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Abstract

Herpesviruses have evolved exquisite virus-host interactions that co-opt or evade a number of host
pathways to persist. Persistence of human cytomegalovirus (CMV or HCMV), the prototypical -
herpesvirus, is particularly complex in the host organism. Depending on host physiology and the
cell types infected, CMV persistence is comprised of latent, chronic, and productive states that
may occur concurrently. Viral latency is a central strategy by which herpesviruses ensure their life-
long persistence. While much remains to be defined about the virus-host interactions important to
CMYV latency, it is clear that checkpoints comprised of viral and cellular factors exist to either
maintain a latent state or initiate productive replication in response to host cues. CMV offers a rich
platform for defining the virus-host interactions and understanding the host biology important to
viral latency. This review describes current understanding of the virus-host interactions that

contribute to viral latency and reactivation.
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INTRODUCTION

The aphorism “herpes is forever”, reflects the long-appreciated fact that herpesvirus
infections cannot yet be cured. Herpesviruses are ancient viruses that persist by establishing
life-long latent infections: the maintenance of viral genomes in the absence of active
replication and progeny virus production (Fig.1). Critical to survival of the virus is the
capacity to reactivate replication from latency in response to changes in the host. The virus-
host interactions governing the entry into, maintenance of and exit from latency have yet to
be fully defined. However, it is clear that the control of latency is multifaceted, involving the
intrinsic responses, innate and adaptive immune response, cellular signaling, chromatin
remodeling, and viral factors regulating viral replication or host responses to infection. As
such, latency resembles a Gordian knot, presenting what has proved to be a highly
intertwined and nuanced puzzle (Fig. 2). This review will discuss our current understanding
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of viral and cellular mechanisms controlling CMV latency in the broader context of
herpesvirus latency and viral persistence.

HCMV is the prototypical B-herpesvirus, a subfamily of herpesviruses characterized by slow
replication and strict tropism for host species but broad tropism for the cell types infected
within the host. HCMYV is the largest of the human herpesviruses, with a ~230,000 base-pair,
linear double-stranded DNA genome encoding at least 170 proteins (1, 2) and possibly as
many as 750 proteins (3), as well as many small and long non-coding RNAs. The genome
complexity of CMV provides a rich molecular platform, manipulating a multitude of diverse
host processes in its capacity to modulate latent, chronic, and productive patterns of
infections.

CMYV asymptomatically infects a large majority of the world’s population and typically
causes disease only in the absence of adequate cellular immunity. The prevalence of CMV
ranges from 40-99% of the world’s population, with higher seroprevalence in developing
countries (4). Asymptomatic long-term virus shedding in urine, saliva, and genital secretions
usually marks the primary infection in healthy individuals (5). CMV establishes life-long
persistence during which it replicates at low subclinical levels or reactivates from a latent
state sporadically and likely frequently in response to normal biological processes, including
the differentiation of monocytes into macrophages (6, 7) or lactation (8). These reactivation
events are typically controlled by the immune system and rarely result clinical presentation,
although they likely contribute to transmission of the virus. However, infection or
reactivation from latency in a host with inadequate or compromised T cell immunity poses a
serious disease risk. Indeed, CMV contributes significantly to viral disease following solid
organ or stem cell transplantation (9—11). Consequences of CMV disease in the
immunocompromised include interstitial pneumonia, gastroenteritis, retinitis, hepatitis, graft
failure, and death. CMV further contributes to graft versus host disease and
myelosuppression. Antivirals available to control CMV can exacerbate myelosuppression,
resulting in leukopenias and increased risk of fungal or bacterial infections following
transplantation. Due to these risks, CMV infection is an important factor in the long-term
outcome for solid organ and stem cell transplants (9, 12).

CMYV also is the leading cause of infectious disease-related congenital infection (13, 14).
One in 150 children are born with CMV infection in the U.S., making it more prevalent than
Down’s syndrome, spina bifida, fetal alcohol syndrome, or pediatric AIDS. According to the
CDC, 1 in 5 children born with a congenital CMV infection will develop a permanent
disability. Congenital infections resulting from primary infection of the mother during
pregnancy are associated with the greatest risk for severe pathologies, although it is
estimated that 75% of congenital CMV infections in the U.S. are due to reactivation or
reinfection of women who were seropositive prior to pregnancy (15-17). While CMV may
be asymptomatic at birth, congenital CMV may result in mild to severe hearing loss,
cognitive impairment, microcephaly, and cerebral palsy. Utah and Connecticut have recently
passed laws requiring the education of pregnant women about the risks of CMV and
mandating CMV testing in children who fail two newborn hearing tests.
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Until recently, CMV persistence in healthy individuals was considered without health
consequences. While CMYV infection may actually benefit young, healthy individuals by
enhancing the immune response to vaccination or infection (18), important long-term costs
of viral persistence are beginning to emerge. CMV infection is implicated in heightened
inflammatory states and an increased risk of vascular disease, including atherosclerosis (19,
20) and cardiovascular mortality, particularly in older women (>70 years) (21, 22). CM V-
specific T cell responses account for 10% of both CD4+ and CD8+ memory T cells in the
peripheral circulation of infected individuals (23) and may expand up to 30% in the elderly
(24). Effector memory CD4+ and CD8+ T cells specific to CMV epitopes expand with age
as naive cells decrease in numbers (25, 26), yet there is no clear functional consequence for
this expansion. The expansion of CM V-specific T cells likely reflects the broad repertoire of
responding T cells (23), low-level, repeated antigen exposure from frequent viral
reactivation, and superinfection (27). In contrast to long-term persistence of HIV or hepatitis
C virus, life-long CMV persistence does not result in T-cell exhaustion (28), perhaps
because CMV persistence has periods of latency where antigens are not produced.

