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Abstract: The human cytomegalovirus (HCMV), one of eight human herpesviruses, establishes
lifelong latent infections in most people worldwide. Primary or reactivated HCMV infections cause
severe disease in immunosuppressed patients and congenital defects in children. There is no vaccine
for HCMV, and the currently approved antivirals come with major limitations. Most approved HCMV
antivirals target late molecular processes in the viral replication cycle including DNA replication
and packaging. “Bright and early” events in HCMV infection have not been exploited for systemic
prevention or treatment of disease. Initiation of HCMV replication depends on transcription from the
viral major immediate-early (IE) gene. Alternative transcripts produced from this gene give rise to
the IE1 and IE2 families of viral proteins, which localize to the host cell nucleus. The IE1 and IE2
proteins are believed to control all subsequent early and late events in HCMV replication, including
reactivation from latency, in part by antagonizing intrinsic and innate immune responses. Here we
provide an update on the regulation of major IE gene expression and the functions of IE1 and IE2
proteins. We will relate this insight to experimental approaches that target IE gene expression or
protein function via molecular gene silencing and editing or small chemical inhibitors.

Keywords: herpesvirus; cytomegalovirus; immediate-early; IE1; IE2; antiviral; ribozyme; RNA
interference; CRISPR/Cas; small molecule

1. Introduction

Human cytomegalovirus (HCMV), also known as human herpesvirus 5, is a member of the
Betaherpesvirinae, a subfamily of the Herpesviridae. Infectious HCMV particles are composed of a
polymorphic lipid envelope containing viral glycoproteins, a tegument layer consisting mainly of
viral phosphoproteins and an icosahedral protein capsid encasing the viral genome [1,2]. The HCMV
genome comprises roughly 235,000 base pairs of double-stranded DNA in a single chromosome. By
harnessing cellular RNA polymerase II, the viral genome gives rise to a highly complex transcriptome
encompassing both mRNAs with more than 700 translated open reading frames as well as non-coding
RNAs [3–9]. Upon infection of permissive cells, the HCMV genome is expressed and replicated in
three sequential steps referred to as immediate-early (IE), early and late. The viral major IE gene,
expressed within hours of infection, and the corresponding IE proteins will be at the center of this
review. Major IE proteins inhibit intrinsic and innate host cell responses and initiate transcription from
viral early genes [10–15]. Early gene products regulate host cell functions to facilitate virus replication
and contribute to late events including viral DNA replication and packaging. Typical early viral
proteins include the DNA polymerase (pUL54), phosphotransferase (pUL97) and components of the
terminase (pUL51, pUL52, pUL56, pUL77, pUL89, pUL93, pUL104), which are all targets of approved
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anti-HCMV drugs [16–18]. Finally, late genes are expressed after viral DNA replication has commenced
and encode mostly structural proteins of the capsid, tegument or envelope required for the assembly
and egress of progeny virions [19–21]. HCMV replicates in a wide variety of differentiated cell types,
and targets select types of poorly differentiated cells including myeloid progenitors for latent infection
with limited viral gene expression [22–26]. Viral reactivation from latency is brought about by cellular
differentiation and/or stimulation and contributes greatly to pathogenesis in vulnerable hosts [27–29].

HCMV is the cause of an ongoing “silent pandemic” affecting 40% to 100% of people in populations
around the world. Co-evolution over millions of years has resulted in latent or low-level productive
HCMV infection that persists for the life of the host in the absence of major disease symptoms. This
type of persistence is due to a fine-tuned balance between our intrinsic, innate and adaptive immune
responses and manifold viral countermeasures. Developmental or acquired immune system defects
disrupt the delicate balance between virus and host and can result in severe disease outcomes. HCMV
infection is the most common congenital (present at birth) infection worldwide, with an estimated
incidence in developed countries between 0.6% and 0.7% of all live births. This incidence results
in approximately 60,000 neonates born every year with congenital HCMV infection in the United
States and the European Union combined [30–33]. Since congenital HCMV infection parallels maternal
seroprevalence, the estimated incidence in developing countries is even higher, between 1% and 5% of
all live births [34,35]. More than 10% of congenitally infected children will suffer neurodevelopmental
damage and other disorders present at birth or long-term sequelae including hearing loss. Consequently,
HCMV has been recognized as a leading cause of birth defects. HCMV reactivation from latency
or primary infection also remain a major source of morbidity and mortality in immunosuppressed
individuals including recipients of solid organ and haematopoietic stem cell allografts, people with
acquired immunodeficiency syndrome (AIDS) and other critically ill patients. For example, HCMV
infections are diagnosed in roughly 50% of all allograft recipients [36–38]. Cytomegaloviruses are
highly species-specific, but certain aspects of HCMV infection and pathogenesis are replicated in
animal models including mice infected with murine cytomegalovirus (MCMV) [39,40].

HCMV is spread through various routes including sexual contact, organ and stem cell
transplantation, breast milk and from mother to baby (transplacental) during pregnancy. Women can
reduce HCMV transmission through practicing appropriate hygiene behaviors [41–44]. In seropositive
pregnant women HCMV hyperimmunoglobulin is applied as passive immunization to improve
the adaptive immune response and reduce the risk of congenital infection. However, the value
of this treatment is controversial with limited data supporting improved clinical outcomes [45–49].
The development of active immunization for HCMV is a major public health priority, and a number of
candidate vaccines have been evaluated in clinical trials as well as preclinical models. However, no
effective vaccine for HCMV is currently available [50–56].

Since cell-mediated adaptive immunity is believed to be key in counteracting HCMV infection,
adoptive transfer of virus-specific T cells holds promise for antiviral therapy [57–59]. In addition,
a multitude of antiviral agents from a wide diversity of chemical classes are known to be active
against HCMV. The exact mechanism of action is unknown for most of these antivirals, and only a
small subset has been tested in clinical trials. Seven anti-HCMV drugs have received approval for
various indications: Ganciclovir (GCV), Valganciclovir, Acyclovir, Foscarnet, Cidofovir, Letermovir
and Fomivirsen [60–63]. Fomivirsen is an antisense oligonucleotide targeting expression of a major IE
protein and will be discussed in Section 5.1. GCV, an acyclic analogue of deoxyguanosine, was the first
drug approved for the prevention and treatment of HCMV disease. The prodrug Valganciclovir is an
orally applicable valine ester that is rapidly metabolized to GCV. Inside cells, GCV is converted to
the active triphosphate via initial phosphorylation by the HCMV phosphotransferase (pUL97) and
subsequent phosphorylation steps by cellular kinases. GCV inhibits the HCMV DNA polymerase
(pUL54) by competing with deoxyguanosine triphosphate for the enzyme’s active site, thus preventing
nucleotide incorporation into the elongating viral DNA [60,64]. A closely related nucleoside analogue,
Acyclovir, is potent against members of the Alphaherpesvirinae but exhibits very modest antiviral activity
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for HCMV [60,65]. Thus, GCV and Valganciclovir have been the first line choice for prevention and
treatment of HCMV disease. However, GCV is associated with serious toxicity including neutropenia,
thrombocytopenia or anaemia [66,67]. In addition, the development of GCV-resistant HCMV strains
associated with prolonged exposure, severe immunosuppression, suboptimal GCV doses and high
viral loads poses a serious challenge. In 90% of all cases, resistance to GCV arises from mutations in
conserved regions of either pUL97 or pUL54 [67,68]. In such cases, Foscarnet or Cidofovir are the usual
alternative treatments. The two drugs do not require phosphorylation by pUL97 for activation and
exhibit broad spectrum antiviral activity against DNA viruses. Foscarnet, a pyrophosphate analogue,
directly inhibits pUL54 by blocking the enzyme’s pyrophosphate binding site via a non-competitive
mechanism. By this mechanism, Foscarnet interferes with cleavage of the pyrophosphate moiety from
the nucleotide triphosphate substrate during incorporation into the nascent DNA chain. Cidofovir
is an acyclic nucleoside phosphonate and an analogue of deoxycytidine monophosphate. After
phosphorylation to the active diphosphate (a deoxycytidine triphosphate analogue) by cellular kinases,
competitive incorporation into the elongating DNA chain by pUL54 inhibits viral genome replication.
Resistance to Foscarnet and Cidofovir occurs with rates similar to GCV, and the two drugs can select for
mutations conferring cross-resistance to GCV. Moreover, lack of oral bioavailability as well as serious
side effects including nephrotoxicity have limited their clinical use [66,67]. Brincidofovir is a lipid
ester prodrug of cidofovir with improved oral bioavailability and reduced toxicity that demonstrated
promising results in clinical trials with allogeneic stem cell transplant recipients seropositive for
HCMV [67,69]. Likewise, the benzimidazole L-riboside Maribavir, a highly specific inhibitor of pUL97,
has been successfully tested in clinical trials with a similar group of patients [67,69]. Recently, a number
of molecules have been discovered that inhibit the packaging of viral DNA into preformed capsids
by the HCMV terminase complex. Letermovir is the first of this class to be approved and reduced
the levels of HCMV DNA in stem cell transplant patients in the absence of myelotoxic effects [18,70].
Although successful in immunosuppressed patients, none of the anti-HCMV drugs described above
have been approved for use during pregnancy because of their teratogenic or embryotoxic effects in
animal studies [60,71].

Due to the medical importance of HCMV, the absence of effective ways to prevent infection and
the shortcomings of existing therapeutic drugs, it is imperative to develop novel antiviral strategies
involving new molecular targets and mechanisms of action. All approved drugs currently available
to prevent or treat HCMV disease target viral enzymes expressed in the early phase and critical
for late processes in the infection cycle. In contrast, molecular events before the onset of HCMV
DNA replication have been largely neglected with respect to antiviral approaches. This review will
outline our current understanding of the regulation at the HCMV major IE gene and the functional
characteristics of IE proteins derived from this gene. We will further highlight past, present and future
antiviral strategies aimed at IE gene expression and protein function for improved intervention with
HCMV infection and disease.

2. Major IE Gene Expression

2.1. Transcriptional Control of the Major IE Gene

The outcome of HCMV infection is believed to depend largely on the level and timing of expression
from the major IE gene [23,72,73]. This is the first viral gene to be transcribed following initial infection,
and likely during reactivation from latency, in a process that does not require de novo viral protein
synthesis [13,23,74]. Expression of the major IE gene is highly dynamic with transcription levels
ranging from extremely high to negligibly low depending on the type and differentiation or activation
state of the infected cell. While productive HCMV infection is linked to activated transcription, viral
latency is characterized by transcriptional repression at this gene. The major IE gene is located in the
unique long (UL) segment of the viral genome, close to the internal repeat elements. The organization
of this gene is unusually complex, not just by viral standards, as multiple promoters and numerous
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transcripts including both sense and antisense RNAs have been identified in this region [3,75–83].
Some of these promoters appear to have a specific role during latent infection or reactivation from
latency [75,79,84]. However, the combined major IE enhancer and promoter (MIEP) is considered the
principal driver of IE transcription during productive HCMV infection. It contains an extremely strong
enhancer which has been widely utilized in heterologous expression systems. The MIEP is bidirectional
and has been roughly divided into four functional entities: a core promoter (+1 to −40 nucleotides
from the transcription start site), an enhancer (−40 to −550 nucleotides), a unique region (−550 to
−750 nucleotides) and a modulator (−750 to −1140 nucleotides) [85,86] (Figure 1). The modulator’s
role is largely unknown, although a cell-type specific regulatory function has been suggested [87–89].
“Rightward” transcription from the MIEP is suppressed by the unique region which binds cellular
homeobox proteins and appears to function as an insulator between the enhancer and UL127 [90–95]
(Figure 1). The core promoter is sufficient, yet not required, for low-level transcription to the “leftward”
direction of the major IE gene [76,96]. It contains a TATA-box as well as the cis-repressive sequence
(crs) that serves as a binding site for IE2 dimers (see Section 3.1). The enhancer hugely augments
transcription from the major IE gene, in part via a number of small cis-acting repeat sequences (18-bp,
19-bp and 21-bp), and is required for viral replication. It may be further divided into proximal and distal
enhancer halves (−40 to −300 nucleotides and −300 to −550 nucleotides, respectively) that differ in
structural makeup, yet function jointly by contributing multiple cis-acting elements to provide efficient
MIEP activation and viral replication. Accordingly, a long list of activating cellular transcription factors
have been shown or proposed to bind to the cis-acting elements in the enhancer, unique region and
modulator. In addition, binding of several repressive cellular transcription factors to the enhancer and
modulator has been reported (Figure 1). The vast number of transcription factors that may activate or
repress the MIEP is thought to account for much of the highly dynamic expression observed at the
major IE gene [13,23,74].

The complexity of MIEP regulation further amplifies when considering transcription in the
chromatin or “epigenetic” context. The MIEP may undergo limited DNA methylation, especially in
systems for transgene expression, and the major IE gene exhibits CpG dinucleotide suppression [97–101].
Beyond these observations, there is little evidence that MIEP activity or IE transcription are regulated
by DNA methylation following HCMV or MCMV infection [102–104]. Nuclear HCMV genomes form
nucleosomes, octamers of core histones H2A, H2B, H3 and H4 wrapped with just under 150 bp of
DNA, resembling host chromatin structure [9,105]. Consequently, the chromatin of HCMV and other
DNA viruses that replicate in the nucleus is subject to regulation by nucleosome occupancy, histone
composition and post-translational histone modification [106–108]. Nucleosome occupancy on the
MIEP is believed to be low during productive infection, but likely increases during establishment of
latency based on findings from the mouse model and by analogy to other herpesviruses [9,105,109].
Numerous studies have shown correlations between activating or repressive histone modifications
associated with the major IE gene and the levels of viral gene expression. For example, association of the
MIEP with H3K4me2, H3K4me3, H3K9/14ac, H3S10ph or H4Kac has been linked to high levels of IE (or
transgene) transcription and productive infection or reactivation from latency [72,110–120]. By contrast,
the presence of H3K9me2, H3K9me3 or H3K27me3 at the MIEP generally correlates with low levels of
IE transcription and either latent or the onset (pre-IE phase) of productive infection [110–112,115,116]
(Figure 1). In agreement with these observations, histone modifying enzymes and enzyme complexes
including histone acetyltransferases (e.g., KAT6A/MOZ), histone deacetylases (e.g., HDAC1, HDAC3),
histone methyltransferases (e.g., EHMT2/G9A, EZH2, SETDB1, SUV39H1), histone demethylases (e.g.,
KDM1A/LSD1, KDM4A/JMJD2, KDM6B/JMJD3) and histone kinases (e.g., MSK family) have all been
implicated in regulating transcription from the MIEP [72,119–129] (Figure 1). The histone modifying
proteins are typically recruited by transcription factors bound to the MIEP including cAMP responsive
element binding protein 1 (CREB1), ETS2 repressor factor (ERF) and Ying Yang 1 transcription factor
(YY1). In turn, chromatin modifications lead to the recruitment of further activators or repressors that
may affect IE expression making for a complex hierarchy of transcriptional regulation [107,130,131].
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Histone deacetylases, histone demethylases and other proteins conferring repressive histone
modifications to HCMV chromatin may be considered components of the intrinsic cellular immune
system also known as restriction factors [132]. Many of the best known restriction factors for
HCMV reside in nuclear organelles referred to as nuclear domain 10 or promyelocytic leukaemia
(PML) bodies [133–135]. While PML bodies may confer transcriptional repression as a whole,
constituents of these organelles including alpha thalassemia/mental retardation syndrome X-linked
protein (ATRX), death domain-associated protein (DAXX), PML protein and SP100 nuclear antigen have
been shown or proposed to act as repressors of major IE gene expression in part via chromatin-based
mechanisms [136–138]. More recently, cellular proteins that mediate foreign or damaged DNA sensing
and signalling, including cyclic guanosine monophosphate-adenosine monophosphate (cGAMP)
synthase, interferon (IFN) gamma-inducible protein 16 (IFI16) and stimulator of IFN genes (STING),
have been identified as restriction factors of HCMV and other DNA viruses [139–142]. These proteins
are known or predicted to restrict IE transcription, at least indirectly, although IFI16 may activate
rather than repress the MIEP [143,144].

