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Introduction:

The protective efficacy afforded by immunizing rhesus macaques (Macaca mulatta) with
rhesus (Rh) cytomegalovirus (CMV) vaccine vectors expressing Simian Immunodeficiency
Virus (SIV) antigens was both unpredicted and unprecedented. In multiple experiments
encompassing a large number (>300) of animals, >50% of RhCMV-vector vaccinated
monkeys were protected against SIV infection following repeated mucosal exposure to
virulent SIV [1-6], There are multiple elements of these studies that highlight the imperative
for further study of RnNCMV-vectored vaccines as a prelude to trials in humans. Protected
monkeys manifest a rapid decline and ultimate clearance of SIV from the blood after acute
viremia. Durably protected animals also clear reservoirs of SIV RNA and integrated proviral
SIV DNA. Impressively, the phenotype of RNCMV vector-induced immune protection is
unique and challenges current paradigms of viral vector-mediated immunity.

Protection is associated in all cases with antigen-specific, CD8 T effector cells recognizing
epitopes presented by MHC class Il and Mamu-E molecules. Comparable levels of
protection are observed against other human pathogens such as Mycobacterium tuberculosis
(MTb) [7), Plasmodium 8], and Ebola virus [ when their respective antigens are expressed
in RhCMV-vectored vaccines. Recognition of the unique and non-canonical phenotype of
protected monkeys has prompted excitement that the results in monkeys can be translated to
vaccine-mediated protection of humans against multiple pathogens. To replicate the
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successes observed in macaques, clinical trials are proposed using a human (H) CMV vector
with a genetic backbone comparable to RhnCMV.

The mechanisms by which RhCMV vectors can elicit protective immunity in macaques,
however, remain to be fully elucidated. It is worth emphasizing that, to date, protection
against SIV has only been generated by a particular RhnCMV variant (RhCMV 68-1) used
for the studies in macaques. RhnCMV 68-1 has multiple genetic changes compared to the
genomic sequence of wild-type (WT) RhCMV. The genetic structure of RhnCMV 68-1
resulted from fortuitous and random genomic rearrangements that can occur within WT
CMV genomes during serial passage of WT CMV in certain cultured cell types. The genetic
alterations within Rn\CMV 68-1 took place well before RNCMV was envisioned as a vaccine
vector. The constellation of genetic changes left behind within Rhn\CMV 68-1 have bestowed
it with novel and provocative capacities for immune protection. Fortunately, the hunt into
how RhCMV 68-1 stimulates MHC class I1- and Mamu-E-restricted CD8 T cell responses
appears to be limited to the presence or absence of very few viral Open Reading Frames
(ORFs). It is the specific absence of these specific ORF, or a subset thereof, that confers the
remarkable phenotype of the RhnCMV 68-1 vaccine vector. Accordingly, a reductionist
approach should enable the identification of the individual or collective ORF contributing to
this phenotype of immune protection.

The successes with RhnCMV 68-1 in macaques are possible only because RhCMV
profoundly modulates host immunity. Immune modulation is a defining hallmark for the
natural histories of all species of CMV within their appropriate hosts. Alteration of host
immunity enables the establishment and maintenance of lifelong viral persistence within
healthy immune-competent hosts who devote an extraordinarily large component of their
immune repertoire specifically to CMV. It also enables reinfection with the RhCMV 68-1
vaccine vectors in animals with naturally acquired RhCMV immunity from prior WT
RhCMV infection. It appears likely that the random changes in the 68-1 RnCMV genome
that occurred during serial passage peeled back one unbeknownst layer of RhnCMV-directed
immune modulation. This phenotype was revealed only after vaccination with RhCMV/SIV
vectors and SI1V challenge. A key element in defining the mechanistic basis for RnCMV-
vectored protective immunity will be to address the roles of specific RhRCMV ORF in the
broader contexts of viral natural history and RnCMV-mediated immune modulation. Only
when this knowledge base is gained can HCMV-vectored vaccines be optimally used in
humans.

This review summarizes what is known about RhnCMV 68-1 as a vaccine vector and salient
issues related to how it might work as a vaccine vector. These are presented in the context of
CMV natural history within immune competent hosts.

CMV Evolution:

CMV is a double-stranded DNA virus, whose genetic coding content and morphology
taxonomically places it as a member of the order Herpesvirales (HV) of viruses [10l. CMV is
considered to be a species-specific virus, such that HCMV only infects humans, and
RhCMV infects only rhesus macaques (Macaca mulatta) or evolutionarily close Macaca
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species /in vivo. It is estimated that the progenitor herpesvirus (HV) representative arose
~400 MY's ago [19]. Examples of HV are found throughout vertebrate species, and there is
one example in a non-vertebrate species in oysters (Ostreid herpesvirus 1) 111, The
hypothesis has been put forth that HV and T phage may have arisen from a common
progenitor, based on common structural motifs in viral proteins [12]. Such a putative
common origin for bacterial T phage and vertebrate HV would move the possible origin of
HVs to >500 MY'rs ago. This is contemporaneous with or prior to the evolution of
progenitor vertebrates [19]. Viruses are defined as “submicroscopic, obligate intracellular
pathogens”. As such, they must first infect a cell or host, and then coopt cellular machinery
to produce sufficient progeny virions that enable transmission to the next susceptible cell or
host. This requirement for coopting intracellular machinery to complete its life cycle sets a
very high threshold for success. This is particularly relevant for overcoming physical,
intrinsic, innate, and adaptive barriers to infection.