CMYV remains an intractable health risk because the immune response is not clearing, there
is no vaccine, and available antivirals target only cells actively replicating the virus and
cannot be used long-term because of toxicity. Developing strategies to target latently
infected cells in the absence of disease is critical to controlling or eliminating CMV disease
—a goal that requires a fundamental understanding of the molecular basis of latency.

A COMPLEX PERSISTENCE

During primary infection, HCMV infects numerous cell types resulting in a variety of
infection states in the host (29). While some cell types support robust viral replication from
which the virus eventually may be cleared, other cell types such as endothelial and epithelial
cells support a chronic or “smoldering” infection that may result in low-level virus shedding
for months to years (Fig. 1). Hematopoietic progenitor cells (HPCs) and cells of the myeloid
lineage (e.g., CD14* monocytes) harbor viral genomes in the absence of active replication,
providing latent reservoirs for the virus (30, 31). Our understanding of how cell type affects
viral gene expression and establishment of distinct patterns of infection (e.g., replicative,
chronic, latent) is limited. Given the diversity of cell types infected, persistence of the virus
in the host organism is complex, reflecting an aggregate of infection states—which may
occur concurrently and subclinically in the immune competent host. Latency in the healthy
host is overlayed by contained bouts of replication to allow transmission. The dependence of
infection states on cell type reflects a requirement for specific host environments and factors
to support latent, chronic, or replicative states. While some cell type-specific host factors
have been identified, much remains to be defined about factors underlying restriction or
permissivity to replicative or latent infection states.

LATENT RESERVOIRS

In infected persons, CMV genomes have been detected as far back as CD34* HPCs in the
hierarchy of hematopoietic differentiation (30—32). Reactivation of virus replication occurs
in hematopoietic cells in response to allogeneic stimulation and differentiation cues (7, 33,
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34). Hematopoietic cells have been a primary focus of latency studies; however, there has
been no comprehensive study to identify cellular reservoirs of latency in the host, and other
latent reservoirs cannot be ruled out. Defining cellular reservoirs for latent HCMV and
understanding the molecular program of HCMV latency is challenging for a number of
reasons. First, latent genomes are maintained in few cells and at low copy numbers—
estimated at 1 genome in every 10* to 103 mononuclear cells from healthy G-CSF stimulated
donors (35). Second, viral genes are expressed at low levels (if at all) in latently infected
cells. Third, given the nature of the hematopoietic reservoir for HCMV latency, HCMV
latency may not be represented by a single, static state. HCMV latency may resemble
latency of y-herpesviruses such as EBV, which establishes multiple programs of latency
characterized by distinct viral protein and RNA expression profiles in different cell
populations (36). As such, model systems are needed to dissect CMV infection states in
specific cell types.

In vitro model systems for studying latency

The species restriction of HCMV to humans limits the majority of latency studies to in vitro
models. Primary human hematopoietic cell models have been the gold standard, but have a
high potential for aberrant ex vivo differentiation and proliferation in culture. A further
complication to understanding the latent program has been the multitude of culture systems
used to study latency. One broadly used yet nonstandardized approach with regards to media
and cytokine composition is stromal-free culture systems with exogenously supplied
cytokine cocktails designed to either maintain CD34% phenotypes or promote differentiation
down a particular lineage (37—41). While the ease of this approach is appealing, cytokine
concentrations and combinations can result in aberrant differentiation or expansion of cells
that have little physiological relevance to function in vivo. In an attempt to closely mimic
HPC maintenance and differentiation in vivo, clonal stromal cell lines selected for their
ability to recapitulate a physiologically relevant hematopoietic microenvironment in vitro
have been adopted for CMV latency studies (42—44). Cultured stromal cell clones secrete a
physiologically balanced milieu of cytokines to support HPC differentiation and stem cell
self-renewal that can subsequently support serial, long-term hematopoietic reconstitution in
an animal following xenotransplantation (45, 46). HPC co-culture with stromal cells support
HCMYV latency (42, 47-51), and importantly, studies using this system are recapitulated in
humanized mice (49, 52). This system has been used to determine the frequency of cells
reactivating, providing a means to quantitatively compare latency and reactivation between
virus strains (47), viruses containing specific gene disruptions (47, 50, 53, 54), or different
hematopoietic subpopulations (42).

Primary cells used for studying latency have largely consisted of CD34" HPCs (42, 48, 55—
57), granulocyte-macrophage progenitor cells (GMPs) (58-60), and CD14+ monocytes (33,
40, 61-63). While primary cells may be the most relevant system for studying latency, the
availability, cost, and donor variability presents a significant challenge. Cell line models
including the THP-1 cells (64-66), the CD34* Kasumi 3 leukemic cell line (67) and
embryonic stem cell lines (68) have been demonstrated to harbor latent genomes and can be
stimulated to reactivate viral gene expression. While cell lines offer the attractive advantage
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of homogeneity and availability, their application is since cell lines infected prior to
differentiation reactivate inefficiently.

Infection of primary human HPCs is highly variable (ranging between 5 and 50% of the
cells depending on the donor, cell population composition, and experiment). Therefore,
using pure populations of infected cells or at a minimum normalizing for input genomes in
mixed populations of infected and uninfected cells is critical when making comparisons
between different virus strains, mutant viruses, or when analyzing host responses.
Expression of a fluorescent protein from the viral genome is a useful strategy to mark
infection, allowing for isolation of pure populations of infected cells by fluorescent-activated
cell sorting. Marker expression (e.g. GFP) from an SV40 early promoter driven cassette
engineered into an intergenic region is silenced between 3-5 days following infection and
will be expressed again following reactivation. This is a bona fide marker for infection since
all HPCs receiving virus (positive for tegument protein) will express GFP whereas the GFP/
tegument-negative population does not contain viral genomes or support reactivation (48).