Expression of the major IE gene also varies with the activity of cellular signalling pathways
that connect the extra- and intracellular environment to the nucleosomes and transcription factors
associated with the HCMV genome including the MIEP. The virus has been shown to activate, rewire
or inhibit numerous of these signalling pathways. HCMV infection triggers both pathways considered
to be proviral as well as pathways linked to innate immune responses resulting in the production of
proinflammatory and antiviral cytokines. In fact, many signalling pathways appear to exhibit both
pro- and antiviral potential, and the net effect on the virus depends on various factors including cell
type and stage of infection. Binding of HCMV to receptor proteins on the cell surface initiates the
first wave of signalling. The virus engages various cellular entry receptors, several of which activate
similar pathways relevant to the IE phase of infection [145–149]. In particular, epidermal growth
factor receptor (EGFR), platelet-derived growth factor receptor alpha and integrins independently
trigger the phosphatidylinositol 3-phosphate and protein kinase B (PI3K/AKT) pathway [150–152].
The PI3K/AKT pathway is central to many cellular properties including motility, proliferation and
survival [153–155]. Transient induction of this pathway triggered by receptor signalling appears to
be followed by more sustained activation involving the viral major IE proteins [156–159]. Initial
PI3K/AKT activation is required for efficient viral entry as well as optimal replication in fibroblasts
and establishment of latency in monocytes [156,158,160–163]. However, at later times during infection
inhibition of EGFR or PI3K seems to favour viral replication and reactivation from latency suggesting a
negative regulatory role at this point [164–167]. Besides PI3K/AKT signalling, various other kinase
pathways are known to be activated very early during HCMV infection. These pathways include
mitogen-activated kinase (MAPK) signalling both via extracellular signal-regulated kinase (ERK) 1
and 2 including RAF1 (MAPKKK upstream of ERK) as well as via p38 MAPK [168–172]. Other kinases
thought to be involved in the IE phase of HCMV infection include adenosine monophosphate-activated
protein kinase (AMPK) [173], hematopoietic cell kinase (a src family kinase) [174], cyclin-dependent
kinases (CDKs) [175], protein kinase A [176] and mitogen and stress activated kinase (MSK) [128]. The
activation of kinase signalling pathways in the initial infection phase comes with multiple, mostly
beneficial consequences for the virus including major IE gene activation. For example, ERK mediates
induction of major IE gene expression via binding of CREB to the MIEP and recruitment of MSK. In
turn, MSK-mediated histone H3 phosphorylation promotes histone demethylation and the subsequent
exit of HCMV from latency [128]. One of the most crucial transcription factors linked to the PI3K/AKT,
MAPK and other signalling pathways relevant to HCMV infection is nuclear factor kappa B (NF-κB).
Canonical NF-κB activation requires degradation of inhibitor of NF-κB (IκB), which depends on
phosphorylation by a three-subunit IκB kinase (IKK). IKK-mediated phosphorylation of IκB is triggered
as early as five minutes after exposure of cells to HCMV particles resulting in activation of preformed
NF-κB [177,178]. This first phase of the NF-κB response to HCMV infection may facilitate IE expression
via binding sites in the proximal enhancer of the MIEP (Figure 1). However, the requirement of
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NF-κB for efficient IE expression varies widely with cell type, virus strain and other conditions of
infection [179–182]. A second phase of NF-κB activation due to initiation of NF-κB transcription allows
for continued expression throughout infection. While NF-κB activation benefits HCMV replication, at
least under certain conditions, it also comes with adverse effects for the virus. NF-κB, along with IFN
regulator factor 3 (IRF3), binds to promoters and stimulates transcription of numerous cytokine and
chemokine genes. Some of these genes encode antiviral proteins including type I IFNs. HCMV gene
products including tegument proteins (e.g., pUL35, pUL82/pp71, pUL83/pp65) and IE proteins as well
as non-coding RNAs target the IFN response and other signalling pathways, adding an additional
layer of complexity. Targeting of host cell signalling by HCMV will be discussed below in the context
of IE proteins (see Section 3.4), but is otherwise beyond the scope of this review. For a comprehensive
and detailed account of this topic, the reader is referred to several other recent reviews [183–185].

Viruses 2020, 12, x FOR PEER REVIEW 6 of 42 

 

[179–182]. A second phase of NF-κΒ activation due to initiation of NF-κΒ transcription allows for 

continued expression throughout infection. While NF-κΒ activation benefits HCMV replication, at 

least under certain conditions, it also comes with adverse effects for the virus. NF-κΒ, along with IFN 

regulator factor 3 (IRF3), binds to promoters and stimulates transcription of numerous cytokine and 

chemokine genes. Some of these genes encode antiviral proteins including type I IFNs. HCMV gene 

products including tegument proteins (e.g., pUL35, pUL82/pp71, pUL83/pp65) and IE proteins as 

well as non-coding RNAs target the IFN response and other signalling pathways, adding an 

additional layer of complexity. Targeting of host cell signalling by HCMV will be discussed below in 

the context of IE proteins (see Section 3.4.), but is otherwise beyond the scope of this review. For a 

comprehensive and detailed account of this topic, the reader is referred to several other recent 

reviews [183–185]. 

 

Figure 1. Organisation of the human cytomegalovirus (HCMV) major IE enhancer and promoter 

(MIEP) and select protein factors involved in its regulation. The MIEP is composed of a core promoter 

containing a TATA-box and the crs that mediates repression by IE2, an enhancer with proximal and 

distal parts, a unique element and a modulator. Nucleotide positions relative to the transcription start 

sites and the direction of transcription (grey arrows) are indicated. “Leftward” transcription results 

in mRNAs encoding the IE1 and IE2 proteins (“rightward” transcription results in uncharacterized 

mRNAs containing the UL127 open reading frame). Transcription factors known or predicted to bind 

to the individual parts of the MIEP are shown above (repressors are shown in purple). Chromatin 

modifiers and histone tail modifications reported to activate or repress the MIEP are shown below. A 

few examples of virion components and cell signalling pathways known to activate the MIEP are 

shown at the left and right side, respectively, of the diagram. ARID5B/MRF1, AT-rich interaction 

domain 5B protein; ATF, activating transcription factor family; CBX/HP1, heterochromatin protein 1; 

CEBPA, CCAAT enhancer binding protein alpha; CHD4, chromodomain helicase DNA binding 

protein 4, nucleosome remodeling and deacetylase (NuRD) subunit; CUX1/CDP, cut-like homeobox 

1 protein; ELK1, ETS transcription factor Elk1; ETS, Ets proto-oncogene transcription factor; EZH2, 

enhancer of zeste 2 polycomb repressive complex 2 (PRC2) subunit; FOS, Fos proto-oncogene, 

activator protein 1 (AP-1) transcription factor subunit; FOX, forkhead transcription factor family; 

GFI1, growth factor-independent 1 transcriptional repressor; HMGB1/SBP, high mobility group box 

1 protein; JUN, Jun proto-oncogene, AP-1 transcription factor subunit; KAT6A/MOZ, lysine 

acetyltransferase 6A; KDM1A/LSD1, lysine demethylase 1A; KDM4A/JMJD2, lysine demethylase 4A; 

KDM6B/JMJD3, lysine demethylase 6B; MDBP, methylated DNA binding protein family; MTA2, 

metastasis-associated 1 family member 2, NuRD subunit; NFI/CTF, nuclear factor 1 family; PDX1, 

pancreatic and duodenal homeobox 1 protein; PPARG, peroxisome proliferator-activated receptor 

gamma; RARA, retinoic acid receptor alpha; RBBP4, Rb binding protein 4 chromatin remodelling 

Figure 1. Organisation of the human cytomegalovirus (HCMV) major IE enhancer and promoter
(MIEP) and select protein factors involved in its regulation. The MIEP is composed of a core promoter
containing a TATA-box and the crs that mediates repression by IE2, an enhancer with proximal and
distal parts, a unique element and a modulator. Nucleotide positions relative to the transcription start
sites and the direction of transcription (grey arrows) are indicated. “Leftward” transcription results
in mRNAs encoding the IE1 and IE2 proteins (“rightward” transcription results in uncharacterized
mRNAs containing the UL127 open reading frame). Transcription factors known or predicted to bind
to the individual parts of the MIEP are shown above (repressors are shown in purple). Chromatin
modifiers and histone tail modifications reported to activate or repress the MIEP are shown below.
A few examples of virion components and cell signalling pathways known to activate the MIEP are
shown at the left and right side, respectively, of the diagram. ARID5B/MRF1, AT-rich interaction
domain 5B protein; ATF, activating transcription factor family; CBX/HP1, heterochromatin protein
1; CEBPA, CCAAT enhancer binding protein alpha; CHD4, chromodomain helicase DNA binding
protein 4, nucleosome remodeling and deacetylase (NuRD) subunit; CUX1/CDP, cut-like homeobox
1 protein; ELK1, ETS transcription factor Elk1; ETS, Ets proto-oncogene transcription factor; EZH2,
enhancer of zeste 2 polycomb repressive complex 2 (PRC2) subunit; FOS, Fos proto-oncogene, activator
protein 1 (AP-1) transcription factor subunit; FOX, forkhead transcription factor family; GFI1, growth
factor-independent 1 transcriptional repressor; HMGB1/SBP, high mobility group box 1 protein; JUN,
Jun proto-oncogene, AP-1 transcription factor subunit; KAT6A/MOZ, lysine acetyltransferase 6A;
KDM1A/LSD1, lysine demethylase 1A; KDM4A/JMJD2, lysine demethylase 4A; KDM6B/JMJD3, lysine
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demethylase 6B; MDBP, methylated DNA binding protein family; MTA2, metastasis-associated 1 family
member 2, NuRD subunit; NFI/CTF, nuclear factor 1 family; PDX1, pancreatic and duodenal homeobox
1 protein; PPARG, peroxisome proliferator-activated receptor gamma; RARA, retinoic acid receptor
alpha; RBBP4, Rb binding protein 4 chromatin remodelling factor, NuRD subunit; RXRA, retinoic X
receptor alpha; SATB1, special AT-rich sequence binding homeobox 1 protein; SETDB1, SET domain
bifurcated histone lysine methyltransferase 1; SP1, Sp1 transcription factor; SP3, Sp3 transcription
factor; SRF, serum response factor; SUZ12, suppressor of zeste 12 PRC2 subunit; TBP, TATA-box binding
protein; TRIM28/KAP1, tripartite motif containing 28 protein. See main text for other abbreviations.

2.2. Post-Transcriptional and Translational Control of the Major IE Gene

The primary transcript derived from the MIEP is subject to extensive regulation at the
post-transcriptional and translational level. It undergoes alternative splicing and polyadenylation to
generate multiple mRNA species assigned to either the IE1 or IE2 family [12,13,74]. This differential
post-transcriptional regulation is believed to involve the cellular 65-kDa U2-associated factor and
ubiquitin-dependent segregase valosin containing protein p97 [186,187]. RNA sequencing showed
increased IE1 and decreased IE2 splicing following p97 knockdown [187]. The processed IE1 and IE2
mRNAs accumulate with different kinetics and share the first three exons [186–188]. However, IE1
mRNAs contain exon 4 while IE2 mRNAs contain exon 5 sequences.

Translation of the IE1 and IE2 mRNAs is subject to control by viral non-coding RNAs [189–191].
For example, the HCMV long non-coding RNA 4.9 has been reported to bind to the MIEP and
recruit repressor complex PRC2 to this region [120]. In addition, HCMV miRNA miR-UL112-1 was
shown to target the IE1 mRNA and to reduce the corresponding protein levels by translational
inhibition [192–194]. Likewise, HCMV miR-UL25-1 and miR-UL25-2 appear to be linked to reduced
IE1 protein levels, although most likely indirectly via cellular targets [195].

The major IE mRNAs ultimately give rise to the IE1 (UL123) and IE2 (UL122) families of proteins
with several members each. The largest, most abundant and by far best studied family members are
the 72-kDa (491 amino acids) IE1 protein, also known as IE72, and the 86-kDa (579 amino acids) IE2
protein, also known as IE86. The two proteins share 85 amino acids encoded by exon 3 at their amino
termini but are otherwise unrelated. For simplicity, they are referred to as IE1 and IE2 in this review.

2.3. Post-Translational Control of the Major IE Proteins

IE1 and IE2 are both believed to exist as dimers, while IE2 may also form higher order
oligomers [196–200]. Both IE proteins can undergo at least two types of post-translational modification,
phosphorylation at serine or threonine residues [201,202] and conjugation to small ubiquitin-like
modifiers (SUMOylation) at lysine residues [203–206]. Various positive or negative regulatory effects
on IE protein function and HCMV replication have been ascribed to these modifications [205,207–214].
While IE1 is a metabolically highly stable protein with an estimated intracellular half-life between 21 and
>30 h [215,216], IE2 exhibits a much shorter half-life of approximately 2.5 h in cells [197,215]. Alongside
post-transcriptional mechanisms (see Section 2.2), the differences in metabolic stability contribute to the
much higher steady-state levels of IE1 compared to IE2 observed during productive HCMV infection.
Nuclear localization signals in IE1 and IE2 target the proteins to the cell nucleus, where they are found
in various compartments including PML bodies, chromatin and the nucleoplasm [11,13,14].

2.4. Summary

Highly complex interactions between a multitude of cellular and viral components at the level
of DNA, chromatin and upstream signalling pathways determine the initiation and magnitude of
transcription from the HCMV MIEP. The highly dynamic transcription from the major IE gene is
complemented by post-transcriptional processing and translational regulation, ultimately controlling
the synthesis of the IE1 and IE2 families of predominantly nuclear proteins. The major IE proteins are
subject to post-translational regulation and are thought to activate the viral replicative cycle during
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both initial infection and reactivating from latency. It is therefore believed that the eventual outcome of
HCMV infection depends on the level and timing of IE1 and IE2 expression.

3. Major IE Protein Function

3.1. Role in Activation and Repression of Transcription

IE1 and IE2 were initially identified as activators of transcription in reporter assays using transiently
transfected plasmids [11,13,14]. In these assays, the IE proteins were shown to activate the HCMV
MIEP (positive auto-regulation) and various viral early gene promoters. In addition, IE2 turned out
to be a repressor of the MIEP (negative auto-regulation). In fact, IE2 sequence-specifically binds to
the crs in the core promoter (Figure 1) to block RNA polymerase II occupancy at the transcription
start site. Furthermore, several heterologous viral promoters as well as cellular promoters proved
to be responsive to activation by the IE proteins. The impact of IE1 and IE2 on transcription from
a broad variety of promoters in transient transfection assays earned them the title “promiscuous
transactivators”. IE2 usually appeared as the stronger activator compared to IE1 and, depending on
the reporter construct, the two proteins often acted in an additive or synergistic manner. Activation
by IE1 and IE2 was mapped to both upstream elements as well as core promoter regions including
the TATA-box. Accordingly, numerous specific and basic transcription factors or transcription factor
complexes were reported to interact with IE1 (e.g., CEBP, E2F1-5, SP1) and IE2 (e.g., AP1, CREB1,
EGR1, SP1, TAF4, TBP, TFIIB, TFIID).