Charles Darwin wrote in On the Origin of Species that, “natural selection is daily and hourly
scrutinising, throughout the world, every variation; rejecting that which is bad, preserving
and adding up all that is good; silently and insensibly working [at] the improvement of each
organic being” [13]. The fact that HVs in general, and CMV in particular, still exist to infect
and occasionally cause disease in their appropriate host means that, through a >400 MY
process of Darwinian selection, CMV has to be considered as an exceedingly “fit” virus. To
put this protracted evolution of HV into geologic perspective, the earliest known hominin to
walk upright (Sahelanthropus) was 7 MY's ago [141. Since the origin of the progenitor HV,
ancestral HVs co-evolved with their host species and descendants. During this protracted
coexistence, the virus and host each affected the other’s genetic content, undoubtedly
shaping the mechanisms of immune protection stimulated by current RhRCMV/SIV vectors in
macaques.

HCMV Genomic Coding Capacity:

Given the protracted co-evolution of CMV in hosts with increasing complex and
sophisticated immune functionalities, CMV had to evolve counter strategies for almost any
conceivable form of innate and adaptive immunity. This evolution was in addition to
overcoming physical barriers associated with host-to-host transmission. For CMV, this
change resulted in the evolution of a virally-encoded repertoire of ORFs that modulate a
wide breadth of the innate and adaptive immunological processes. Alterations of host
immune functions were essential to enable the successful propagation in the host species.
The complexities of this immune modulation have been prominently brought forth with the
mechanisms of protection elicited by RhCMV vectors expressing SIV antigens (see below).

The HCMV genome (~236 kbp) is the largest of any virus known to infect humans,
encoding =165 ORFs and non-translated RNA transcripts [15]. As a member of HV, HCMV
encodes 43 core ORFs expressed by all herpesviruses [16]. These core ORF express proteins
involved in essential viral functions, including DNA replication, nucleic acid metabolism,
capsid assembly and function, packaging of nascent viral genomes into nascent capsids,
tegument proteins and envelope glycoproteins. Collectively, these ORFs enable HCMV to
have a wide cell tropism (including fibroblasts, epithelial and endothelial cells,
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macrophages, and CD34* myeloid progenitor cells). This broad host cell tropism magnifies
the obstacles in the unfulfilled quest to develop HCMV vaccines despite over four decades
of efforts [17].

Notably, HCMV devotes an impressive portion of its coding repertoire to functions that
modulate cellular signaling, trafficking, activation, antigen presentation, and susceptibility to
apoptosis. While the functional capabilities of many HCMV ORFs remain to be
characterized, those that have been characterized include functions that modulate host
signaling, antigen presentation, and apoptosis in cells that productively support CMV
infection (e.g., endothelial and epithelial cells, macrophages, fibroblasts). In addition,
HCMYV encodes ORF that modulate the functionality of cell types that are not susceptible
for productive CMV replication but are critical for innate and adaptive effector functions,
including natural killer, dendritic, and T cells.

The identified HCMV ORFs that target host intrinsic, innate, and adaptive functions (Table
1), make up >33% of coding capacity. It is very possible that upwards of 50% of HCMV
ORF have functions comparable to these, and as yet-to-be characterized, immune/cellular
modulating functions. Collectively, the viral armamentarium of immune modulating proteins
significantly skews host antiviral immune responses. Viral modulation of host immunity
begins at the earliest virus-hosts interactions at the primary site of mucosal exposure and
throughout lifelong virus-host homeostasis in persistently infected, healthy hosts. It is highly
likely that the particulars of the earliest viral manipulation of host responses establish the
ability to persist for the life of the infected host despite massive host antiviral immune
responses (see below).

HCMYV genes are temporally expressed in a sequential cascade with genes characterized as
immediate-early (IE), early (E), and late (L), based on their kinetics of expression [18]. |E
genes are expressed immediately after infection, in the absence of de novo viral gene
expression. IE gene expression is essential to elicit subsequent expression of the E genes, the
gene products of which are involved in replication of the viral genome. Expression of the L
genes is intrinsically linked to replication of the viral genome. The relevance of the temporal
pattern of gene expression is that the timing of ectopic gene expression in RhCMV-vectored
vaccines may influence the type of immune responses elicited against the antigen encoded
by the vector (described below).

Following infection of cells, the pattern of HCMV gene expression can follow either of two
profiles [18]. HCMV can go through the entire progression of gene expression resulting in
the production of progeny virions capable of infecting other cells within the host (or
transplacentally in pregnant women to fetuses), or excreted long-term in bodily fluids
enabling horizontal transmission to close contacts of the infected individual. Alternatively,
HCMYV can enter into a state where gene expression is extremely limited, a hallmark of
which is the absence of productive virion generation. Such a pattern is exhibited by CD34*
myeloid progenitor cells in which viral DNA can be detected, although viral transcription is
restricted to a small but intriguing minority of viral ORFs. While circulating CD34* cells do
not exhibit a phenotype of productive gene expression, a shift to a productive pattern of gene
expression can occur following allogeneic stimulation or differentiation. This biphasic
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pattern of cells either expressing or not expressing the full complement of HCMV-encoded
ORF forms the foundation for why HCMV stimulates broad and durable host antiviral
immune responses. This biphasic pattern also illustrates why HCMV is a clinically relevant
cause of morbidity and mortality in certain settings, despite the general consideration that
HCMYV is a low pathogenic virus (described below).