In vivo models systems for studying latency

A major barrier to understanding CMV latency has been the lack of an animal model. Due to
the species restriction of CMV, humanized mice represent the only approach for studying the
human virus in vivo. NOD-scidlL2Ryc null (huNSG) mice engrafted with human CD34*
HPCs and infused with CM V-infected fibroblasts support reactivation from latency in
response to stem cell mobilization by granulocyte-colony stimulating factor (G-CSF) (69).
HuNSG mice disseminate infected cells to multiple tissues and recapitulate observations
made in bone marrow transplant patients receiving G-CSF-mobilized CD34+ HPCs from
CM V-infected donors (70). Humanized mice provide a method for investigating HCMV
latency and reactivation in the context of an organism with aspects of the immune response
in tact.

LATENT PROGRAMS of VIRAL GENE EXPRESSION

Viral gene expression during the replicative cycle of herpesviruses, including CMYV, is
described as an orderly cascade beginning with the activation of immediate early (IE) genes
with subsequent activation of early and late genes depending on the successful completion of
the previous phase (71). IE genes (e.g., IE1 and IE2) are activated by cellular factors and
viral tegument components in the absence of de novo synthesis of viral proteins. IE gene
products influence the cellular environment for replication and transactivate early genes,
which are expressed independently of viral DNA synthesis. Early-late and late genes are
characterized by their increasing dependence on viral genome synthesis for their expression.
This cascade of gene expression has been defined for productive infection in fibroblasts; it is
less clear how the viral transcriptome is regulated in other cell types and during other
patterns of infection.

Viral gene expression following infection of cells that will ultimately establish a latent
infection is controversial. It is possible that the viral genome is epigenetically silenced
immediately following nuclear entry of a cell permissive for latency and no viral genes are
expressed. However, studies of primary cells infected in vitro as well as the detection of viral
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transcripts in cells derived from seropositive individuals suggests that limited viral gene
expression occurs in latency (40, 42, 48, 72). In vitro studies have demonstrated broad
expression of a number of IE and early genes, including a number of genes that have either
no known function or that are dispensable for replication in fibroblasts. It is not clear how
these genes contribute to the establishment of latency or if sustained gene expression is
required for the maintenance of latency. Since studies to date have been carried out in batch
using heterogeneous populations of hematopoietic cells, it is not yet clear if there is one or
several different viral transcriptomes associated with latency. The conspicuous absence of
“lytic” cycle gene transcripts, such as those encoding structural proteins or envelope
glycoproteins, in latent transcriptomes is reassuring that the latent transcriptomes are not
skewed by a minority of productively infected cells (40, 42, 48, 72).

CMYV latency is likely achieved from the collusion of replication-suppressive viral factors
(73) and a non-permissive cellular environment that promotes epigenetic silencing of the
viral genome (41, 64, 74) to inhibit “lytic” viral gene expression (38). Latently infected
CD14% or CD34" cells from healthy seropositive individuals express genes from the UL 133-
UL 138 locus (47, 49, 54), UL 144 (775), the latent unique nuclear antigen (LUNA) (76-78),
the US28 viral G-coupled receptor (79, 80), the latency-associated viral homolog of IL-10
(LAcmvIL-10) encoded by UL111A (81, 82), a small form of the UL /23-encoded IE1
protein (IE1x4) (83), a latency-associated transcript originating from a distal promoter in the
MIE region (58, 84), and 2.7-kb and 4.9-kb long non-coding (Inc) RNAs (40). While these
genes are expressed during both latent and lytic infection, during the latent state they are
expressed in the absence of broader lytic viral gene expression.

The transcriptome associated with reactivation is equally as challenging, again due to the
heterogeneity of the cell populations harboring virus and the low frequency at which latently
infected cells reactivate (42, 47). Expression of the IE1 or IE2 genes has been used as a
marker of reactivation, and it is presumed that the classic cascade of gene expression and
progeny virus production will follow. However, the latent state is more dynamic than
originally appreciated, and MIE expression alone does not guarantee full reactivation and
production of progeny virus. Latently infected cells from healthy CMV carriers sporadically
express IE genes but fail to produce progeny virus when stimulated ex vivo (34) and “blips”
of IE gene expression are observed in mice latently infected in the absence of reactivation
and production of progeny virus (85). Furthermore, ectopic expression of the IE1-72kDa
and IE2-86kDa proteins is not sufficient to drive viral genome synthesis or infectious
progeny production in infected THP-1 cells (66). Similar to CMYV, broad gene expression has
been detected in neurons latently infected with HSV or VZV in the absence of replication
(86-89). Disruption of a neuron-specific miRNA targeting ICPO of HSV-1 increases ICP0
expression in neurons without inducing reactivation (90). Further, IE, early and late viral
gene expression is induced by host signaling (e.g., phosphoinositide 3-kinase, PI3K, and
cJun N-terminal kinase, JNK) in initial phase of HSV-1reactivation in neurons (91-93). Yet,
this first phase of gene expression in reactivation is not sufficient for reactivation and histone
deymethylation is required to drive HSV-1 gene expression beyond a threshold to support
productive reactivation (93, 94). Therefore, limited measures of viral gene expression, IE or
otherwise, cannot serve as a proxy for authentic viral reactivation. Certainly, if the
replicative cycle was induced each time MIE genes are expressed, latency would be difficult
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if not impossible to maintain. While the expression of replicative cycle transactivators (e.g.,
IE2) may sporadically occur during latency, their expression may have to be sustained
beyond a biologically meaningful threshold in order to drive infection towards reactivation
and the production of virus progeny.
VIRAL GENOMES