Many key findings from transient transfection assays about the impact of IE1 and IE2 on HCMV
transcription were later corroborated by studies involving mutant viruses and global transcriptome
analyses. These findings confirmed positive autoregulation at the MIEP by IE1 [217], crs-dependent
repression of the MIEP by IE2 and activation of viral early genes by IE1 and IE2 [9,218–221].
In contrast, “promiscuous transactivation” by IE1 and IE2 was not replicated in transcriptome
analyses of endogenous human genes. Instead of showing broad activation of gene expression from
the human genome, the differential transcript profiles from cells individually expressing IE1 or IE2
were rather distinct with little or no overlap to the genes activated by the IE proteins in assays with
transfected reporter plasmids. Following expression under conditions closely mimicking the situation
during productive infection, IE1 turned out to be as significant a repressor as it is an activator of
host gene expression in growth-arrested human fibroblasts [222,223]. Cells induced to express IE1
exhibited global repression of interleukin 6 (IL6)- and oncostatin M-responsive signal transducer and
activator of transcription (STAT) 3 target genes. This repression was followed by STAT1-dependent
activation of type II IFN-stimulated genes (ISGs), normally induced by IFN-γ, many of which encode
immune-stimulatory proteins including proinflammatory chemokines [222–224]. Moreover, in the
presence of IFN-α or IFN-β, IE1 was found to inhibit the induction of type I ISGs by the trimeric
complex of STAT1, STAT2 and IRF9 known as ISG factor 3 (ISGF3) [225,226]. The effects IE1 exerts on
the human transcriptome are thought to result largely from direct physical interactions with STAT2 and
STAT3 (see Section 3.4). While transcriptional regulation by IE1 appears to be dominated by pathways
depending on proteins of the STAT family, IE2 has been shown to inhibit the induction of IFN and other
antiviral cytokine genes via a mechanism involving NF-kB and STING (see Section 3.4). However, the
transcriptome profile for IE2 in cycling human fibroblasts was dominated by genes regulating the cell
cycle and DNA replication many of which are E2F-responsive [227]. This finding likely reflects the
impact of IE2 on the cell cycle. IE2 promotes cell cycle progression from G0/G1 to G1/S and arrests
cells at the G1/S interface, inhibiting cellular DNA synthesis, or at the G2/M interface [13,14,228].
Many human genes activated or repressed by isolated expression of IE1 or IE2 were also shown to be
differentially regulated during productive HCMV infection.
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3.2. Role in Chromatin-Based Epigenetic Regulation

IE2 is known to bind sequence-specifically to DNA, but there is no convincing evidence for direct
DNA binding by IE1 [11,108,131]. However, IE1 associates with chromatin via core histones. IE1 exhibits
two physically separable histone interacting regions with differential binding specificities for H2A-H2B
dimers and H3-H4 dimers or tetramers. The H2A-H2B binding region was mapped to an evolutionarily
conserved nucleosome binding motif (amino acids 479–488) within the chromatin tethering domain
(CTD) at the C-terminus [229,230]. This motif docks with the acidic patch formed by H2A-H2B on the
nucleosome surface [229,230]. The consequences of the IE1-nucleosome interaction have not been fully
elucidated, but they appear to include alterations to higher order chromatin structure [230]. Histone
binding by IE1 might also be linked to the overall low nucleosome levels and temporal reorganization
of nucleosomes across viral genomes observed during productive HCMV infection [9,105]. To our
knowledge, transcriptional regulation via the IE1 CTD has not been experimentally addressed. Instead,
it has been reported that IE1x4, a small variant form of IE1 expressed from a promoter internal to
major IE exon 4, facilitates viral genome maintenance and replication during HCMV latency via a
CTD-dependent mechanism. Despite a lack of experimental evidence, the mechanism is predicted
to involve HCMV episome tethering to host mitotic chromosomes via nucleosome binding by IE1x4
resulting in nuclear retention and partitioning of viral genomes across latently infected dividing
cells [75]. Although IE2 appears to have relatively little affinity for histones, both IE proteins have
been shown to be present in complexes with nucleosome modifying host cell proteins. For example,
IE1 binds to histone deacetylase (HDAC) 3 [124], while IE2 binds to HDAC1-3 [124,126,231], lysine
acetyltransferases CREB binding protein (CBP, KAT3A), p300 (KAT3B) and p300/CBP-associated factor
(KAT2B) [232,233], and lysine methyltransferases G9A (euchromatic histone lysine methyltransferase 2,
EHMT2) and suppressor of variegation 3-9 homolog 1 (SUV39H1) [126]. Accordingly, transcriptional
activation of viral IE and early genes by IE1 correlates with histone acetylation, while transcriptional
repression of the MIEP by IE2 involves histone deacetylation and methylation [130,131,234].

3.3. Role in Inhibition of Intrinsic Immunity

Intrinsic or cell-autonomous immunity is considered the first intracellular line of defence against
viral attack. Intrinsic immunity confers (partial) resistance to viruses via constitutively produced
cellular inhibitors of viral replication known as restriction factors [137,235,236].

Consistent with its presence during the very early stages of HCMV infection, IE1, along with
several viral tegument proteins, has been recognized as a viral antagonist of cellular intrinsic
immunity [10,12,137]. Specifically, IE1 has been shown to target three restriction factors based
in nuclear organelles known as PML bodies (see Section 2.1): PML (tripartite motif 19) proteins,
SP100A and DAXX. Although various activities have been linked to these restriction factors, they all
seem to mediate transcriptional repression of HCMV gene expression in part via chromatin-based
mechanisms [134,137,237]. Both IE1 orthologues of animal cytomegaloviruses as well as HCMV
IE1 were shown to associate with DAXX [238–240]. The sites of interaction in the two proteins
have not been mapped, and it remains unclear whether binding is direct. However, transcriptional
activation of the HCMV latent undefined nuclear antigen (LUNA) gene depends on relief from
DAXX-mediated repression conferred by IE1 [238]. Most of the proteins IE1 targets remain metabolically
stable, but a subset appears to be subject to proteolytic degradation [241–243]. IE1 was shown to
interact physically with the N-terminal domain of SP100A and to target the restriction factor for
degradation via the proteasome. This finding explains the loss of SP100 observed in the late phase
of productive HCMV infection [241,242,244]. The relevance of IE1-mediated SP100 degradation
for HCMV replication remains to be determined. Finally, it has been established that IE1 binds to
PML proteins via its central core domain (amino acids 25–378) predicted to exhibit an all α-helical,
femur-shaped fold [196,245]. This interaction appears to interfere with PML oligomerization and de
novo poly-SUMOylation [203,246–248]. SUMOylated PML isoforms are the central organizers of PML
bodies, and inhibition of SUMOylation by IE1 correlates with organelle disruption resulting in diffuse
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nuclear distribution of the associated restriction factors [203,249–251]. The loss of PML body integrity
adds an additional layer to inhibition of intrinsic immunity by IE1 that extends beyond the mere
targeting of individual restriction factors. Despite limited experimental evidence, PML targeting and
disruption of PML bodies are considered to be key to IE1 function and HCMV replication, especially at
low multiplicity of infection [216,252].

Preceding disruption by IE1, IE2 co-localizes with PML bodies, most likely as a consequence of
binding to the viral genome which also associates with these organelles [251,253,254]. However, IE2
is not currently considered an antagonist of PML bodies. Having said that, both IE1 and IE2 target
histone modifying enzymes (see Section 3.2), some of which are bona fide restriction factors, and more
cellular mediators of intrinsic antiviral immunity targeted by the IE proteins will likely emerge in
the future.

Finally, both IE1 and IE2 inhibit apoptotic cell death, which may be considered part of the intrinsic
antiviral defence system [157,233,255–258]. It appears that each IE protein can block extrinsic apoptosis
pathways via activation of PI3K/AKT signalling, although additional mechanisms likely contribute
including complex formation between IE2 and p53 [259–261]. Despite the fact that the antiapoptotic
potential of the two IE proteins has been clearly established in several overexpression settings, its true
relevance to HCMV infection remains to be determined.

3.4. Role in Inhibition of Innate Immunity

Post-attachment events associated with HCMV entry and the recognition of virion components
by pattern recognition receptors including foreign DNA sensors trigger the induction of cytokine
and chemokine genes [262–264]. Many of these cytokines and chemokines are important components
of our innate immune system, especially type I, II and III IFNs. The synthesis and secretion of
these IFNs activates signalling pathways that involve the phosphorylation of STAT family members
including STAT1 and STAT2. Activated STAT proteins form homodimers or heteromeric complexes
that subsequently bind to and stimulate transcription from promoters of ISGs many of which encode
proteins that interfere with viral replication at various points.

IE1 confers increased type I IFN resistance to HCMV [225]. This phenotype was largely attributed
to nuclear complex formation between IE1 and STAT2 depending on amino acids 410–420 in the
presumably disordered “acidic domain” of the viral protein downstream from the central core
domain and upstream of the CTD [209,222,225,226]. The IE1-STAT2 interaction causes reduced
sequence-specific DNA binding by ISGF3 and diminished activation of type I ISGs (e.g., CXCL10,
IFIT2, ISG15, MX1) [209,225,226,265,266]. The C-terminal part of IE1 has also been reported to disrupt
type II ISG activation by STAT1 homodimers, although IE1 is not believed to bind to STAT1 directly
(only indirectly via STAT heterodimers) [222,225,226,267]. The ability of IE1 to inhibit type I ISG
induction via STAT2 interaction facilitates HCMV replication and appears to be conserved among IE1
homologs of other betaherpesviruses [209,226,268]. Besides STAT2 interaction, complex formation
between PML and IE1 (see Section 3.3) may also contribute to the inhibition of ISG induction during
HCMV infection [216,269].

IE2 is not known to interact with STAT family members, but this protein limits HCMV-induced
expression of antiviral cytokine and proinflammatory chemokine genes (e.g., IFNB1, CCL3, CCL5,
CCL8, CXCL8, CXCL9) [270,271]. A very recent report has also shown that IE2 targets interleukin
1 beta (IL1B) at both the transcript and protein level [272]. The underlying mechanism appears to
involve inhibition of virus- or tumor necrosis factor alpha-induced binding of NF-κB to the IFN-β
promoter, resulting in attenuated target gene expression [273]. Another recent report has demonstrated
that IE2 inhibits IFN-β promoter activation induced by STING, a critical sensor of intracellular DNA
and adaptor for type I IFN signalling. IE2 facilitated the proteasome-dependent degradation of STING
and inhibited cGAMP-mediated induction of IFNB1 and CXCL10 [274]. Taken together, these studies
suggest that IE2 targets STING (and likely other proteins) post-translationally resulting in inhibition of
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NF-κB-dependent induction of cytokine and chemokine genes relevant to the innate immune response
to HCMV infection.

3.5. Role in Inflammation and Adaptive Immunity

HCMV reactivation and replication are typically linked to a strong inflammatory host response
that involves numerous cytokines and chemokines, which often contributes to pathogenesis [27,28,275].
Despite their roles as intrinsic and innate immune antagonists (see Sections 3.3 and 3.4), the major IE
proteins may also facilitate inflammation, most obviously by driving HCMV replication. However, IE1
and IE2 may promote inflammation even in the absence of viral replication [223,276–281]. Consistent
with this idea, the IE1-specific host cell transcriptome is largely characterized by downregulation
of genes responsive to IL6-type cytokines and upregulation of ISGs normally induced by IFN-γ
(see Section 3.1) [222,223]. IE1-dependent gene activation proved to be independent of IFN-γ and
other IFNs, yet required phosphorylated STAT1. Accordingly, IE1 induced phosphorylation, nuclear
accumulation and binding of STAT1 to type II ISG promoters. Moreover, the repression of STAT3- and
the activation of STAT1-responsive genes by IE1 turned out to be coupled. By targeting STAT3, IE1
rewires upstream STAT3 to downstream STAT1 signalling. Consequently, genes normally induced by
IL6 are repressed while genes normally induced by IFN-γ become responsive to IL6 in the presence of
IE1. Thus, IE1 merges two central cellular signalling pathways diverting cytokine responses relevant
to inflammation and (neuro)pathogenesis [222,282].

Adaptive antibody as well T cell responses are thought to be important for long-term control
of HCMV. Studies on T cell immunity in HCMV have traditionally focused on pUL83/pp65 and IE1.
However, it has become clear that both IE1 and IE2 are highly immunogenic CD4+ and CD8+ T cell
antigens adding to their complex roles in the immune response to HCMV infection [283–285]. Based
on the stimulatory effect IE1 exerts on cellular adaptive immunity, the protein has been utilized in the
development of both diagnostic assays as well as vaccine candidates [286–288].

3.6. Role in Viral Replication, Latency and Reactivation

Various highly differentiated cell types including primary human fibroblasts are susceptible to
HCMV infection and permissive for viral replication. The importance of IE1 in the viral productive cycle
was first highlighted by studying laboratory-adapted high passage HCMV strains (Towne/Toledo and
Towne) from which major IE exon 4 had been specifically deleted. Mutant virus replication in fibroblasts
was (almost) normal at high but profoundly impaired at low multiplicity of infection [217,219]. The
IE1-specific phenotype was eventually attributed to a broad reduction in viral early gene expression
and a failure to form replication compartments [218,219]. Nonetheless, more recent studies of
IE1-deficient viruses in the background of both high (AD169) and particularly low passage HCMV
strains (TB40E) demonstrated substantial attenuation even at high input multiplicity [9,216]. Thus,
IE1 is important for efficient HCMV replication in cellulo, albeit not essential. In contrast, IE2
is considered to be indispensable for viral replication at any multiplicity of infection in cultured
fibroblasts [220,221,289,290].

While robust expression of the major IE gene is crucial for productive HCMV infection, the absence
or low levels of IE proteins are linked to the establishment of latent infection. HCMV establishes
latency in a subset of typically poorly differentiated susceptible cells including cells of the myeloid
lineage. The MIEP is largely repressed in these cell types, although low levels of IE1 (and even IE2)
may still be produced. A study led by the late Greg Pari proposed that a variant form of IE1 referred to
as IE1x4 rather than the full-length protein is expressed in latently HCMV-infected haematopoietic
progenitor cells [75]. Their results suggest that IE1x4 is required for latent viral genome replication
and maintenance involving interactions with the cellular transcription factor SP1 and topoisomerase
IIβ. This report is in line with the idea that the IE1 CTD binds to mitotic chromosomes via the acidic
patch formed by histones H2A-H2B on the nucleosome core particle (see Section 3.2). The presence
and function of IE1x4 during HCMV latency await independent confirmation.
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Although it is generally assumed that IE1 and IE2 are required for HCMV reactivation from
latency, there is little experimental evidence to confirm this notion. In a promonocytic cell-line, ectopic
expression of IE1 and IE2 was sufficient for induction of viral early gene expression but not for
production of infectious virus [129]. Studies in the mouse and rat models concluded that the IE1
orthologs are not even required for viral reactivation from latency [291–293]. Thus, while IE2 is almost
certainly necessary for HCMV reactivation (being essential for viral replication) the importance of IE1
in this process remains ambiguous.

3.7. Summary

IE1 and IE2 are nuclear localized HCMV proteins expressed at the beginning of infection. They
autoregulate the MIEP, activate viral early genes and modulate expression of cellular genes many of
which are involved in the cytokine and chemokine response to infection. Regulation of viral gene
expression by the IE proteins appears to result in part from chromatin-based mechanisms including
histone modification, and at least IE2 shares properties with factors that actively control transcription.
In addition, IE1 and IE2 regulate transcription more passively by targeting signalling effectors upstream
of the genome such as STAT2/3 and STING, respectively. Both IE proteins are powerful antagonists of
intrinsic and innate immunity predicted to be individually essential for HCMV replication in vivo.
That said, IE1 and IE2 may contribute to HCMV pathogenesis even in the absence of viral replication.