HCMV Natural History:

Based on the extent of infection in humans, HCMV is highly efficient at person-to-person
spread. HCMV is ubiquitous throughout the globe, with a global seroprevalence rate in the
general population of 83% (range of regional rates: 66 - >90%) [19]. Primary infection can
occur throughout life and 7n utero following exposure of mucosal surfaces to infectious
bodily fluids (e.g., breast milk, saliva, urine, semen) or transplacentally from infected
mother to fetus, respectively. HCMV is the most common congenital infection with an
overall global frequency of ~0.6% of all pregnancies [20-23] with studies reporting a range of
0.2 — 6% [23-25]_Seroconversion to HCMV exhibits an age-related increase such that 50%
seroprevalence rates are frequently observed by the time of puberty outside of the United
States, and ~29 years within the United States, although seroprevalence is inversely related
to socioeconomic status [26-33],

Host responses to an almost inevitable infection emphasize that the host is well adapted to
HCMYV infection. Primary infection with HCMV in those with a fully functional immune
system is usually subclinical, although transient and self-limiting clinical sequelae (e.g.,
fever, mononucleosis) are observed in some individuals [34 351, Host immune responses are
effective at restricting disease outcomes because of a massive and unprecedented devotion of
the adaptive immune repertoire specifically to HCMV antigens. A large study involving 32
long-term healthy carriers of HCMV mapped T cell responses to the HCMV proteome.
Using almost 14,000 overlapping peptides to HCMV ORF, Sylwester et al. observed that
~10% of memory CD4 and CD8 T cells are HCMV-specific, leaving 90% of the remaining
immunological memory to everything else the host has encountered [361. Moreover, HCMV
stimulates a broad array of binding and neutralizing antibodies to multiple viral envelope
glycoproteins, and other virion-associated and intracellular proteins. The clinical relevance
of these responses is highlighted by the high incidence of HCMV disease in individuals
lacking a fully functional immune system. Pathogenic outcomes are common in immune
suppressed transplant recipients, immunologically immature and congenitally infected
fetuses, and immune deficient and non-antiretroviral-treated HIV individuals. Apart from the
clinical scenarios just mentioned, HCMV-specific immune responses can be viewed as
protective. Accordingly, adaptive immune responses in long-term healthy carriers of HCMV
have served as a template for vaccines designed to prevent primary HCMV infection [17: 371,

Nevertheless, HCMV-specific immune responses in HCMV-infected individuals must also
be viewed as a signature of HCMYV persistence in which reservoirs of HCMV are maintained
for life despite the magnitude of host antiviral immunity. The vast majority of primary
HCMV exposures comes from contact of mucosal surfaces with infectious HCMV particles
contained within the bodily fluids from HCMV-infected individuals. As mentioned above,
HCMYV infects multiple cell types, and the virus disseminates systemically via cell-to-cell
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spread, blood, and probably the lymphatic system with the result that virus is
asymptomatically shed in bodily fluids soon after primary infection [38l. Shedding generally
declines in an age-related manner. Nevertheless, virus can be shed in high titers for years,
particularly in healthy children infected /n utero or early childhood, presenting an infectious
threat to the fetuses borne by pregnant women. Moreover, HCMV can be episodically
reactivated in breast milk during subsequent pregnancies of HCMV-infected women,
enabling efficient transmission to neonates. The critical aspect of this response in relation to
HCMYV vaccine vectors is that HCMV is capable of reactivation with apparent impunity to
potent antiviral effector functions (T, B, and natural killer cells). In summary, the long-term
virus-host relationship is a détente in which host immunity protects against viral disease
whilst at the same time, viral immune modulating functions ensure lifelong persistence in
the face of these same protective immune responses.

The magnitude and duration of host immune responses support the argument that, even in
the absence of infectious virus production, the infected host is persistently exposed to viral
antigens. For CMVs, persistent antigen exposure to memory T cells leads to a phenomenon
termed ‘memory inflation” in which memory T cells expand in frequency, as opposed to
undergoing an apoptosis-mediated contraction [39]. This activity leads to what can be viewed
as mis-application of the terms ‘latency’ and ‘persistence’ to describe CMV. There is no
doubt that, as mentioned above, CMV can latently infect certain cells (e.g., CD34* myeloid
progenitor cells). Such cells are phenotyped by the presence of cells harboring CMV
genomes but with a greatly restricted gene expression profile and the concomitant absence of
virion production. In this case, /afency refers to a cellular description of the virus-host
relationship. However, at the organismal level, the infected host is persistently exposed to
viral antigens in that, somewhere within the infected host, a virally infected cell is
expressing the full complement of viral gene products that may or may not result in the
production of infectious virions. This latter state of the virus ensures both the persistence of
the large host antiviral immune responses, and the continuous or episodic production of
virus in bodily fluids.

It is worth noting that no one has ever described an immune-escape variant for HCMV in
which there is genetic drift that yields a variant that is not susceptible to host-derived T/B-
specific immune responses that otherwise would limit the replicative capacity of a putative
parental version of the virus. This fact is a hallmark of RNA viruses, such as influenza or
HIV, that lack proof-reading polymerases. Given the antigenic breadth of HCMV ORF that
elicit cellular and antibody responses, and the lack of precise immune correlates of
protection, this is not a straightforward experiment to perform for HCMV. Given that caveat,
however, the absence of a described immune-escape variants for HCMV contrasts with the
relatively rapid emergence of drug-resistant HCMYV variants during /n7 vivo or in vitro anti-
HCMV prophylaxis [0]. One simplistic interpretation of this finding is that, given the
absence of antiviral drug immunity as a selective pressure during HCMV evolution, the only
‘tool” available to HCMV is occasional emergence of point mutations that confer resistance
to the antiviral targets of the drug. A corollary to this is that HCMV doesn’t need emergence
of immune-escape variants to persist because the virus has evolved a complex set of viral
functions that modulate host adaptive and intrinsic immunity, yielding an extremely fit
version of the virus in the context of lifelong immune surveillance.
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A hint to the sophistication of viral immunomodulation is illustrated by a study evaluating
the /in vivo replicative potential of a RhCMV 68-1 variant in which a late gene,
phosphoprotein 66 (pp65) has been deleted. The viral pp65 tegument protein is an
immunodominant T cell antigen. Deletion of the pp65 gene results in a variant with
profoundly increased replicative potential following inoculation of RhCMV-uninfected
macaques, compared to the parental RhCMV 68-1 expressing pp65 [411. The authors
concluded that in essence “pp65 likely acts as an immunological brake during the initial
stages of primary infection to limit viral replication and dissemination”.