The propagation of viruses in cultured cells results in selection of more highly replicative
and cytopathic viruses. As such, laboratory-adapted virus strains are variants that do not
reflect the viruses circulating in the human population and in many cases have lost
replication-suppressive functions (41, 47, 57, 95). Indeed, laboratory-adapted strains of
CMY, such as AD169 and Towne, contain a number of genomic rearrangements due to
passage in cultured fibroblasts and replicate with increased kinetics and produce higher
yields compared with clinical isolates. The most notable rearrangement is the loss of the
ULP’ region (Fig. 2), whose existence was first appreciated in 1990 when the first low-
passage strain was sequenced (96). The ULJ’ region of the genome is comprised of
approximately 15-kilobase pairs encompassing UL /32-UL 150that is repeatedly lost upon
serial passage of the virus in fibroblasts to acquire laboratory-adapted strains of the virus
(Fig. 3) (1, 96). That ULJ’ sequences are dispensable for virus replication in cultured
fibroblasts suggests that these genes are required for infection in other cell types or
persistence in the host. Indeed, enhanced replication and tropism is documented for low-
passage strains containing the UL’ region relative to lab-adapted strains (97-101).
Furthermore, the individual gene functions described for ULJ’ genes include functions
important in tropism or immune evasion. UL /46 and UL 147 encode putative aCXC
chemokines that enhance infection of polymononuclear cells (99, 102). UL /41 prevents the
killing of infected cells by downregulating natural kill cell-activating ligands CD155 (103),
CD112 (in cooperation with US2) (104), and Trail death receptors (105) by sequestering
receptors in the lumen of the endoplasmic reticulum. UL /44 is related to the tumor necrosis
factor receptor (TNFR) superfamily and activates NFxB, partially overcoming an IE2—
86kDa-mediated NFxB block (75, 106). UL135 and UL 136 are required for post-entry
tropism in endothelial cells (52, 107, 108). Finally, the UL 128-UL 131A gene locus adjoins
the UL’ region and, while present, it is typically mutated in laboratory-adapted strains.
Mutations in UL128-UL131A result in inefficient entry into monocytes, endothelial, and
epithelial cells (109-111). Thus, genes spanning UL /28-UL 150 encode a number of
functions to mediate dissemination and survival of specialized cells in the infected host.

The ULJ’ region also encodes functions important to latency (41, 47, 49, 112, 113). Low-
passage strains (Toledo, FIX/VR1814 or TB40/E) are restricted in their gene expression and
replication in CD34* HPCs in the absence of a reactivation stimulus (47). In contrast,
laboratory-adapted strains (AD169 and Towne) express viral genes and produce progeny
virus in the absence of a reactivation stimulus, suggesting a failure to support a latent
infection in CD34+ HPCs. The capacity of laboratory strains to establish latency is
controversial. Previous reports (60, 72, 81) and well as more recent publications (37, 41, 68,
114) have carried out latency studies using laboratory-adapted strain (AD169 or

Town varRIT3) infection in HPCs (CD34% or CD33* GMPs). While few side-by-side
comparisons have been made, the baseline replication of a laboratory-adapted strain (in the
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absence of a reactivation stimulus) is 10- to 100-fold greater than that of low-passage strains
in THP-1 (68) and CD34* HPCs (47), respectively. Thus, laboratory-adapted strains
replicate with increased efficiency in cell-culture models of latency. Further, THP-1 or
CD34* HPCs infected low-passage strains are more refractory to induction of IE gene
expression by an inhibitor of histone deacetylation than AD169 laboratory-adapted strains
(41, 113). This restriction is attributed in part to UL138 (113). Further, disruption of ULb’
genes results in higher levels of replication in CD34+ HPCs (47, 49, 53, 54, 115, 116).
Together these findings support a role for ULb’ genes in regulating viral replication and
latency.

ANATOMY of a LOCUS -VIRAL DETERMINANTS of LATENCY

The UL 133-UL 138 gene locus (herein referred to as UL133/8) located within the UL#’
region of the HCMV genome encodes four genes regulating latency (47, 112) (Fig. 3).

UL 138, the gene at the 3’-most end of this locus, was first appreciated for the capacity to
promote viral latency or suppress viral replication as its disruption results in increased yields
in fibroblasts and in CD34* HPCs in the absence of a reactivation stimulus (loss of latency
phenotype) (47). UL1381s encoded on a series of unspliced, 3’ co-terminal RNAs that
initiate as far upstream as UL 133 (53, 54, 117). Therefore, the locus includes UL 133,

UL 135, UL136, and UL138. UL134 and UL 137 are also encoded within this region but on
the opposite strand of the genome and it is not clear yet if they are bona fide open reading
frames. The UL 133/8 genes all encode cytosolic, membrane-associated proteins that
distribute within the secretory pathway. UL /35 and UL 136 encode multiple protein
isoforms, some of which are not membrane-associated (50, 52). The coordinated expression
of the UL133/8 genes (50, 117), the physical interaction between proteins (115), and the
collective roles of the proteins in latency (49, 53, 54, 115) suggest that the function of each
UL 133/8 gene must be considered in the context of the entire locus.