4. Case for Antiviral Targeting of Major IE Gene Expression or Protein Function

Antiviral strategies for HCMV have long relied on a single molecular target, the viral DNA
polymerase. Even more recently approved antivirals and candidate drugs under development are
directed at viral targets involved in late molecular processes of HCMV replication including DNA
packaging. At this late stage, infection is fully established and adverse immune-related effects
including inflammation have been triggered. In fact, immunopathogenic rather than cytopathogenic
origins have been proposed for some HCMV disease including pneumonitis in allogeneic transplant
recipients [275–277]. Similarly, in mouse models of pneumonitis MCMV replication was not sufficient to
cause disease [276–279]. Conversely, MCMV caused pneumonitis in the absence of viral replication [280].
Likewise, HCMV retinitis in AIDS patients was proposed to be partly due to immunopathogenesis
triggered by IE gene expression, as disease progressed in the absence of replicating virus [281,294].
Along these lines, the IE1 protein was shown to induce pro-inflammatory gene expression and
chemokine secretion [222,223]. The chemokines produced upon IE1 expression included C-X-C motif
chemokine receptor 3 (CXCR3) ligands CXCL9, CXCL10 and CXCL11, which have been implicated in
a large variety of inflammatory and other immune-related disorders including transplant dysfunction
or rejection [278,279]. This evidence links IE gene expression to HCMV pathogenesis.

We consider the major IE gene and proteins promising alternative or complementing targets
for anti-HCMV strategies for various reasons. Targeting the expression or function of IE1/2 would
interfere with infection at a “bright and early” stage before all other currently approved systemic drugs.
MIEP- or IE1/2-targeted drugs are predicted to prevent or dampen inflammation even before viral
replication commences. Since IE1/2 are also powerful antagonists of intrinsic immunity and the IFN
response, compounds targeting their expression or function are expected to confer susceptibility to
these host responses providing a novel mechanism of action. In addition, the IE1/2-targeted drugs
exhibit potential for “epigenetic therapy” as both viral proteins exert their functions in part via histone
modifications, again providing a novel mechanism of action. These drugs are expected to interfere not
only with an ongoing productive infection but also with early stages of reactivation, since both the
MIEP and IE1/2 function are likely required for this process. Conceivably, even viral persistence may
be inhibited based on the observation that IE1x4 mediates viral genome replication and maintenance
during latency. Finally, IE1/2-directed drugs are not expected to confer cross-resistance to or interfere
with the activity of existing compounds approved for HCMV monotherapy. They may therefore be
combined with these drugs for combination therapies with improved efficacy.



Viruses 2020, 12, 110 13 of 41

5. Inhibition of Major IE Gene Expression by Gene Silencing or Editing

5.1. IE Gene Silencing

Silencing IE gene expression is expected to exert significant pleiotropic antiviral effects due to the
multi-functional roles played by IE gene products in HCMV replication, latency and pathogenicity (see
Sections 2 and 3). Molecular approaches can efficiently target IE gene expression (Figure 2), and initial
feasibility of this approach has been demonstrated via the antisense oligonucleotide Fomivirsen (also
known as ISIS 2922 or Vitravene). Fomivirsen is a 21-base synthetic oligonucleotide complementary
to IE2 mRNA sequence with phosphorothioate linkages to enhance nuclease resistance. It exhibits
potent HCMV antiviral activity with EC50 values in the sub-micromolar range [295,296]. Fomivirsen’s
mechanism of action is primarily thought to block IE2 gene expression by sequence-dependent
hybridization to its target mRNA that results in reduced IE2 protein levels due to mRNA degradation
via RNaseH recognition of the DNA:RNA hybrid complex [295,297]. This is not, however, the
sole mechanism of action, as other sequence-dependent and sequence-independent effects have
been reported to contribute to its antiviral activity [295,297,298]. Fomivirsen, developed by Isis
Pharmaceuticals in collaboration with Novartis Opthalmics, was in 1998 the first oligonucleotide-based
therapy to be approved for clinical use by the FDA [299]. It was approved for treatment of
HCMV-induced retinitis in HIV/AIDS patients via local intravitreous injection, and its clinical
effectiveness was demonstrated in small-scale clinical trials [300–302]. Fomivirsen is no longer marketed,
due to a significant decline in HCMV-induced retinitis cases in HIV/AIDS patients following the
successful implementation of antiretroviral therapy and the availability of alternative treatments [299].
Despite its discontinuation for commercial reasons, Fomivirsen’s development has provided convincing
proof-of-concept evidence that inhibition of IE gene expression can be an effective HCMV antiviral
therapeutic strategy.

An alternative approach to targeting IE mRNA and hence IE gene silencing, is to utilize
gene-targeting ribozymes, which are catalytically active RNA molecules that specifically cleave
target mRNA sequences. M1GS ribozyme technology has been used to target both IE1 and IE2 by
utilizing the shared mRNA region of these genes [303–306]. Target IE1/2 mRNA sequences have been
selected by determining accessibility for M1GS binding via dimethyl sulfate mapping [303–306]. M1GS
is partially derived from the M1 RNA catalytic subunit of the E.coli RNase P ribozyme, which mediates
tRNA maturation [307,308]. M1 RNA can be converted into an M1SG sequence-specific ribozyme by
covalently linking it to an external guide sequence (EGS) that contains nucleotides complementary to
the target mRNA sequence [307,308]. The tertiary structure generated upon hybridization between
the mRNA substrate and the EGS is required for recognition and cleavage by the ribozyme active
site [307,308]. The initial IE1/2-targeted study used a wild-type M1 sequence and IE1/2 exon 3 as the
cleavage site. This IE1/2-targeted ribozyme reduced IE1/2 gene expression by 75–80% and inhibited
HCMV replication 150-fold in cell culture [303]. A protein engineering and selection strategy has
subsequently been employed to identify various highly active M1SG variants containing mutations
in M1 that enhance substrate binding and cleavage rates [304–306,309]. The most potent variant
reported to-date, F-R228-IE, reduced IE1/2 expression by 98%–99% and inhibited HCMV replication
50,000-fold in cell culture [306]. F-R228-IE uses nucleotide position 43 downstream from the IE1/2
initiation codon as the designated cleavage site and contains three M1 RNA point mutations (G59A,
C123U, C326U). However, the mechanism by which these mutations enhance cleavage is currently
unknown [306]. Whilst M1SG technology has potential for HCMV therapeutic applications, to the best
of our knowledge it has not yet been clinically tested.

RNA interference (RNAi) offers an alternative approach to targeting IE gene expression. RNAi is
a cellular gene-silencing pathway that results in sequence-specific degradation of the target mRNA via
complementary short-interfering (siRNA) molecules. Various siRNA or short-hairpin RNA (shRNA,
processed into siRNA) molecules targeting IE1/2 mRNA have been shown to cause significant inhibitory
effects on HCMV replication in cell culture. These antiviral effects correlated with reductions in IE1/2
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mRNA and protein levels [310–313]. In addition, IE1/2 siRNA treatment offset some consequences
of HCMV infection for the host cell, by retaining PML body integrity and preventing DNA damage
response signalling [310]. Treatment of cells with IE-targeted siRNA after HCMV infection resulted
in a modest antiviral effect; this is a valuable observation as therapeutic treatment of patients
after establishment of HCMV infection would be an important clinical application [310]. Although
RNAi technology has potential for anti-HCMV applications, this technology along with antisense
oligonucleotides and gene-targeting ribozymes, may be superseded by the recent development of
genome-editing techniques.

5.2. IE Gene Editing

Instead of targeting IE gene expression at the mRNA level, genome-editing technology could be
used to directly target the HCMV DNA genome to disrupt the UL122/123 gene responsible for major
IE transcription. At the time of writing, one study has reported UL122/123 gene-editing, using the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) system [314]. CRISPR/Cas9 is a new powerful technology that targets specific DNA sequences
in eukaryotic cells for cleavage, via double-stranded DNA breaks, using a Cas9 endonuclease and
a guide RNA (gRNA) that determines target specificity. Double-stranded DNA breaks are repaired
by host mechanisms, such as non-homologous end joining, which are error prone and can introduce
small insertion/deletion mutations at the targeted location, or larger deletions if multiple breaks
are introduced. A multiplex strategy using three gRNAs targeting UL122/123 successfully excised
the UL122/123 gene in 90% of all viral genomes in an HCMV-infected cell population and resulted
in a significant decrease in IE protein production and 90% reduction in HCMV replication [314].
Multiplex approaches have been developed to overcome acquisition of resistance mutations in the
target sequences. This study provides proof-of-concept that a multiplex anti-UL122/123 CRISPR/Cas9
system can efficiently target the HCMV genome. This system may be useful for targeting HCMV in
latently infected cells, where viral gene expression is low or absent and thus mRNA is not available for
other molecular approaches discussed in this section and viral proteins (e.g., DNA polymerase) are not
available as a target for conventional antiviral drugs.

5.3. Summary

Molecular techniques offer a promising future for development of new anti-HCMV approaches.
However, a number of drawbacks must be addressed including reduction of toxicity as well as off-target
and immunostimulatory effects combined with improvements in the mode, stability and efficiency of
delivery vehicles and methods [315,316].

6. Inhibition of Major IE Gene Expression by Small Molecule Chemical Inhibitors

6.1. Introduction

Inhibition of major IE gene expression can be achieved by identification of small molecules
that directly or indirectly inhibit activation of the MIEP and thus prevent IE gene transcription and
translation (Figure 2). The complexity of MIEP regulation and its dependence on host cell signalling
pathways and transcription machinery (see Section 2.1) means that numerous host factors are potential
drug targets. Activation of key host cell signalling pathways is dependent on post-translational
phosphorylation events mediated by kinases, and thus kinase inhibitors have been largely implicated
in IE gene expression inhibition. Host “epigenetic” factors are also potential targets to lock down
IE transcription and hence inhibit viral replication and reactivation from latency. In addition, viral
proteins are known to be directly involved in IE gene expression or regulation of host cell signalling
pathways exploited by HCMV to activate IE gene expression. However, compounds targeting these
viral proteins are considered beyond the scope of this review, as they would contribute to their own
specific drug classes.
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Small molecules that inhibit IE gene expression have been identified using a variety of strategic
approaches; (i) exploitation of existing compounds that inhibit cell signalling pathways modulated
by HCMV infection to facilitate MIEP activation and IE gene expression, (ii) targeted-screening of
compound libraries composed of molecules that inhibit key cellular signalling components, e.g., kinase
inhibitors, (iii) cell-based assays designed to discover novel molecules that target the early steps of
HCMV replication and (iv) testing of compounds that have anecdotal evidence suggesting that they
may have antiviral activity. Groups of related compounds have been identified using a combination of
these approaches. Key groups of molecules are discussed below, although it should be noted that, in
general, the small molecules that have thus far been identified have not had their mechanism of action
fully elucidated.

6.2. Artemisinin and Derivatives

Testing compounds that have anecdotal evidence suggesting that they may have antiviral
activity often revolves around natural products. Various natural products have been reported to
have anti-HCMV activity linked to inhibition of IE expression or function, but most remain largely
unsubstantiated beyond initial observations. However, a considerable body of evidence has been
generated with respect to the anti-HCMV activity of natural product artemisinin, its semi-synthetic
derivative artesunate and various related compounds. Artemisinin is a natural product derived from
the plant Artemisia annua (Sweet Wormwood), a herb used in traditional Chinese medicine [317,318].
Artemisinin and its derivatives are best known for effective antimalarial activity and treatment [317,318],
which provided the premise for testing artesunate for anti-HCMV activity [319]. Artesunate, along
with various related compounds, exhibit in vitro inhibitory activity against laboratory, clinical and
drug-resistant strains of HCMV in a range of cell types with EC50 values generally in the low
micromolar to sub-micromolar range [319–329]. Chemically linking artemisinin-related molecules
into dimers and trimers significantly improves antiviral potency [320,324–326,330,331]. Examples
include artemisinin-derived dimer diphenyl phosphate (838), a potent, selective HCMV inhibitor with
irreversible activity [332,333] and trimeric artesunate derivative TF27 [326], which exhibits potent
in vitro and in vivo activity in the MCMV model [329]. Hybridization of artemisinin-derivatives with
bioactive molecules, such as quinazoline, has produced novel compounds with potent anti-HCMV
activity significantly better than parental compounds and GCV [334–337].

The mechanism of action by which artesunate and the various derivatives generate their
anti-HCMV activity has not been fully elucidated, but the general consensus is that artesunate
primarily interferes with the NF-κB pathway [319,326,331]. The NF-κB pathway is stimulated upon
HCMV infection and activates the MIEP, driving expression of IE proteins and hence subsequent
steps in HCMV lytic replication and pathogenesis [179,338,339]. Indeed, artesunate, along with many
derivatives, has been shown to block the IE phase of HCMV replication via a reduction in expression
levels of IE2, and to a lesser extent IE1 [319,320,326,328,331,332]. Artesunate, and dimer/trimer
derivatives such as TF27, have been shown to interfere with the NF-κB pathway, which is proposed to
occur via a direct interaction of the compound with NF-κB subunit RelA/p65 [319,326,331]. Interaction
of artesunate with a host cell factor leads to the expectation that acquisition of drug resistance would
be less likely; indeed, attempts to generate artesunate drug-resistant isolates in vitro have thus far been
unsuccessful [326,340]. Alternative modes of action, implicating other cell signalling pathways and
modulation of cell cycle progression, have also been proposed for artesunate compounds [319,340].

Clinical use of artesunate for management of drug-resistant HCMV infections in stem cell or solid
organ transplant recipients is considered feasible due the documented anti-HCMV activity discussed
above, favourable results in a rodent animal model study [341] and the long and safe clinical history of
artesunate treatment in malaria patients [317]. The first use of artesunate in a clinical setting was a
success with artesunate being reported as an effective inhibitor of HCMV replication in the treated
patient [342]. However, subsequent studies reported either mixed success or that artesunate was
ineffective in controlling HCMV infection [343–345]. Further studies are required to fully determine
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the differences in clinical outcomes for artesunate-treated patients, and studies with more potent
artesunate derivatives may hold future promise. For example, the trimeric derivative TF27 has
recently been demonstrated to display antiviral efficacy in the mouse model. MCMV replication was
significantly reduced and restricted to the site of infection, preventing organ dissemination without
adverse effects [329].

6.3. NF-κB Inhibitors

HCMV infection modulates several cell signalling pathways, including the NF-κB and PI3K/AKT
pathways, in order to facilitate MIEP activation and IE gene expression (see Section 2.1) [183].
Artemsinin and derivatives, which interfere with the NF-κB pathway, were discussed in Section 6.2.
The mode of action of these compounds was identified after testing for anti-HCMV activity based on
their anti-malarial properties. An alternative strategy for identification of anti-HCMV compounds
that inhibit major IE gene expression, is to exploit existing compounds already known to inhibit cell
signalling pathways modulated by HCMV. A rich source of compounds that could be repurposed as
anti-HCMV compounds are the numerous NF-κB pathway inhibitors that have been identified for
reasons unrelated to HCMV [346,347]. For example, IKK2 inhibitor AS602868 targets a crucial step
in NF-κB pathway activation: the phosphorylation and subsequent degradation of IκB by the IKK
complex [348,349]. Testing of AS602868 showed that this compound prevents HCMV mediated NF-κB
pathway activation, resulting in significant inhibition of IE gene expression, HCMV replication and
HCMV-induced host cell inflammatory response without cytotoxicity [350]. HCMV infection also
up-regulates the PI3K/AKT pathway leading to activation of NF-κB in a PI3K-dependent manner.
LY294002, a PI3K inhibitor, significantly reduces HCMV IE1/2 expression, viral DNA replication and
viral titers [156,351]. Disruption of the PI3K pathway and subsequent AKT and NF-κB activation
has been suggested as a possible mechanism of action for heat shock protein 90 (hsp90) inhibitors
geldanamycin and 17AAG, which significantly inhibit HCMV replication by affecting IE protein
production and hence subsequent steps in HCMV productive replication [351,352]. The examples
discussed above demonstrate the value of repurposing existing cell signalling pathway inhibitors for
targeting HCMV by inhibition of major IE gene expression.