The protracted evolution of HVs and CMV has bestowed another remarkable phenotype of
HCMYV, namely the ability to reinfect those with extant immunity to HCMV resulting from
prior infection. HCMV reinfection has clinical ramifications by contributing to the “silent
global burden” of congenital HCMV infection and sequelae in which the majority of
congenital CMV infections result from reinfection in women with preconceptual HCMV
immunity [22. 241, The mechanisms of reinfection are not known, nor are strategies for how
to prevent it. However, the pioneering studies using RhCMV vaccine vectors highlight that
vectors expressing ectopic antigens provide immune protection against challenge following
immunization in healthy rhesus macaques that have robust anti-RhCMV immune responses
at the time of vaccination. Additional studies in the rhesus model clearly show that primary
infection and reinfection is a function of viral-mediated modulation of immune surveillance
mediated by NK and CD8 cells, respectively [3: 421,

Taken as a whole, the prolonged co-evolution of human and HCMV interactions have
endowed a stable coexistence that ensures the survival of each species to live another day. It
is against this backdrop that the unprecedented and fortuitous discovery of the immune
modulating potential of RhnCMV-vectored vaccines must be approached. A better
mechanistic understanding can be gained to guide prevention and therapeutic strategies that
can be translated into use for humans.

Origin of RhCMYV 68-1 As the Prototypical Vector Backbone:

Several factors of CMV natural history guided the use of it as a viral vaccine vector to
induce protective immune responses against heterologous pathogens. These included the
facts that HCMV (1) is considered a low pathogenic virus, (2) can reinfect hosts with
existing HCMV immunity, (3) establishes a lifelong persistent infection, (4) stimulates
inordinately large T cell responses, and (4) has a large genome that can be readily
engineered /n vitro. The RhCMV model of HCMV persistence and pathogenesis [43] has
been used as a proof-of-principal, nonhuman primate (NHP) host because (1) RhnCMV
infection in rhesus macaques strongly recapitulates HCMYV infection in immune competent
and immune impaired individuals, (2) the RnCMV genome had been molecularly engineered
into a Bacterial Artificial Chromosome (BAC), and (3) there are tractable models for
vaccination against clinically relevant human pathogens, particularly HIV (SIV) and MTh.
BACs enable propagation of very large viral genomes, such as CMV, in a plasmid form in
bacteria [44]. Importantly, for the development of CMV-vaccine vectors, BACs enable the
power of bacterial recombination systems to engineer precise antigen cassettes into the viral
genome and subsequent regeneration of engineered viruses in cultured mammalian cells
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bearing the site-specific changes. Notably, at the time the RhCMV genome was engineered
into a BAC [4%], the NHP model was in its relative infancy. There were few characterized
viral isolates available for molecular cloning.

What was available at that time serendipitously gave rise to the paradigm-shifting
mechanisms of immune protection observed with the current iteration of the RhnCMYV viral
vaccine. The 68-1 variant of RhRCMV was available through the American Type Culture
Collection (ATCC). RhCMV 68-1 (ATCC VR-677) was isolated from the urine of a healthy
rhesus macaque in 1968 after passage on MRC-5 human foreskin fibroblasts (ATCC
CCL-171) [48]. No rhesus-derived fibroblast cells were in existence at that time. The use of
human fibroblasts was notable for what is now belatedly recognized as frequent genomic
lability when CMV is cultured on this cell type.

Although wild-type (WT) HCMV exhibits a broad cell tropism /n vivo, HCMV was
historically passaged in cultured fibroblasts. This was due, most likely, to the relative ease of
establishing primary fibroblast cells in culture and the robustness of viral replication kinetics
in these cultured cells. What was not appreciated at the time was that both human and NHP
CMV isolates rapidly undergo genetic alterations (point mutations, deletions, and/or genetic
rearrangements) during serial passage in fibroblasts. In retrospect, it became evident that
RhCMV 68-1 underwent a comparable process of genetic changes after passage in
fibroblasts. This action resulted in the loss of a subset of the full complement of viral ORF in
the original WT RhCMV 68-1 [47] before it was engineered into a BAC (RhCMV 68-1/
BAC). Notably, the particular loss of ORF radically altered the vaccine-mediated immune
responses afforded via expression of ectopic antigens [45: 48. 49],

Coding Capacity of RnCMV68-1 vs RhCMV WT:

The prototypic RhnCMV/SIV vectors are based on the fibroblast-adapted variant of RhnCMV
68-1, which emerged in tissue culture from the original WT RhCMV. RhCMV 68-1/SIV
mediates protection against SIV challenge in 50-60% of vaccinated macaques due to the
unique stimulation of effector memory CD8 T cells [1-61. Notably, RhCMV 68-1-derived
vectors also elicit CD8 T cells recognizing antigens restricted by MHC class Il and Mamu-E
instead of MHC class | [4 8. The remarkable phenotype of RhCMV 68-1/SIV vectors (/.e.,
>50% protection against SIV challenge and unconventional CD8 T cell responses) appears
to be the result of the particular alterations that spontaneously occurred to the 68-1 genome
during passage in rhesus and human fibroblasts (Table 2). Partial restoration of the full WT
coding capacity into the RhCMYV 68-1/BAC variant (yielding Rn\CMV 68-1.2) completely
abrogates the stimulation of MHC class Il and Mamu-E-restricted CD8 T cell responses to
SIV antigens expressed within the context of RhNCMV 68-1.2/SIV vectors [4]. The stark
difference in the induction of immunity to SIV between RnCMV 68-1 and RhCMV 68-1.2
reflects the collective or individual effects of only four differences in coding content
between the two variants. It is important to emphasize that it will be critical to determine
whether RnNCMV 68-1.2 also does, or does not, confer protection against SIV challenge.
RhCMV 68-1.2 variants expressing Mtb antigens significantly protects vaccinated macaques
against Mtb challenge, comparable to the level of protection afforded by RhnCMV 68-1/Mth

AIDS. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barry et al.