While the UL 133/81locus as a whole is suppressive to replication in CD34" HPCs (49), a
more complex role in latency and reactivation emerges when considering the disruption of
individual UL133/8locus genes. Like UL 138, UL 133 is suppressive to replication (115);
disruption of either results in a loss of latency in CD34* HPCs and a modest increase in
yields in fibroblasts. By contrast, disruption of UL /35 alone results in virus that is defective
for reconstitution of infection from the transfection of infectious genomes into fibroblasts
(50), indicating a role for UL /35 in overcoming suppression imposed by other genes in the
locus (Fig. 4). Indeed, the defect associated with disruption of UL 135is largely overcome by
disruption of UL 138but not UL 133 or UL 136. Further, because the UL /35-mutant defect is
largely ameliorated in infection from a virus stock, UL /35 may be required to initiate
replication from a small number of genomes in the absence of virion proteins, a situation
analogous to reactivation from latency. In CD34* HPCs, the UL /335-mutant virus is
defective in reactivation even at multiplicities where the virus exhibits no defect for
replication in fibroblasts and even when UL /38 is disrupted. These findings indicate a
greater requirement for UL /35 for replication in CD34% HPCs relative to fibroblasts and a
role for UL 135 in reactivation beyond overcoming UL /38-mediated suppression. The
suppressive affect of other UL 133/8 genes may impose greater restrictions in CD34t HPCs
than are apparent in fibroblasts in the absence of UL /335. The antagonism between UL /35
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(replication-activating) and UL 133/8 replication-suppressive genes suggests that UL133/8
proteins comprise a molecular switch balancing states of latency and replication (Fig. 4).

Both replication-promoting and -suppressing roles have emerged for UL 136. UL136
expresses five protein isoforms from alternate transcription initiation and possibly alternative
translation initiation (53). The isoforms are designated based on predicted molecular
weights, 33-, 26-, 25-, 23-, and 19-kDa, and differ in their amino-terminal ends. The UL136
protein isoforms are largely dispensable for replication in fibroblasts, but they have unique,
antagonistic and synergistic functions in endothelial cells, CD34* HPCs, and huNSG mice
(52, 53). The two large, membrane-associated isoforms (33- and 26-kDa) are required for
replication and reactivation, whereas the two small, non-membrane-associated isoforms (23-
and 19-kDa) suppress replication in CD34+ HPCs or huNSG mice. Accordingly, disruption
of these pairs of isoforms reduce reactivation and replication in the case of the 33-/26-kDa
isoforms and enhance replication in the case of the 23-/19-kDa isoforms. These findings
suggest antagonistic functions for 33-/26-kDa and 23-/19-kDa isoforms, similar to the
phenotypes associated with UL135 and UL138 (Fig. 4). The roles of the UL136 isoforms
may be less absolute, since mutant viruses lacking 33-kDa, 26-kDa, or both isoforms are not
as restricted in the capacity to reconstitute replication from infectious genomes as UL 135-
mutant viruses.

Functions of the UL 136 25-kDa isoform of UL 136 are dependent on infection context (116).
Like the other isoforms, it is dispensable for replication in fibroblasts; however, it suppresses
reactivation in CD34% HPCs to maintain latency. In contrast, in huNSG mice, the 25-kDa
isoform is required to either stimulate reactivation or disseminate reactivated cells to tissues.
A third phenotype appears in endothelial cells; the 25-kDa isoform enhances the replication-
promoting properties of the 33- and 25-kDa isoforms. This context-dependent property of
the 25-kDa isoform may allow the conserved network of replication-promoting (33- and 26-
kDa) and -suppressing (23-/19-kDa) isoforms to be dynamic and respond to changes in the
host state. UL /136 may constitute a locus within the UL /33/8 locus, which functions to tip
the balance of infection between replicative (UL /35-dominant) and latent (UL 13§-
dominant) states (Fig. 4). The antagonistic or synergistic roles of protein isoforms are poorly
understood in biology but represent an important aspect of post-translational control.

VIRUS-HOST INTERACTIONS for LATENCY

Virus-host interactions important for the entrance into, maintenance of, and exit from latency
include those that affect cell survival, cell differentiation, chromatin remodeling, host
homeostasis and signaling, as well as the immune response to infection (Fig. 6).
Herpesviruses contribute to viral latency by preventing cell death or immune clearance of
latently infected cells and by altering host pathways to induce an environment with the
capacity to support latency and to silence viral gene expression. Roles for CMV UL/11A,
US28, IE1x4, IncRNAs, and UL/33/8 in latency have been defined genetically using in vitro
models of latency and from this virus-host interactions important for CMV latency are
beginning to emerge (Fig. 6). Given that only some cell types support viral latency, virus-
host interactions important to latency are expected to be context-dependent.
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Regulating viral genomes

Immediately following entry, the pp71 viral tegument protein traffics to the nucleus and
targets the host repressor, Daxx, for degradation to prevent silencing of IE gene expression
in fibroblasts infected with laboratory-adapted strains (118, 119). However, in THP-1 and
CD34* HPCs, pp71 is retained in the cytoplasm, and Daxx-mediated deacetylation silences
the viral genome (41, 64). These findings indicate that early entry events differ in a cell type-
dependent manner and impact the establishment of replicative or latent states. While the loss
of Daxx in undifferentiated THP-1 cells is not sufficient to break the latent-like state, its loss
increases IE2 gene expression following differentiation (120). This finding suggests that
additional suppressive forces contribute to the establishment of latency and that gene
silencing by Daxx contributes to preventing reactivation. In addition to Daxx, several other
epigenetic regulatory mechanisms involving promyelocytic leukemia protein (PML) and
Sp100 (localizing with Daxx at nuclear domain 10 or ND10 structures) (120, 121),
heterochromatin protein 1 (HP1) (74), histone deacetylase 1 (HDACI) (122), and the
facilitates chromatin transcription (FACT) complex favor the establishment or maintenance
of latency and must be overcome for reactivation (51). Furthermore, low-passage strains of
CMV encode dominant-replication suppressive functions (41, 47), attributed in part the
ULb’ UL 138-mediated prevention histone demethylation to maintain viral genome silencing
(113).