6.4. Kinase Inhibitors

A general theme in host cell signalling pathway inhibitors is to target kinases, which mediate
regulatory post-translational phosphorylation modifications of pathway components. There is an
abundance of kinase inhibitors, which have been identified and developed for a wide range of
applications particularly cancer treatment [353], which can potentially be repurposed as anti-HCMV
compounds. Indeed, examples of kinase inhibitors (AS602868, LY294002) with activity against HCMV
have already been discussed in Section 6.3. A further example of a kinase inhibitor repurposed for
anti-HCMV testing is the multi-targeted anti-cancer tyrosine kinase inhibitor sorafenib (Nexavar), which
has been shown to inhibit MIEP activity, IE expression and also later stages of HCMV replication [172].
The mechanism by which sorafenib inhibits HCMV was not fully elucidated due to its multitude of
known kinase targets. However, inhibition of RAF1 activation was implicated but via a mechanism
independent of MAPK/ERK signalling [172]. Inhibitors of CDKs also have potential as antiviral drug
candidates; for example, the CDK7 inhibitor LDC4297 blocked HCMV replication with EC50 values
in the nanomolar range [175]. The compound’s mode of action was concluded to be multifaceted
but occurs at the level of IE gene expression and interferes with HCMV-mediated inactivation of the
retinoblastoma (Rb) protein, which controls progression through the G1 phase of the cell cycle via its
phosphorylation state and ability to bind transcription factor complexes [175]. Promisingly, LDC4297
has been shown to possess in vivo antiviral activity in the mouse model. MCMV replication was
significantly reduced and restricted to the site of infection, preventing organ dissemination without
adverse effects [329].
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In addition to directly repurposing known kinase inhibitors, a number of cell-based screens
have been performed against various targeted kinase inhibitor compound libraries [354–357].
Compound-treated HCMV-infected cells were monitored for antiviral effects via expression of a green
fluorescent protein (GFP) reporter [354] or late viral protein pp28 from the HCMV genome [355–357].
These screens have identified a number of interesting kinase inhibitors with anti-HCMV activity against
laboratory and clinical strains that target a variety of cellular kinases without causing significant
cytotoxicity. The lack of kinase inhibitor target specificity has made full elucidation of mechanism of
action challenging, although in all cases discussed here antiviral activity has been linked to interference
with IE expression or protein production without affecting viral entry. Several c-Jun N-terminal kinase
(JNK) inhibitors were identified following a 600 compound kinase inhibitor library screen and the
SP600125 inhibitor was shown to inhibit JNK activation and suppress IE gene transcription [354].
XMD7 5-aminopyrazine compounds were identified upon screening of the Gray kinase inhibitor
library. These compounds target a range of cellular protein kinases to inhibit HCMV replication via
a reduction in genome-wide transcription and a defect in the production of certain HCMV proteins
including IE2 (86kDa, 60kDa and 40kDa species) [355]. The proposed mechanism of action for XMD7
compounds is consistent with IE2′s role as a viral transcriptional activator, but it is not clear why only
a subset of HCMV proteins is affected. CMGC kinase inhibitor RO0504985, an oxindole compound
with anti-HCMV activity identified by screening a Roche kinase inhibitor library, also inhibited IE2 and
pp28 protein levels [356]. Screening of the GlaxoSmithKline kinase inhibitor set identified SB-734117, a
furazan benzimidazole compound, which inhibits several proteins from the AGC and CMCG kinase
groups [357]. SB-734117 inhibited IE protein production and reduced phosphorylation of host cell
transcription factor CREB and histone H3. However, disappointingly these effects did not lead to
any defects in transcription from the MIEP and thus the compound’s mechanism of action remains
undetermined [357]. Overall, the wealth of preexisting kinase inhibitors and accompanying knowledge
offers good potential for the identification and development of novel anti-HCMV compounds.

6.5. Histone Modifying Enzyme Inhibitors

Major IE gene expression is also regulated by “epigenetic” modifications, including histone
post-translational methylation, which can result in repressed gene expression [358]. Histone
demethylases are required to remove repressive “epigenetic” marks to promote IE gene expression and
hence HCMV productive infection or reactivation from latency [358]. Histone demethylase inhibitors
(e.g., ML324, a JMJD2 demethylase family inhibitor) have been shown to potently inhibit HCMV IE
gene expression [123,359,360]. These demethylase inhibitors also repress IE gene expression from the
related Herpes simplex virus type 1 (HSV-1), and importantly they have been shown to potently inhibit
HSV-1 infection and reactivation from latency [123,359,360]. These results suggest that compounds that
target histone demethylases and possibly other histone modifying or chromatin remodeling enzymes
may have potential as HCMV inhibitors [358].

6.6. Cardiac Glycosides

Discovery of novel small molecules that inhibit major IE gene expression can be accomplished
using cell-based assays designed to target the early steps of HCMV replication including IE expression
but also virus attachment, entry and capsid transport steps [361,362]. One such assay utilizes an
engineered variant of the HCMV laboratory strain AD169 that expresses IE2 with a C-terminal yellow
fluorescent protein tag (AD169IE2-YFP) [362]. IE2-YFP levels in the nucleus of infected cells are quantified
using high-content confocal microscopy and hit inhibitory compounds identified via a decrease in
nuclear fluorescent signal and therefore a decrease in IE2-YFP protein levels. This IE2-YFP cell-based
reporter assay was used to screen a 2080 bioactive compound library and identified one lead compound,
the cardiac glycoside convallatoxin. This compound exhibited potent anti-HCMV activity (EC50 values
in the low nanomolar range) without significant cellular cytotoxicity [362,363]. However, it should
be noted that convallatoxin has been discounted as a hit from a different screen due to toxicity [364].
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Interestingly, other cardiac glycosides (ouabain, β-antiarin, digoxin, digitoxin) have also been reported
to exhibit anti-HCMV activity [363,365–367]. Inhibition of HCMV by cardiac glycosides is effective
against clinical and GCV-resistant strains and exhibits additive activity when administered to cells in
combination with GCV [362,363,365,366]. Members of this compound family have been used clinically
for the treatment of heart conditions such as congestive heart failure, although toxicity and dosage
issues mean that they are increasingly replaced with synthetic drugs such as ACE inhibitors and
beta-blockers [368]. Clinical development as antiviral drugs has not yet been undertaken, but medicinal
chemistry approaches have demonstrated the ability to improve antiviral activity and selectivity [369].

A common feature of cardiac glycoside treatment is reduction in IE1/2 protein levels [362,363,365].
Mechanism of action studies demonstrated that convallatoxin does not inhibit IE2 mRNA levels but
instead inhibits global translation of viral and host cell proteins [363]. Cellular translation machinery
is not directly inhibited by convallatoxin; instead the compound reduces methionine transport into
the cell, limiting the intracellular pool of this essential amino acid for translation. Convallatoxin has
been proposed to mediate this indirect mechanism of translation inhibition by its ability to bind to and
inhibit the cellular sodium-potassium ATP pump (NA+,K+-ATPase) [363]. In this model, inhibition of
the pump causes a reduction in the sodium gradient across the cell membrane, leading to a decrease in
sodium-dependent methionine transport [363]. Despite inhibition of global translation, minimal cellular
cytotoxicity was observed at the nanomolar concentrations of convallatoxin required for antiviral
effect. This observation suggests that, whilst the cell can tolerate a reduction in protein synthesis,
HCMV is unable to compensate for reductions in viral protein levels, particularly in IE proteins which
are required for early and late protein production and are thus essential for virus replication [363].
Convallatoxin-induced inhibition of viral protein translation by methionine transport reduction is not
the only mechanism attributed to the antiviral activity of cardiac glycosides. Alternate mechanisms of
action are based on the ability of these compounds to modulate cell signalling pathways [370]. For
example, cardiac glycoside digitoxin has been reported to inhibit HCMV through induction of cellular
autophagy following activation of the regulatory kinase AMPK via a novel NA+,K+-ATPase subunit
α1-AMPK-ULK1 pathway [173]. In addition to inhibiting HCMV, cardiac glycosides act as antivirals
against a range of clinically important DNA and RNA viruses. This broad-spectrum activity has been
attributed to a range of host-directed mechanisms [371].

6.7. Novel Miscellaneous Compounds

A cell-based screen designed to monitor IE2 nuclear translocation was used to identify the cardiac
glycoside convallatoxin discussed in Section 6.6. A second screening approach targeting IE2 gene
expression utilized a reporter cell-line in which the IE2-activated HCMV TRL4 promoter drives
luciferase expression [361]. The reporter cell-line assay was used to screen a 9600 compound library
for inhibitors of early phase HCMV infection [361]. Two hit compounds arising from the screen,
1-(3,5-dichloro-4-pyridyl)piperidine-4-carboxamide and 2,4-diamino-6-(4-methoxyphenyl)pyrimidine
termed DPCC and 35C10, respectively, have been demonstrated to potently inhibit HCMV replication
as effectively as GCV [361,372]. DPCC was also independently identified as having potent anti-HCMV
activity in an unrelated high throughput screen designed to target IE1 IFN antagonist function
(assay concept described in Section 7.2) [373]. In this screen, DPPC was alternatively termed
StA-IE1-3, and a further novel hit compound with similar anti-HCMV activity termed StA-IE1-2
(1-(3-nitrophenyl)-2-(pyrido[3,2-d][1,3]thiazol-2-ylthio)ethan-1-one) was also identified [373]. All
three structurally diverse compounds act after viral entry but before IE expression, with significantly
decreased IE1 and IE2 expression at both the mRNA and protein levels [361,372,373]. Like the majority
of compounds that have been shown to inhibit HCMV IE gene expression, the precise mechanism of
action of these three compounds has not been elucidated. However, it has been postulated that they
may target a cellular transcription factor or upstream signalling protein required for activation of the
HCMV MIEP [373].
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6.8. Summary

Overall, a variety of approaches utilizing existing knowledge to repurpose known compounds or
screening campaigns to discover novel compounds has successfully identified a wide variety of IE
gene expression inhibitors. These inhibitors exploit host cell factors and signalling pathways utilized
by HCMV to activate the MIEP and thus offer the hypothetical advantage of a reduced risk of drug
resistance. A major challenge associated with the development of these compounds is the complexity
in elucidating their relevant host cell targets and mechanism of action. Characterization of these
compounds has been predominantly conducted in vitro. However, a few compounds have been
progressed to in vivo testing using the MCMV model, and clinical testing of artesunate produced
mixed clinical outcomes that warrant further investigation. Overall, compounds that inhibit HCMV IE
gene expression merit future investigation and development as potential antivirals.

7. Inhibition of Major IE Protein Functions

7.1. IE2 Inhibitors

Compounds that inhibit IE2 function have been identified and offer promise as a potential new
class of HCMV inhibitors (Figure 2). IE2 has been targeted, as it is an essential multifunctional
protein that regulates critical events in HCMV replication including transactivation of early and late
genes and auto-regulation of the MIEP. IE2 has also been linked to broad dysregulation of host gene
expression affecting cell cycle progression, immunomodulation and pathogenesis (see Section 3.1).
The first compound demonstrated to directly inhibit IE2 function was WC5, a 6-aminoquinolone
derivative [374]. WC5 was tested based on evidence that compounds within this chemical group exhibit
antiviral activity against HIV-1 by inhibiting Tat transactivation [375,376]. WC5 specifically inhibits
HCMV but not a selection of other herpesviruses [376,377]. In addition to IE, early and late gene
expression profiles, which suggest inhibition of IE2 function, WC5 has been shown to directly inhibit
IE2′s transactivating activity via a cell-based assay in which an EGFP reporter gene was placed under
the control of IE2-dependent early gene promoters [374]. In these assays, WC5 significantly inhibited
IE2-mediated transcriptional activation of early gene promoters UL54 and UL112/113. A minimal
region of the UL54 promoter composed of a 150-bp segment upstream of the transcriptional start
site has been demonstrated to be sufficient to mediate the inhibitory activity of WC5 [378]. Within
this 150-bp segment is the IR-1 signal (8-bp inverted repeat element 1), a cis-acting sequence with an
established role in IE2-dependent transactivation, yet the IR-1 signal has been shown not to be required
for WC5′s inhibitory activity [378]. In addition, two key protein interactions, IE2 dimerization and its
interaction with TBP, known to be involved in IE2-dependent transactivation of viral promoters have
also been discounted as WC5′s target [378]. Intriguingly, WC5′s activity appears to be specifically
confined to the regulation of HCMV promoters, as the compound exhibits no effect on a variety of
cellular promoters regulated either by IE2 protein interactions or a direct IE2 interaction with promoter
DNA [378]. In addition to inhibiting IE2 transactivation of viral promoters, a second mechanism of
action by which WC5 inhibits a different IE2 function has been identified [378]. WC5 specifically
disrupts IE2′s direct interaction with the crs within the MIEP (Figure 1). Disruption of the IE2-crs
interaction abolishes IE2′s auto-repression of its own promoter, a function essential for viral replication.
Although WC5 has been demonstrated to inhibit two IE2 functions, transactivation of viral early and
late genes and MIEP auto-regulation, the exact molecular mechanisms require further elucidation.

WC5′s unique activity offers the possibility to develop a new mechanistic class of anti-HCMV
compounds. Towards this goal, WC5 potently and selectively inhibits HCMV replication in the
sub-micromolar range irrespective of testing against laboratory or clinical isolates, and its activity
is comparable to GCV [376]. Unsurprisingly, given WC5′s novel mechanisms of action, the
compound similarly inhibits isolates resistant to clinically approved anti-herpesvirus DNA polymerase
inhibitors [376]. Further, when WC5 is combined with GCV, synergistic activity against HCMV
replication was observed without significant increases in cellular cytotoxicity [374]. WC5 also inhibits
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MCMV replication, albeit with ~10-fold lower activity compared to HCMV [376]. Importantly, WC5′s
mechanism of action against HCMV and MCMV appears to be conserved, as it has been shown to
block MCMV early gene transactivation mediated by the MCMV IE2 homolog ie3 [378]. Thus, it has
been suggested that the murine model may be used to test WC5 activity in vivo as a prerequisite to
clinical development [378]. Structure–activity relationship studies have been conducted with the aim
of improving WC5′s potency [374,379]. These studies gained insight into chemical groups required
for WC5 activity, and identified an analogue with an improved selectivity index compared to WC5
without compromising antiviral activity. However, analogues with significantly improved potency
were not identified [379].

WC5′s discovery together with its novel mechanism of action provided proof-of-principle that IE2
is a valid target for drug discovery and encouraged a screening campaign to identify new compounds
targeting IE2 [364,380]. A screen has been performed employing essentially the same cell-based assay
used to determine WC5′s mechanism of action as an inhibitor of IE2-mediated transactivation of
early gene expression [374]. Assay optimization identified conditions using the stable cell-line that
expresses EGFP under the control of the IE2-dependent UL54 early promoter as suitable for screening
purposes [364]. A 2320 bioactive compound library including all FDA-approved drugs was screened
and six hit compounds have so far been selected for further study [364,381,382]. These hit compounds
are deguelin (DGN), nitazoxanide (NTZ), thioguanosine (TGN), alexidine dihydrochloride (AXN),
manidipine dihydrochloride (MND) and berberine (BBR). All hits inhibited HCMV replication with
EC50 values in the low micromolar range and lacked significant toxicity. This antiviral activity was
observed for laboratory, clinical and drug-resistant HCMV isolates. Further, MND was shown to be
inactive against a selection of other DNA and RNA viruses and is thus likely to be a specific anti-HCMV
compound [381]. The antiviral mechanism of these compounds was confirmed to be inhibition of
IE2-mediated viral early gene transactivation and, like with WC5, a minimal 150-bp segment of the
UL54 promoter is sufficient for inhibitory activity. However, the precise mechanism of action has
not been elucidated, although prior knowledge of these bioactive compounds has led to the proposal
that they are likely to interfere with pathways in HCMV-infected cells that are required for the switch
from the IE to early phase of viral replication [364]. Despite the lack of a precise mechanism of action,
repurposing of bioactive compounds for anti-HCMV activities may allow compound development
to be fast-tracked, especially in the case of MND, as it is already an FDA-approved drug used in the
treatment of hypertension [381].

