ottawa and CyCMV Mauritius versus RnCMV 68-1 (a), CyCMV
Mauritius versus RnCMV 180.92 and CyCMV Mauritius versus RnCMV 68-1 (b), and CyCMV Mauritius versus Rn\CMV 180.92 and CyCMV
Mauritius versus CyCMV Ottawa (c). Genes are coloured according to known function. Immune ORFs are involved in host immune regulation or
evasion, entry ORFs are known cell entry factors, temperance ORFs are involved in temperance of viral growth, membrane ORFs are presented in
cell membrane on infected cells or in virions, DNA/nuclear are known to interact with DNA or shuttle to the cell nucleus, capsid ORFs form the
virus capsid, tegument proteins are found in the viral tegument, the function of ORFs with other known function vary, and the function is unknown
at the time of writing for ORFs plotted as unknown. Individual ORF may have several functions; see Figure 2-11, Figure 2-12, Figure 2-13 and
Figure 2-14 for visualization without overlap. Select genes are annotated according to their CyCMV Mauritius names.
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Figure 2-11: Break down of two-dimensional bit-score plots between CMV Mauritius-RhCMV
68-1 versus CyCMV Mauritius-RhCMV 180.92 by ORF function. Graphs represent comparisons
of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured according to
known function. Individual ORF may have several functions and are present in multiple plots.
Immune ORFs are involved in host immune regulation or evasion, entry ORFs are known cell entry
factors, temperance ORFs are involved in temperance of viral growth, membrane ORFs are presented
in cell membrane on infected cells or in virions, DNA/nuclear are known to interact with DNA or
shuttle to the cell nucleus, capsid ORFs form the virus capsid, tegument proteins are found in the viral
tegument, the function of ORFs with other known function vary, and the function is unknown at the
time of writing for ORFs plotted as unknown. ORFs are annotated according to CyCMV Mauritius
names except for ORFs of unknown function or membrane ORF where some ORF are left unlabelled.
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Figure 2-12: Break down of two-dimensional bit-score plots
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between CyCMV Mauritius-

CyCMV Ottawa versus RhCMV 68-1-RhCMV 180.92 by ORF function. Graphs represent
comparisons of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured
according to known function. Individual ORF may have several functions and are present in multiple
plots. Immune ORFs are involved in host immune regulation or evasion, entry ORFs are known cell
entry factors, temperance ORFs are involved in temperance of viral growth, membrane ORFs are
presented in cell membrane on infected cells or in virions, DNA/nuclear are known to interact with
DNA or shuttle to the cell nucleus, capsid ORFs form the virus capsid, tegument proteins are found in
the viral tegument, the function of ORFs with other known function vary, and the function is
unknown at the time of writing for ORFs plotted as unknown. ORFs are annotated according to
CyCMV Mauritius names except for ORFs of unknown function or membrane ORF where some ORF

are left unlabelled.
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Figure 2-13: Break down of two-dimensional bit-score plots between CyCMV Mauritius-
CyCMV Ottawa versus CyCMV Mauritius-RhCMV 180.92 by ORF function. Graphs represent
comparisons of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured
according to known function. Individual ORF may have several functions and are present in multiple
plots. Immune ORFs are involved in host immune regulation or evasion, entry ORFs are known cell
entry factors, temperance ORFs are involved in temperance of viral growth, membrane ORFs are
presented in cell membrane on infected cells or in virions, DNA/nuclear are known to interact with
DNA or shuttle to the cell nucleus, capsid ORFs form the virus capsid, tegument proteins are found in
the viral tegument, the function of ORFs with other known function vary, and the function is
unknown at the time of writing for ORFs plotted as unknown. ORFs are annotated according to
CyCMV Mauritius names except for ORFs of unknown function or membrane ORF where some ORF

are left unlabelled.
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Figure 2-14: Break down of two-dimensional bit-score plots between CyCMV Mauritius-
CyCMV Ottawa versus CyCMV Mauritius-RhCMV 68-1 by ORF function. Graphs represent
comparisons of ORF homologue bit-scores across three strains simultaneously. ORFs are coloured
according to known function. Individual ORF may have several functions and are present in multiple
plots. Immune ORFs are involved in host immune regulation or evasion, entry ORFs are known cell
entry factors, temperance ORFs are involved in temperance of viral growth, membrane ORFs are
presented in cell membrane on infected cells or in virions, DNA/nuclear are known to interact with
DNA or shuttle to the cell nucleus, capsid ORFs form the virus capsid, tegument proteins are found in
the viral tegument, the function of ORFs with other known function vary, and the function is
unknown at the time of writing for ORFs plotted as unknown. ORFs are annotated according to
CyCMV Mauritius names except for ORFs of unknown function or membrane ORF where some ORF
are left unlabelled.
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Supplementary Figure 2-15: Plot of bit-scores of ORFs across the CyCMV Mauritius genome. ORFs of CyCMV Mauritius are ordered as
seen in CyCMV Mauritius genome. Bit-score is plotted for each ORF between CyCMV Mauritius and CyCMV Ottawa, RhnCMV 68-1, and
RhCMYV 180.92. Absence of the indicated gene from one or more compared genomes results in a bit-score of zero. Values are indicated as the

means + standard deviation for each gene.
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During CMV replication, the genome circularizes and large genome segments may be reordered,
reversed or lost [287]. This mechanism could explain why the UL128-UL131 region is absent in Rn"CMV
68-1, but present in RhCMV 180.92 [516], and why rh12-rh16 is absent from CyCMV Mauritius and
CyCMV Ottawa but present in both RhCMVs. Loss of the UL128-UL131 region is typical of attenuation
(that is, the a decrease in virulence after passaging) in fibroblast cell lines, and demonstrates an inability to
infect endothelial and epithelial cell lines. Thus our findings do not necessarily prove an absence of this
region in the original wildtype RnCMV 68-1 [288, 290, 517]. How reversal and reordering of CMV genome

segments [518] affect the evolution of CMV in wild macaque populations is yet to be fully understood.

2.5.4 Gene Content of CyCMV Mauritius is Distinguished from Other Strains

Several CMV genes found in CyCMV Ottawa, RhCMV 68-1 and RhCMV 180.92 are absent in CyCMV
Mauritius. In particular, nine CyCMV Ottawa ORFs lack homologues in CyCMV Mauritius (Table 2-3)
whereas 20 CyCMV Mauritius ORFs lack homologues in CyCMV Ottawa, and of the latter, 9 have
homologues that are present in both RhCMV strains (Table 2-2). In all, 20 genes of RhCMV 68-1 and
RhCMYV 180.92 are not identified in CyCMV Mauritius (Table 2-3). Similarly, comparison to human CMV
data, identified 84 ORFs present in strains of HCMV but absent in CyCMV Mauritius (Table 2-4). The
majority of genes absent in all macaque CMV strains but present in HCMV strains have unknown functions

though some, such as UL65 and UL108, are known to have effects on CMV growth Kinetics (Table 2-4).

Table 2-3: RhCMV Genes absent from CyCMV Mauritius

. Rh-
Alternative Necessary
Human Human .3
Gene for growth S Function
Homologue . 1 Similarity
Name in Towne 2
(%)
Rh9 - - - - -
Rh12 RL11F - - - -
Rh13 RL11G - - - -
Rh13.1 - - - - -
Rhi14 - - - - Membrane Protein
Rh15 - - - - -
Rh16 - - - - -
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Rh17
Rh18
Rh19
Rh38
Rh45
Rh77
Rh94
Rh96

RL11H

RL11I

Rh121 -

Rh129

Rh142.2 -
Rh151.1 -

Rh158

Footnotes:

RhUL94

RhuUL147 uL147

uL94 Essential

Dispensable

1 Based on study of gene mutation in HCMV Towne [519]
2 Similarity annotation based on comparisons of RNCMV 68-1 and HCMV in [288]
3 Function annotated based on studies of HCMV [274].

Table 2-4: Human Genes absent from CyCMV Mauritius

100

Early Glycoprotein

Membrane Protein
Virion Protein

Viral CXC Chemokine Homologue

CyCMV

Ottawa d(EIEtei(;tnogn
Gene /RhCMV 68-1 Function® viral growth Family
Homologue kinetics?
RL2 -/- - no effect -
RL3 -/- - no data -
RL4 -/- - no effect -
RL5 -/- - no data RL11
RL6 -/- - no effect RL11
RL7 -/- - no data -
RL8 -/- - no data -
RL9 -/- - no effect -
RL10 -/- - no effect RL11
RL11 cyRL11/rh05 IgG Fc-binding glycoprotein no effect RL11
RL12 -/- Putative membrane glycoprotein no effect RL11
RL13 -/- Putative membrane glycoprotein no effect -
RL14 -/- - no data -
ULl -/- Putative membrane protein no data RL11
uL2 -/- - modest effect RL11
uL3 -/- - no effect -
uL4 -/- Virion envelope glycoprotein no effect RL11
UL5 -/- - no effect RL11
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CyCMV
O{tawa .4 dglzﬁi%tnogn .
Gene /RhCMV 68-1 Function viral growth Family
Homologue Kinetics?
uL8 -/- Putative membrane glycoprotein no effect RL11
UL10 -/- Temperance factor in retinal tissue? no effect RL11
uLi12 -/- - modest effect -
UL15 -/- - no effect -
UL16 -/- Membrane glycoprotein involved in inhibiting no effect -
Natural Killer cell cytotoxicity
uL17 -/rh35 7-transmembrane glycoprotein no effect -
uUL18 -/- MHCI homologue putative membrane protein no effect UL18
uL22 -/- - no data -
uUL39 -/- - no effect -
uL40 -/rh67 Membrane glycoprotein no data -
UL58 -/~ - no data -
uUL59 -/- - no effect -
UL60 -/- - required for -
replication
UL61 -/~ - no data -
uL62 -/- - no effect -
UL63 -/- - no data -
uLe4 -/- - no effect -
uL65 -/- - modest effect -
uL66 -/- - no data -
uLe7 -/- - no effect -
UL68 -/- - no data -
UL80.5 -/rh109.1 Capsid assembly protein precursor no data Core
uL81 -/- - no data -
UL90 -/- - required for -
replication
uL101 -/- - no data -
UL106 -/- - no data -
UL107 -/- - no data -
UL108 -/- - modest effect -
UL109 -/- - no effect -
UL110 -/- - no effect -
UL118 -/rh151 - no data -
uL124 -/rh156.2 Membrane glycoprotein / latent protein variable critical -
effect
UL125 -/- - no data -
uL127 -/- - no effect -
UL129 -/- - modest effect -
uL143 -/- - no data -
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CyCMV
O{tawa .4 dglzﬁi%tnogn .
Gene /RhCMV 68-1 Function viral growth Family
Homologue Kinetics?
uL142 -/- Involved in Inhibiting Natural Killer cell cytotoxicity no data -
uL140 -/- Putative membrane protein no data -
UL139 -/- Putative membrane glycoprotein no data -
UL138 -/- Putative membrane protein no data -
uL137 -/- - no data -
UL136 -/- Putative membrane protein no data -
UL135 -/- Putative secreted protein no data -
UL134 -/- - no data -
UL133 -/- Putative membrane protein no data -
UL148A -/- Putative membrane protein no data -
UL148B -/- Putative membrane protein no data -
uL148C -/- Putative membrane protein no data -
UL148D -/- Putative membrane protein no data -
uL149 -/- no data -
UL150 -/- Putative Secreted Protein no data -
IRS1 -/- Immediate early tegument protein & transcriptional no effect us22
activator / Inhibitor of protein kinase R-mediated
repression of translation
us4 -/- - no data -
USs5 -/rh183 - no data -
useé6 -/rh185 Putative membrane glycoprotein / Inhibits TAP no effect useé
mediated endoplasmic reticulum peptide transport
us7z -/- Membrane glycoprotein no effect useé
uss /-rh187 MHCI binding Membrane glycoprotein no effect useé
uso -/- Membrane glycoprotein involved in cell to cell no effect useé
transmission
usio -/- Membrane glycoprotein / Delays MHCI trafficking no effect useé
usis -/- Putative multiple transmembrane protein no effect usiz
Usie6 -/- Temperance factor / Putative multiple no effect uUsi12
transmembrane protein
us25 -/- - no effect -
us27 -/- Virion envelope glycoprotein/Potentiates CXCR4 no effect GPCR
receptor?
US33 -/- - no effect -
USsS34 -/- Putative secreted protein no effect -
US34A -/- Putative membrane protein no data -
Footnotes:

1 Function annotated based on studies of HCMV [274] unless otherwise indicated.
2 Based on study of gene mutation in HCMV Towne [519]
3 Based on study of US27 in HCMV AD169 [520]
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2.5.5 Anomalous Gene Trees Reveal Patterns of Gene Family Evolution

Analysis of individual genes reveals several interesting features of these viral genomes. The Bayesian
phylogeny for the important viral surface gB gene (UL55), for example, indicates an atypically high level of
divergence among these strains as compared to the whole genomes (Figure 2-2b). This is of interest since it
is a target of immune responses. In the analysis of the UL55 gene, CyCMV Mauritius and CyCMV Ottawa
do not cluster together, and CyCMV Mauritius instead is inferred to be more closely related to the RnCMVs
than to CyCMV Ottawa. CyCMV Mauritius UL55 is diverged from CyCMV Ottawa by 0.408 sps but
diverged from RhCMV 68-1 and RhCMV 180.92 by only 0.175 and 0.188 sps respectively. Figure 2-2c
shows a phylogenic estimate for the US11 gene, which encodes an MHC down regulatory protein essential
for superinfection [374]. Included in the analysis are multiple gene homologs of US11 generated by gene
duplication in various CMVs. Inferred evolutionary relationships within US11 paralogs again indicate a
closer evolutionary relationship between CyCMV Mauritius and the RhCMVs than to CyCMV Ottawa,
although with weak statistical support (87.7% posterior probability). Interestingly, rh188 is not present in
RhCMV 180.92.

Figure 2-2d shows results of a phylogenetic analysis of the multiple copies of US28, a macaque CMV
capsid protein that induces COX-2 in target cells upon entry. CyCMV Mauritius genes were named
following the synteny-based system established for CyCMV Ottawa [289]. The five copies of CyCMV
Ottawa, CyCMV Mauritius and RhnCMV 180.92, as well as the four copies and single pseudogene of
RhCMV 68-1, cluster first by synteny and then by species. This likely indicates that divergence of all five
copies occurred before speciation and that loss of one copy in RhnCMV 68-1 occurred after speciation.
Unlike the other US28 genes, however, phylogenetic sequence analysis of US28e (rhUS28) in
RhCMV180.92, rh220 in RnCMV 68-1, CyUS28e (in both CyCMVs) suggests that CyCMV Mauritius and
CyCMV Ottawa are each more closely related to RhCMV US28e than to CyCMV US28e. CyCMV

Mauritius is diverged from CyCMV Ottawa by 0.175 sps and diverged from RhCMV 180.92 and RhCMV
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68-1 by 0.031 sps and 0.031 sps, respectively. CyCMV Ottawa is diverged from RhCMV 180.92 and
RhCMYV 68-1 by 0.168 sps and 0.169 sps, respectively.

Phylogenetic relationships were further estimated for several CMV genes known to have homology to
mammalian host genes (Figure 2-16). Strain specific absence of several human and rhesus homologues
supports independent evolution of each strain. This is evidenced, for example, by the absence of the COX-2
gene in CyCMYV Ottawa. Similarly, a COX-2 homologue (rh10, CyCOX2, this study), which promotes the
formation of arachidonic acid in infected cells [298], is present in CyCMV Mauritius, RnCMV 180.92 and
RhCMV 68-1, but absent in CyCMV Ottawa [298]. Viral COX-2 (rh10) is necessary for the infection of
endothelial cells [298] and it has been shown that viral COX-2, but not cellular COX-2, protein is expressed
when RhCMV 68-1 infects cells [298]. Since CMV has been implicated in vascular inflammation [521-
525], the study of rh10, which confers cellular tropism and its selection in macaques, is of particular
interest. US28 is a viral capsid protein capable of inducing host COX-2 expression in target cells [387].
CyCMV Mauritius, CyCMV Ottawa and RhCMV 180.92 have five copies each while RhCMV 68-1 has
only four copies of US28 genes and a US28 pseudogene. The pseudogene in RhnCMV 68-1 shows that it,
similar to other macaque CMVs, had five copies of US28, and that the fifth copy was likely pseudogenized
after speciation. The number of copies of US28 is variable across mammalian CMVs. Baboon CMV, similar
to macaque CMV, has four distinct copies, HCMV has a single copy and both RCMV and MCMV lack
US28 homologues [526, 527]. These multiple copies are more divergent from each other within a genome
than they are from corresponding homologues between macaque species (Figure 2-2d) and can be assumed

to have emerged prior to the speciation of these macaques.



Figure  2-16:  Phylogenetic  tree
comparison of CMV genes with
mammalian homologues. Trees were

prepared comparing CyCMV Mauritius,
CyCMV Ottawa, RhCMV 68-1, RhCMV
180.92, CCMV Heberling and HCMV
AD169 with mammalian homologue genes
using the relevant Homo sapiens homologue
as the outgroup. Trees were generated by Mr.
Bayes following MAFFT alignment using a
model of evolution selected by JModel test
comparing a) CyCOX-2/rh10 putative protein
product to its mammalian homologue PTGS2;
b) UL146 and UL146-like CMV genes with
mammalian homologue CXC chemokine

ligand 5 (CXCL5); ¢) UL144 with
mammalian homologue tumor necrosis factor
receptor superfamily 14 (TNFRSF14).