Long non-coding RNAs have diverse roles in cell biology and virology, including
modulating chromatin remodeling. Four long non-coding RNAs of 1.2-, 2.7-, 4.9- and 5.0-
kilobases are abundantly expressed during lytic infection (123). LncRNA2.7 and 4.9 have
been detected in infected monocytes and CD34+ HPCs (40). The IncRNA2.7 (also referred
to as B2.7) protects cells from apoptosis by stabilizing mitochondrial membrane potential
(124), but this role of IncRNA2.7 remains to be explored in latency. LncRNA4.9 associates
with the MIE promoter and interacts with the polycomb repressive complex (PRC) to enrich
repressive chromatin marks in CD14" monocytes (40). PRC2 increases repressive histone
methylation marks on the viral genome in the THP-1 model of latency and may contribute to
the establishment or maintenance of latency (125).

Viral microRNAs (miRNAs) function to limit immune detection or to modulate viral gene
expression (126). While none of the 24 miRNAs encoded by CMV have demonstrated roles
in CMV latency, they have replication-suppressive functions that might aide latent infection,
as has been demonstrated for miRNAs derived from the latency-associated transcript of
HSV-1 that target ICPO and ICP4 (127). miR-UL112 targets the CMV MIE transcripts to
reduce levels of the IE1-72kDa protein and viral genome synthesis (128, 129), but its role in
latency has not been explored.

Host miRNAs expressed in a cell-type specific manner suppress viral gene transcription to
maintain latent infection in cell types supporting latency. Three of 5 miRNAs in the hsa-
miR-200 cluster target the 3’ untranslated region (UTR) of UL /22 encoding the IE2 major
transactivator (38). Disruption of the seed sequence in the 3° UTR of UL /22 increases IE2
gene expression and virus replication in Kasumi 3 and CD34* HPC models of latency.
Consistent with a role for these miRNAs in establishing latency, the has-miR-200 cluster is
highly expressed in undifferentiated hematopoietic cells that support latency, but these are
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expressed at lower levels in differentiated cells permissive for virus replication. Similarly,
the hsa-miR200 family of miRNAs also reduces the expression of the EBV ZEB1 and ZEB2
host proteins, which repress expression of the EBV Zta protein critical for reactivation (130,
131). Further, neurons express high levels of host miR-138, which targets the 3° UTR of
transcripts encoding the HSV-1 IE protein, ICPO (90). Collectively, these studies indicate a
critical role for cell type-specific miRNAs in suppressing viral gene expression for latency.

In addition to the regulation of viral gene expression, latency requires the maintenance of an
episomal viral genome. The mechanisms by which the viral genome is replicated and
partitioned to daughter cells during division of latently infected cells are largely open
questions. IE1-72kDa interacts with host chromatin and may provide a mechanism by which
the genome is tethered to host chromosome for maintenance (132). A small variant of IE1
initiating at the second ATG in exon 4 of IE1 (IE1x4) has been reported to bind terminal
repeat sequences to replicate and maintain the genome in CD34+ HPCs through interaction
with Sp-1 and topoisomerase IIp (83).

Modulation of cytokines and antigen presentation

US28 is one of the four HCMV G-protein-coupled receptors that binds multiple host
chemokines (133), altering adhesion and migration of monocytes to promote dissemination
and viral latency (43, 134). Further, UL111A encodes a homologue of human IL-10
(cmvIL-10) and a latency-associated form of cmvIL-10 (LAcmvIL-10) that is derived from
alternative splicing (81). While cmvIL-10 mimics many functional properties of IL-10,
LAcmvIL-10 has reduced immunomodulatory capabilities relative to cmvIL-10 and
primarily downregulates MHC-II on monocytes and GM-Ps (135). Further, LAcmvIL-10
enhances cell survival and increases cellular IL-10 and CCLS8 cytokine secretion by
suppressing host miRNA, hsa-miR92a (82). Although a direct role of LAcmvIL-10 in
latency has not been demonstrated, the functions described are consistent with a role for
LAcmvIL-10 in modulating the immune response to preserve latently infected cells. CMV
encodes several other genes that suppress antigen presentation and evade NK recognition
(136). Some of these genes have been shown to be important in rhesus models of infection
for superinfection, which would also be important evading the immune response early stages
of reactivation (27).

Host cell signaling

Entry into or exit from latency presents a challenge in that the virus must “sense” and
“respond” to changes in the host to maintain latency or progress towards reactivation.
Therefore, it is not surprising that cellular signaling is a linchpin of herpesvirus latency and
reactivation. Myeloid progenitor cell differentiation is inextricably linked to reactivation (7,
33, 34, 122). The viral genome, and particularly the MIE region, is regulated (positively or
negatively) by a multitude of host transcription factors, which undoubtedly couple viral gene
expression to changes in differentiation or activation state in a cell type-specific manner
(137). These include Elk-1 (138), NFxB (139-141), YY1 (142), ERF (143), and GATA-2
(144). Through these and other host transcription factor binding sites across the viral
genome, the virus can “sense” and “respond” to changes in host signaling to regulate latent
and replicative states (75, 144, 145). As an example, infection-mediated changes in host
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miRNAs in CD34" HPCs increases expression of GATA-2 and IL-10, which in turn
regulates the viral genes, UL144 and LUNA (75, 144).