7.2. IE1 Inhibitors

Identified inhibitors of IE2-dependent transactivation do not inhibit IE1-dependent transactivation
and are thus specific to IE2 not IE1 function [364,382,383]. IE1′s function as an IFN antagonist has
been targeted for drug discovery via a modular cell-based screening platform designed to identify
compounds that inhibit a viral IFN antagonist choice [373]. The platform utilizes two reporter cell-lines
that provide a simple method to detect activation of IFN induction or signalling via an EGFP gene
placed under the control of the IFN-β or an ISRE-containing promoter, respectively. IE1 counteracts
type I IFN signalling by binding directly to STAT2 thereby preventing the ISGF3 transcription factor
from binding ISRE elements in the promoters of ISGs (see Section 3.4) [225]. Therefore, a derivative
of the IFN signalling reporter cell-line expressing IE1 was generated that blocks EGFP expression
upon IFN signalling pathway activation. This reporter cell-line was used to screen a 16,000 compound
library to identify compounds that release the IE1-imposed IFN response block and hence restore EGFP
expression [373]. Two hit compounds, StA-IE1-2 and StA-IE1-3, were identified and demonstrated to
be potent inhibitors of HCMV replication [373]. Compound characterization revealed that, instead
of identifying anticipated IE1 IFN antagonist function inhibitors that target at the protein level, the
compounds act at the mRNA level and interfere with IE1/2 transcription. The likely explanation is that
IE1 expression was driven by MIEP sequences in the lentiviral vector used to create the IE1 reporter
cell-line derivative. StA-IE1-2 and -3 are therefore also described in Section 6.7 concerning inhibition of



Viruses 2020, 12, 110 21 of 41

IE gene expression. Despite the unexpected results, the assay platform had previously been used to
identify compounds that specifically target the IFN antagonist function of Respiratory Syncytial Virus
non-structural protein 2 [373]. To the best of our knowledge, no other IE1-specific drug discovery
screens have been undertaken.

7.3. Summary

Overall, strategies to target IE2 function have identified a number of interesting compounds,
although their exact mechanism of action has not been fully elucidated. To date, compounds that target
IE1 function have not been identified, and IE1 remains an important but underexploited potential
drug target.
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and IE protein function. Key groups of molecules are listed by category, and examples of molecules
within each category given in italics. DGN, deguelin; NZT, nitazoxanide; TGN, thioguanosine; AXN,
alexidine dihydrochloride; MND, manidipine dihydrochloride.

8. Conclusions and Future Perspectives

This review provides an update on the regulation of HCMV major IE gene expression and IE1
and IE2 protein functions. We discussed existing clinically approved therapies and why major IE gene
expression and IE1/2 protein functions are considered potential alternative targets for anti-HCMV
strategies. We outlined the various molecular and chemical approaches that are being used to target
major IE gene expression and protein function. Advances in molecular approaches, particularly
genome-editing technology, are opening up new promising strategies for targeting HCMV. However,
further research and development are required before this novel technology can be translated clinically.
Key groups of small chemical inhibitors targeting major IE gene expression or IE1/2 protein function
are highlighted in the review. A major challenge associated with the vast majority of these compounds
is the complexity in elucidating their relevant targets, many of which are host cell proteins, and
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mechanism of action. Basic research to determine this knowledge will highlight the value of these
compounds as chemical tools to further understand regulation of major IE gene expression and/or
IE1/2 protein functions. It will also promote further in vivo and clinical testing of these molecules,
which is currently limited to only a few studies and compounds. A key advantage of targeting major
IE gene expression and IE1/2 function is the potential to inhibit reactivation from latency, a property
that existing therapies, which target viral replication, do not achieve. However, testing key compounds
for this attribute is mostly lacking due to the specialized methodology and limitations of in vitro
cell-based latency models. Yet, the identification of compounds that repress latency is becoming
more pressing as organ and haematopoietic stem cell transplantation has become more common.
Existing anti-HCMV drugs are also not approved for use during pregnancy because of their teratogenic
and embryotoxic effects in animal studies, yet the need for antiviral therapy in congenitally infected
neonates for improved long-term outcomes is increasingly appreciated. Finally, IE1/2-directed drugs
are not expected to confer cross-resistance to or interfere with the activity of existing drugs currently
approved for HCMV monotherapy. They may therefore be combined with these drugs for combination
therapies with improved efficacy. Overall, “bright and early” events in HCMV infection deserve more
attention as a promising antiviral strategy against HCMV.

Author Contributions: C.S.A. and M.M.N. equally contributed to the conceptualization and writing of this review.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Medical Research Council, grant number MR/P022146/1, to M.M.N.

Acknowledgments: We thank Christina Paulus (University of St Andrews) for helpful discussions and apologize
to all those colleagues whose relevant work was not cited.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu, X.; Jih, J.; Jiang, J.; Zhou, Z.H. Atomic structure of the human cytomegalovirus capsid with its securing
tegument layer of pp150. Science 2017, 356, 6892. [CrossRef] [PubMed]

2. Liu, F.; Zhou, Z.H. Comparative virion structures of human herpesviruses. In Human Herpesviruses: Biology,
Therapy, and Immunoprophylaxis; Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P.S., Roizman, B.,
Whitley, R., Yamanishi, K., Eds.; Cambridge University Press: Cambridge, UK, 2007.

3. Stern-Ginossar, N.; Weisburd, B.; Michalski, A.; Le, V.T.; Hein, M.Y.; Huang, S.X.; Ma, M.; Shen, B.; Qian, S.B.;
Hengel, H.; et al. Decoding human cytomegalovirus. Science 2012, 338, 1088–1093. [CrossRef]

4. Balazs, Z.; Tombacz, D.; Szucs, A.; Csabai, Z.; Megyeri, K.; Petrov, A.N.; Snyder, M.; Boldogkoi, Z. Long-read
sequencing of human cytomegalovirus transcriptome reveals RNA isoforms carrying distinct coding
potentials. Sci. Rep. 2017, 7, 15989. [CrossRef]

5. Gatherer, D.; Seirafian, S.; Cunningham, C.; Holton, M.; Dargan, D.J.; Baluchova, K.; Hector, R.D.; Galbraith, J.;
Herzyk, P.; Wilkinson, G.W.; et al. High-resolution human cytomegalovirus transcriptome. Proc. Natl. Acad.
Sci. USA 2011, 108, 19755–19760. [CrossRef] [PubMed]

6. Shnayder, M.; Nachshon, A.; Krishna, B.; Poole, E.; Boshkov, A.; Binyamin, A.; Maza, I.; Sinclair, J.;
Schwartz, M.; Stern-Ginossar, N. Defining the transcriptional landscape during cytomegalovirus latency
with single-cell RNA sequencing. MBio 2018, 9, e00013-18. [CrossRef] [PubMed]

7. Cheng, S.; Caviness, K.; Buehler, J.; Smithey, M.; Nikolich-Zugich, J.; Goodrum, F. Transcriptome-wide
characterization of human cytomegalovirus in natural infection and experimental latency. Proc. Natl. Acad.
Sci. USA 2017, 114, E10586–E10595. [CrossRef] [PubMed]

8. Balazs, Z.; Tombacz, D.; Szucs, A.; Snyder, M.; Boldogkoi, Z. Dual platform long-read RNA-sequencing
dataset of the human cytomegalovirus lytic transcriptome. Front. Genet. 2018, 9, 432. [CrossRef]

9. Zalckvar, E.; Paulus, C.; Tillo, D.; Asbach-Nitzsche, A.; Lubling, Y.; Winterling, C.; Strieder, N.; Mücke, K.;
Goodrum, F.; Segal, E.; et al. Nucleosome maps of the human cytomegalovirus genome reveal a temporal
switch in chromatin organization linked to a major IE protein. Proc. Natl. Acad. Sci. USA 2013, 110,
13126–13131. [CrossRef]

http://dx.doi.org/10.1126/science.aam6892
http://www.ncbi.nlm.nih.gov/pubmed/28663444
http://dx.doi.org/10.1126/science.1227919
http://dx.doi.org/10.1038/s41598-017-16262-z
http://dx.doi.org/10.1073/pnas.1115861108
http://www.ncbi.nlm.nih.gov/pubmed/22109557
http://dx.doi.org/10.1128/mBio.00013-18
http://www.ncbi.nlm.nih.gov/pubmed/29535194
http://dx.doi.org/10.1073/pnas.1710522114
http://www.ncbi.nlm.nih.gov/pubmed/29158406
http://dx.doi.org/10.3389/fgene.2018.00432
http://dx.doi.org/10.1073/pnas.1305548110


Viruses 2020, 12, 110 23 of 41

10. Scherer, M.; Schilling, E.M.; Stamminger, T. The human CMV IE1 protein: An offender of PML nuclear bodies.
Adv. Anat. Embryol. Cell Biol. 2017, 223, 77–94. [CrossRef]

11. Scherer, M.; Stamminger, T. The human CMV IE1 protein: Past and present developments. Future Virol. 2014,
9, 415–430. [CrossRef]

12. Paulus, C.; Nevels, M. The human cytomegalovirus major immediate-early proteins as antagonists of intrinsic
and innate antiviral host responses. Viruses 2009, 1, 760–779. [CrossRef] [PubMed]

13. Meier, J.L.; Stinski, M.F. Major immediate-early enhancer and its gene products. In Cytomegaloviruses: From
Molecular Pathogenesis to Intervention; Reddehase, M.J., Ed.; Caister Academic Press: Norfolk, UK, 2013;
Volume 1.

14. Stinski, M.F.; Petrik, D.T. Functional roles of the human cytomegalovirus essential IE86 protein. Curr. Top.
Microbiol. Immunol. 2008, 325, 133–152. [PubMed]

15. Torres, L.; Tang, Q. Immediate-Early (IE) gene regulation of cytomegalovirus: IE1- and pp71-mediated viral
strategies against cellular defenses. Virol. Sin. 2014, 29, 343–352. [CrossRef] [PubMed]

16. White, E.A.; Spector, D.H. Early viral gene expression and function. In Human Herpesviruses: Biology, Therapy,
and Immunoprophylaxis; Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P.S., Roizman, B., Whitley, R.,
Yamanishi, K., Eds.; Cambridge University Press: Cambridge, UK, 2007.

17. Griffiths, P.D.; Boeckh, M. Antiviral therapy for human cytomegalovirus. In Human Herpesviruses: Biology,
Therapy, and Immunoprophylaxis; Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P.S., Roizman, B.,
Whitley, R., Yamanishi, K., Eds.; Cambridge University Press: Cambridge, UK, 2007.

18. Gentry, B.G.; Bogner, E.; Drach, J.C. Targeting the terminase: An important step forward in the treatment
and prophylaxis of human cytomegalovirus infections. Antivir. Res. 2019, 161, 116–124. [CrossRef]

19. Close, W.L.; Anderson, A.N.; Pellett, P.E. Betaherpesvirus virion assembly and egress. Adv. Exp. Med. Biol.
2018, 1045, 167–207. [CrossRef]

20. Britt, B. Maturation and egress. In Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis; Arvin, A.,
Campadelli-Fiume, G., Mocarski, E., Moore, P.S., Roizman, B., Whitley, R., Yamanishi, K., Eds.; Cambridge
University Press: Cambridge, UK, 2007.

21. Anders, D.G.; Kerry, J.A.; Pari, G.S. DNA synthesis and late viral gene expression. In Human Herpesviruses:
Biology, Therapy, and Immunoprophylaxis; Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P.S.,
Roizman, B., Whitley, R., Yamanishi, K., Eds.; Cambridge University Press: Cambridge, UK, 2007.

22. Schwartz, M.; Stern-Ginossar, N. The transcriptome of latent human cytomegalovirus. J. Virol. 2019,
93, e00047-19. [CrossRef]

23. Collins-McMillen, D.; Buehler, J.; Peppenelli, M.; Goodrum, F. Molecular determinants and the regulation of
human cytomegalovirus latency and reactivation. Viruses 2018, 10, 444. [CrossRef]

24. Gerna, G.; Kabanova, A.; Lilleri, D. Human cytomegalovirus cell tropism and host cell receptors. Vaccines
2019, 7, 70. [CrossRef]

25. Sinzger, C.; Jahn, G. Human cytomegalovirus cell tropism and pathogenesis. Intervirology 1996, 39, 302–319.
[CrossRef]

26. Poole, E.; Reeves, M.; Sinclair, J.H. The use of primary human cells (fibroblasts, monocytes, and others) to
assess human cytomegalovirus function. Methods Mol. Biol. 2014, 1119, 81–98. [CrossRef]

27. Boeckh, M.; Geballe, A.P. Cytomegalovirus: Pathogen, paradigm, and puzzle. J. Clin. Investig. 2011, 121,
1673–1680. [CrossRef] [PubMed]

28. Griffiths, P.; Baraniak, I.; Reeves, M. The pathogenesis of human cytomegalovirus. J. Pathol. 2015, 235,
288–297. [CrossRef] [PubMed]

29. Stern, L.; Withers, B.; Avdic, S.; Gottlieb, D.; Abendroth, A.; Blyth, E.; Slobedman, B. Human Cytomegalovirus
latency and reactivation in allogeneic hematopoietic stem cell transplant recipients. Front. Microbiol. 2019,
10, 1186. [CrossRef]

30. Kenneson, A.; Cannon, M.J. Review and meta-analysis of the epidemiology of congenital cytomegalovirus
(CMV) infection. Rev. Med. Virol. 2007, 17, 253–276. [CrossRef] [PubMed]

31. Dollard, S.C.; Grosse, S.D.; Ross, D.S. New estimates of the prevalence of neurological and sensory sequelae
and mortality associated with congenital cytomegalovirus infection. Rev. Med. Virol. 2007, 17, 355–363.
[CrossRef] [PubMed]

32. Marsico, C.; Kimberlin, D.W. Congenital Cytomegalovirus infection: Advances and challenges in diagnosis,
prevention and treatment. Ital. J. Pediatr. 2017, 43, 38. [CrossRef]

http://dx.doi.org/10.1007/978-3-319-53168-7_4
http://dx.doi.org/10.2217/fvl.14.20
http://dx.doi.org/10.3390/v1030760
http://www.ncbi.nlm.nih.gov/pubmed/21994568
http://www.ncbi.nlm.nih.gov/pubmed/18637504
http://dx.doi.org/10.1007/s12250-014-3532-9
http://www.ncbi.nlm.nih.gov/pubmed/25501994
http://dx.doi.org/10.1016/j.antiviral.2018.11.005
http://dx.doi.org/10.1007/978-981-10-7230-7_9
http://dx.doi.org/10.1128/JVI.00047-19
http://dx.doi.org/10.3390/v10080444
http://dx.doi.org/10.3390/vaccines7030070
http://dx.doi.org/10.1159/000150502
http://dx.doi.org/10.1007/978-1-62703-788-4_6
http://dx.doi.org/10.1172/JCI45449
http://www.ncbi.nlm.nih.gov/pubmed/21659716
http://dx.doi.org/10.1002/path.4437
http://www.ncbi.nlm.nih.gov/pubmed/25205255
http://dx.doi.org/10.3389/fmicb.2019.01186
http://dx.doi.org/10.1002/rmv.535
http://www.ncbi.nlm.nih.gov/pubmed/17579921
http://dx.doi.org/10.1002/rmv.544
http://www.ncbi.nlm.nih.gov/pubmed/17542052
http://dx.doi.org/10.1186/s13052-017-0358-8