Numbers at loci indicate posterior probability
with color scaled according to probability;
genetic distances measured in substitutions
per site (sps) are given by scale below.
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COX-2 homologues are absent from CyCMV Ottawa and HCMV but present in both RhCMV 68-1 and
RhCMYV 180.92 [288, 289, 298, 387] Interestingly, however, the CyCMV Mauritius genome has three ORFs
with homology to COX-2: CyCOX-2A, CyCOX-2B, and CyCOX-2C. It is perhaps not coincidental that
RhCMV 68-1, which has a COX-2 homologue the least diverged from mammalian COX-2, is also the strain
with fewest functioning US28 genes. Meanwhile, a high degree of divergence between COX-2 homologues
in the three strains that retain it suggests a more recent integration or only a low fitness advantage. The
absence of the COX-2 homologue in CyCMV Ottawa and the fact that RnCMYV 68-1 and CyCMV Mauritius
are genetically less distant than RhCMV 68-1 and CyCMV Ottawa may again suggest a faster rate of
divergence of CyCMV Ottawa. Comparison of COX-2 homologues showed a clustering of CMV
homologues that are substantially diverged from their macaque homologs, PTGS2 in Macaca fascicularis
and Macaca mulatta (Figure 2-16a). There is no HCMV equivalent of PTGS2. It can be inferred that the
COX-2 gene was copied from a mammalian host once to an ancestral CMV prior to CyCMV and RhCMV
speciation. A mammalian origin of the viral COX-2 genes is further evidenced by the presence of introns in
these genes. Perhaps the unique MHC haplotypes of Mauritian macaques favor the retention of an immune-
modulatory gene, such as COX-2 homologue in CyCMV Mauritius.

Similarly, mammalian CXC chemokine ligand 5 (CXCL5) genes substantially diverged from CMV
encoded UL146-like genes (Figure 2-16b). Interestingly, viral chemokine-encoding UL146-like genes such
as CCMV UL146 clustered with RhCMV rh161, whereas HCMV UL146 clustered with CyCMV Cy181
with weak support. Two interesting observations were noted. First, both CCMV UL146 and HCMV UL146
are more diverged from mammalian CXCL5 genes (closest is 2.075 sps and 2.069 sps respectively) than
they are from multiple macaque CMV genes (closest are 1.299 sps and 1.870 sps respectively). Second, the
CyCMV Mauritius gene Cy182 is less diverged from all the mammalian CXCL5 genes than it is from any
CMV genes (the closest mammalian gene is Macaca mulatta CXCL5 at 1.234 sps, and the closest macaque
gene is CyCMV Mauritius Cy181 1.448 sps). This probably reflects variation in the rate of evolution among
these genes and among CMV strains, with the CyCMV Mauritius being slower than the others (Figure 2-

16b). The clustering of CCMV and HCMV with other CMVs may indicate the acquisition of a viral CXCL5
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homologue in a common ancestral CMV strain followed by gene duplication and mutation to create the
UL146-like genes. This phylogeny supports at least two independent gene duplication events before
diversification of Old World Primates. Possibly after this, other gene duplication events generated additional
gene copies in macaques. Alternatively, more than two gene duplication events occurred in the ancestor of
Old World primates followed by more extensive gene loss in apes than macaques. It is interesting that no
UL146-like genes were identified in RhCMV180.92. Figure 2-16c shows a well-supported close
relationship between CMV UL144 genes of CyCMV Mauritius, CyCMV Ottawa, RhnCMV 68-1 and CCMV
Heberling to the exclusion of the homologous tumor necrosis factor receptor superfamily 14 (TNFRS14)
genes in their macaque and human hosts, which is again consistent with a single copying event in the

ancestor of these CMV strains.

2.5.6 CMVs and Their Hosts Share Similar Evolutionary Patterns

In order to test for co-evolution between host species and the CMVs that they harbor over a broader
phylogeny, we performed a phylogenetic analysis of 12 available primate CMV viral genomes (Figure 2-
17). The resulting phylogenetic tree of these CMVs was then compared to a previously estimated
phylogenetic tree of mammalian genomes [528]. Phylogenetic relationships among multiple primate CMVs
exhibit an identical pattern of CMV and host diversification (Figure 2-17; [528]). There is evidence of
attenuation in some sequenced CMVs caused by growth of the isolated strains in tissue culture prior to
sequencing. This can result in the mutation or loss of viral genes necessary for entry or growth in certain
cell types, as is the case with the deletion of the UL128-UL130 region in RhnCMV 68-1 [200], and other
laboratory adapted CMV strains [268, 529]. Despite this, there is no indication of cross species contact or
attenuation of some strains during CMV diversification prior to laboratory isolation. DNA polymerase
sequence comparisons have suggested a speciation for CyCMV Ottawa and RhCMV 68-1 of around 0.5
mya [290]. This places speciation and divergence from a common CMV strain at ~1.2 mya, in line with Y-
DNA segregation and the suspected end to macaque migration between islands of the Sunda shelf [419,

420].
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Figure 2-17: Bayesian phylogenetic tree of selected CMV strains. GTR tree with proportion
invariant sites and gamma distribution of multiple sequenced primate CMV strains. Whole genome
sequences were aligned using MAFFT with scoring matrix of 200PAM/k=2 a gap open penalty of
1.53 and offset value of 0.123. New world primates, OMCMV S34E and SMCMYV SqSHV were used
as the out-group to root the tree. RNCMV 68-1, RhCMV 180.92, CyCMV Ottawa, CyCMV
Mauritius, CCMV Heberling, HCMV AD169, HCMV HAN1, GMCMV Colburn and 2715, and
BaCMV OCOM4-37 were compared. Numbers at loci indicate posterior probability with color scaled
according to probability; genetic distances measured in sps are given by scale below.

It is possible for multiple CMV strains to co-exist within a single macaque, or within a single macaque
population, because CMV can superinfect seropositive individuals [530]. However, co-infection of a host
may only be possible for closely related CMV strains — cynomolgus macaques, for example, are not
susceptible to infection or co-infection by a RhCMV [291]. The correspondence between viral and host
evolutionary relationships suggests further study of CMV would serve as a molecular tool to understand

primate evolution.
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2.6 Conclusions

In this study, we generated a novel genome sequence from a CMV strain isolated from a cynomolgus
macaque from Mauritius. When analyzed with other CMV genomes from macaques and from other host
species, inferred phylogenetic relationships among the viruses generally matched those among their hosts.
Comparisons of this new genome with other macaque CMVs identify several functional categories of genes
with atypically high levels of divergence, variation in gene content, and several genes with inferred
phylogenetic relationships that differed from the genome-wide estimate. These results have implications for
use of CMV as a vaccine vector and molecular tool, in CMV pathogenesis studies, as well as providing a

tool to assist in tracing both viral and macaque migration and distribution.
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3.10verview

This chapter described the construction of a CyCMV BAC and insertion of SIV transgenes to
make possible testing of a CyCMV vector-based SIV vaccine in the Cynomolgus macaque vaccine
model. The CyCMV Mauritius strain, isolated, sequenced and characterized, was cloned onto a BAC.
To assess viral fitness the resulting CyCMV Mauritius BAC was sequenced in full and reconstituted
as a virus in tissue culture. Abnormalities to the integrated DNA were successfully corrected by BAC
recombination. The CyCMV Mauritius BAC was then designed as a vaccine against SIV. Two SIV

transgenes introduced by bacterial recombination were expressed throughout viral infection

Main Objective: To prepare a Mauritius strain of CyCMV as a SIV vaccine for evaluation in

cynomolgus macaques.

Specific Objectives:

1. Sequencing and genomic characterization of a Mauritian Cynomolgus Macaque strain of
CMV (Chapter 2)

2. Comparative phylogenetic analysis of CyCMV Mauritius (Chapter 2)

3. Cloning of CyCMV Mauritius as an excisable BAC (Chapter 3)

4. Utilization of CyCMYV Mauritius to produce an SIV vaccine candidate (Chapter 3)

3.2 Abstract
Cynomolgus macaques respond differently than rhesus macaques to a number of infectious
diseases, including HIV/SIV [493, 494]. As interest in CMV as a vaccine vector has increased, the

paucity of molecular reagents has hindered utilization of the cynomolgus macaque model.
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To facilitate the use of this model, a cynomolgus macaque strain of CMV, CyCMV Mauritius, was
cloned as a full length, excisable BAC. The BAC vector was integrated near the center of the linear
CyCMV genome between Cy019 and Cy020. A number of polymorphisms accumulated throughout
the cloning process occurring predominantly on highly variable transmembrane RL11 family genes
and Non-core family genes. Single amino acid changes were observed in two core genes, CyUL47
and CyUL102, and in CyUL87, a Betagamma family gene. Partial attenuation of the
CyUL128/CyUL130/CyUL131 genes suggests that CyCMV Mauritius BAC is biased towards growth
in fibroblasts. Despite this, reconstituted CyCMV Mauritius BAC growth Kinetics were unaltered
compared to wildtype virus grown in cynomolgus macaque, rhesus macaque, and human fibroblast
cell lines. After confirming the integrity of the BAC, two SIV vaccine constructs composed of the
structural and non-structural SIV proteins respectively were integrated into CyCMV Mauritius by
BAC recombination and expressed in macaque cell lines. CyCMV Mauritius BAC is a powerful

molecular tool expanding CMV vaccine vector studies to the cynomolgus macaque model.

3.2.1 Importance

Animal models are integral to the development of new vaccines. Of key importance is the
concurrent use of complementary unique animal models, as no singular model can perfectly replicate
vaccination in humans. The use of each animal model, however, requires the development of
specialized biological tools and reagents. We created a tool based on the virus, CMV, which can be
used in cynomolgus macaque monkeys. This work expands the possibility for CMV researchers to
utilize this dynamic and unique primate model. In particular, cynomolgus macaque monkeys respond
differently from other macaque monkey species to the simian analog of HIV known as SIV in
important ways. To demonstrate the potential for this molecular tool, we have employed it to
generate two SIV vaccine vectors that can be assessed in the cynomolgus macaque SIV challenge

vaccine model.
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3.3 Introduction

CMVs are large, ancient DNA viruses that have co-evolved with a wide array of hosts into highly
species-specific variants. Unlike other chronic diseases, such as HIV or Hepatitis C, the immune
response against natural CMV infection does not become exhausted [340, 341]. Throughout lifelong
infection, robust CD8+ and CD4+ responses, including fast-acting CD8+ T effector memory cells, are
maintained while viremia is limited to brief asymptomatic episodes unless there is immune
suppression [185, 199, 309, 312, 342]. This continues to elicit the interest of immunologist, including
vaccine researchers.

A number of CMVs have been cloned as BACs, most of them from lab-adapted strains of CMV,
including multiple strains of human CMVs [481, 492, 531] and the RhCMV strain 68-1 [401]. When
contained within a single low-copy BAC, the slow growing CMV viral genome can be faithfully
preserved and replicated, or modified with relative ease by site-specific genetic manipulation [486,
492, 532]. A self-excising BAC integrates with the CMV genome without the loss of genes, and can
be excised later by Cre/loxP recombination to reconstitute the unencumbered virus.

Recently our group isolated and characterized a novel strain of CyCMV [278] (See Chapter 2).
CyCMV Mauritius, like its macaque host, was segregated from Sumatra in the 16" century common
era (CE) as a small founder population [278, 430, 431, 433, 434, 436]. The virus is closely related to
other isolated CyCMV strains, while genetically more distant from sequenced RhCMV strains [278,
379].

Due to their availability and controlled genetics, Mauritian cynomolgus macaques with their
limited MHC variability have increasingly been the macaque of choice for a variety of research
applications [426, 428, 437]. This is particularly poignant in HIV/SIV vaccine studies where,
compared to rhesus macaques, cynomolgus macaques’ show less abrupt loss of CD4+ cells, lower

set-point viral loads, and slower disease progression [437, 463, 493, 494].
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Here we describe the incorporation of CyCMV Mauritius into a BAC, creating a powerful
molecular tool to allow more complete utilization of the cynomolgus macaque model. We further
demonstrate the potential for the CyCMV Mauritius BAC by utilizing BAC recombination techniques
to introduce two SIV vaccine transgenes within the CyCMV Mauritius viral genome. After
reconstituting the CyCMV Mauritius BAC as a virus, both transgenes were retained and expressed
faithfully within infected cells. The CyCMV Mauritius BAC offers an abundance of opportunity for

CMV and CMV vaccine vector-based research.

3.4 Materials and Methods

3.4.1 Plasmids

Plasmids pWC132, encoding an eGFP cassette flanked by two loxP sites, pWC205, for Cre
expression, and pWC155, containing the BAC vector were previously described [401]. Plasmid
pGS284 [486] and pEF1/V5-His-A (Invitrogen) were used to generate allelic exchange shuttle

vectors.

3.4.2 Viruses and Cells

CyCMV Mauritius (Accession: KP796148), isolated from a Mauritian cynomolgus macaque
[278] (See Section 2.4.1), was primarily propagated in telomerase-immortalized rhesus macaque
fibroblast cells (Telo-RF)[533]. Virally infected cells were maintained until cytopathic effect was
observed in greater than 70% of cells. Infected cells were split at a 1:3 ratio and incubated for two to
four hours over a healthy cell monolayer at 37°C in an incubator with 5% CO, after which the
inoculum was aspirated and replaced with fresh media. Telo-RF, Cynomolgus macaque-derived
mellow skin fibroblast (MSF-T) [534], and human lung fibroblast-derived MRC-5 [504] cells were all
maintained in DMEM (Sigma) supplemented with 10% FBS (Wisent Bioproducts), 100U/mL

penicillin and 100pg/mL streptomycin (Sigma) at 37°C in an incubator with 5% CO,. Plasmids
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pWC132, pWC2205, pWC155, pGS284, and Telo-RF cells[535] were generously provided by Drs.

Peter Barry and William Chang (University of California, Davis).

3.4.3 Extraction of CyCMV Viral DNA

The cell culture media were collected and infected cells were washed with PBS then subjected to a
HIRT extraction protocol with viral DNA separated from cellular DNA by sucrose gradient
centrifugation, all as described previously [289].

Cellular debris was removed from collected cell media by centrifugation at 1835 x g and 4°C for
ten minutes followed by 0.45um filtration. The filtrate was then centrifuged at 20 000 x g and 4°C for
one hour. The pellet was dissolved in 2.5 mL 10mM Tris-HCI pH 8.0 with 10mM EDTA. 30ug/mL
RNAse A and 80 U/mL RNAse T1 (Thermo Scientific) were added to the pellet and incubated in a
37°C water bath for four hours with Pronase added to a final concentration of 1mg/ml for the final
two hours. Protein was removed with two phenol (pH 7.5) extractions followed by two phenol-
chloroform: isoamyl alcohol (24:1) extractions. Sodium acetate was added to a 0.3M concentration.
The DNA solution was mixed with two volumes of absolute ethanol and stored -20°C for twelve
hours. DNA was pelleted at 17 000 x g at 4°C for 30 minutes, air dried and resuspended in 10mM

Tris-HCI pH 8.0 with 10mM EDTA.

3.4.4 Restriction Enzyme Digests
Restriction enzyme digests were used to confirm the integrity of extracted DNA. DNA was
digested for 18 hours with 1pL BamHI-HF, Hindlll-HF or EcoRIl (New England Biolabs) and

visualized by gel electrophoresis.
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3.4.5 Cloning CyCMV as a BAC

3.45.1 Generation of CyCMV Mauritius -eGFP

An amplification plasmid was prepared by cloning the CyUS1 to CyUS2 spanning region of
CyCMV Ottawa (Accession: JN227533) [407] together between the Notl and Pstl sites. A loxP linker
was ligated between cyUS1 and cyUS2 using Ascl. CyUSL1 to loxP and CyUS2 to loxP regions were
separately amplified and ligated into pWC-132 digested with Ndel/Aflll and Pvull/Sall. The resulting
plasmid was transfected into Telo-RF cells in a six well plate with 3.2 pg of plasmid DNA using
Lipofectamine 2000 (Invitrogen) reagent and grown for twenty-four hours prior to infection with
CyCMV Mauritius at a multiplicity of infection (MOI) of 0.2, 2, and 20. Cells were cultured to 100%
CPE; supernatant was harvested and frozen -80°C with 0.2 M sucrose. CyCMV Mauritius-eGFP was

selected through six rounds of plaque purification.

3.45.2 Plaque Purification

Viral supernatant was overlaid on Telo-RF cells in 10-fold serial dilutions for two hours. Medium
containing inoculum was removed and the cells were overlaid with a 1:1 mixture of 2x MEM
containing 10% FBS and 4mM L-glutamine (Quality Biologics Inc.) with 100U/mL penicillin and
100ug/mL streptomycin (Sigma), and 2% low-melting agarose (Type VII; Sigma). Individual plagues
were selected based on eGFP fluorescence or absence and propagated on Telo-RF cells for

subsequent rounds of plaque purification.