Epidermal growth factor receptor (EGFR) and its downstream signaling pathways (e.g.,
PI3K and ERK/MAPK) are homeostatic regulators of cell survival, differentiation, and
proliferation. EGFR is also an important regulators of herpesvirus latency and replication .
PI3K signaling is stimulated by gB binding to EGFR and viral entry into normal fibroblasts
(146, 147) and monocytes (148). These early events in viral replication might set the stage
for later replication events and influence the outcome of infection. Activation of EGFR/PI3K
during viral entry promotes monocyte motility (148, 149), which may aid the dissemination
of latently infected cells. Furthermore, EGFR/PI3K/ERK pathways stimulate expression of
myeloid cell leukemia-1 protein (Mcl-1) during entry into myeloid progenitors and
monocytes to promote survival of latently infected cells by inhibiting caspase 3 activation
(150-152). Following CMV entry into fibroblasts, EGFR is transcriptionally repressed
during replication by the induction of Wilm’s tumor factor 1 (WT1) by a yet unidentified
early viral gene product (153, 154), suggesting that high levels of EGFR activity impede
post entry steps in the replicative cycle. Suppression of EGFR or PI3K with chemical
inhibitors (following viral entry) enhances virus replication and reactivation (155),
indicating a role for sustained EGFR/PI3K signaling in latency. The importance of EGFR/
PI3K signaling for latency extends beyond CMV. Sustained PI3K signaling triggered
through the analogous nerve growth factor pathway is required to maintain HSV-1 latency
(92). Further, latency membrane protein (LMP)-1 of EBV upregulates EGFR and PI3K
pathways through distinct NFxB pathways (156-159) and LMP-2A sustains PI3K/Akt
signaling for B-cell survival (160).

During replication in fibroblasts, EGFR is sequestered in an active form in the viral
assembly compartment (VAC) (155), a juxtanuclear coalescence of host secretory
membranes and the microtubule organizing center contributes to virion maturation (161-
163). Transferrin (162, 164, 165) and activated mammalian target of rapamycin (mTOR)
(166) also localize to the vAC during infection. Intriguingly, activation of EGFR and mTOR
at the vAC is refractory to starvation or stress in fibroblasts (155, 166) that would normally
inactivate both kinases. Sequestration of activated signaling molecules at the vAC may
insulate signaling from external regulation as a means to control host signaling, maintaining
precise protein levels and activities optimal for infection.

The UL138 latency determinant and its antagonist, UL135, interact with EGFR and oppose
each other in regulating surface levels of EGFR (155) (Fig. 5). UL138 enhances surface
expression of EGFR, while UL135 targets EGFR for internalization and degradation. The
opposing regulation of EGFR suggests a mechanism to explain the antagonism between

UL 135 and UL138in regulating viral latency. During latency, UL138 expression sustains
levels of EGFR signaling, while UL135 expression during reactivation suppresses signaling
to promote replication. While the precise mechanisms by which UL135 and UL138 regulate
EGFR are not known, the effects of UL135 and UL138 on surface levels of EGFR suggest
that UL135 and UL138 regulate vesicular trafficking, consistent with their association with
secretory membranes (49, 54).
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UL138 affects levels of two other cell-surface receptors, tumor necrosis factor receptor 1
(TNFR1) (167, 168) and multidrug resistance-associated protein 1 (MRP-1) (169). TNFR
signaling is an important mediator of proliferation, differentiation, survival, and
inflammation, at least in part through the activation of NFxB. Similar to the interaction with
EGFR, UL138 increases TNFRI1 surface expression (167, 168) and extends its half-life
(167) perhaps to potentiate TNFR signaling. While TNF-a signaling stimulates reactivation
in CMV latency models (170-172), TNF blockade increases the risk of reactivation of
several herpesviruses (173). Regulation of signaling molecules such as TNFR and EGRF
likely contributes to the fine-tuning of cellular events required in balancing latency and
reactivation. In the case of EGFR, complete downregulation might threaten cell survival or
inhibit downstream pathways important for replication, such as mTOR (166, 174-176). In
contrast to EGFR and TNFR1, UL138 reduces surface levels of MRP-1, resulting in
increased susceptibility of latently-infected cells to killing by vincristine (169). While this
work suggests a means by which latently infected cells could be targeted, it is not clear how
UL138-mediated regulation of MRP-1 might contribute to latency. The mechanism by which
UL138 differentially regulates the surface expression of multiple receptors is not known.

Despite clear importance of host signaling to latency, the key functions precipitated by host
signaling in establishment, maintenance, or reactivation from latency are far from clear.
UL138 suppresses MIE gene expression by preventing histone demethylation and preventing
accumulation of the Golgi-localized CtBP1 protein on the MIEP (113). It is possible that
signaling events emanating from UL138-mediated regulation of EGFR or TNFR precipitate
changes in epigenetic silencing. Consistent with this idea, JNK stress signaling (stimulated
by a decrease in PI3K activity) is essential for the first phase of HSV-1 gene expression
during reactivation (93). Further linking signaling and epigenetic changes critical to latency
and reactivation, mMTOR-mediated phosphorylation of Kruppel-associated box domain-
associated protein-1 (KAP1) reduces HP-1, SETDB1, and repressive methylation
modification of histones on CMV genomes for reactivation (177). KAP1 plays a similar role
in the regulation of KSHV latency and reactivation (178, 179).