Viruses 2020, 12, 110 24 of 41

33. de Vries, J.J.; Vossen, A.C.; Kroes, A.C.; van der Zeijst, B.A. Implementing neonatal screening for congenital
cytomegalovirus: Addressing the deafness of policy makers. Rev. Med. Virol. 2011, 21, 54–61. [CrossRef]

34. Manicklal, S.; Emery, V.C.; Lazzarotto, T.; Boppana, S.B.; Gupta, R.K. The “silent” global burden of congenital
cytomegalovirus. Clin. Microbiol. Rev. 2013, 26, 86–102. [CrossRef]

35. Cannon, M.J.; Schmid, D.S.; Hyde, T.B. Review of cytomegalovirus seroprevalence and demographic
characteristics associated with infection. Rev. Med. Virol. 2010, 20, 202–213. [CrossRef]

36. Gane, E.; Saliba, F.; Valdecasas, G.J.; O’Grady, J.; Pescovitz, M.D.; Lyman, S.; Robinson, C.A. Randomised
trial of efficacy and safety of oral ganciclovir in the prevention of cytomegalovirus disease in liver-transplant
recipients. The Oral Ganciclovir International Transplantation Study Group [corrected]. Lancet 1997, 350,
1729–1733. [CrossRef]

37. Lowance, D.; Neumayer, H.H.; Legendre, C.M.; Squifflet, J.P.; Kovarik, J.; Brennan, P.J.; Norman, D.;
Mendez, R.; Keating, M.R.; Coggon, G.L.; et al. Valacyclovir for the prevention of cytomegalovirus disease
after renal transplantation. International Valacyclovir Cytomegalovirus Prophylaxis Transplantation Study
Group. N. Engl. J. Med. 1999, 340, 1462–1470. [CrossRef] [PubMed]

38. Wreghitt, T.G.; Abel, S.J.; McNeil, K.; Parameshwar, J.; Stewart, S.; Cary, N.; Sharples, L.; Large, S.; Wallwork, J.
Intravenous ganciclovir prophylaxis for cytomegalovirus in heart, heart-lung, and lung transplant recipients.
Transplant Int. 1999, 12, 254–260. [CrossRef]

39. Brizic, I.; Lisnic, B.; Brune, W.; Hengel, H.; Jonjic, S. Cytomegalovirus infection: Mouse model.
Curr. Protoc. Immunol. 2018, e51. [CrossRef] [PubMed]

40. Reddehase, M.J.; Lemmermann, N.A.W. Mouse model of cytomegalovirus disease and immunotherapy in
the immunocompromised host: Predictions for medical translation that survived the “test of time”. Viruses
2018, 10, 693. [CrossRef]

41. Thackeray, R.; Wright, A.; Chipman, K. Congenital cytomegalovirus reference material: A content analysis of
coverage and accuracy. Matern. Child Health J. 2014, 18, 584–591. [CrossRef]

42. Kimberlin, D.W.; Jester, P.M.; Sanchez, P.J.; Ahmed, A.; Arav-Boger, R.; Michaels, M.G.; Ashouri, N.;
Englund, J.A.; Estrada, B.; Jacobs, R.F.; et al. Valganciclovir for symptomatic congenital cytomegalovirus
disease. N. Engl. J. Med. 2015, 372, 933–943. [CrossRef]

43. Price, S.M.; Bonilla, E.; Zador, P.; Levis, D.M.; Kilgo, C.L.; Cannon, M.J. Educating women about
congenital cytomegalovirus: Assessment of health education materials through a web-based survey.
BMC Womens Health 2014, 14, 144. [CrossRef]

44. Harrison, G.J. Current controversies in diagnosis, management, and prevention of congenital cytomegalovirus:
Updates for the pediatric practitioner. Pediatr. Ann. 2015, 44, e115–e125. [CrossRef]

45. Nigro, G.; Adler, S.P. Hyperimmunoglobulin for prevention of congenital cytomegalovirus disease.
Clin. Infect. Dis. 2013, 57 (Suppl. 4), S193–S195. [CrossRef]

46. Buxmann, H.; Stackelberg, O.M.; Schlosser, R.L.; Enders, G.; Gonser, M.; Meyer-Wittkopf, M.; Hamprecht, K.;
Enders, M. Use of cytomegalovirus hyperimmunoglobulin for prevention of congenital cytomegalovirus
disease: A retrospective analysis. J. Perinat. Med. 2012, 40, 439–446. [CrossRef]

47. Nigro, G.; Adler, S.P.; La Torre, R.; Best, A.M. Congenital Cytomegalovirus Collaborating, G. Passive
immunization during pregnancy for congenital cytomegalovirus infection. N. Engl. J. Med. 2005, 353,
1350–1362. [CrossRef] [PubMed]

48. Nigro, G.; Adler, S.P.; Parruti, G.; Anceschi, M.M.; Coclite, E.; Pezone, I.; Di Renzo, G.C. Immunoglobulin
therapy of fetal cytomegalovirus infection occurring in the first half of pregnancy—A case-control study of
the outcome in children. J. Infect. Dis. 2012, 205, 215–227. [CrossRef] [PubMed]

49. Visentin, S.; Manara, R.; Milanese, L.; Da Roit, A.; Forner, G.; Salviato, E.; Citton, V.; Magno, F.M.; Orzan, E.;
Morando, C.; et al. Early primary cytomegalovirus infection in pregnancy: Maternal hyperimmunoglobulin
therapy improves outcomes among infants at 1 year of age. Clin. Infect. Dis. 2012, 55, 497–503. [CrossRef]

50. Stern, A.; Papanicolaou, G.A. CMV Prevention and Treatment in Transplantation: What’s New in 2019.
Curr. Infect. Dis. Rep. 2019, 21, 45. [CrossRef] [PubMed]

51. Gerna, G.; Lilleri, D. Human cytomegalovirus (HCMV) infection/re-infection: Development of a protective
HCMV vaccine. New Microbiol. 2019, 42, 1–20. [PubMed]

52. Diamond, D.J.; La Rosa, C.; Chiuppesi, F.; Contreras, H.; Dadwal, S.; Wussow, F.; Bautista, S.; Nakamura, R.;
Zaia, J.A. A fifty-year odyssey: Prospects for a cytomegalovirus vaccine in transplant and congenital infection.
Expert Rev. Vaccines 2018, 17, 889–911. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/rmv.679
http://dx.doi.org/10.1128/CMR.00062-12
http://dx.doi.org/10.1002/rmv.655
http://dx.doi.org/10.1016/S0140-6736(97)05535-9
http://dx.doi.org/10.1056/NEJM199905133401903
http://www.ncbi.nlm.nih.gov/pubmed/10320384
http://dx.doi.org/10.1111/j.1432-2277.1999.tb01210.x
http://dx.doi.org/10.1002/cpim.51
http://www.ncbi.nlm.nih.gov/pubmed/30044539
http://dx.doi.org/10.3390/v10120693
http://dx.doi.org/10.1007/s10995-013-1275-0
http://dx.doi.org/10.1056/NEJMoa1404599
http://dx.doi.org/10.1186/s12905-014-0144-3
http://dx.doi.org/10.3928/00904481-20150512-11
http://dx.doi.org/10.1093/cid/cit586
http://dx.doi.org/10.1515/jpm-2011-0257
http://dx.doi.org/10.1056/NEJMoa043337
http://www.ncbi.nlm.nih.gov/pubmed/16192480
http://dx.doi.org/10.1093/infdis/jir718
http://www.ncbi.nlm.nih.gov/pubmed/22140265
http://dx.doi.org/10.1093/cid/cis423
http://dx.doi.org/10.1007/s11908-019-0699-0
http://www.ncbi.nlm.nih.gov/pubmed/31732823
http://www.ncbi.nlm.nih.gov/pubmed/30671581
http://dx.doi.org/10.1080/14760584.2018.1526085
http://www.ncbi.nlm.nih.gov/pubmed/30246580


Viruses 2020, 12, 110 25 of 41

53. Plotkin, S.A.; Boppana, S.B. Vaccination against the human cytomegalovirus. Vaccine 2019, 37, 7437–7442.
[CrossRef]

54. Fu, T.M.; An, Z.; Wang, D. Progress on pursuit of human cytomegalovirus vaccines for prevention of
congenital infection and disease. Vaccine 2014, 32, 2525–2533. [CrossRef]

55. Wang, D.; Fu, T.M. Progress on human cytomegalovirus vaccines for prevention of congenital infection and
disease. Curr. Opin. Virol. 2014, 6, 13–23. [CrossRef]

56. Lilja, A.E.; Mason, P.W. The next generation recombinant human cytomegalovirus vaccine candidates-beyond
gB. Vaccine 2012, 30, 6980–6990. [CrossRef]

57. Riddell, S.R.; Greenberg, P.D. T-cell therapy of cytomegalovirus and human immunodeficiency virus infection.
J. Antimicrob. Chemother. 2000, 45 (Suppl. T3), 35–43. [CrossRef]

58. Peggs, K.S.; Verfuerth, S.; Pizzey, A.; Khan, N.; Guiver, M.; Moss, P.A.; Mackinnon, S. Adoptive cellular
therapy for early cytomegalovirus infection after allogeneic stem-cell transplantation with virus-specific
T-cell lines. Lancet 2003, 362, 1375–1377. [CrossRef]

59. Mui, T.S.; Kapp, M.; Einsele, H.; Grigoleit, G.U. T-cell therapy for cytomegalovirus infection. Curr. Opin.
Organ Transplant. 2010, 15, 744–750. [CrossRef] [PubMed]

60. Britt, W.J.; Prichard, M.N. New therapies for human cytomegalovirus infections. Antivir. Res. 2018, 159,
153–174. [CrossRef] [PubMed]

61. Andrei, G.; De Clercq, E.; Snoeck, R. Novel inhibitors of human CMV. Curr. Opin. Investig. Drugs 2008, 9,
132–145. [PubMed]

62. Andrei, G.; De Clercq, E.; Snoeck, R. Drug targets in cytomegalovirus infection. Infect. Disord. Drug Targets
2009, 9, 201–222. [CrossRef]

63. Krishna, B.A.; Wills, M.R.; Sinclair, J.H. Advances in the treatment of cytomegalovirus. Br. Med. Bull. 2019,
131, 5–17. [CrossRef]

64. Al-Badr, A.A.; Ajarim, T.D.S. Ganciclovir. Profiles Drug Subst. Excip. Relat. Methodol. 2018, 43, 1–208.
[CrossRef]

65. Shiraki, K. Antiviral drugs against alphaherpesvirus. Adv. Exp. Med. Biol. 2018, 1045, 103–122. [CrossRef]
66. El Helou, G.; Razonable, R.R. Safety considerations with current and emerging antiviral therapies for

cytomegalovirus infection in transplantation. Expert Opin. Drug Saf. 2019, 18, 1017–1030. [CrossRef]
67. Razonable, R.R. Drug-resistant cytomegalovirus: Clinical implications of specific mutations. Curr. Opin.

Organ Transplant. 2018, 23, 388–394. [CrossRef] [PubMed]
68. Chevillotte, M.; von Einem, J.; Meier, B.M.; Lin, F.M.; Kestler, H.A.; Mertens, T. A new tool linking human

cytomegalovirus drug resistance mutations to resistance phenotypes. Antivir. Res. 2010, 85, 318–327.
[CrossRef]

69. Frange, P.; Leruez-Ville, M. Maribavir, brincidofovir and letermovir: Efficacy and safety of new antiviral
drugs for treating cytomegalovirus infections. Med. Mal. Infect. 2018, 48, 495–502. [CrossRef] [PubMed]

70. Gerna, G.; Lilleri, D.; Baldanti, F. An overview of letermovir: A cytomegalovirus prophylactic option.
Expert Opin. Pharmacother. 2019, 20, 1429–1438. [CrossRef] [PubMed]

71. Fowler, K.B.; Boppana, S.B. Congenital cytomegalovirus infection. Semin. Perinatol. 2018, 42, 149–154.
[CrossRef]

72. Dupont, L.; Reeves, M.B. Cytomegalovirus latency and reactivation: Recent insights into an age old problem.
Rev. Med. Virol. 2016, 26, 75–89. [CrossRef]

73. Elder, E.; Sinclair, J. HCMV latency: What regulates the regulators? Med. Microbiol. Immunol. 2019, 208,
431–438. [CrossRef]

74. Stinski, M.F.; Isomura, H. Role of the cytomegalovirus major immediate early enhancer in acute infection
and reactivation from latency. Med. Microbiol. Immunol. 2008, 197, 223–231. [CrossRef]

75. Tarrant-Elorza, M.; Rossetto, C.C.; Pari, G.S. Maintenance and Replication of the Human Cytomegalovirus
Genome during Latency. Cell Host Microbe 2014, 16, 43–54. [CrossRef]

76. Arend, K.C.; Ziehr, B.; Vincent, H.A.; Moorman, N.J. Multiple transcripts encode full-length human
cytomegalovirus IE1 and IE2 proteins during lytic infection. J. Virol. 2016, 90, 8855–8865. [CrossRef]
[PubMed]

77. Puchtler, E.; Stamminger, T. An inducible promoter mediates abundant expression from the immediate-early
2 gene region of human cytomegalovirus at late times after infection. J. Virol. 1991, 65, 6301–6306. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.vaccine.2018.02.089
http://dx.doi.org/10.1016/j.vaccine.2014.03.057
http://dx.doi.org/10.1016/j.coviro.2014.02.004
http://dx.doi.org/10.1016/j.vaccine.2012.09.056
http://dx.doi.org/10.1093/jac/45.suppl_4.35
http://dx.doi.org/10.1016/S0140-6736(03)14634-X
http://dx.doi.org/10.1097/MOT.0b013e32834016b9
http://www.ncbi.nlm.nih.gov/pubmed/20930639
http://dx.doi.org/10.1016/j.antiviral.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30227153
http://www.ncbi.nlm.nih.gov/pubmed/18246516
http://dx.doi.org/10.2174/187152609787847758
http://dx.doi.org/10.1093/bmb/ldz031
http://dx.doi.org/10.1016/bs.podrm.2017.12.001
http://dx.doi.org/10.1007/978-981-10-7230-7_6
http://dx.doi.org/10.1080/14740338.2019.1662787
http://dx.doi.org/10.1097/MOT.0000000000000541
http://www.ncbi.nlm.nih.gov/pubmed/29794552
http://dx.doi.org/10.1016/j.antiviral.2009.10.004
http://dx.doi.org/10.1016/j.medmal.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29650261
http://dx.doi.org/10.1080/14656566.2019.1637418
http://www.ncbi.nlm.nih.gov/pubmed/31282759
http://dx.doi.org/10.1053/j.semperi.2018.02.002
http://dx.doi.org/10.1002/rmv.1862
http://dx.doi.org/10.1007/s00430-019-00581-1
http://dx.doi.org/10.1007/s00430-007-0069-7
http://dx.doi.org/10.1016/j.chom.2014.06.006
http://dx.doi.org/10.1128/JVI.00741-16
http://www.ncbi.nlm.nih.gov/pubmed/27466417
http://dx.doi.org/10.1128/JVI.65.11.6301-6306.1991
http://www.ncbi.nlm.nih.gov/pubmed/1656096


Viruses 2020, 12, 110 26 of 41

78. Stenberg, R.M.; Depto, A.S.; Fortney, J.; Nelson, J.A. Regulated expression of early and late RNAs and proteins
from the human cytomegalovirus immediate-early gene region. J. Virol. 1989, 63, 2699–2708. [CrossRef]
[PubMed]

79. Kondo, K.; Xu, J.; Mocarski, E.S. Human cytomegalovirus latent gene expression in granulocyte-macrophage
progenitors in culture and in seropositive individuals. Proc. Natl. Acad. Sci. USA 1996, 93, 11137–11142.
[CrossRef] [PubMed]

80. Yang, C.Q.; Miao, L.F.; Pan, X.; Wu, C.C.; Rayner, S.; Mocarski, E.S.; Ye, H.Q.; Luo, M.H. Natural antisense
transcripts of UL123 packaged in human cytomegalovirus virions. Arch. Virol. 2014, 159, 147–151. [CrossRef]
[PubMed]

81. Kondo, K.; Mocarski, E.S. Cytomegalovirus latency and latency-specific transcription in hematopoietic
progenitors. Scand. J. Infect. Dis. Suppl. 1995, 99, 63–67.