3.45.3 PCR Confirmation

The primers 5’-ACCGGACTTTTTGGCGCATGACT-3’ and 5’-GCCAGTCCCCGCACTGAC-3’
were designed to amplify a region of CyCMV Mauritius between CyUS1 and CyUS2 flanking the site
of insertion for eGFP, loxP, and the BAC. Following viral DNA isolation, Sanger sequencing was

performed to confirm the amplified sequence.
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3.454 Generation of CyCMV Mauritius-loxP

Telo-RF cells were transfected in a six well plate with 3.2 pg/well pWC205 DNA using
Lipofectamine 2000 reagent (Invitrogen) and grown twenty-four hours prior to infection with
CyCMV Mauritius-eGFP in 10-fold serial dilutions. Supernatant was harvested at 100% CPE and
frozen at -80°C with 0.2M sucrose. CyCMV-loxP, which no longer expressed eGFP, was selected

through four rounds of plaque purification.

3.455 Generation of CyCMV Mauritius BAC:

Purified CyCMV Mauritius-loxP propagated in Telo-RF cells was concentrated on a 20% sorbitol
cushion with 50mM Tris-HCI (pH 7.2) and 1 mM MgCl, by centrifugation at 71 000 x g for 90
minutes at room temperature. Concentrated virus was titred on Telo-RF cells using a standard plague
assay (see below). Telo-RF cells were co-transfected in a six well plate with 3.2ug total DNA/well of
pWC205 and pWC155 in a 3:2 ratio and grown twenty-four hours prior to infection with 0.3 or 0.03
MOI of concentrated CyCMV-loxP. Supernatant was harvested at forty-eight hours or at ninety-
six hours and frozen at -80°C with 0.2M sucrose. BAC containing virus was selected by 2-4 rounds

plaque purification and then propagated on Telo-RF cells.

3.45.6 Electroporation into Bacterial Cells

Virus was concentrated by centrifugation on a 20% sorbitol cushion with 50mM Tris-HCI (pH7.2)
and 1mM MgCl, by centrifugation at 71 000 x g for 90 minutes at room temperature. Concentrated
virus was titred on Telo-RF cells using a plagque assay (See Below)

Telo-RF cells were grown to confluency and infected with 0.06 and 0.0006 MOI CyCMV
Mauritius BAC and cultured for 120 hours. Circularized viral DNA was extracted using a modified
HIRT method as described previously [492].

Next, 2-15 ug of extracted DNA was electroporated into 20 uL GS500 Escherichia coli (E. coli)

cells (Invitrogen) using 1mm cuvette with 1.8 kV, 25 uF capacitance, 200Q resistance, and
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4.4 millisecond time constant. Cells were recovered in 1mL recovery media (Invitrogen) with shaking
at 225 rotations per minute (rpm) 37°C for one hour. Bacteria were pelleted at 20 000 x g for five
minutes, resuspended in 80 puL recovery media and plated out on Miller’s Luria-Bertani broth (LB)
agar plates with 20 pg/mL chloramphenicol. Positive colonies were selected after growth for twenty-

four hours at 37°C.

3.45.7 Confirmation of Positive Colonies

Positive colonies selected above were confirmed first by colony PCR to contain DNA of both
CyCMV Mauritius and the BAC. Primers 5-CCCGCCCTGCCACTCATCG-3> and
5’-ACATTTTGAGGCATTTCAGTCAGTTGC-3' were used to amplify a segment of the
chloramphenicol resistance gene of the BAC and primers 5’-CTGACTTCCGCCGCCGCTTC-3'
5’-GGGCAGCAACCCCGATCACC-3" were used to amplify the parA/repE gene of the BAC.
Primers 5’-TTGTCAAGAACACCGTGCGCAAC-3' and 5’-AATGAGAGCTGCGGCCGTGACA-3'

were used to amplify a region of CyUL54 to confirm the presence of the CMV genome.

3.4.6 Next Generation Sequencing

2-4 ug of CyCMV Mauritius BAC DNA from two clones was isolated from bacterial culture and
prepared for sequencing with an lllumina HighSeq MiSeq Sequencer. A DNA library was generated
and run to create 1 575 392 and 1 031 166 paired end reads of 155pb for ~100x coverage. Reads were
aligned using a Burrows-Wheeler aligner algorithm [536] run against the expected sequences
generated in silico using Geneious pro 6.1.4 (Biomatters Ltd. Auckland, New Zealand) based off the
sequenced CyCMV Mauritius genome (Accession: KP796148). This was confirmed against the three
largest contigs generated from paired end reads in a de novo assembly to confirm the BAC insertion
site. Homology of the construct was then compared to CyCMV Mauritius using a global pairwise
alignment with a cost matrix of 70% similarity (5.0-4.5), a gap open penalty of twelve, gap extension

penalty of three, and two refinement iterations. Homology of predicted protein sequences was
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calculated using MAFFT Alignment [508, 537] with a BLOSUMG62 scoring matrix, gap open penalty

of 1.53 and offset value of 0.123.

3.4.7 Growth Curves

The growth kinetics of two CyCMV Mauritius BAC clones were compared to the corresponding
wildtype CyCMV Mauritius strain by infecting Telo-RF cells. Cells were grown to a confluent
monolayer in multi-well plates and then growth media replaced with 0.5 mL fresh media with virus at
0.25, 0.025 or 0.0025 MOI. Growth media was topped up to 3 mL after two hours then replaced with
fresh media after twenty-four hours. After two, four, six, eight or ten days of growth monolayers of
duplicate six well plates were disrupted using a cell scraper and homogenized with the media by
vigorous pipetting. Cell/media homogenate from multiple wells were pooled and frozen at -80°C with

0.2 M sucrose until titreing with a Plaque Assay.

3.4.8 Plaque Assay

The viral titer was determined in duplicate by first infecting Telo-RF monolayers. Then
monolayers were incubated at 37°C and 5% CO; in 0.5 mL growth media with serial dilutions of
thawed viral homogenate. After three hours, media was replaced with 3 mL of a 1:1 mixture of 2%
low melting temperature agarose (Lonza) and 2x MEM (Quality Biologic) supplemented with 10%
FBS (Wisent Bioproducts), 1200U/mL penicillin and 100ug/mL streptomycin (Sigma), 4mM L-alanyl-
L-Glutamine (Gibco), and 100 pg/mL phenol red (Sigma). Media was solidified ten minutes at room
temperature followed by ten minutes at 4°C, then the plates were cultured for fourteen days at 37°C
with 5% CO,. Solid media was carefully removed and the monolayer stained with 1% crystal violet.

Plaques were averaged from all countable dilutions of each replicate.

3.4.9 LoxP Correction
1968 bp and 1845 bp sequences incorporating the upstream and downstream loxP flanking regions

of sequenced CyCMV-BAC respectively were synthesized with the loxP site corrected to 5’-
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ATAACTTCGTATAATGTATACTATACGAAGTTAT-3* (See Section 3.8; supplementary
Materials 3-1 and Supplementary Materials 3-2). Synthesized DNA was ligated into pGS284 cut
with Nhel and Bglll and grown in S17-1 Apir E. coli. Serial rounds of BAC recombination (see
below) were utilized to correct each BAC loxP site, with successful exchanged screened for using the
primers 5’-ACTAGCGATGTCATTCCGCC-3’ and 5’-CACACCTCCCCCTGAACC-3’ to amplify
the upstream loxP site or 5’-GTATGCCTGCTGTGGATTGC-3’ and 5’-
CTTTCTCGTTATGCCGCTGC-3’ to amplify the downstream loxP site. Corrected loxP sites were
differentiated from uncorrected sites after colony PCR amplification by successful digestion with

Accl.

3.4.10BAC Recombination

S17-1 Apir E. coli containing pGS284-based shuttle plasmid and GS5000 E. coli containing
CyCMV-BAC were streaked on LB Agar with 100pg/mL carbenicillin or 20pg/mL chloramphenicol
respectively and grown overnight at 37°C. A cross streak plate was generated using an individual
GS5000 colony streaked across the center of an LB agar plate. Individual S17-1 Apir colonies were
picked and streaked perpendicularly across the initial streak then grown at 37°C overnight to facilitate
plasmid transfer. A flame loop was used to inoculate multiple 3mL tubes of LB media with
100pg/mL carbenicillin and 20pg/mL chloramphenicol with bacterial swabs taken from the
intersections of the cross streak plate, before growth at 37°C and 225rpm overnight to select for E.
coli incorporating both BAC and plasmid. To allow multiple generations for allelic exchange to
occur, streak plates were created from the resulting growth on LB agar with 100ug/mL carbenicillin
and 20pg/mL chloramphenicol, incubated overnight at 37°C, then individual colonies picked onto an
LB agar with 100pg/mL carbenicillin and 20pg/mL chloramphenicol replication plate and grown at
37°C overnight. Next, individual colonies were inoculated into 3mL tubes of LB media with 20pg/mL
chloramphenicol and grown overnight at 37°C 225 rpm to remove carbenicillin selective pressure. To

select for colonies without pGS284-based shuttle plasmid a flame loop was used to inoculate high-
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sucrose/no-salt LB (10g tryptone, 5g yeast extract, 50g sucrose per liter water) media from LB media
with 20ug/mL chloramphenicol tubes and grown at 30°C 225 rpm overnight. High-sucrose/no-salt LB
agar streak plates were used to generate individual colonies and grown at 30°C overnight. Individual
colonies were picked and plated on LB Agar with 20ug/mL chloramphenicol and on LB agar with
100pg/mL Carbenicillin for growth at 37°C overnight. Colonies which grew on chloramphenicol, and
thus incorporated the CyCMV BAC, but not on carbenicillin, and thus had not retained the pGS284-

based shuttle plasmid, were selected and screened by colony PCR.

3.4.11Insertion of Transgenes

The CyUS2 to Cy116 spanning region of CyCMV Mauritius was amplified using the primers 5’
ATGCgcggccgc TCGACTTGCACCTCATTCACATAGC-3’ and 5-
ATGCggatccCCTCTCTGCGGCTCATGCGG-3°, containing added Notl and BamHI 5° tails
(lowercase) and incorporated onto a blunt cloning vector (Invitrogen). The central Avrll site was
changed to an Ascl site by digesting with Avrll, treating with calf intestinal phosphatase, and ligating
with the self-dimerizing oligonucleotide 5’-CTAGTGGCGCGCCA-3’. DNA was then extracted
using Notl and BamHI, and ligated into pGS284 digested with Bglll and Notl, grown in S17-1 Apir E.
coli.

NTR and GPF transgenes were constructed from previously described vaccine constructs [345].
NTR, a codon optimized NeTaRev fusion protein, was inserted into pEF1/V5-His-A digesting with
Kpnl and Notl, while GPF a GagPol fusion protein, was PCR amplified from a GagPol fusion
construct using the primers 5’-actgtctagagcggccgcAGTGTGCTGGAATTCGCCC-3* and 5°-
actgggtaccagatct GGATATCTGCAGAATTCGCCC-3’ then inserted into pEF1/V5-His-A digesting
with Kpnl and Notl. Both constructs were amplified to include the EFla promoter and Bgh
polyadenylation tail using the primers 5’-actgggcgcgccGGATACCCCCTAGAGCCCC-3’ and 5°-
actgggcgcgcCACAGAGAGGAATCTTTGCAGC-3" with 5° Ascl containing tails. Each transgene

construct was digested and ligated separately into the Ascl site of the above described pGS284-
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CyUS2-Cy116 vector. NTR and GPF transgenes were transferred into the loxP corrected CyCMV

Mauritius BAC by allelic exchange and expression confirmed by western blot.

3.4.12Western Blot

DNA of loxP corrected CyCMV Mauritius with NTR or GPF incorporated was transfected into a
confluent monolayer of Telo-RF cells using Lipofectamine 3000 in a six well tissue culture plate. Cell
monolayers were monitored and maintained 2-3 weeks until viral cytopathic effect was observed
across more than 50% of the cell monolayer and virus was passaged as above. Cells were maintained
for 5-10 days until viral cytopathic effect was observed in greater than 80% of cells. The cell
monolayer was disrupted with a cell scraper and homogenized by pipetting, then separated into
1.5mL aliquots and centrifuged 10 600 x g for five minutes. Cell pellets were resuspended in RIPA
buffer (50mM Tris HCL, 150 mM NacCl, 1% Triton X100, 0.5% Sodium Deoxycholate, 0.1% SDS,
1ImM EDTA, pH adjusted to 7.4) with 1x protease inhibitor cocktail (Sigma P-2714) added and
incubated on ice for thirty minutes to lyse before 4°C centrifugation at 20 817 x g. The supernatant
was collected and quantitated with a Bradford protein assay (Bio-Rad) to determine protein
concentration and then frozen at -20°C until used.

The protein lysate was diluted to 5Spg of protein with NuPAGE LDS loading dye (Life
Technologies) and NuPAGE reducing agent (Invitrogen) in 25uL, and then denatured on a
thermocycler at 70°C for ten min, followed by freezing at -20°C overnight. Samples were run at 200
V for 30-45 min in a precast TGX SDS-PAGE gel (Bio-Rad), and transferred to a PVDF membrane
at 20V for seven minutes using an iBlot apparatus (Invitrogen) with PVDF iBlot Gel transfer stack
(Life Technologies).

Non-specific binding to the membrane was blocked by rocking gently for one hour with 40mL
blocking buffer (Odyssey Blocking Buffer; Li-Cor). The membrane was stained for Gag (NIH AIDS
Research & Reference Reagent Program: KK59 at 1:1000) or Nef (NIH AIDS Research & Reference

Reagent Program: clone 17.2 at 1:1000) and IE-1 (mouse anti- Rhesus CMV IE-1 clone 2A1.2 at



123

1:750; generously provided by Drs. Scott Hansen and Louis Picker of Oregon Health and Science
University) in blocking buffer with 0.1% Tween 20 at room temperature for one hour while gently
rocking. Membrane fragments were washed three times for five minutes each gently rocking, with
Tris buffered Saline (TBS; 50mM Tris, 150 mM NaCl) + 0.1% Tween 20 (TBST). Membranes were
then incubated gently rocking in the dark with secondary antibody (Li-Cor; IRDye 800CW Goat
(polyclonal) anti-mouse IgG (H + L) at 1:15000) in blocking buffer + 0.1% Tween 20 and washed a
further three times with TBST and once with TBS. Fluorescent bands were visualized using an

Odyssey CLx (Li-Cor).

3.5 Results

3.5.1 CyCMV Mauritius was Cloned as a BAC

The linear CyCMV Mauritius [278] was cloned as a circular BAC. As the BAC vector was too
large to insert directly by homologous recombination into CyCMV Mauritius, two intermediate viral
constructs were created to facilitate the insertion of the vector between CyUS1 and CyUS2 in a
stepwise approach (Figure 3-1). Initially a smaller eGFP construct with two loxP sites was inserted
into CyCMV Mauritius to produce CyCMV Mauritius-eGFP. Successfully recombined CyCMV
Mauritius-eGFP virus was then separated from wildtype CyCMV Mauritius by successive rounds of
plaque purification screening for eGFP fluorescence. PCR amplification with primers internal to the
eGFP region confirmed construction of the CyCMV Mauritius-eGFP intermediate and indicated a
single nucleotide C to T transversion at position six of the inverted repeat region of one of the two

inserted loxP sites (Figure 3-2).
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Figure 3-1: Cloning scheme to incorporate CyCMV Mauritius into a BAC. A) Planned
cloning scheme for the generation of CyCMV Mauritius BAC. CyCMV Mauritius virus was cultured
in cells with a modified pw132 plasmid homologous to the CyUS1-CyUS2 genome region.
Homologous recombination incorporates eGFP and two flanking loxP sites into some of the CyCMV
Mauritius resulting in the first intermediate: CyCMV Mauritius-eGFP. After plaque purification
CyCMV Mauritius-eGFP was cultured in cells with Cre expression induced. Cre recombination
excises eGFP and recombines the two loxP sites into one, producing CyCMV Mauritius-LoxP. After
further plaque purification CyCMV Mauritius-LoxP is cultured in Cre expressing cells with pWC155,
the BAC vector. Cre-loxP recombination inserts the BAC vector into CyCMV Mauritius-LoxP
yielding CyCMV Mauritius BAC. B) BAC DNA integrated at a cryptic loxP site in CyUL153 ~6kbp
upstream of the intended insertion site. The CyUL153 ORF was disrupted and both flanking loxP
sites differed from loxP 511.
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LoxP 511 - ATAACTTCGTATA ATGTATAC TATACGAAGTTAT ATAACTTCGTATA ATGTATAC TATACGAAGTTAT
CyCMV Mauritius-EGFP — ATAACTTTGTATA ATGTATAC TATACGAAGTTAT ATAACTTCGTATA ATGTATAC TATACGAAGTTAT
loxP loxP
7
7 %
CyCMV Mauritius-LoxP - ATAACTTTGTATA ATGITATGC TATACGAAGTTAT
loxP

——

CyCMV Mauritius BAC - ATACAATGTTACA CATAATGC TATACGAAGTTAT ATAACTTCGTATA ATGTATGA TAGCGCAAGATAT
CyUL153 Cryptic LoxP - ATACAATGTTACA CATAATGA TAGCCGAAGATAT ATACAATGTTACA CATAATGA TAGCCGAAGATAT
loxP loxP

—V<ecrr TBERET/—

b1

Figure 3-2: Polymorphisms on LoxP sites. LoxP 511sequences (grey; top) were introduced into
CyCMV Mauritius to facilitate further cloning steps. Two loxP sites were introduced into the first
intermediate CyCMV Mauritius-EGFP. These sites were recombined into the single loxP site of the
second intermediate CyCMV Mauritius-LoxP. To produce CyCMV Mauritius BAC the single loxP
511 sites on the BAC plasmid integrated with a cryptic loxP site in the CyUL153 ORF (beige;
bottom; depicted in duplicate for comparison). In all loxP 8 bp spacer regions are separated from 13
bp recognition regions. Alterations from loxP 511 are in red. The central TA, the splice site of loxP, is
underlined.