Page 9

vectors [/l RhNCMV 68-1.2/Mtb vectors do not stimulate unconventional T cell responses to
Mitb antigens.

Figure 1 presents the partial coding capacity of RnCMV WT compared to that of RhCMV
68-1 and the repaired variant of RhNCMV 68-1 (/.e., RnCMV 68-1.2). Adaptation of the
original 68-1 isolate to passage in fibroblasts led to a complex genomic alteration that
deleted segments A and E, and inverted segments B and C, relative to the original orientation
in RNCMV WT [47-51], Because of this event, RNCMV 68-1 lacks the RhUL128 and
RhUL130 ORF but does retain the RhUL131 ORF. The RhUL128/UL130/UL131 ORFs are
expressed from a polycistronic transcript originating from a promoter upstream of RhUL131
(521 It is not known whether the residual RhUL131 is transcribed utilizing a cryptic
polyadenylation site in RnCMV 68-1. RhUL128, RhUL130, and RhUL131 encode orthologs
of HCMV UL128, UL130, and UL131, all of which are components of a pentameric protein
complex (together with glycoproteins H and L) that is essential for tropism in epithelial and
endothelial cells [53-59] (Table 2). Predictably, based on precedent with HCMV, RhCMV
68-1 is severely attenuated for growth in rhesus epithelial cells /in7 vitro, compared to growth
of RhCMV WT [52. 561 Engineering both RhUL218 and RhUL 130 back into RhRCMV 68-1
(generating RhCMV 68-1.2) restores epithelial cell tropism [52], confirming the functional
equivalence of RhUL128/130/131 with their HCMV orthologs.

Serial passage of RhHCMV 68-1 in fibroblasts also resulted in the emergence of a variant with
a frameshift mutation in the RhUL36 ORF [37]. It was this variant, containing the genomic
rearrangement depicted in Fig. 1 and the UL36 mutation, that was iteratively engineered into
the BAC [45: 58], from which the vaccine vectors were derived. RhUL36, like its UL36
ortholog in HCMV, encodes a viral inhibitor of caspase-8-induced apoptosis (vVICA) and has
arole in cell death suppression [57], The frameshift mutation in RRCMV 68-1 prematurely
truncates the protein and renders it non-functional for anti-apoptotic activity [571. It is not
clear whether the absence of a functional vICA impairs replication of RhnCMV 68-1 in vitro.
There is evidence that RnNCMV 68-1 variants expressing a functional vICA may have
marginally enhanced replication in rhesus fibroblasts and epithelial cells [52.

The rearrangement of ULb” in RhRCMV 68-1 deleted three additional ORFs beyond the
deletion of RhUL128 and RhUL130 (/.e., RhUL146a, RhUL146b, rh161.1) and prematurely
truncated one other ORF (rh161.2) (Fig.1). RhUL146a, RhUL146b, rh161.1, and rh161.2
potentially produce CXC-like alpha chemokines based on predicted protein sequences 501,
However, no functional activities have been reported for these ORF. They do not appear to
directly contribute to RhCMV-vectored immune protection since these ORF were not
repaired in RhCMV 68-1.2 (Fig. 1) [52, although they prominently affect the pattern of
acute host responses to viral infection 7n vivo (discussed below). Their functional absence in
RhCMV 68-1 may unmask a novel phenotype produced by the additional absence of
RhUL128, RhUL130, RhUL131, and RhULS36, or a particular subset therein.

RhCMV 68-1 vs RhCMV WT Natural History:

Despite the genomic changes in RhCMV 68-1, this variant is capable of infecting and
systemically disseminating in the host following intravenous, subcutaneous (SC), and oral
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routes of viral inoculation in both Rh\CMV-infected and RhnCMV-uninfected (naive) rhesus
macaques [5 591, RhCMV 68-1 is pathogenic in SIV-coinfected animals [6%] and in fetal
macaques (621, Notably, from a vaccine perspective, RhCMV 68-1 infection of immune
competent macaques is subclinical [5%], and RhCMV 68-1 establishes a lifelong persistence
noted by the long-term presence of virally infected cells [62] and duration of immune
responses to ectopic antigens [1: 2. 4-91,

RhCMV 68-1 is profoundly impacted in three critical aspects of viral natural history
compared to Rn\CMV WT. All three are relevant for extension of HCMV-vectored vaccines
in humans. The first relates to potential horizontal spread of the vaccine vector from the
vaccine recipient to close, unvaccinated contacts. RhRCMV WT is endemic in breeding
populations of rhesus macaques, and there are multiple genetic variants in circulation [63. 641,
Seroprevalence of RNCMV WT infection approaches 100% by 1-year of age due to
persistent, high-titer shedding of RhnCMV WT in bodily fluids (e.g., saliva, urine) of infected
animals (65 661 Shedding frequencies (/.e., detection of viral DNA) of 80% are observed in
animals up to four years after primary infection, and 25% in animals infected more than 13
years 1661, WT-like variants of RhNCMV, containing a full complement of ORF and passed on
rhesus epithelial cells in culture, exhibit a characteristic shedding profile after inoculation
into naive monkeys; virus is persistently shed in urine and saliva beginning 8-10 weeks after
oral or SC inoculation (671, In contrast, mucosal shedding of RhRCMV 68-1 is orders of
magnitude lower and sporadic following inoculation of either naive or RnCMV-infected
macagques, compared to inoculation with RhRCMV WT [5:68-701 The simplest interpretation
of the attenuated phenotype of RnNCMYV 68-1 /n vivo is that the full complement of ULb’-
encoded ORF, particularly UL128/UL130/UL131, is essential for WT-like levels of shedding
in bodily fluids [691. A logical extrapolation of the attenuated growth in vivo of RhRCMV
68-1 is that the protective immunity elicited with RhCMV 68-1/SIV vectors, compared to
the absence of protection conferred with RhRCMV 68-1.2/SIVI4 is related in some fashion
to impaired epi/endothelial cell tropism with RhnCMV 68-1.