SUMMARY and FUTURE ISSUES

CMV persistence has been fine-tuned over millions of years of co-evolution with the human
host resulting in a complex Gordian knot that will require an integrated and in-depth inquiry
into the viral, cellular, and host components to fully untangle (Fig. 2). The infected host cell
contributes a number of context-dependent suppressive activities to silence the genome and
assist the establishment of latency. However, latency is not an inevitable default imposed by
the cell. It is equally clear that the virus encodes factors to manipulate host pathways to
direct both its entry into and exit from latency. A model summarizing known host and viral
mechanisms is shown in Figure 6. Like the productive cycle of replication, latency is likely
governed by an elaborate system of checks and balances—gate keepers that allow
progression into or successful exit from latency to proceed only when specific thresholds of
viral or cellular activity are met. Understanding these virus-host interactions and how they
regulate transition into and out of latency is critical to ultimately controlling or eliminating
latent infections. As we move forward, a number of fundamental questions about the nature
of HCMV persistence and mechanisms controlling the latent state remain.
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1. Do other reservoirs of latent CMV exist outside of hematopoietic compartment?

2. What are the host signaling pathways and viral regulators of signaling important
for latency and reactivation?

3. How do the many distinct mechanisms regulating CMV latency (entry events,
epigenetic regulation, viral factors, host signaling) interface (and to what extent)
to regulate states of latency and reactivation?

4. How does expression of the UL133/8 genes and other viral determinants control
the transition between latent and replicative states?

S. What is the latent transcriptome and how is it regulated?
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DEFINITION BOXES

Gordian Kneot: a legend of Phrygian Gordium associated with Alexander the Great; a
metaphor for an intractable problem that will be solved by a careful approach and
thinking outside the box.

Persistence: is long-term maintenance of viral infection, which in the case of
herpesviruses is incurable. CMV persistence is comprised of latent, chronic, and
replicative states of infection, which need not be mutually exclusive in time.

Latency: refers to a quiescent state of infection during which viral genomes are
maintained in the absence of productive virus replication. The extent to which the viral
genome is transcribed during latency and the requirement for gene products in the
establishment or maintenance of latency is controversial.
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Figure 1. Schematic of CMV latency
Following entry into the cell and delivery of the genome (green circle) to the nucleus, cell

type-specific i defenses, the activity of viral tegument proteins, and as yet undefined virus-
host interactions begin to define the pattern of infection: productive, chronic, or latent.
Cellular differentiation and other host cues can reactivate virus replication. In productive
states of replication, all three classes of viral transcripts are expressed. The transcriptome
associated with viral latency is more poorly defined.
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Figure 2. The Gordian knot
CMV latency is a complex and poorly understood process that is controlled by (i) viral

factors, (ii) cell type-specific factors in the infected cell, and (iii) innate and adaptive host
responses. These three aspects of CMV persistence are inextricably linked. Untangling the

knot will require an integrated inquiry into these facets of latency.

Annu Rev Virol. Author manuscript; available in PMC 2017 July 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Goodrum Page 27

JTRS | ab-adapted
= Y uw s PiE o)
“ “‘ﬁ:wnli _TRS | ow-passage
| s |
UL14TA ULME  UL14S . - nadl b e = UL/P’ Regi
MR (M o AL e e WM AL ML M e AL AL AL B G D e e
UL138 UL LL1BsS  ULI33 UL133/8 Locus

[ﬂﬂl“l

Figure 3. The CMV genome, UL/b’, and UL133/8 locus
Low-passage strains retain a ~15-kb region of the genome termed UL/®’ that is lost during

the serial passage of the virus in fibroblasts. The UL/b’ region encodes 19-20 ORFs, many
of which have no defined function. The UL /33/81ocus coordinates the expression of 4 genes
from a series of polycistronic transcripts. The UL133/8 proteins have roles in latency and
reactivation in CD34% HPCs, as well as for replication in endothelial cells.
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Figure 4. A model for synergistic and antagonistic interactions between UL133/8 proteins in
regulating latency
UL133 and UL138 promote viral latency. UL138-mediated suppression of virus replication

is overcome in part by replication-promoting activity of UL135 for reactivation. UL136
isoforms synergize and antagonize one another in regulating the level of virus replication in
CD34* HPCs. The UL136 33- and 26-kDa isoforms promote replication and are required for
replication, whereas the 23- and 19-kDa isoforms suppress replication. The 25-kDa isoform
has context-dependent roles. The 25-kDa isoform promotes the maintenance of latency in
CD34* HPCs, but is also required for reactivation or dissemination in humanized mice.
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Figure 5. UL135 and UL138 antagonistically regulate EGFR surface levels and trafficking
During CMV infection in fibroblasts, EGFR is sequestered in an activated form at the vAC.

UL138 enhances recycling of EGFR to sustain cell surface levels, while UL135 promotes
EGFR turnover. EGFR, together with UL135 and UL138, constitute a molecular switch
controlling latency. EGFR and downstream PI3K signaling sustain latency. The mechanisms
by which UL135 and UL138 regulate EGFR trafficking are not defined.
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Figure 6. A model of virus-host interactions underlying latency
CMV latency requires coordinated regulation of viral gene expression, maintenance of the

viral genome, and modulation of host processes and responses. Virus entry stimulates EGFR
and induces Mcl-1 in monocytes—events that enhance cellular motility and survival. The
viral genome is chromatinized upon delivery to the nucleus. Viral transcription is restricted
by host epigenetic modulators and virus factors, but the mechanisms are not completely
defined. While the latent transcriptome is not well understood, expression of a number of
viral genes has been detected and their roles in regulating viral gene expression or host
responses are beginning to be defined. Thematically, many CMV latency determinants
regulate host signaling as a means by which to control differentiation, survival, and detection
by the immune response. The mechanisms by which viral factors regulate host signaling and
the effect of these interactions on patterns of infection in various cell types remains to be
fully understood.
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