The second intermediate, CyCMV Mauritius-loxP, was generated from CyCMV Mauritius-eGFP
by culturing in Cre recombinase-expressing cells to facilitate the excision of eGFP and recombination
of the two inserted loxP sites into a single loxP (Figure 3-1). In a second round of plaque purification
CyCMV Mauritius-loxP was purified from CyCMV Mauritius-eGFP by the absence of eGFP
fluorescence.

The single loxP site of CyCMV Mauritius-loxP was sequenced and retained the C to T
transversion at position six from CyCMV Mauritius-eGFP, as well the site acquired an A to G
transition at position seven of the spacer region (Figure 3-2). The A to G transition has been shown to
improve Cre-loxP recombination efficiency [538, 539] therefore we proceeded using CyCMV
Mauritius-loxP to generate CyCMV Mauritius BAC.

Cre-loxP recombination inserted the entire BAC vector including an integrated eGFP into CyCMV

Mauritius-loxP, however, sequencing confirmed that the insertion occurred ~6kbp upstream of the
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intended site between genes CyO19 and CyO20 at a loxP-like site in the CyUL153 ORF (Figure 3-
1b).

As BAC vectors have been shown to induce instability in surrounding DNA during viral growth,
the number of sequential plaque purifications utilized for the eGFP-expressing BAC was minimized
and multiple clones were maintained [486]. Circularized viral DNA from two clones was extracted

and transformed into E. coli to recover self-replicating BAC.

3.5.2 Sequence Analysis of CyCMV Mauritius BAC

Complete sequencing of two clones of CyCMV Mauritius BAC (GenBank: MF918486 and
MF918487) confirmed the insertion of BAC DNA within the CyUL153 ORF (Figure 3-1b). The
sequence confirmed multiple single nucleotide polymorphisms (SNPs) differentiating the BAC
flanking loxP sites from loxP 511 within both CyCMV Mauritius BAC clones (Figure 3-2). Asthe T
to A transversion at position four of the spacer region in one loxP site has been shown to prevent Cre-
loxP recombination [538, 539], BAC recombination was used to correct both loxP sites on CyCMV
Mauritius BAC clone 1 within bacterial culture.

The plaque purification process and repeated passaging of CyCMV Mauritius necessary to create
the BAC introduced a number of mutations that differentiated both CyCMV Mauritius BAC clones
from wildtype virus. In the CyCMV Mauritius BAC, 789 and 886 total polymorphisms were
identified within reading frames of Clone 1 and Clone 2 respectively (Figure 3-3). Of these, 682 and

719 respectively were SNPs, while the remainder were insertions or deletions.
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Figure 3-3: Unintentional mutations across the CyCMV Mauritius BAC clones. Mutations were
introduced while passaging CyCMV Mauritius BAC and intermediates throughout the cloning
process. In black are mutations common to both clones, in red or green are mutations unique to one
clone. A) Total number of polymorphisms, and subcategorization by type of mutation introduced.
Categories are not exclusive. B) CyCMV Mauritius BAC genes altered from CyCMV Mauritius
virus, grouped by herpesvirus gene family, in which one or more amino acids were altered.

The 64 and 60 genes altered in clone one and clone two respectively were compared with respect
to gene function if known (Table 3-1). Only two core genes were altered in the two clones, CyUL48
with SNP resulting in a Ser to Asn substitution and CyUL102 with the insertion of a serine. The
majority of genes altered were of the Non-Core gene family, which consists predominantly of
species-specific CMV genes of unknown function. A number of RL11 genes, the putative COX-2

homologue genes, and both secreted CXC5 chemokine like glycoproteins, CyUL146 and CyUL147,
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contained multiple disruptive mutations. Genes altered in only one of the two clones, or altered

differently in both clones were all of the Non-core or RL11 families. To assess the fitness of the BAC

clones in view of the mutations a quantitative assay of in vitro viral growth was undertaken.

Table 3-1: Genes altered from wildtype in CyCMV Mauritius BAC Clones

Clone Mutated Gene Gene Family Polymorphism type Mg;ct?et:t)n Gene Necessity
Betagamma . )
1&2 CyUL87 ORF SNP (transversion) K->N Essential for Growth'2
1&2 CyuL47 Core Gene SNP (transition) S-> N Effect OIZ‘CVB',{\% titre in
1&2 CyuL102 Core Gene Insertion S->SS Essential in HCMV?!
1&2 CyCOX2A COX-2 Deletion & SNPs Multiple Non-Essential?
1&2 CyCOX2B COX-2 Frame Shift and SNPs Multiple Non-Essential?
1&2 CyCOX2C COX-2 Frame Shift and SNPs Multiple Non-Essential?
1&2 CyuL146 CXCL Multiple Multiple Non-Essential®
1&2 CyuL147 CXCL Multiple Multiple Non-Essentiall?
1&2 CyTRL1 RL1 Multiple Substitutions Multiple Cell Tropism Factor?
1&2 Cy20 RL11 Large Deletion (48 nt) Deletion
1&2 CyRL11Q(cy22) RL11 SNP X 5 Multiple ,
Non-Essential
1&2 CyRL11R(cy23) RL11 Multiple Multiple
1 &2* CyRL11S(cy24) RL11 Multiple Multiple Non-Essential?
1&2 CyUL6 RL11 Large Deletion (591 nt) Extension Non-Essentiall?
1&2 CyuL7 RL11 Multiple Multiple Non-Essential*2
1&2 CyUL9a RL11 Large Deletion (684 nt) Extension
1&2 CyUL9b RL11 Large deletion (363 nt) Extension
1 &2* CyUL9c RL11 Multiple Multiple
1&2 CyuLod RL11 Multiple Multiple
182 CyuLll RL11 Multiple Multiple Effect on Viral Growth in
HCMV
Non-Essential in
1&2 CyUL1l4 uL14 SNP (transversion) D->E RhCMV/Moderate Growth
Defects in HCMV?!2
1&2 CyUL25 uL25 SNP (transversion) H->Q Non-Essential*?
1&2 CyuL141 UL14 SNPs Multiple Non-Essential?
1 &2* CyUL153 RL11 Multiple Multiple
1&2 CyUS18 usi2 SNP (transition) T->A Non-Essential®
1&2 CyuL26 Us22 SNP X 4 Multiple Severe Growth Defect in
HCMV"/Non-Essential
1 Cy02 Non-Core SNP (transversion) Multiple
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Clone Mutated Gene Gene Family Polymorphism type M;Efeté?n Gene Necessity

1 Cy03 Non-Core SNP (transversion) Multiple
1 &2* Cy28 Non-Core Multiple Substitutions Multiple
1&2 Cy46 Non-Core Multiple Substitutions Multiple
1&2 Cy49 Non-Core SNP (transition) I->V
1&2* Cyé6l Non-Core Multiple Multiple

2 Cy62 Non-Core SNP (transversion) Multiple
1&2 Cy92 Non-Core SNP (transversion) Multiple
1 &2* Cy93 Non-Core Multiple Substitutions Multiple

1 Cyl107 Non-Core SNP (transversion) R->S

1 Cy146 Non-Core Multiple Multiple
1 &2* Cyl65 Non-Core Multiple Substitutions Multiple
1&2 Cyl68 Non-Core SNP (transversion) R->G
1&2 Cyl71 Non-Core Multiple Substitutions Multiple
1&2 Cyl72 Non-Core Multiple Substitutions Multiple
1&2 Cyl74 Non-Core Multiple Multiple
1&2 Cyi181 Non-Core Large Deletion (195 nt) Extension
1&2 Cyl182 Non-Core Large Deletion (327 nt) Extension
1&2 Cyl183 Non-Core Multiple Multiple
1&2 CyO0O1(Cy06) Non-Core SNP (transition) S->G
1&2 Cy011 Non-Core SNP (transition) T->A
1&2 CyO13 (Cy189) Non-Core 11 SNPs Multiple
1&2 Cy014 (Cy190) Non-Core SNP (transversion) S->R
1&2 CyO015 (Cy191) Non-Core SNP (transversion) S->R
1&2 CyOS8 Non-Core Multiple Multiple
182 CyRL11B(Cy09)  Non-Core Insertion (tandem Frame Shift

repeat)
1&2 CyUL116 Non-Core Deletion Frame Shift Non-Essential?
1&2 CyUL128_ex1 Non-Core Multiple Multiple Cell Tropism Factor®>
1 &2* CyUL128_ex2 Non-Core Insertion Multiple Cell Tropism Factor!®
1&2 CyUL130 Non-Core Deletion Extension Cell Tropism Factor®>
1&2 CyUL131A Non-Core Multiple Substitutions Multiple Cell Tropism Factor®
Effect on Viral Growth in
1&2 CyUL132 Non-Core Multiple Multiple HCMV/Non-Essential in
RhCMV?2

1&2 CyUL147A Non-Core SNP X3 Multiple HFVrZZE’::taa'ft;?g;‘;Q/
1&2 CyUL148 Non-Core Multiple Multiple Non-Essential?

1 CyuL19 Non-Core SNP X3 Multiple Non-Essential*2

Effect on Viral Growth in

1&2 CyUL20 Non-Core Multiple Multiple HCMV/Non-Essential in

RhCMV?12



130

Mutation

Clone Mutated Gene Gene Family Polymorphism type Effect

Gene Necessity

Cell Tropism

Deletion (tandem Extension factor/Moderate Growth

1&2 CyUL21A Non-Core

repeat) Defects in HCMV®
1&2 CyuUL42 Non-Core SNP (transversion) R->T/
Truncation Non-Essential®-?
1&2 CyUL74A Non-Core Deletion Multiple
Footnotes:

* indicates that mutations in specified gene is different in each clones
1: Based on study with HCMV Towne strain [51]

2: Based on study with RhCMV 68-1 [71]

3: Based on study of HCMV ULA47 protein function [72]

4: Based on study of HCMV UL146 through UL147A region [73]

5: Based on study of HCMV UI131A region [74]

6: Based on study of HCMV UL21a protein [75]

3.5.3 Growth Analysis of CyCMV Mauritius Reconstituted from BAC as Infectious
Virus

The CyCMV Mauritius BACs were transfected into cell culture then passaged and maintained as
viruses. Infections with both CyCMV Mauritius BACs were observed in the cynomolgus macaque
derived MSF-T cell line [534], Rhesus macaque derived Telo-RF cell line [535] and the human
derived MRC-5 cell line [504]. In all three cases, robust infection with typical cytopathic effect
comparable to infection with wildtype CyCMV was observed.

The growth rate of the CyCMV Mauritius BACs were quantitatively compared against wildtype
low passage CyCMV Mauritius in duplicate with single cycle growth curves across a range of initial
MOI (Figure 3-4). At 0.0025 MOI and 0.025 MOI, viral burst size was comparable in both CyCMV
Mauritius BAC clones and wildtype CyCMV Mauritius, though in Clone 2 this peak was reached
later, at day ten instead of day eight (Figure 3-4a, Figure 3-4B). At 0.25 MOI the decrease in plague
forming units (PFU) in the media characteristic of single cycle CMV growth was not observed at two
days post inoculation with any virus (Figure 3-4C), indicating an oversaturation with inoculum.

Despite the common observation that BAC integration slows CMV viral growth in previous studies



131

[401, 481], measured values for wildtype CyCMV Mauritius and both CyCMV Mauritius BAC clone

titers were not distinguishable beyond standard error at day eight or day ten.
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curve of CyCMV Mauritius BAC
C) 0.25 MOl clones compared to wildtype
CyCMV strain at three MOI.
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3.5.4 Expression of SIVmac239 derived GPF and NTR Transgenes

One structural SIV vaccine construct, a Gag-Pol fusion (GPF), and one non-structural SIV vaccine
construct, a Nef-Tat-Rev fusion (NTR) were integrated by BAC recombination into CyCMV
Mauritius BAC Clone 1. Both constructs were codon-optimized for expression and modified to
remove SIV gene functionality (Table 3-2). To avoid difficulties in BAC recombination GPF and

NTR transgenes were both placed behind an EFla promoter, as was used with RhnCMV 68-1 and

RhCMV 68-1.2 [185, 187, 200, 244]

Table 3-2: Inactivating mutations in SIV vaccine construct

SIV ORF Mutation Location Mutation Function/Domain
G2A Delete Myristoylation Signal
Gag AFS Remove Gag-Pol Ribosomal Frameshift
D25A Inactivate Protease
Pol H12A / H16A
C40A / C43A Disrupt Integrase Zinc-Binding HHCC Domain
D64A / D116A / E152A Disrupt Integrase Catalytic Domain
G2A Delete Myristoylation Signal
Nef E93 Remove Premature Stop Codon
D143G / LM194AA Inactivate Nef
C21G Inactivate Tat
Tat A80-84 (Arg-rich region) Disrupt RNA Binding and Nuclear Localization
Juxtapose AA1-79
and AA85-129 Disrupt Tertiary Structure
KR39DL Inactivating mutation
Rev A42-46 Disrupt RNA Binding and Nuclear Localization
IE81DL Inactivating mutations

GPF and NTR transgenes were integrated into CyCMV Mauritius BAC Clone 1 between CyUS3

and Cy215 by BAC recombination. Positive bacterial colonies were selected based on colony PCR,
and Sanger sequencing was used to confirm the location and integrity of the transgenes. The presence
of each transgene was confirmed within whole cell lysate of infected tissue culture. Expression of
each transgene was strong, at similar levels of expression to those seen using the VZV-SIV constructs
(Figure 3-5). The macaque CMV IE-1 gene was used as a housekeeping gene to quantitate transgene
expression relative to CMV gene production. Both GPF (Figure 3-5A) and NTR (Figure 3-5B)

proteins blotted at their expected size.

132
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Figure 3-5: Expression of SIV transgene constructs by CyCMV Mauritius BAC in cell culture.
CyCMV Mauritius BAC-GPF and CyCMV Mauritius BAC-NTR were grown and passaged as virus
in Telo-RF cell culture. Cells were harvested when greater than 80% of the cell monolayer showed
CMV cytopathic effect. 5uG whole protein lysate were added per well of VZVy, expressing GPF or
NTR (positive control), CyCMV Mauritius BAC-GPF, or CyCMV Mauritius BAC-NTR to a western
blot. Blots were stained against CMV IE-1 as a housekeeping gene, and SIV Gag (A) or SIV Nef (B).

3.6 Discussion

Macaque monkeys, including rhesus macaques and cynomolgus macaques, are important models
in biomedical research. The increased usage of cynomolgus macaques has highlighted important
differences between the two as research models of infectious diseases [428, 494] (See Section
1.4.2.2). Even within each species the differences between Indian and Chinese rhesus macaques, or
Filipino and Mauritian cynomolgus macaques, can be meaningful for research outcomes [428, 430].
As part of a plan to compare CMV to VZV as vaccine vectors in the cynomolgus macaque model and
in light of recent findings supporting the use of CMV as a vaccine vector [185, 187, 200, 244, 391-

393] we generated a CMV BAC for use within the cynomolgus macaque model.
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Our group has previously isolated and characterized two strains of CyCMV, CyCMV Ottawa from
macaques of Filipino origin [289], and CyCMV Mauritius from macaques of Mauritian origin [278]
(See Chapter 2). CMVs are large, slow growing viruses that are difficult to work with by traditional
molecular means (See Section 1.4.4.1). The construction of a CyCMV Mauritius BAC preserves the
CyCMV Mauritius genome, preventing the accumulation of mutations throughout repeated laboratory
passaging, and facilitates the use of BAC recombination for powerful site-specific alterations.
Without a CyCMV BAC or another equivalent molecular tool, detailed studies into CyCMV and

CyCMV as a vaccine vector are not practical within the cynomolgus macaque model.

3.6.1 Construction of CyCMV Mauritius as a BAC

As a BAC, CyCMV Mauritius can be preserved, faithfully replicated, and modified with high
precision. To minimize the chance of polymorphisms or deletions during BAC construction, a site
was chosen to insert the BAC vector between ORFs CyUS1 and CyUS2 near the more stable center of
the linear CyCMV Mauritius virus (Figure 3-1a). Instead the BAC construct was found inserted 6kbp
upstream of the selected site due to the interaction of Cre recombinase with a nearby cryptic loxP site
within the CyUL153 ORF (Figure 3-1b). Though RhnCMV 68-1 and other HCMV strains constructed
as BACs contain multiple cryptic loxP sites, this is the first time this phenomenon has been described
in the literature.