The second distinctive phenotype of RhRCMV 68-1 infection /in vivo highlights the impact
RhCMV infection /n7 vivo has on the innate immune responses to acute infection. in vivo
observations of the acute patterns of RhnCMV 68-1 and RhCMV WT infections provide
operational insight into how changes in tropism might alter how unconventional CD8 T cell
responses are generated. One study analyzed skin biopsies of the inoculation sites from
RhCMV-uninfected monkeys inoculated SC seven days previously with RhnCMV 68-1, or
RhCMV WT. RhCMV WT had been serially passed on primary monkey kidney epithelial
cells and contained a full-length ULb’ region [1]. Biopsies of the inoculation site (at 7 days)
were immunohistochemically co-stained for RhNCMV antigen and cell type markers for
endothelial cells (CD131), fibroblasts (vimentin), and macrophages (Mg; CD68), and
quantified for the levels of infection in each cell type. The results show that RhnCMV WT
infect all three cell types (Table 2), whereas infection with RnCMV 68-1 is restricted to just
fibroblasts and Mg (other cell types were not analyzed). A comparable analysis with
RhCMV 68-1.2 has not been performed, but it is assumed that a similar pattern of cell
tropism would be observed as for RhRCMV WT based on the in vitro cell tropism for
RhCMV68-1.2 [52], Given that caveat, and given the observation that RRCMV 68-1 infects a
subset of the cell types infected by RhnCMV 68-1.2 (Table 2), the negative impact on
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unconventional CD8 T cell responses resulting from infection of endothelial cells with
RhCMV68-1.2 is dominant over what would otherwise be positive effects resulting from
infection of the same cell types infected with RhnCMV 68-1 (/.e,, fibroblasts and Mg). Put
another way, infection of endothelial and epithelial cells by RhnCMV vectors expressing
RhUL128/130/131 acts as a dominant-negative influence on generation of protective
immunity in the other cell types. Conversely, restriction of RhCMV 68-1 infection to just
Mg and fibroblasts enables the decryption of protective immune responses. The mechanistic
basis for how this is accomplished remains unresolved. It presumably involves distinct SIV
antigen processing and presentation by the particular infected cell types to APC prior to
APC trafficking to the draining lymph node to engage naive T cells. If so, this finding
further implies that generation of MHC class I1-presented antigen in infected Mg takes
precedence over the presentation of MHC class I-presented antigen in fibroblasts since
fibroblasts do not express MHC class I1.

The third vital distinction between infection with RhnCMV WT and RhCMV 68-1 critically
emphasize that it is the specific absence of the full coding potential in RhnCMV 68-1 that
enables the emergence of the unconventionally restricted CD8 T cells. RhnCMV WT has not
been evaluated as a vaccine vector. However, Hansen et al. evaluated CD8 T cells responses
to the RhHCMV immediate-early-1 (IE-1) protein in animals naturally exposed to RhnCMV
WT infection [4]. The CD8 T cell responses to the RhCMV IE-1 protein in these animals
(naturally infected with RnCMV WT) were compared to a second set of animals that were
also naturally infected with RhnCMV WT but which were subsequently infected with
RhCMV 68-1/SIV vectors. In animals only infected with RhnCMV WT, IE-1-specific CD8 T
cells were strictly MHC class I-restricted (7 — 8 independent epitopes/animal). No MHC
class Il-restricted epitopes were detected (Mamu-E was not evaluated in this study). In
marked contrast in animals superinfected with RhnCMV 68-1/S1V vectors, there was a
profound change in the restriction of CD8 T cell epitopes. These animals exhibited on
average ~10 IE-1 epitopes restricted by MHC class | and Mamu-E (7 — 12/animal) and 26
MHC class ll-restricted epitopes (25 — 27/animal). At least, three major implications arise
from this study. The results (1) prove that the absence of specific ORF in RhCMV 68-1
generate unconventional CD8 T cell responses, which are otherwise undetectable in the
context of RNCMV WT infection; (2) highlight that Rn\CMV 68-1 can elicit de novo novel
IE-1-specific CD8 T cells responses in animals with prior specificities arising from RhnCMV
WT infection. In other words, RnCMYV 68-1 enables re-education of a host with existing
immunological memory. And, (3) this study offers proof-of-principal that RhCMV 68-1 can
theoretically generate post-infection immune treatments against a wide variety of persistent
infections via the generation of otherwise cryptic epitope specificities. This particular study
(41 however, did not evaluate whether there were virological or immunological changes in
the parameters of RhRCMV WT infection that would suggest that the MHC class Il-restricted
responses stimulated greater immunological control over RNCMYV persistence.

There is an alternative, and non-mutually exclusive, hypothesis about how RhCMV 68-1
might stimulate protective immunity. This suggestion focuses on the effects that RnCMV
induces on the surrounding microenvironment of the infected cell. RhnCMV profoundly
alters the immediate inflammatory environment around the infected cell, the extent of which
is dependent on the coding content of the variant used for inoculation. Rh\CMV WT,
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expressing the full coding content, stimulates a mixed lymphocytic infiltrate that
prominently includes polymorphonuclear leukocytes (PMN) and mononuclear cells seven
days after subcutaneous inoculation (Fig. 2 left). The recruitment of PMN to the site of
infection recapitulates what is seen 7 vivo with endemic RhnCMV WT that has never been
passed in culture [72] presumably due to the CXC-like ORF in segment E within ULb’
(Fig.1). In contrast, SC inoculation with RhCMV 68-1 stimulates a strictly mononuclear
infiltrate (Fig. 2 right). Even in the absence of the CXC-like ORF, the microenvironment is
still bathed in viral mediators acting in #ans on host cells.