Structurally similar to loxP but differing by more than 5 mismatches, cryptic loxP sites can
interact with Cre to introduce nicks, mutations, or rarely to recombination with other similar loxP
sites [540]. CyCMV Mauritius contains a cryptic loxP site with high similarity to the CyCMV
Mauritius BAC loxP sequences at the site of insertion in the CyUL153 ORF (Figure 3-2).

The transfer plasmid utilized in the original homologous recombination was prepared from the
pWC132 plasmid used to construct Rn\CMV 68-1 BAC [401]. However, the 1445 bp CyUS1 to
CyUS2 homology region needed for this plasmid was cloned from CyCMYV Ottawa and not CyCMV

Mauritius due to the availability of genetic material. CyCMV Ottawa, isolated from a Filipino
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cynomolgus macaque, is closely related to CyCMV Mauritius [278, 289]. Across the CyUS1-CyUS2
region the consensus sequences of the two viruses are 92.5% identical, differing by a 55bps gap
present in CyCMV Mauritius near the start of CyUSL relative to CyCMV Ottawa and several SNPs.
While it is possible that differences between the CyCMV Ottawa sequence utilized and CyCMV
Mauritius may have been factors affecting the stability of the insert — including the loxP sites — they
did not prevent the initial integration of eGFP within CyCMV Mauritius.

The plaque purified CyCMV-eGFP construct upon sequencing was found to contain a SNP in one
of the two eGFP-flanking loxP sites (Figure 3-2). This alteration may have been caused during
recombination or through viral replication. Regions of the viral genome immediately surrounding
inserted extraneous DNA are known to be unstable [486]. Regardless of this fact, essentially a genetic
bottleneck was introduced throughout the plaque purification process by the serial isolation of
individual viral plaques and the C to T transversion was selected. This SNP did not prevent
subsequent Cre-loxP recombination to excise the eGFP, but a second SNP was observed in the single
loxP site of the CyCMV Mauritius-LoxP intermediate (Figure 3-2). It is possible that further
mutation of the loxP site was facilitated by the presence of this previous mutation.

Though a number of loxP variants are utilized in cloning to favor integration or excision of DNA
[538, 539], the same loxP 511 sequence was utilized in all cloning plasmids. This sequence has a
reduced recombination efficiency with wildtype loxP and increased efficiency with other loxP 511
sequences [539, 541]. Cre mediated recombination efficiency drops between non-matching loxP and
single or double stranded nicks accumulate during abortive recombination events [538-540, 542].
This mechanism may have contributed to the accumulation of further mutations in the loxP sites
throughout (Figure 3-2).

Mutations that increase the similarity of the loxP between CyUS1 and CyUS2 with the CyUL153
cryptic loxP site increased the efficiency of recombination between the sites [540]. If the BAC
inserted first at the intended loxP site and subsequently moved, this may have been facilitated by the

SNPs. However since polymorphisms on the BAC flanking loxP sites were predominantly restricted
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to the DNA originating from CyCMV Mauritius-LoxP, it can be assumed most SNPs accumulated on
loxP sites in the virus prior to integration of the BAC, and it can be speculated that the BAC
integrated directly into the cryptic loxP site. As identical alterations were seen in both loxP sites of
CyCMV Mauritius BAC, changes to the BAC flanking loxP sites occurred prior to plaque
purification where the two clones were separated.

The BAC vector facilitates stable replication of the viral genome within bacteria but is
unnecessary during subsequent replication as a virus and, because of its size, can cause instability in
the surrounding DNA [486]. It should therefore be removed immediately upon reconstitution of the
virus. Removal of the BAC vector increases in importance with the introduction of viral transgenes
into the CyCMV Mauritius genome. The CMV viral capsid has a total packaging capacity of around
230kb [286]. CyCMV Mauritius is 217kb, leaving little room for transgenes while the 9kb BAC
vector remains inserted. For both these reasons two loxP sites border the BAC vector to facilitate its
removal early in viral growth by Cre/loxP recombination [481, 489].

Regardless of the cause, the loxP sites on both CyCMV Mauritius BAC clones were not capable of
efficient Cre mediated recombination. With the exception of a single mutation known to increase the
efficiency of Cre-loxP recombination, the induced mutations have all been demonstrated to decrease
Cre-loxP recombination efficiency [538, 539] One mutation, the central T to A, is expected prevent
recombination entirely [538-540, 543]. A substantial benefit of a CyCMV Mauritius BAC is the
relative ease of site-specific modification compared to CyCMV Mauritius virus. BAC recombination
was utilized to correct the loxP sites to the initially intended loxP 511 sequence and repair the ability

for Cre-loxP mediated excision of the BAC vector during viral growth.

3.6.2 Fitness of CyCMV Mauritius BAC:
Due to the multiple plaque purification steps necessary to produce a BAC, some degree of
attenuation may have resulted from the mutations occurring throughout the CyCMV Mauritius BAC

genomes with the notable exception of a relative paucity of mutations in genes coding for core
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proteins reflecting the increased functional importance of these genes. (Figure 3-3; Table 3-1).
Attenuation defined as a shift towards a less fit or less virulent state is usually observed when viral
culture occurs in novel circumstances such as repeated in vitro passaging. With CMV significant
attenuation is often observed in laboratory strains of simian and human CMV as a result of repeated
passaging in fibroblast cell culture [288, 544]. In particular the mutation to a non-functional state or
deletion of genes in the UL128-UL131 region is observed in most laboratory CMV strains passaged
on fibroblast cell lines [517]. Following the isolation of RhCMV 68-1, there was both an inversion
and a deletion in this region of the virus that resulted in the removal of UL128 and two-thirds of
UL130 [200, 288, 402]. In the CyCMV Mauritius BAC all three genes, UL128, UL130 and UL131A,
are present but only 70% nucleotide pairwise identity was preserved across the UL128-UL131 region
relative to CyCMV Mauritius. Based on predicted amino acid sequences the accumulated mutations
result in 62.9%, 52.3% and 61% amino acid identity respectively with the three genes of wildtype
CyCMV Mauritius.

Despite missing UL128 and most of UL130, RnCMV 68-1 is still able to infect its native host,
rhesus macaque monkeys, including some rhesus endothelial and epithelial cell lines [379, 403] (See
section 1.3.2.1). However, the virus is unable to infect cynomolgus macaques [291, 379]. It was
recently shown that repair of the UL128-UL131 region in the derivative RhCMV 68-1.2 BAC
facilitated viral replication within cynomolgus macaques, as did the repair of the UL36 homologue
[379]. Repair of UL36, without the restoration of the pentameric complex, facilitates the infection of
kidney epithelial cells in both rhesus and cynomolgus macaques, resulting in viral shedding through
urine [379]. The CyCMV UL36 homologue (CyUL36), a putative inhibitor of caspase-8 induced
apoptosis [545] is present and unaltered in both CyCMV Mauritius BAC clones.

Only two single amino acid changes occurred in the core genes. CyUL102 and CyUL47, contained
conserved changes in single amino acids unlikely to affect gene function. Core genes show the
highest level of conservation between macaque CMYV strains [278]. Members of this gene family have

key functions and selective pressure is maintained throughout growth in cell culture. By contrast Non-
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Core family genes, which are unclassified into other families, and RL11 family genes, which encode
transmembrane glycoproteins, are both highly variable between CMV strains [282, 546]. The
majority of polymorphisms in the CyCMV Mauritius BAC clones occurred in genes of these families.

The genes CyUL146 and CyUL147, which are homologous to the host gene CXCL5, were heavily
mutated and may no longer be functional. Both genes are non-essential to growth in vitro and
therefore lacked selective pressure during passaging [519]. In vivo the genes are involved in host
immune modulation but each gene is absent in several other macaque CMV strains. Notably RnCMV
68-1 lacks a UL146 homologue, RhCMV 180.92 lacks homologues to both UL146 and UL147, and
wildtype strain RhHCMV 19262 is truncated in both genes [379].

Both RhCMV strains contain a homologue of COX-2. This gene is absent from CyCMV Ottawa
[278, 291] but present in CyCMV Mauritius. The gene acquired mutations, though CyCMV Mauritius
did retain all copies of CyUS28, including a homologue of HCMV US28 (CyUS28e) that induces host
expression of the COX-2 pathway [387, 526].

After categorizing the mutations introduced through the creation of the CyCMV Mauritius BAC
clones it remained important to characterize their fitness as viruses. To do this CyCMV Mauritius was
reconstituted as a virus and passaged in multiple cell types.

Natural CMV infection is restricted to the native CMV host species [268]. This restriction occurs
after viral entry, which is unaffected in cell culture by host cell origin, though productive replication
is impaired between most divergent hosts [268, 291]. There is some ability, however, for primate
CMVs to move between hosts with limited infection [268, 294]

RhCMYV 68-1 is unable to infect cynomolgus macaques [291]. It has been suggested that this is
linked to the absence of a UL36 homologue, and a missing UL128-UL131 region [379]. Despite this
RhCMYV 68-1 is able to grow in cynomolgus macaque fibroblast cell lines [379], and if the UL128-
UL131 region is repaired, is also able to grow in human cell lines[484]. CyCMV Mauritius by
contrast required no repair to grow on a variety of primate cell lines. Wildtype CyCMV Mauritius

grows and proliferates in human [407], rhesus macaque[534], and cynomolgus macaque derived
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fibroblast cell lines [534]. Growth of wildtype CMV is comparable in all three cell lines, though
growth is faster in rhesus macaque derived Telo-RF cells due to the faster rate of cell proliferation
[534].

Both CyCMV Mauritius BAC clones maintained this breadth of in vitro host range. CyCMV
Mauritius BAC clones were grown and maintained on Cynomolgus macaque derived MSF-T, Rhesus
macaque-derived Telo-RF and human-derived MRC-5 cell lines. CMV cytopathic effect was
observed after infection, and virus was successfully passaged multiple times without a decrease in
viral potency. Additionally, growth rates of CyCMV Mauritius BAC clones did not differ
significantly from that of wildtype CyCMV Mauritius (Figure 3-4).

We can conclude that viral fitness was maintained for both of the CyCMV Mauritius BAC clones
with the sole caveat that these assays were all performed on fibroblast cell lines. Based on the
attenuation in the UL128-UL131 region of both CyCMV Mauritius BAC clones it is likely that they,
are to some extent fibroblast adapted [200]. Whether the two CyCMV BAC clones can generate virus
with the ability to replicate on non-fibroblast cell lines, such as endothelial or epithelial cell lines, has
not been tested due to the unavailability of such lines. The relative ease with which one can use BAC
recombination to manipulate the CyCMV Mauritius BAC allows for the possibility of correcting
regions of the virus analogous to the work of B.J. Burwitz et al. who reinserted UL128-UL131 to

generate RNCMV 68 1.2 [379].

3.6.3 CyCMV Mauritius BAC as a SIV Vaccine Vector:

In the natural host, CMV infection results in lifelong intermittent and frequent low-level viremia
[309, 312]. The resulting adaptive immune response is robust. In healthy primates 4-5% of all
peripheral T cell populations and 10% of the memory T cell population is directed against CMV
antigens[312, 342]. Notably, unlike other chronic diseases such as HIV or Hepatitis C, the immune
response to CMV is not exhausted but persists in the host [340, 341]. CMV and other ancient

herpesviruses establish symbiotic relationships with their host where continued persistent or
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reactivating infection occurs with little pathology [257, 258]. The host is unable to eliminate CMV
but is able to prevent high level viremia, organ damage, and central nervous system infection [258,
309].

Increasingly CMV is thought of as a potential vaccine vector. The host response induced by CMV
is that desired for an effective vaccine: vigorous CD8+ effector memory responses, like those elicited
by CMV, have been correlated with protection against infection in the yellow fever and smallpox
vaccines [220] and are thought likely to be protective against HIV [185, 388], TB [388, 547],
Hepatitis C [388, 548], and various cancers [389]. The potential for a T effector memory cell-based
vaccine against SIV, the simian equivalent of HIV, has been demonstrated previously using similar
herpesvirus vectors; VZV [345, 549], rhesus rhadinovirus [399], and RhCMV [187, 200, 244] all
provided partial protection, a reduction in set-point viral load, or clearing of detectable virus in some
animals. Our group has previously looked at protective efficacy of a human VZV vectored vaccine
containing two engineered SIV transgenes against SIV in cynomolgus macaques [345].

One application of the CyCMV Mauritius BAC is the construction of a CMV vectored vaccine
candidate for use in cynomolgus macaques. In this pursuit our group introduced the two SIV
transgene constructs into separate CyCMV Mauritius BAC constructs.

GPF and NTR were expressed in CyCMV Mauritius BAC-GPF and CyCMV Mauritius BAC-
NTR infected cell cultures respectively (Figure 3-5). Expression of each transgene was strong, at
similar levels of expression to those seen using the VZV-SIV constructs (Figure 3-5). Both
constructs were stable in CyCMV Mauritius BAC derived virus and continued to express after viral
passaging. None-the-less as there is no selective pressure within CMV to maintain expression of
either transgene, repeated passaging in cell culture should be minimized. There remains a need to
examine the CyCMV vector growth characteristics and long-term expression of the transgenes in the
cynomolgus macaque model and to characterize the immune response generated.

Animal models of CMV have been developed as vectors for candidate vaccines against

tuberculosis [390], Ebola virus [391-393], herpes simplex virus-1 [394], and SIV [185, 187, 200,
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244]. Most relevant to this work, trials utilizing RhRCMV 68-1-based SIV vaccines curiously protected
only half vaccinated animals from disease [185, 187, 200, 244]. As the correlates of protection remain
unknown in these studies, it is important to recall that protection observed in rhesus macaques does
not always correspond to protection in humans, as was the case with AD5 vectored SIV vaccines [32,
46, 247-253].

The RhCMV 68-1 based SIV vaccine exhibited a number of anomalies arising from attenuated
genes within the virus, including CD8+ T cell targeting of MHC-II and MHC-E epitopes [200, 245,
385]. These are not predictive of protection as the responses occur in both protected and unprotected
animals, but demonstrate the impact subtle differences in the CMV genome can have on the vaccine
phenotype.. The CyCMV Mauritius BAC presented here will provide the first opportunity to study
CMV as a vaccine vector in macaques that does not rely on RhCMV 68-1. This is particularly
important since there remains a number of CMV genes for which the function is unknown, and the
impact of mutations are not always appreciated Comparisons between the immune response to
RhCMYV and this vector will inform the selection and the attenuation strategy of a future human CMV
vector. CyCMV Mauritius BAC similarly expands the field of research to include cynomolgus
macaques, which though similar to rhesus macaques respond differently to a number of infectious
diseases including SIV [493, 494].

In conclusion CyCMV Mauritius has been cloned as a full-length BAC capable of Cre mediated
excision. The genome underwent minor attenuation as a result of the cloning process, but few key
genes were disrupted. CyCMV Mauritius BAC was successfully reconstituted as a virus and retained
wildtype growth kinetics in multiple cell lines. Moving forward CyCMV Mauritius BAC is an ideal
tool alongside RhCMV 68-1.2 to investigate and understand the mechanisms of specificity within
CMVs of closely related species. The newly synthesized BAC has a large viral packaging capacity,
and with the removal of the BAC vector by Cre/loxP recombination early in viral growth, is capable
of facilitating and expressing large transgenes, as demonstrated by CyCMV Mauritius BAC-GPF and

CyCMV Mauritius BAC-NTR. CyCMV Mauritius expands the examination of CMV as a vaccine
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vector into the cynomolgus macaque model where it can be compared directly to other vectors
including human VZV,,, which replicates in cynomolgus macaques but not rhesus macaques [475,
550, 551]. The CyCMV Mauritius BAC facilitates a meticulous approach to the study and utilization
of CMV in the increasingly utilized and currently underdeveloped cynomolgus macaque animal

model.
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3.8 Supplementary Materials

Supplementary Materials 1: Synthesized DNA fragments utilized to correct the upstream loxP
site, 1968bp long
ATCGAGATCTTCCGAAACCAATACCGCACGATATTTATGAACTTGAGGCGTATACACAGCACTGCTAGTCAGTT
CGGTTTCCACAAACACCTTTTCGGTAGTTGCACAGACAGGACCGCATAACACAGTAGGCCTCGGAGGAGCGACC
TGCACTTCAGTTTTATCATCCTGATTGTTGTTAGTACTCGGGTCCCAGGTGTTTACCACCTCCCACTCCACTCT
CTGGTTCGCTTCATCTTCTTGGTGTCTTCGGCTCCAATGCGATCGCCGCCGTACTTCGTAACGATCTTTTTGAC
AACAATGGCTGCAGTCGTGTCGGCACCTGCACCATGGTCCGCAGTCACAGCACACCTCGTAACACAGTCTGCAG
GTGAACGGCCAGTCGTAAATCAGGTAGATGAGGCCCACTAGCGATGTCATTCCGCCGGCTCCACATACCAGCAC
GCCAAGAGGCCACATGTCTAAAACACTCCCAGCAGAATTGGTGTTACCCGGCGATGTAGCGTTCATGTTGCGGT
AGCTGCTCGTCGTCATCCCTATATTTCGGCGGTAACTCACTTTTCTGGTTCTGTAGGTTCAGACGAACTATGAT
GAAATATACATTTGCTCGTAACCAGTTGTCAATCTTCTTCTCTCCGGACGATATTTGACAATTAGCTCTTCTCT
GTCGTCCGAATGGCGCTGTCGGTAGTACCTCATTCTTCTCATTCTTCCCTGTCCAAACATTAATGCCACGACAA
CGGTAATAACTAGTGCCAAGGCCCACACGGCATGCGTAGCTGGGGCTGCAACATCTTGAAGGTACACATTAACG
GTAGTGCTAGATGTTGGTGGTGCAGAACTAACAAACGTACAAAAGTCAGGTGTACTGTTGGGATAGCTAGTGCC
GTTTCCAGATGTAACTGTAAGATCAAAGGCCTCTGGTTTTGGACTGTTGTCTTGTGTCTTTAGAACATAACTTC
GTATAGTATACATTATACGAAGTTATATTCGATGCGGCCGCAAGGGGTTCGCGTCAGCGGGTGTTGGCGGGTGT
CGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCA
CAGATGCGTAAGGAGAAAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGAT
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CGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACG
CCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATT
CGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTAAGATACATTGATGAGTTTGGA
CAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAAC
CATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGT
GGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCGCTT
TACTTGTACAGCTCGTCCATGCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCG
CTTCTCGTTGGGGTCTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGGGCAGCAGCACGGGGCCGT
CGCCGATGGGGGTGTTCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCCTCGATGTTGTGGCGGATCTTG
AAGTTCACCTTGATGCCGTTCTTCTGCTTGTCGGCCATGATATAGACGTTGTGGCTGTTGTAGTTGTACTCCAG
CTTGTGCCCCAGGATGTTGCCGTCCTGCTAGCGCGGCCGCAGAT

Supplementary Materials 2: Synthesized DNA fragments utilized to correct the downstream
loxP site, 1845bp long

AGTTGCGGCCGCTAGCAGTCTGGGACCACGGTCCCACTTGTATTGTCGATCAGACTATCAGCGTGAGACTACGA
TTCCATCAATGCCTGTCAAGGGCAAGTATTGACATGTCGTCGTAACCTGTAGAACGGAGTAACCTCGGTGTGCG
GTTGTATGCCTGCTGTGGATTGCTGCTGTGTCCTGCTTATCCACAACATTTTGCGCACGGTTATGTGGACAAAA
TACCTGGTTACCCAGGCCGTGCCGGCACGTTAACCGGGCTGCATCCGATGCAAGTGTGTCGCTGTCGACGAGCT
CGCGAGCTCGGACATGAGGTTGCCCCGTATTCAGTGTCGCTGATTTGTATTGTCTGAAGTTGTTTTTACGTTAA
GTTGATGCAGATCAATTAATACGATACCTGCGTCATAATTGATTATTTGACGTGGTTTGATGGCCTCCACGCAC
GTTGTGATATGTAGATGATAATCATTATCACTTTACGGGTCCTTTCCGGTGATCCGACAGGTTACGGGGCGGLCG
ACCTCGCGGGTTTTCGCTATTTATGAAAATTTTCCGGTTTAAGGCGTTTCCGTTCTTCTTCGTCATAACTTAAT
GTTTTTATTTAAAATACCCTCTGAAAAGAAAGGAAACGACAGGTGCTGAAAGCGAGCTTTTTGGCCTCTGTCGT
TTCCTTTCTCTGTTTTTGTCCGTGGAATGAACAATGGAAGTCCGAGCTCATCGCTAATAACTTCGTATAGTATA
CATTATACGAAGTTATAACATTAAGGTGGACTTACTACAATTATAGCAAAGGGTACCGTAATGATGTTTTGTCT
GATGAGAACCTGACGTTCTGCAAAGTTCATGTTCAGTTGGTTTTCCAGTCTTGTTATGCATTAAAACCCAATAT
GTATGATGATGAGTGGTAATAGAAAAATTAGTTGCCGTCAGGTTTACAGTTTCTCCAACAGTCGCATTAACTTT
TACTAATGTGTATCCGAGAACGGCAGCTGTGGATGTACGAGTTGTGGTAGTATTTACAGTACTGTTGATTGAAG
TTATGTTAATGTTATGTGTACTCGTTGGTGTAGTAGTAATAGCTGAACTTGATGTGGTAATGGTTGTGTTTCCA
CTTGTATTAGTAAATATTTCGCTACTATTTGAAGATGTAACGGTAGCTGCAGATGAAGTAGATATATTTGTTGT
AATTGAGGTATCCGTACTAGATGTATTTACAGTACCGGATGATGTTACTGTATTCTGAGTTTGAGTGGGTGTTG
ATACGTTTGCGGTGGTTTCTGAAGTGGATAGCGCTGTACTGGTTATTGTAGATGTTACACTCATATTGGTAGTG
GATATAGGTGATGTGCTTATGAAGGTAGATGTTGCATTAGTAGTAGTTGCTACTGTTGATGTATTGTTTGCAGC
GGCATAACGAGAAAGTATGGCGATGAAAATGTAGATAGTACGATCCTTTATAAGGTAGCTTATTCTGAAATGCA
TATTGGAATTTTATTCACACGCCGTCTTGATGTTTCGACGTACGTGTCTTGTAGTTTCACAGCCGTTACACCTA
AGTGATCATGACTCCGTCTGGAACACCTTTATAGGTCGTTGGTACAATAAAATGCGTCATTGCTACGTGCTTCA
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GATTTCCACTTGGATGTTCTTCAGGTTGAAAGTTATTTAAAAACTTGGAGCCTTGCGGGTTCTAATAACATACA
TGAGTTAGATAATATAATACATGCAAATAAATATTTGCTAATGCATAATAAAACTGAATACATACTCTAAGAAT
TAGGATAGTTTTGTATATTCTGGATGTCGTACCGATCCATGTCAAATCTCTAGAGAAGATCTAGACAGT



Chapter Four: Discussion and Future Directions

4.1 CyCMV Mauritius is a Necessary Model of HCMV

As an overall objective, this thesis set out to prepare a Mauritius strain of CyCMV as a vaccine
vector for use in cynomolgus macaques in order to model the use of HCMV vectored vaccines against
HIV. The use of CyCMV Mauritius-GPF and CyCMV Mauritius-NTR as vaccines against SIV is
intended to inform the design of future HCMV vectored HIV vaccines. It is however, important to
recall that by necessity all research of this type utilizes a triple removed model with a simian viral
vector expressing SIV transgenes in a simian host. This has implications for the inferences that can be
drawn, and makes the use of concurrent simian models to predict results especially useful.

First, in the case of the immunogen, SIV is not the same as HIV. Though closely related, and in
many ways analogous, the two retroviruses possess distinct differences at the level of genomics,
proteomics, and pathogenicity (See Section 1.4.3). Careful consideration of the appropriate SIV strain
for both transgene and challenge virus is required, taking into account co-receptor utilization, tropism,
neutralizing capacity, heterogeneity of challenge, and relative virulence of the virus. Furthermore,
comparison to HIV in the context of these differences must accompany any non-human primate
vaccine trial.

Second, the analogue of the human vector, macaque CMV, must be taken into account with
respect to its similarities and differences to HCMV. The species specificity of CMVs preclude not
only the direct testing of HCMV in a macaque model, and the use of CyCMV or RnCMV as a vector
for a HIV vaccine in humans, but also limit the examination of CyCMV and RhCMV in rhesus and
cynomolgus macaques respectively [291, 379] (See Section 1.4.2.2). Consequently the studies
presented here, the immunogenicity trial to come (See Section 4.5.1), and a proposed SIV challenged
trial in the cynomolgus macaque model (See Section 4.5.2) will serve to support or reject the existing
data from the RhCMV 68-1-rhesus macaque model system in order to more confidently move
towards the development of HCMV as a vector in HIV and other vaccines.

At present, there remain several substantial unanswered questions regarding the nature of
protection in the RhCMV 68-1-rhesus macaque model. While only half of macaques were protected
from SIV disease progression across a number of studies [185, 187, 244], if such protection could be
extrapolated to humans with confidence this would be sufficient to significantly alter the course of the
HIV epidemic and could potentially be further augmented in combination with other approaches (See

Section 1.1.1.3). However, since the mechanism and correlates of protection with RnCMV 68-1 based
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vaccines are not known, such confidence is premature until either a mechanism is demonstrated or
human data is forthcoming.

Tem responses have long been suspected as the mechanism of protection in herpesvirus based
vaccines [185, 275, 345, 392, 393, 552], but recently it has been suggested that protection against SIV
from an RhCMYV 68-1 vectored vaccine may be mediated by CD8+ T cells responding to MHC-II and
MHC-E presented peptides [200, 245]. It is argued that while MHC-I is downregulated during both
CMV and SIV infection, MHC-E is reciprocally unregulated providing an alternative channel for
CTL targeting of infected cells [245, 404]. If this is true it presents problems extrapolating from the
RhCMYV 68-1 model to a HCMV vectored HIV vaccine. It is not known how to induce CD8+ T cell
targeting of MHC-II and MHC-E in HCMV. Recently it has been shown that the proposed
mechanism, attenuation in the genes of the pentameric complex [200, 245], does not result in a
similar phenotype in HCMV strains tested to date [386]. Additionally MHC-E heterogeneity in the
rhesus macaque model is far greater than that observed in either humans or cynomolgus macaques
[404, 438-440]. MHC-Il and MHC-E targeting, which are observed in both protected and unprotected
RhCMYV 68-1 vaccinated macaques alike, may be the additive result of any of a combination of
differences between RhnCMV 68-1 and other CMV strains, or simply a unique feature of the rhesus
macaque model itself.

To reiterate the key differences, unlike RhCMV 68-1, which has been passaged as a laboratory
strain since 1968 [400], CyCMV Mauritius is as close to a primary isolate as can be achieved. Overall
CyCMV Mauritius has fewer deleted and altered genes than RhCMV 68-1 when compared to
wildtype macaque CMV isolates or HCMV [278, 379]. This does not inherently mean CyCMV
Mauritius will make a better model of HCMV. However, CyCMV Mauritius will allow us to compare
the protective efficacy of a vaccine made from a closer to wildtype CMV virus to a highly passaged
virus like RhCMV 68-1, which we know has resulted in a narrowed cell tropism, abnormal MHC
restriction and other functional losses in RhnCMV 68-1 as a result of numerous gene deletions and
inversions [200, 245, 288, 379].

To apply either macaque-macaque CMV vaccine model to HCMV it is necessary to understand
the mechanism of protection observed with macaque CMV based vaccines, whether that protection is
linked to Tem/Trm responses, MHC-11 and MHC-E targeting CD8+ T cells, or other factors. A HCMV
vaccine vector will need to be selected, and constructed, to ensure it provides similar protection
against HIV in humans. If the protection generated by RhCMV 68-1 based SIV vaccines is due to
oddities of the virus [200, 245], HCMV should be adapted to incorporate RhCMV 68-1 like
attenuations, if possible. If protection is instead mediated by Tew/Trm as originally suspected, there

will be greater breadth available in constructing a HCMV vectored HIV vaccine. Thus CyCMV
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Mauritius facilitates the exploration of viral determinants of protection in both a second virus, and a
second animal model.

The macaque challenge model, the third variable, is not the same as natural infection in humans, in
neither the artificial challenge nor the biology of the model. Though perhaps the closest analogue of
the human immune system outside of the apes, at least 25 million years of evolution has shaped
immunologic, morphologic, and genetic distinctions between humans and macaques [425-427] (See
section 1.4). In addition, the circumstances of challenge even when a multi-low dose mucosal
challenge is used do not replicate natural human infection. Without the presence of additional risk
factors such as sexually transmitted infections, sexual HIV transmission in humans occurs via cell
bound or free virus [29, 115] only after hundreds of exposures on average [154, 157, 158] (See
Section 1.1.1.3), a rate that cannot be practically replicated in a macaque challenge.

In retrospect it may not be surprising that even while initial macaque-SIV vaccine challenge trials
using an AD5 vectored SIV vaccine showed complete [247, 248], or partial protection [249-252], the
subsequent human trials did not [32, 46, 253]. After the failure of the STEP trials, further macaque
studies designed to examine the narrow breadth of CD8+ T cell responses in human vaccine
recipients and increased susceptibility of previously AD5 seropositive individuals were able to
replicate the human results [254, 553]. The lesson learned from these experiments is therefore not
only that data from a single animal model does not always predict the human outcome, but also that
relying on a single measured outcome without an understanding of mechanism of protection is not
prudent. It has become accepted that in addition to protective efficacy, secondary correlates of
immune protection must be considered, and additional controls that allow the elucidation of vector
effects, differing routes of exposure and dose of challenge are worth examining before extrapolation
to humans can be confidently made.

Cynomolgus macaques differ from rhesus macaques by 1.2 million years of evolution, producing
as overall genetic divergence of 0.4% between the species [426] (See Section 1.4.2.2). These changes
are sufficient to prevent cross infection of cynomolgus macaques with RhnCMV 68-1 [291, 379], and
result in lower peak and set-point viral loads in cynomolgus macaques after SIV challenge [437, 463].
Because genes possibly relevant to protection from SIV differ between rhesus and cynomolgus
macaques, including TRIM5 [426, 443] and MHC-E [404], there is benefit in comparing CMV
vaccine vectors in the two models.

Importantly, cynomolgus macaques, and in particular Mauritian cynomolgus macaques, are
available to a number of researchers who do not have access to rhesus macaques. Since cynomolgus
macaques and not rhesus macaques are susceptible to infection with human VZVqy, [475, 550, 551],

the herpesvirus utilized by our group as the vector in a similar SIV vaccine trial [345], this includes
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the possibility of synergistic vaccine trials including CyCMV Mauritius as one of multiple
herpesvirus vaccine vectors.

Through the investigations of CMV vectored vaccines using the cynomolgus macaque and
CyCMV models, the development of CyCMV Mauritius-GPF and CyCMV Mauritius-NTR facilitates

the further exploration of HCMV vectored vaccines against HIV in a manner not previously possible.

4.2Development of CyCMV Mauritius as a BAC

A key development of the work presented in this thesis is the completion of CyCMV Mauritius as
a BAC. CyCMV Mauritius BAC is of substantial value to the scientific community beyond just its
use as a SIV vaccine vector. This macaque model of CMV is also key to the study of congenital CMV
and vaccination against the virus itself (see Section 1.4.4). The CyCMV Mauritius BAC provides the
ability for repeated precise manipulations of a minimally attenuated CMV genome that can be used
within the cynomolgus macaque model. Unlike with other editing techniques such as CRISPR/Cas9,
as a BAC any number of genes can be knocked out, or transgenes inserted through sequential BAC
recombination including those inhibitory to viral replication (See section 1.4.4.1). The effects of
multiple genes on CMV growth, immunogenicity, or virulence can be studied with relative ease in

cynomolgus macaques using CyCMV Mauritius BAC.

4.2.1 Construction of CyCMV Mauritius BAC

It is possible that CyCMV Mauritius will be one of the last CMV viruses cloned as a BAC by the
methodology utilized in this thesis. CyCMV Mauritius was produced by a single homologous
recombination to introduce a floxed eGFP into the virus, followed by a series of sequential Cre/loxP
recombination steps to insert the BAC DNA (See Section 3.4). This process relied on three stages of
plaque purification, two consisting of five rounds and one of two rounds. Each round of plaque
purification introduced a genetic bottleneck that could select for mutations in the virus. A number of
polymorphisms occurred within ORFs of CyCMV Mauritius due to this repeated plaque purification
(See Section 3.5.2).

Instead of the method utilized in this paper, CRISPR/Cas9 aided recombination has recently been
used to incorporate the BAC vector directly into the full genome of the aphaherpesvirus pseudorabies
in a single recombination step [554]. This approach simplified the cloning process, reducing the
cumulative number of rounds of plaque purification required to create a BAC. However, the
pseudorabies BAC still required seven rounds of plaque purification and produced a virus with
slowed growth kinetics and numerous attenuations [554]. Though faster than the methodology

employed in this thesis it is distinctly possibly the resulting pseudorabies virus is less fit then it could
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be if produced with alternative methods. In cloning CyCMV Mauritius BAC the majority of plague
purification rounds were employed to generate the intermediates CyCMV Mauritius-eGFP and
CyCMV Mauritius-LoxP. Only two rounds of plaque purification occurred to isolate CyCMV
Mauritius BAC. The BAC vector is large; its presence in the genome slows the growth of the virus
and produces instability in the viral genome [401, 481, 486, 488] (See section 1.4.4.1). Plaque
purification after the BAC has been added will preferentially select for faster growing viral variants
that no longer produce or encode for genes unnecessary in vitro. Therefore plaque purification was
minimized most stringently at this step for CyCMV Mauritius BAC.

CRISPR/Cas9 is not currently a preferential method of BAC construction. To compete with a step-
wise recombination approach the single-recombination CRISPR/Cas9 method will need to require
fewer rounds of plaque purification prior to transformation into E. coli. Still, as CRISPR/Cas9
mediated homologous recombination is used more frequently in other studies, and as the
methodology continues to improve, it is likely that direct addition of the BAC vector by
CRISPR/Cas9 will be favoured over traditional methods of homologous recombination.