A previous study compared inflammatory responses at seven days for RhCMV-uninfected
animals inoculated subcutaneously (SC) with either RhnCMV 68-1 or a variant of RnCMV
68-1 in which the viral IL-10 ORF (vIL-10) had been deleted (RhCMV 68-1AvIL-10) [72],
Compared to inoculation with RhNCMYV 68-1, the inflammatory response at the site of
inoculation with RhnCMV 68-1AvIL-10 was noted for increased mononuclear cellularity and
a prominent relative increase in CD68* Mg. This study concludes that vIL-10, “alters the
earliest host responses to viral antigens by dampening the magnitude and specificity of
innate effector cells to primary RnCMYV infection. In addition, there is a commensurate
reduction in the quality and quantity of early and long-term, RhCMV-specific adaptive
immune responses” [72]. By extension, the same processes should be operative for RhRCMV
68-1-based SIV vaccine vectors [1-51, through the functionalities of vIL-10 and particularly
additional viral modulatory factors (Table 1) since both RhCMV 68-1 and RhCMV 68-1.2
express vIL-10. Because there are only <4 differences in coding content between these two
RhCMV variants (Fig. 1), only a limited number of experiments are required to rule in/out
their contribution(s) to the induction/inhibition of unconventional CD8 T cell epitopes.
There are two ORF that warrant immediate attention.

HCMYV UL128 has been reported to act as a CC chemokine with multiple functionalities,
including acting as a chemoattractant for monocytes and PBMC, stimulating proliferation of
PBMC through activation of the MAPK/ERK signaling pathway, and altering monocyte
responsiveness to chemokines through the internalization of different chemokine receptors
[73-77], The UL128 ortholog of rat CMV also exhibits chemokine activity [78]. No functional
activities have been reported for RhUL128, apart from those characterizing its role in
formation of the RhCMV pentamer complex an alpha CC chemokine-like motif 591,
Moreover, RNCMV UL 128 is readily secreted from cells expressing it in the absence of
other members of the pentamer complex (Fig. 3), whereas neither RhUL130 or RhUL131
were secreted without co-expression of =1 other of the pentameric complex proteins. While
such a result does not indicate functionality, its presence in the extracellular milieu would be
consistent with a putative chemokine.

The HCMV UL36-encoded vICA increases resistance to Fas-mediated apoptosis [7].
Mutations in UL36 occur in fibroblast-passaged strains of HCMV [89] similar to what
occurs with RnCMV 68-1. VICA is distinct from the UL37-encoded anti-apoptotic protein,
the mitochondria-localized inhibitor of apoptosis (vMIA). Discussing what selective
pressures might have led to HCMV-encoding two anti-apoptotic functions, Slaletskaya et a/.
speculated that, “vICA and vMIA may have evolved to protect different infected cell
populations of the host (7], Mechanistic linkage of deficient RhCMV vICA function and
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generation of unconventional T cell responses with RhnCMV 68-1 is speculative. However,
expression of both HCMV VICA and vMIA can attenuate cytotoxic T cell-mediated killing
in an “HLA-Recognition independent manner” [811. This finding demonstrates that both viral
proteins can alter effector cell functionalities. It is not inconceivable, therefore, that the
absence of RNCMV VICA in different cell types, could alter cell signaling pathways
involved in antigen presentation [82],

A potential role of RhUL128 and RhUL36 in generating unconventional T cell responses is
further piqued by a study investigating cross-species infection of cynomolgus macaques with
RhCMV [62], \Whereas RhnCMV 68-1 fails to infect cynomolgus macaques of Mauritian
origin, RhnCMV 68-1.2 variants, expressing either RhUL128 and RhUL 130, or RhUL36, can
successfully infect. The authors conclude that, “the results implicate cell tropism and
evasion of apoptosis as critical determinants of CMV transmission” [62]. At the very least,
this conclusion highlights that the presence/absence of these viral ORFs dramatically alters
the phenotype of infection /n vive.

Finally, it is worth stressing that the mechanistic basis of protection with RnCMYV 68-1/SIV
vectors is afforded by the particulars of the ectopic antigen cassette used to drive expression
of the SIV antigens [2-6]. The promoter for SIV antigen expression is the human EFla
promoter, which is constitutively expressed. In addition to the generation of unconventional
T cell responses to SIV antigens, there is also the surprising result that no antibody
responses to SIV antigens are detected in vaccinated, previously RnCMV WT-infected,
animals. As mentioned above, HCMV and RhCMV genes are temporally expressed in a
highly regulated cascade. Derivation of a RhCMV 68-1-based vaccine for Ebola virus
(EBOV) used the endogenous Rn\CMV RhUL83 (pp65) promoter, which is expressed with
late gene kinetics, to drive expression of the EBOV glycoprotein [°. Protection against
EBOV challenge was observed in 75% of vaccinated monkeys, but in this case, protection
was associated with the induction of EBOV-specific antibodies. The mechanism by which
EBOV-specific antibodies are stimulated may be a function of the timing of when the host is
presented with antigen relative to the state of viral manipulation of the infected cell
microenvironment. Importantly, the differential host responses highlight how CMV-vectored
vaccines can be optimized to dial in the type of immune response best suited to the particular
pathogen. Using a combination of constitutive and late gene promoters, it might be possible
to incite the development of sustained antibody and effector memory T cell responses in
vaccinated hosts.

The “happy accident” that occurred during passage of RhCMV 68-1 in fibroblasts, resulting
in loss of full coding capacity, opened up a novel window into how CMV species exploit
host cell signaling, trafficking, activation, and restriction pathways. The studies on this virus
highlight the power of nonhuman primate models to improve the human condition since this
result was only possible in monkey models of human diseases. The startling discovery of
how RhCMV can be harnessed to develop viral-vectored vaccines enables the development
of new modalities, using HCMV vectors, to prevent and treat both long-time human
scourges and newly emergent pathogens.
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Figure 1.