After the plaque purification is complete, the methodology utilized to incorporate the virus as a
BAC is no longer meaningful. Both viruses replicate faithfully in E. coli and can be edited by BAC
recombination to correct unintentionally introduced mutations as easily as they are edited to introduce
new and desired changes. BAC recombination was used in this manner with CyCMV Mauritius BAC
clone 1 to correct the loxP sites flanking the BAC vector and later to introduce the SIV transgenes

that facilitate the study of CMV as a vaccine vector.

4.2.2 Integration of the BAC Vector at a Cryptic loxP Site

The integration of the BAC vector at a cryptic loxP site in the CyUL153 ORF instead of between
CyUS1 and CyUS2 was unexpected. LoxP is comprised of two 13bp recognition regions that are
inverted repeats, and a central 8bp asymmetrical spacer region. The probability of the 34bp loxP
sequence occurring by chance in the 217 kb CyCMV Mauritius genome is near zero [540, 555]. As
was expected, the sequenced CyCMV Mauritius genome did not contain a wildtype loxP sequence. It
did however contain a number of cryptic loxP sequences — loxP like sequences that can interact with
Cre [540, 555], something we identified only after observing mutations in the loxP sequences and the
exotopic integration of the BAC vector.

Cre-loxP recombination is mediated when a Cre homotetramer ring binds two aligned loxP
regions [543]. Most binding is along the DNA backbone, with nucleotide to protein contact occurring
only along a 6 bp stretch in each spacer region [543]. Two separate loxP sequences are nicked in the

spacer region at the central TA and a Holliday junction forms between the DNA strands [539, 556].
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Cre-loxP recombination is tolerant to a number of changes along the recognition or spacer region,
though typically the central TA is essential [538-540, 543]. A variety of loxP sequences are employed
in molecular cloning to favour desired outcomes. The wildtype loxP sequence favours the excision of
DNA over integration [539, 555]. CyCMV Mauritius BAC was constructed using loxP 511 which,
compared to wildtype loxP, contains an A rather than G at position 7 of the 8bp spacer region [539]
(Figure 3-2; Section 3.5.1). LoxP 511 has a high rate of recombination with other loxP 511 sequences
but a reduced rate of recombination with wildtype loxP [539].

Cryptic loxP sequences differ substantially from wildtype loxP. Using the criteria of Semprini et
al. the CyCMV Mauritius genome was explored for three loxP like patterns [540]. Pattern 1 looks for
wildtype recognition sequences with a tolerance for up to 10 mismatches separated by any 8bp
(ATAACTTCGTATA NNNNNNNN TATACGAAGTTAT) [540]. Pattern 2 is weighted towards
DNA base pairs in direct contact with the enzyme (ATNACNNCNTATA NNNNNNNN
TATANGNNGTNAT) and allows five additional mismatches [540]. Pattern 3 looks for the TATA
immediately surrounding the spacer region only, with no additional mismatches allowed (TATA
NNNNNNNN TATA) [540]. Using the program Geneious 8.1.3 to search the genome following these
criteria no sites were identified that matched all three patterns. CyCMV Mauritius contained 31
cryptic loxP sites matching pattern one, 9 matching pattern two, and 7 matching pattern three. By
contrast RhCMV68-1 contains 26 sites matching pattern one, 15 matching pattern two, and 11
matching pattern three. RhNCMV 68-1 was successfully cloned as a BAC using loxP methodology
without any published issues regarding cryptic loxP sites [401]. It may be that issues did occur, but
resulting clones were discarded, or that cryptic loxP sites have not caused unintended recombination
in other BACs. CyCMV Mauritius contains two cryptic loxP sites in the CyUL153 gene, the pattern
one cryptic loxP site where the BAC integrated and a pattern two cryptic loxP site 118 bp
downstream. CyUS2 contains a pattern one cryptic loxP site roughly 400 bp upstream of the intended
integration site. No notable recombination appears to have occurred between the other 46 cryptic loxP
sites of CyCMV Mauritius in the presence of Cre.

One of the mutations to the loxP sequence of CyCMV Mauritius-loxP, a reversion to a G at
position 7 of the spacer region, increased the similarity of the intended loxP site and the CyUL153
cryptic loxP site (Figure 3-2; Section 3.5.1). Similarity between cryptic loxP sites is correlated with
increased efficiency of recombination between them [538-540, 555]. As discussed above it is possible
this similarity facilitated recombination between the loxP site and the cryptic loxP site after it was
first introduced (See Section 3.6.1). This same mutation, and the C to T transversion at position 8 of
the recognition sequence, would have decreased the efficiency of recombination between the intended
loxP site and the loxP 511 on the BAC plasmid pWC155 [538]. While recombination efficiency
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would not have been higher between the CyUL153 cryptic loxP site and the loxP 511 on the BAC
plasmid, with a drop in efficiency at the intended site chance could account for a direct integration at
the cryptic loxP site. This is, however, would have been guite an unlikely event.

The insertion of the BAC DNA in the CyUL153 ORF is not expected to disadvantage the BAC.
CyUL153 is a transmembrane gene of the RL11 family, which are not well conserved between CMV
strains. Viral growth curves show no notable difference between CyCMV Mauritius BAC and
wildtype CyCMV Mauritius (Figure 3-5; See Section 3.5.3). Viral fitness, essential to contrast the
CyCMV Mauritius-cynomolgus macaque model to the highly mutated RhCMV 68-1-rhesus macaque

model, was maintained.

4.2.3 CyCMV Mauritius BAC is Excisable

Currently the loxP corrected CyCMV Mauritius BAC is an excisable BAC. This is necessary, as
the removal of BAC DNA from CyCMV Mauritius-NTR and CyCMV Mauritius-GPF as the vaccines
are reconstituted into viral form prevents genome instability. To remove the BAC DNA and prevent
instability the CyCMV Mauritius BAC constructs must be infected into Cre expressing cell culture.
Removal of the BAC DNA to produce infectious virus by Cre-loxP recombination can be a further
source of mutation. Plague purification to select for recombined virus can require up to 5 passages in
the presence of Cre [489]. Introducing a cre transgene into the BAC between the two flanking loxP
sites can reduce this. A single passage in cell culture may be sufficient to remove a cre expressing
self-excising BAC from the virus [489]. Cre can interact with cryptic loxP sites in the virus and be
mutagenic so it is important that the cre gene excise itself along with the BAC [540, 555]. Similarly,
it is important the cre gene is not behind a bacterial promoter and contains an intron to prevent any
expression in E. coli [489].

If CyCMV Mauritius BAC is to be used to generate a library of modified CyCMV strains,
potentially to study the effect of gene knockouts, BAC recombination should be used to clone cre into
the BAC. It is less essential for the initial use of CyCMV Mauritius as a viral vector where the BAC

vector will be removed once and the generated viral vaccine sequenced and carefully screened.

4.3 Development of CyCMYV Mauritius as a SIV Viral Vector

BAC recombination was used to introduce two SIV vaccine constructs, NTR and GPF, between
CyUS3 and Cy215 of CyCMV Mauritius BAC clone 1 to construct CyCMV Mauritius-NTR and
CyCMV Mauritius-GPF, the two vaccine constructs that will be utilized in the cynomolgus macaque-
SIV vaccine challenge model in order to evaluate a HCMV based HIV vaccine strategy (See Section

3.5.1). Two constructs were used to match recent trials using RhCMV 68-1 in the rhesus macaque-
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SIV challenge model and VZV oy, in the cynomolgus macaque-SIV challenge model [185, 187, 244,
345], following the same logic that SIV vaccine trials including multiple target genes in the vaccine
construct have historically been more successful than trials including only antigens of a single gene
[51]. Furthermore, there is additional advantage in vaccinating with a broad range of antigens
including both structural and non-structural SIV components [51, 475, 557]. In a DNA prime and
poxvirus boost vaccine trial the higher breadth of resulting responses controlled SIVmac251 viremia
better in Rev-Tat-Nef and Gag-Pol-Env dual vaccinated rhesus macaques than macaques vaccinated
with either construct alone [557].

The CyCMV Mauritius based SIV vaccine was prepared as two separate constructs to be given
together, as was the RnCMV 68-1 vectored vaccine [185, 187, 244], due to size constraints of the
CMV vector. CMVs have a carrying capacity of roughly 230 kbp of DNA [286]. CyCMV Mauritius
is 217 kbp, 225 kbp with the BAC included. Separating the 6 kbp GPF and 4 kbp NTR constructs
improves the stability of the virus and prevents the loss of DNA segments from the virus during
plaque purification before the BAC vector can be removed.

The structural vaccine construct GPF encodes a fused Gag-Pol polyprotein (See Section 3.5.4;
Table 3-2). Gag and Pol were chosen due to their early presentation on surface MHC within two
hours of viral entry [31, 42] (See Section 1.1.3.1). Gag specific CTL responses are capable of
targeting infected cells prior to proviral integration [31]. Pol specific CTL are able to eliminate
infected cells prior to viral production [42]. Pol in particular contain regions that are highly conserved
across HIV clades [46] (See Section 1.1.1.1).

NTR encodes a fused Nef-Tat-Rev polyprotein (See Section 3.5.4; Table 3-2). The regulatory
proteins Tat and Rev were selected due to relatively high levels of conservation across HIV clades,
and natural responses that are correlated with disease non-progression [51, 63, 65, 66]. (See Section
1.1.1.1). The accessory protein Nef was chosen due to its essential role in highly pathogenic infection
and early expression within 6-12 hours of viral entry [42, 51] (See Section 1.1.1.1).

Similar constructs, sometimes including env, have been utilized in a number of vaccines, including
the RhCMV 68-1 SIV vaccines [185, 187, 200, 244]. The constructs used here were redesigned from
those utilized in a previous VZV vectored SIV vaccine [345]. Both constructs were codon optimized
for mammalian gene expression. Genes of the HIV genome utilize codons at different ratios then host
genes [60, 61] (See Section 1.1.1.1), and mammalian codon optimization increases transgene
expression in mammalian cells [60]. Herpesviruses similarly exhibit unique codon usage ratios, and
seemingly utilize codon usage ratios to regulate gene expression in infected cells [558, 559]. At this
time we have utilized host codon optimization, which is sufficient to express the genes in infected

cells (Figure 3-5). Herpesvirus codon optimization would be expected to initially supress transgene
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expression until rescued by viral processes, though it has been suggested such an approach may result
in improved antibody responses in herpesvirus vectored vaccines [560]. Similar to with the
expression of viral transgenes under early rather than IE promoters, this may be the result of the
timing of transgene expression and may not produce the desired immune phenotype [31, 391].

Early rather than immediate expression of transgenes in a CMV vectored Ebola vaccine in rhesus
macaques timed the expression of the transgenes with peak expression of MHC downregulating
genes, disrupting the establishment of CTL responses [391]. In mice, similarly timed early gene
expression created an initially more robust immune response that did not persist or adopt an
inflationary memory T cell phenotype [31]. As MHC presentation and a robust Tegm/Trm response are
hypothesis we wish to test in this vaccine model, the genes in both CyCMV Mauritius constructs
were behind the same strong, constitutive promoter used in the RNCMV 68-1 vectored SIV vaccines
[185, 187, 200, 244].

For safety reasons, amino acids were changed in the catalytic domains of Pol, Nef, Tat and Rev to
inactivate the genes (Table 3-2). Myristoylation sequences were removed from the N terminus of gag
and nef to prevent localization of the genes to the lipid membrane. As Tat is excitotoxic to nerve cells
[58], the secondary structure of the protein was further disrupted to prevent any activity by splitting
the gene and inverting the N and C portions. Nef, tat and rev were encoded as a single construct and
the frame shift region of the gag-pol ORF was removed to translate gag and pol constitutively as a
single polyprotein (See Section 1.1.3.1).

Both transgene constructs were expressed in virally infected cells (See Section 3.5.4; Figure 3-5).
Expression levels were similar to the constructs under the CMV promoter in VZV (Figure 3-5).
Until the evaluation of immunogenicity has been completed in cynomolgus macaques (See Section
4.5.1) it cannot be known if this is a sufficient level of expression, but as the EFlo promoter is the
same as that used for similar genes in RnNCMV 68-1 [185, 187, 200, 244] gene expression levels are
expected to be sufficient.

The transgenes remained stable when passaged in tissue culture (See Section 3.5.4), and similar
transgenes continued to stimulate immune responses in the RhNCMV 68-1 SIV vaccine trials for
multiple years [185, 187, 200, 244]. Still, stability of the constructs in vivo will need to be confirmed
to ensure the transgenes, which will present a target for the immune responses against the CMV

vector, are not mutated or lost in vaccinated animals (See Section 4.5.1).

4.4 Limitations of CMV as a Vaccine Vector

There are numerous potential advantages to the use of HCMV as a live vaccine vector in humans,

many resulting from the persistent infection and ongoing viral replication of HCMV. These
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advantages do not mitigate the safety concerns that must be addressed with the use of any live vaccine
vector.

There is potential for the attenuation of an HCMV vaccine vector to address these concerns, which
can be modeled using CyCMV Mauritius. It is intended, however, that CyCMV Mauritius will be
used in the cynomolgus macaque model without modification beyond those introduced while cloning
it as a BAC. Modifications to the virus by removing genes to reduce the risk of transmission or
morbidity should be considered only after an initial trial to elucidate of the mechanism of protection.

Furthermore, CMVs are capable of recombination when two or more strains infect the same cell
[277]. As CMV is highly prevalent globally (See Section 1.2.2.1) it may not be possible to eliminate
the chance of an attenuated CMV vaccine recombining with a wildtype CMV strain. Though HCMV
Towne and HCMV AD169 have both been given safely as vaccines [328, 330, 561-563], these strains
did not contain any genes that were not already present in circulating wildtype HCMV strains.
Recombination of HCMV Towne or HCMV AD169 with clinical strains adds no new risk to any
population. With a HCMV based HIV vaccine reverting to a wildtype phenotype, or a clinical strain
of HCMV acquiring the vaccine transgenes, the transgenes could transmit despite any attenuation of
the original HCMV vaccine. This is primarily problematic if the HIV based transgenes are unsafe in
any population (such as pregnant mothers) or if the wildtype form of HCMV increases the risk of
HIV acquisition in any populations, as did AD5 among activated CD4+ cell infiltrated mucosa [32,
46, 253, 254] (See Section 1.1.3.1).

Even without attenuation, HCMV infection is typically asymptomatic. The primary disease risk
with HCMV inoculation is not in immune competent. HCMYV can be transmitted to the foetus from a
HCMV seropositive chronically infected mother, but since the foetus receives protective maternal
immunoglobulin, the outcome is usually benign [265, 315, 316]. However, HCMV transmission rates
are far higher and severity of disease is far worse when primary HCMV infection occurs in HCMV
seronegative pregnant women [316-319] (See Section 1.2.2.1). Previously seropositive mothers with
developed immune responses are at reduced risk for congenital HCMV related complications, a fact
which has driven the development of live attenuated HCMYV strains as vaccines against congenital
HCMV [265, 316, 328, 330, 331, 561-563]. As live HCMV strains do not cause complications or
concern administered to these populations, it is conceivable that a HCMV vectored HIV vaccine will
be similarly accepted. Since much of the world lives in circumstances where HCMV acquisition
occurs naturally during early childhood, and woman are seropositive for HCMV by adulthood, the

risk of vaccination with a HCMV vector is not at play.
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4.4.1 Chronic Inflammation and Immune Senescence

Despite a lack of acute pathogenicity in the normal adult host, there is concern that chronic
inflammation accompanying CMV infection may be linked to or associated with complications
related to immune senescence in the elderly. If this is the case, then a HCMV vectored HIV vaccine,
which will remain and reactivate in vaccine recipients into their old age, may be ill advised. It is true
that there is a general decline in immune function with age leading to increased morbidity and
mortality from infectious diseases [258]. Changes include thymic atrophy and a loss of naive cells,
reduced proliferation of immune cells, reduced clonal expansion, and changes in cytokine secretion
patterns [258, 261]. There are resulting regulatory differences in a number of immune related genes
and an increase in the ratio of CD4+ to CD8+ T cells [258, 261]. Interestingly there is also an
expansion of memory cells and especially CD28- CD27- CCR7- Tgy in the elderly [258, 261].

HCMV infection is lifelong, as is inoculation with a HCMV based vaccine. Despite this there is
little evidence that CMV interacts negatively with the aged immune system. The elderly rarely
experience HCMV related disease [258]. The general observed decline in immune function that
occurs against many common pathogens is not observed with CMV. In aged rhesus macaques,
compared to adult rhesus macaques, there is no change in the number of circulating CD4+ or CD8+ T
cells targeting CMV and the immune response against CMV is unchanged [258]. In humans there is
an increased portion of CD8+ and CD4+ T cells targeting HCMV accompanying immune senescence
[261].

CMV is a persistent infection and lifelong CMV infection does drive inflammation [258, 323].
Long-term exposure to persistent CMV infection results in systemic high expression of Thl cytokines
[309, 323]. This is linked to inflammation of the vasculature and leads to arterial stiffness and
increased risk of cardiac complications later in life [309, 337, 338]. A study comparing differences in
gene pathways between elderly (>90 years old) CMV seropositive and seronegative individuals
compared to CMV seronegative 30-years olds found an increase in the portion of memory B cells and
CD4+ CD28- T cells [261]. An elderly CMV seropositive human cohort had increased levels of IFNy,
changes to gene regulation in several inflammatory and anti-inflammatory signalling pathways —
including the docosahexaenoic acid signalling pathway, and the emergence of perforin and granzyme
B expressing CD4+ T cells [261]. Yet overall gene expression differences between the elderly CMV
seronegative and young CMV seronegative cohorts far outhumbered the differences between elderly
CMV seropositive and young CMV seronegative individuals [261].

CMV has evolved with humans for millennia and until very recently the CMV seroprevalence rate

could be assumed to be near 100% as they are in the developing world [263]. Changes to our immune
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system as a result of CMV may be part of a calibrated immune response evolved in coordination with
the host virome. MCMV seropositive mice are better protected against challenge with Yersinia pestis,
Listeria monocytogenes, and influenza [259]. This protection can be attributed to elevated levels of
TNFo, IFNy and chronic macrophage activation resulting from CMV infection [259]. CMV
seropositive mice subjected to CD4+ and CD8+ cell depletion prior to challenge with L.
monocytogenes remained protected [259]. Chronic infection with HSV-1 or Sindbis virus did not
provide the same chronic inflammation or similar protection [259]. CMV enhanced protection is not
universal to all pathogens; MCMV seropositive mice were no better protected against West Nile
virus, though they fared no worse than MCMYV seronegative mice [259].

There are harms associated with CMV late in life, but these occur after childbearing age, the time
when evolutionary selection has its primary effect. These risks include cardiovascular disease [309,
337, 338] and also potentially an increased risk of diabetes [564]. However, there may also be
substantial benefits [261]. While our ancient human and pre-human ancestors did not lived as long as
we expect to, CMV s part of an evolved virome. The differences in gene regulation and immune
activation of CMV seronegative nonagenarians may be unhealthy compared to CMV seropositive
individuals in meaningful ways — similar to the odd immune phenotypes observed in pathogen and
germ free mice [259-261]. There is a symbiotic relationship between CMV and host that shapes the
young immune response in ways that provides protection against some pathogens [259, 260, 262].
Changes in gene regulation relating to NKC and T cell receptor signalling that occur in CMV
seronegative nonagenarians in comparison to 30-year-old controls do not occur in elderly CMV
seropositive individuals [261]. In the elderly it may be that elements of immune senescence are
warded off by HCMV infection rather than caused by HCMV, though it is clear if HCMV is to be

used as a vaccine vector that this field will need further examination.

4.5 Future Directions

4.5.1 Immunogenicity the CyCMV Mauritius Vaccine Constructs

Prior to a cynomolgus macaque-SIV challenge trial designed to evaluate the efficacy of the
developed CyCMV Mauritius vaccine constructs (See Section 4.5.2) it will be necessary to evaluate
the in vivo infectivity of the constructs, stability of the transgenes, and immunogenicity of the
vaccines in the cynomolgus macaque model. The BAC vector will be removed from CyCMV
Mauritius-GPF, CyCMV Mauritius-NTR and CyCMV Mauritius BAC by Cre/loxP recombination,

and the virus sequenced to confirm fitness following plaque purification.
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Rhesus macaques given RhCMV 68-1 vaccine constructs were inoculated with 5 x 10° PFU of
each vector [185, 244]. The CyCMV Mauritius vaccine constructs will be given subcutaneously in
similar dosage. Both CyCMV Mauritius vaccine constructs and transgene free BAC derived CyCMV
Mauritius will be individually grown to high titre on fibroblast cell lines to produce sufficient virus
for a trial.

Eight healthy, adult male Mauritian origin cynomolgus macaques screened for known restriction
factors, including TRIM5a (See Section 1.1.1.1) and protective MHC haplotypes, will be divided into
three groups and MHC haplotype matched. A control group (n=2) will be given a saline mock
inoculation, a control group (n=2) will be given 1 x 10" PFU each of transgene free CyCMV
Mauritius derived from CyCMV Mauritius BAC, and the vaccine group (n=4) will be given a 1:1
mixture of CyCMV Mauritius-GPF and CyCMV Mauritius-NTR at 5 x 10° PFU each (1 x 10’ PFU
total).

A protocol similar to those described with RhnCMV 68-1 in cynomolgus macaques [291, 379] and
in rhesus macaques [185] will be used to confirm the infectivity of the CyCMV Mauritius vaccine
constructs. Fresh urine will be collected from the macaques’ cage pans weekly. The urine will be
filter sterilized and centrifuged at 900 xg and 4°C for 30 minutes to remove debris. CyCMV virus will
be pelleted from the urine at 20 000 xg and 4°C for 1 hour then mixed with cell media and co-
cultured over MRC-5 cells. MRC-5 cultures will be maintained until CMV CPE is observed or until 8
weeks have passed. As all cynomolgus macaques are CMV seropositive the infected cells will be
lysed and probed by western blot for SIV transgenes expression rather than for expression of CMV
specific genes.

Quantitative PCR (qPCR) using primer sets for both SIV transgenes and the attenuated CyCMV
Mauritius BAC UL128-UL130 region, as well as a control CyCMV primer set, will be performed
weekly on whole blood, serum, and urine co-cultures to detect CyCMV Mauritius DNA. Importantly
this will confirm infection with the CyCMV Mauritius vaccine constructs separate from endogenous
CMV in the absence of viral shedding.

Viral outgrowth and gPCR will be continued throughout the duration of the infectivity study to
confirm the persistence and stability of the viral vector and the stability throughout.

The strength and phenotype of the garnered immune response will be assayed in blood and
mucosal tissue. One hypothesis for the benefit of Tgy and Tryw responses is their abundance as
effector cells already located in the periphery, at the portals of entry, and the sites of initial spread for
SIV [244]. 1t is therefore important to characterize the systemic immune response as well as the
mucosal response. Whole blood will be collected and separated into Serum and PBMCs to assay the

systemic immune response as previously described [185, 476]. Mucosal samples will be collected
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through rectal swabs, rectal biopsies and bronchoalveolar lavages (BALS) then processed to isolate
lymphocytes as previously described [185, 475]. Draining lymph node biopsies will be taken as sites
of expansion along at several timepoints. Biopsies will be homogenized and processed to isolate
lymphocytes for intracellular cytokine staining.

PBMC:s or isolated lymphocytes will be stimulated with Nef, Tat, Rev, Gag or Pol overlapping 15-
mer polypeptide pools and co-stimulated with CD28 and CD49d (with a negative control co-
stimulated in the absence of peptide pools) for one hour before protein transport is suspended with
Brefeldin A and incubated for a further 11 hours. After stimulation cells will be stained with
fluorescent linked antibodies and analyzed by flow cytometry. Staining for CD3 (T cell receptor),
CD4 and CD8 will be used to differentiation CD4+ T cells and CD8+ T cells. CCR7 and CD28 will
be used to differentiate CD28+/CCR7+ central memory and naive cells, CD28-/CCR7- Tgy and Tgry,
and CD28+/CCR7- transitional effector memory cells [185, 244, 565]. CD45RA will be used to
differentiate CD45RA+ naive cells from CD45RA- central memory cells [565, 566]. Intracellular
CD69, a marker of recent activation, will be used to confirm cells were recently activated in response
to the polypeptide stimulation [323]. Intracellular staining for IFNy and TNFao will then be used to
measure cell activation in response to the SIV peptides [244, 390]. Responses to Vif and Env
peptides, which will be useful after SIV challenge to distinguish responses to vaccine antigens from
non-vaccine antigens, can be included as additional negative controls.

Though the transgenes are not designed to provoke antibody responses, antibodies develop
naturally against multiple non-surface CMV encoded genes [309, 366]. A RhCMV 68-1 vectored
Ebola vaccine saw antibody mediated protection against the included transgenes [391] (See Section
1.3.1). Plasma will be analyzed by Enzyme Linked Immunosorbent Assay (ELISA) as in Marzi et al.
[391] and SIV western blot as done previously in our lab [476] to detect the presence of transgene
binding antibody. A B cell Enzyme Linked Immunospot assay (ELISPOT) will be performed to titre
SIV transgene specific plasma cell concentrations in whole blood [391]. If antibody is detected serum
can be used in a neutralization assay to SIV [567].

In most RhCMYV 68-1 based vaccine trials the immune response continues to expand long after the
initial vaccination [185, 187, 200, 244, 391-394]. Ideally the CyCMV Mauritius-SIV vaccinated
macaques should be followed for a full year to ascertain the durability of the immune response and
the stability of the viral construct, however economics dictate that this may not be possible so the
guantitative CyCMV viral load with be followed to a minimum of 12 weeks after which the animals

will be necropsied so that both virologic and immunologic analysis of the tissue can be conducted..
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4.5.2 Proposed CyCMV Mauritius Vaccine Trial

Provided an acceptable immune phenotype is observed in vaccinated cynomolgus macaques
throughout the CyCMV Mauritius vaccine infectivity trial (See Section 4.5.1), the study will be
followed by a SIV challenge trial. A multi-arm study with group size of twelve will be employed,
providing an adequate sample size to show 50% protection from disease among the vaccinated
animals using 0=0.05 p=0.2. A similar level of protection was seen in previous herpesvirus based
vaccines studies [185, 244, 345, 476, 568]. From previous studies we know that sterilizing immunity
is unlikely, though it will be assessed [185, 187, 244, 345]. The primary outcome will be the
proportion of animals protected from disease progression. The secondary outcomes will be the
difference in peak and set-point viral loads and composite differences in cumulative viral load over
time between vaccine recipients and controls.

The vaccinated, empty vector control, and mock vaccinated adult male Mauritian cynomolgus
macaques will all be subject to an increasing low-dose intrarectal SIV challenge. The challenge will
be delayed a minimum of 20 weeks post vaccination to allow time for the immune response from the
CyCMV Mauritius vaccine to stabilize. Exact timing post vaccination should be determined cognizant
of the results of the infectivity study.

The macaques will be challenged intrarectally on a weekly basis with molecularly tagged
SIVmac239 swarm [569]. As a tagged swarm the SIVmac239 clone still represents a consistent,
robust challenge in each animal but determination of transmitted/founder variants is possible to
identify multiple infections [569]. Such a challenge virus will also match the SIVmac239 based
transgenes used to construct the vaccine.

Twice weekly blood draws will be used to track SIV plasma viral load by nested qPCR. An initial
detection of greater than 30 copies of SIV per milliliter blood (or above the then current limit of
detection) on two consecutive occasions will be used to confirm SIV acquisition and subsequent viral
challenge will be stopped for animals that have tested positive. PCR positive animals will continue to
be monitored with weekly gPCR tests for viral load, as well as a continuation of the tests of the
immunogenicity study (See Section 4.5.1) to correlate the immune response with protection. These
include flow cytometric staining of lymphocytes [185, 475], ELISA/western blot to detect antibody
against SIV [185, 476], ELISPOT for SIV specific plasma cells [391], CyCMV vaccine outgrowth
and gPCR of CyCMV transgenes [185]. Immune responses against SIV Env and Vif will be used to
examine the infected macaques’ immune responses to non-vaccine antigens (See Section 4.5.1).

Assays of CyCMV Mauritius vector persistence (QPCR) and shedding (viral outgrowth from urine)
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will look for correlation between the persistence and replication of the vaccine vector to protection
from SIV.

Protection or lack of protection from SIV acquisition will be examined initially by number of
challenges and cumulative viral dose to initial infection. Protection from SIV disease will further
look at peak viral load and set-point viral load of SIV in vaccinated versus control macaques. SIV
positive animals who develop a stable set-point viral load below the limit of detection with or without
viral blips, as has been seen in multiple RNCMV vectored SIV vaccines [185, 187, 200, 244], will be
considered protected from disease progression and should be followed as long as is logistically

possible to ensure a return to viremia does not occur.

4.5.3 Moving Beyond the Macaque Model

As stated above, the use of CyCMV Mauritius-GPF and CyCMV Mauritius-NTR as vaccines
against SIV in the cynomolgus macaque-SIV challenge model is intended to inform the design of any
future HCMV vectored HIV vaccine (See Section 4.1). Due to species specificity of the virus, any
CMV-based vector for a HIV vaccine in humans will require a HCMV. Numerous strains of HCMV
have been isolated and cultured. Two early isolates, HCMV Towne and HCMV AD169, are
considered laboratory strains due to a high level of attenuation and limited ability to persist in vivo
[561]. HCMV strains previously tested as vaccine should be the initial candidates considered as
vectors to develop a vaccine. Both AD169 and the Towne strain exist as readily modifiable BACs
[481, 531]. However, due to the level of attenuation in both strains, introduced through repeated
passaging in cell culture, HCMV Towne and HCMV AD169 do not induce the same immune
responses that less attenuated clinical isolates of CMV do, like the Merlin or Toldeo strains [331, 561,
570].

Which HCMV strain is to be used, and how it is to be modified, will ultimately depend upon the
results of the CyCMV Mauritius based SIV vaccine trial and how they relate to those of the RnCMV
68-1 based vaccine trials. What factors mediate protection, be they Tgy responses, MHC-1I and
MHC-E targeting CD8+ T cells, or other factors, will influence the design of a HCMV vaccine
vector. Already attempts have been made to graft RnCMV 68-1-like mutations onto a HCMV
Towne/Toledo chimera [386]. Considering the large CMV genome still includes a number of genes
without known function, this is premature. Only once the mechanism of protection is better
understood can an HCMV strain be responsibly mutated, likely aided by the direct comparison of
CyCMV Mauritian and RnCMV 68-1.

Furthermore, the SIV antigens used in CyCMV Mauritius-NTR and CyCMV Mauritius-GPF,

alongside those used in the RhCMV 68-1 vectored vaccines, can only aid in the design of antigenic
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HIV transgenes for a HCMV vectored HIV vaccine. Unlike the transgenes of the CyCMV Mauritius
based vaccines, which are based off a single viral clone, SIVmac239. The antigens ultimately utilized
in a HCMV vectored HIV vaccine will likely need to include founder sequence regions from multiple
HIV clades to reasonably protect from a broad range of global HIV strains.

Additionally, neither CyCMV Mauritius-SIV vaccines, nor the later RhnCMV 68-1 vectored SIV
vaccines included Env, the primary antibody target. It is possible that such an approach will provide
sufficient protection, but more likely a successful HCMV based HIV vaccine approach will include a
paired antibody based HIV vaccine to mediate protection. For example, a co-administered vaccine
generating a promising HIV-1 neutralizing antibody against envelope is a possibility as a prime boost
vaccine strategy.

4.6 Conclusion

This thesis set out to prepare a Mauritius strain of CyCMV as a SIV vaccine for use in
cynomolgus macaques in order to evaluate the use of HCMV vectored vaccines against HIV. As
promising as the RhCMV 68-1 vectored vaccines have been in the rhesus macaque model,
unanswered questions remain surrounding the mechanism of protection. It is not known why only half
of the animals vaccinated with the RnCMV 68-1 SIV vaccine supress viremia [185, 187, 200, 244]. It
is not understood what the implications are of MHC-1, MHC-Il and MHC-E epitope targeting by
CD8+ T cells in RhnCMV 68-1 vaccinated rhesus macaques, only that this may not apply outside the
model to HCMV [200, 245, 386, 404]. It is not understood whether inflationary T cell and antibody
responses can be derived from the same CMV vector [391]. These questions do not temper the
outstanding optimism the success of the RhHCMV 68-1 based vaccines have brought to the field, but
they do dictate the direction it must take. Whether the results of the RhCMV vaccines are due to
characteristics of CMV based vaccines as a whole and will apply in human trials, or are due to
eccentricities of a single heavily passaged virus cannot be answered using RhnCMV 68-1 alone.

In this thesis we presented CyCMV Mauritius: a strain of CMV isolated from a cynomolgus
macaque of Mauritian origin. We sequenced the virus, and compared it in the context of HCMV and
the highly attenuated and well-used RhCMV 68-1 model. We cloned CyCMV Mauritius as a BAC,
maintaining the virus as a minimally passaged viral clone, and we prepared from this BAC two
CyCMV Mauritius vectored SIV vaccine constructs for evaluation in the cynomolgus macaque-SIV
vaccine model.

CyCMV Mauritius-GPF and CyCMV Mauritius-NTR provide the first opportunity in macaques to
contrast multiple CMV vaccine vector strains. As the first CMV based SIV vaccines that have been

generated with a focus on the retention of virus fitness they present the first opportunity to examine
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CMV based vaccination in a near wildtype strain. As the first CMV based vaccine constructed using
cynomolgus macaque based CMV they present the first opportunity to study CMV vectored SIV
vaccines in the cynomolgus macaque model. These are valuable molecular tool that facilitate the
further understanding of herpesviruses as vaccine vectors and their potential application in humans.

It will be years, if not decades, before HCMV is used as a vaccine vector against human diseases.
The constructs prepared in this thesis cannot be used directly in human trials, but they will serve in
animal model trial to inform on the mechanisms of action through which HCMVs, as a highly
evolved viral symbiote, thoroughly manipulate their host immune system. In doing so this work is a
necessary and fruitful step to further the understanding of HCMV as a vaccine vector and, perhaps, to
unlocking the path to an effective HIV vaccine.
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