Genomic coding capacity of the ULB’ regions of RhnCMV variants: Wild Type (WT),
RhCMV 68-1 (68-1), and RnCMYV 68-1.2 (68-1.2) [47-52]. The ULb’ region of WT RhCMV
has been described as having five segments: A (red), B (black), C (grey), D (green), and E
(blue). The direction of the arrows represents the orientation of transcription. Fibroblast-
adapted 68-1 deleted segments A and E, and inverted segments B and C, relative to the
orientation in WT RhCMV. Segment A was engineered back into 68-1 in addition to
restoring an intact RhUL36 ORF, generating the 68-1.2 variant 2. RhCMV ORF with
HCMYV orthologs are prefaced with ‘Rh’. RnCMV ORF without an HCMYV ortholog are
prefaced with ‘rh’. SIV Protection: see text for details; MHC II/Mamu-E
Restriction:indicates whether the particular variant generates MHC class Il or Mamu-E-
restricted CD8 T cell responses (see text for detail); Tropism: E= endothelial and epithelial
cells; F=fibroblasts; Mg=macrophages. RhUL128/RhUL130/RhUL131: indicates whether
the variant encodes the ORF (Yes/No); ?: although 68-1 contains the RhUL131 ORF, it is
unknown whether it is translated; CXC: indicates whether the variant encodes the CXC-like
ORF encoded within segment E (RhUL146a, RhUL146b, and rh161.1). RhUL36: indicates
whether a full-length RhUL36 ORF is present ('Yes or No). Shaded boxes: indicates the four
genetic differences between RnNCMV 68-1 and RhCMV 68-1.2 (see text for detail).
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Figure 2.
Skin biopsies (stained with H & E) seven days after SC inoculation with RnCMV WT (left)

or RNCMV 68-1 (right).
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Figure 3.
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The five RNCMV ORF comprising the pentameric complex essential for tropism in epithelial
and endothelial cells were expressed individually, or in combinations from CEF cells

infected with MVA vectors. The extracellular medium was analyzed for the presence of the
RhCMV ORF. BR5 is a positive control MVA protein. (F Wussow, F Chiuppesi, D
Diamond, personal communication).
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Table 1:

CMV Modulators of Intrinsic, Innate, Adaptive Host Responses

ORF/Transcript
p2.7

uL7

UL8

UL11
UL16
UL18
UL21.5
UL23
UL25
UL26
UL29/28
UL33, 78
UL36/37/38
UL40
uL42
UL50
UL76
uL82
UL83
UL97
UL111A
uL112
UL119/118
UL122
UL123
UL128
UL135
UL138
UL141
UL142
UL144
UL146/147
UL148A
TRL11
RL13
IRS1, TRS1
Us2, 11

Function

Inhibition of apoptosis [83]

Homolog of SLAM-Family Receptor CD229 [84]

Inhibits production of proinflammatory factors by infected myeloid cells [5]
Paralysis of T cells via inhibition of CD45 [86. 87]

Evasion of natural killer cell (NK) cytotoxicity (NKG2D) [88]

Evasion of NK, CTL cytotoxicity via binding to the ILT2 (CD85j) receptor [89-92]
RANTES decoy receptor [93]

Inhibition of interferony-induced STAT1-dependent transcription [#4]

UL25 miRNA-mediated down-regulation of cellular genes involved in cell cycle control [95]
Modulation of NF-xB [

Modification of NURD complex, which stimulates the accumulation of IE RNAs (971
G-protein-coupled receptor [98. 9]

Inhibition of apoptosis; interaction with viperin [57. 100-103]

Inducer of HLA-E surface expression [194; inhibition of NK by HLA-E [92 105-108]
Negative regulator of cGAS/MITA-dependent antiviral response [109]

Inhibition of 1ISGylation by causing proteasomal degradation of UBE1L [110]
Induction of 1L-8 [111]

Suppression of DAXX-mediated inhibition of IE expression [112]

Inhibition of NKp30[113] and IRF-3 [114]

Phosphorylation of the retinoblastoma (Rb) p107 and p130 tumor suppressors 1151
1L-10 [116-120]: | AcmvIL-10 [121]

UL 112 miRNA-mediated block of IKKa and IKK@ [122-124]

Fc Receptor (125

IFN antagonist [126]

Antagonist of IFN-responsive transcripts [127]

B chemokine, chemoattractant; inhibits monocyte migration [73-77]

Suppresses formation of the immunological synapse [92

Potentiator of TNFR Signaling[128. 1291 |_atency [130]

Evasion of NK cytotoxicity via inhibition of the NK-activating ligand CD 112 & 155 [92.131,132]

Inhibition of NK cell lysis [92 133]
Tumor necrosis family receptor superfamily [134]

a-chemokine [13%

Downregulates the Activating NK Cell Ligand MICA to Avoid NK [92136.137]
Fc Receptor [125.138]

Fc Receptor [139]

Inhibition of Protein Kinase R [114. 140, 141]

Dislocation of MHC | to cytosol [142-14%]

AIDS. Author manuscript; available in PMC 2021 March 01.

Page 27



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Barry et al.

ORF/Transcript
us2

us3

us5

us6

US10

US12-21

US12, 14, 18, 20
Us27/28

Function

Disruption of MHC 11 pathway [146]

Retention of class | in endoplasmic reticulum [147. 148]
US5 miRNA-mediated inhibition of IKKa and IKKp [124]
Inhibition of TAP [149]

Degradation of HLA-G [150]

G-Protein-Coupled Receptors [151,152]

Inhibition of NK functions [153. 154]

B chemokine receptor [155-165]
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Table 2:

% Infected

Variant

Cell Type | 68-1 | WT

Endo 0 3g™

Fibro | 58* | 28

Mg 5 12

Quantification of the percentages of (A) blood vessels containing RhCMV-infected endothelial cells (Endo), (B) fibroblasts (Fibro) infected with
RhCMV, and (C) macrophages (Mg) infected with RhNCMV are presented. See Assaf ef al. for details [71],

*
:significantly different
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