82. Wilkinson, G.W.; Akrigg, A.; Greenaway, P.J. Transcription of the immediate early genes of human
cytomegalovirus strain AD169. Virus Res. 1984, 1, 101–106. [CrossRef]

83. Stinski, M.F.; Thomsen, D.R.; Stenberg, R.M.; Goldstein, L.C. Organization and expression of the immediate
early genes of human cytomegalovirus. J. Virol. 1983, 46, 1–14. [CrossRef]

84. Collins-McMillen, D.; Rak, M.; Buehler, J.C.; Igarashi-Hayes, S.; Kamil, J.P.; Moorman, N.J.; Goodrum, F.
Alternative promoters drive human cytomegalovirus reactivation from latency. Proc. Natl. Acad. Sci. USA
2019, 116, 17492–17497. [CrossRef]

85. Isomura, H.; Tsurumi, T.; Stinski, M.F. Role of the proximal enhancer of the major immediate-early promoter
in human cytomegalovirus replication. J. Virol. 2004, 78, 12788–12799. [CrossRef]

86. Keller, M.J.; Wu, A.W.; Andrews, J.I.; McGonagill, P.W.; Tibesar, E.E.; Meier, J.L. Reversal of human
cytomegalovirus major immediate-early enhancer/promoter silencing in quiescently infected cells via the
cyclic AMP signaling pathway. J. Virol. 2007, 81, 6669–6681. [CrossRef]

87. Lubon, H.; Ghazal, P.; Hennighausen, L.; Reynolds-Kohler, C.; Lockshin, C.; Nelson, J. Cell-specific activity
of the modulator region in the human cytomegalovirus major immediate-early gene. Mol. Cell. Biol. 1989, 9,
1342–1345. [CrossRef] [PubMed]

88. Nelson, J.A.; Reynolds-Kohler, C.; Smith, B.A. Negative and positive regulation by a short segment in the
5′-flanking region of the human cytomegalovirus major immediate-early gene. Mol. Cell. Biol. 1987, 7,
4125–4129. [CrossRef] [PubMed]

89. Meier, J.L.; Stinski, M.F. Effect of a modulator deletion on transcription of the human cytomegalovirus major
immediate-early genes in infected undifferentiated and differentiated cells. J. Virol. 1997, 71, 1246–1255.
[CrossRef] [PubMed]

90. Ghazal, P.; Lubon, H.; Reynolds-Kohler, C.; Hennighausen, L.; Nelson, J.A. Interactions between cellular
regulatory proteins and a unique sequence region in the human cytomegalovirus major immediate-early
promoter. Virology 1990, 174, 18–25. [CrossRef]

91. Angulo, A.; Kerry, D.; Huang, H.; Borst, E.M.; Razinsky, A.; Wu, J.; Hobom, U.; Messerle, M.; Ghazal, P.
Identification of a boundary domain adjacent to the potent human cytomegalovirus enhancer that represses
transcription of the divergent UL127 promoter. J. Virol. 2000, 74, 2826–2839. [CrossRef] [PubMed]

92. Lashmit, P.E.; Lundquist, C.A.; Meier, J.L.; Stinski, M.F. Cellular repressor inhibits human cytomegalovirus
transcription from the UL127 promoter. J. Virol. 2004, 78, 5113–5123. [CrossRef]

93. Lundquist, C.A.; Meier, J.L.; Stinski, M.F. A strong negative transcriptional regulatory region between the
human cytomegalovirus UL127 gene and the major immediate-early enhancer. J. Virol. 1999, 73, 9039–9052.
[CrossRef]

94. Lee, J.; Klase, Z.; Gao, X.; Caldwell, J.S.; Stinski, M.F.; Kashanchi, F.; Chao, S.H. Cellular homeoproteins, SATB1
and CDP, bind to the unique region between the human cytomegalovirus UL127 and major immediate-early
genes. Virology 2007, 366, 117–125. [CrossRef]

95. Chao, S.H.; Harada, J.N.; Hyndman, F.; Gao, X.; Nelson, C.G.; Chanda, S.K.; Caldwell, J.S. PDX1, a cellular
homeoprotein, binds to and regulates the activity of human cytomegalovirus immediate early promoter.
J. Biol. Chem. 2004, 279, 16111–16120. [CrossRef]

96. Thomsen, D.R.; Stenberg, R.M.; Goins, W.F.; Stinski, M.F. Promoter-regulatory region of the major immediate
early gene of human cytomegalovirus. Proc. Natl. Acad. Sci. USA 1984, 81, 659–663. [CrossRef]

http://dx.doi.org/10.1128/JVI.63.6.2699-2708.1989
http://www.ncbi.nlm.nih.gov/pubmed/2542583
http://dx.doi.org/10.1073/pnas.93.20.11137
http://www.ncbi.nlm.nih.gov/pubmed/8855322
http://dx.doi.org/10.1007/s00705-013-1793-5
http://www.ncbi.nlm.nih.gov/pubmed/23884634
http://dx.doi.org/10.1016/0168-1702(84)90067-4
http://dx.doi.org/10.1128/JVI.46.1.1-14.1983
http://dx.doi.org/10.1073/pnas.1900783116
http://dx.doi.org/10.1128/JVI.78.23.12788-12799.2004
http://dx.doi.org/10.1128/JVI.01524-06
http://dx.doi.org/10.1128/MCB.9.3.1342
http://www.ncbi.nlm.nih.gov/pubmed/2542767
http://dx.doi.org/10.1128/MCB.7.11.4125
http://www.ncbi.nlm.nih.gov/pubmed/2828927
http://dx.doi.org/10.1128/JVI.71.2.1246-1255.1997
http://www.ncbi.nlm.nih.gov/pubmed/8995648
http://dx.doi.org/10.1016/0042-6822(90)90049-W
http://dx.doi.org/10.1128/JVI.74.6.2826-2839.2000
http://www.ncbi.nlm.nih.gov/pubmed/10684299
http://dx.doi.org/10.1128/JVI.78.10.5113-5123.2004
http://dx.doi.org/10.1128/JVI.73.11.9039-9052.1999
http://dx.doi.org/10.1016/j.virol.2007.04.024
http://dx.doi.org/10.1074/jbc.M312304200
http://dx.doi.org/10.1073/pnas.81.3.659


Viruses 2020, 12, 110 27 of 41

97. Honess, R.W.; Gompels, U.A.; Barrell, B.G.; Craxton, M.; Cameron, K.R.; Staden, R.; Chang, Y.N.; Hayward, G.S.
Deviations from expected frequencies of CpG dinucleotides in herpesvirus DNAs may be diagnostic of
differences in the states of their latent genomes. J. Gen. Virol. 1989, 70, 837–855. [CrossRef] [PubMed]

98. Moritz, B.; Becker, P.B.; Göpfert, U. CMV promoter mutants with a reduced propensity to productivity loss
in CHO cells. Sci. Rep. 2015, 5, 16952. [CrossRef] [PubMed]

99. Kong, Q.; Wu, M.; Huan, Y.; Zhang, L.; Liu, H.; Bou, G.; Luo, Y.; Mu, Y.; Liu, Z. Transgene expression is
associated with copy number and cytomegalovirus promoter methylation in transgenic pigs. PLoS ONE
2009, 4, e6679. [CrossRef] [PubMed]

100. Osterlehner, A.; Simmeth, S.; Göpfert, U. Promoter methylation and transgene copy numbers predict unstable
protein production in recombinant Chinese hamster ovary cell lines. Biotechnol. Bioeng. 2011, 108, 2670–2681.
[CrossRef] [PubMed]

101. Yang, Y.; Mariati; Chusainow, J.; Yap, M.G. DNA methylation contributes to loss in productivity of monoclonal
antibody-producing CHO cell lines. J. Biotechnol. 2010, 147, 180–185. [CrossRef]

102. Estekizadeh, A.; Landazuri, N.; Pantalone, M.R.; Davoudi, B.; Hu, L.F.; Nawaz, I.; Stragliotto, G.; Ekstrom, T.J.;
Rahbar, A. 5-azacytidine treatment results in nuclear exclusion of DNA methyltransferase1, as well as
reduced proliferation and invasion in human cytomegalovirusinfected glioblastoma cells. Oncol. Rep. 2019,
41, 2927–2936. [CrossRef] [PubMed]

103. Boom, R.; Geelen, J.L.; Sol, C.J.; Minnaar, R.P.; van der Noordaa, J. Resistance to methylation de novo of the
human cytomegalovirus immediate early enhancer in a model for virus latency and reactivation in vitro.
J. Gen. Virol. 1987, 68, 2839–2852. [CrossRef]

104. Hummel, M.; Yan, S.; Li, Z.; Varghese, T.K.; Abecassis, M. Transcriptional reactivation of murine
cytomegalovirus ie gene expression by 5-aza-2′-deoxycytidine and trichostatin A in latently infected
cells despite lack of methylation of the major immediate-early promoter. J. Gen. Virol. 2007, 88, 1097–1102.
[CrossRef]

105. Nitzsche, A.; Paulus, C.; Nevels, M. Temporal dynamics of cytomegalovirus chromatin assembly in
productively infected human cells. J. Virol. 2008, 82, 11167–11180. [CrossRef]

106. Knipe, D.M.; Lieberman, P.M.; Jung, J.U.; McBride, A.A.; Morris, K.V.; Ott, M.; Margolis, D.; Nieto, A.;
Nevels, M.; Parks, R.J.; et al. Snapshots: Chromatin control of viral infection. Virology 2013, 435, 141–156.
[CrossRef]

107. Liu, X.F.; Wang, X.; Yan, S.; Zhang, Z.; Abecassis, M.; Hummel, M. Epigenetic control of cytomegalovirus
latency and reactivation. Viruses 2013, 5, 1325–1345. [CrossRef]

108. Paulus, C.; Nitzsche, A.; Nevels, M. Chromatinisation of herpesvirus genomes. Rev. Med. Virol. 2010, 20,
34–50. [CrossRef]

109. Liu, X.F.; Yan, S.; Abecassis, M.; Hummel, M. Establishment of murine cytomegalovirus latency in vivo is
associated with changes in histone modifications and recruitment of transcriptional repressors to the major
immediate-early promoter. J. Virol. 2008, 82, 10922–10931. [CrossRef] [PubMed]

110. Nitzsche, A.; Steinhäusser, C.; Mücke, K.; Paulus, C.; Nevels, M. Histone H3 lysine 4 methylation marks
postreplicative human cytomegalovirus chromatin. J. Virol. 2012, 86, 9817–9827. [CrossRef] [PubMed]

111. Cuevas-Bennett, C.; Shenk, T. Dynamic histone H3 acetylation and methylation at human cytomegalovirus
promoters during replication in fibroblasts. J. Virol. 2008, 82, 9525–9536. [CrossRef] [PubMed]

112. Groves, I.J.; Reeves, M.B.; Sinclair, J.H. Lytic infection of permissive cells with human cytomegalovirus is
regulated by an intrinsic ‘pre-immediate-early’ repression of viral gene expression mediated by histone
post-translational modification. J. Gen. Virol. 2009, 90, 2364–2374. [CrossRef] [PubMed]

113. Soo, B.P.C.; Tay, J.; Ng, S.; Ho, S.C.L.; Yang, Y.; Chao, S.H. Correlation between expression of recombinant
proteins and abundance of H3K4Me3 on the enhancer of human cytomegalovirus major immediate-early
promoter. Mol. Biotechnol. 2017, 59, 315–322. [CrossRef]

114. Moritz, B.; Woltering, L.; Becker, P.B.; Göpfert, U. High levels of histone H3 acetylation at the CMV promoter
are predictive of stable expression in Chinese hamster ovary cells. Biotechnol. Prog. 2016, 32, 776–786.
[CrossRef]

115. Ioudinkova, E.; Arcangeletti, M.C.; Rynditch, A.; De Conto, F.; Motta, F.; Covan, S.; Pinardi, F.; Razin, S.V.;
Chezzi, C. Control of human cytomegalovirus gene expression by differential histone modifications during
lytic and latent infection of a monocytic cell line. Gene 2006, 384, 120–128. [CrossRef]

http://dx.doi.org/10.1099/0022-1317-70-4-837
http://www.ncbi.nlm.nih.gov/pubmed/2732708
http://dx.doi.org/10.1038/srep16952
http://www.ncbi.nlm.nih.gov/pubmed/26581326
http://dx.doi.org/10.1371/journal.pone.0006679
http://www.ncbi.nlm.nih.gov/pubmed/19688097
http://dx.doi.org/10.1002/bit.23216
http://www.ncbi.nlm.nih.gov/pubmed/21618470
http://dx.doi.org/10.1016/j.jbiotec.2010.04.004
http://dx.doi.org/10.3892/or.2019.7074
http://www.ncbi.nlm.nih.gov/pubmed/30896862
http://dx.doi.org/10.1099/0022-1317-68-11-2839
http://dx.doi.org/10.1099/vir.0.82696-0
http://dx.doi.org/10.1128/JVI.01218-08
http://dx.doi.org/10.1016/j.virol.2012.09.023
http://dx.doi.org/10.3390/v5051325
http://dx.doi.org/10.1002/rmv.632
http://dx.doi.org/10.1128/JVI.00865-08
http://www.ncbi.nlm.nih.gov/pubmed/18753203
http://dx.doi.org/10.1128/JVI.00581-12
http://www.ncbi.nlm.nih.gov/pubmed/22761369
http://dx.doi.org/10.1128/JVI.00946-08
http://www.ncbi.nlm.nih.gov/pubmed/18653451
http://dx.doi.org/10.1099/vir.0.012526-0
http://www.ncbi.nlm.nih.gov/pubmed/19515830
http://dx.doi.org/10.1007/s12033-017-0019-6
http://dx.doi.org/10.1002/btpr.2271
http://dx.doi.org/10.1016/j.gene.2006.07.021


Viruses 2020, 12, 110 28 of 41

116. Murphy, J.C.; Fischle, W.; Verdin, E.; Sinclair, J.H. Control of cytomegalovirus lytic gene expression by histone
acetylation. EMBO J. 2002, 21, 1112–1120. [CrossRef]

117. Reeves, M.B.; MacAry, P.A.; Lehner, P.J.; Sissons, J.G.; Sinclair, J.H. Latency, chromatin remodeling, and
reactivation of human cytomegalovirus in the dendritic cells of healthy carriers. Proc. Natl. Acad. Sci. USA
2005, 102, 4140–4145. [CrossRef] [PubMed]

118. Reeves, M.B.; Lehner, P.J.; Sissons, J.G.; Sinclair, J.H. An in vitro model for the regulation of human
cytomegalovirus latency and reactivation in dendritic cells by chromatin remodelling. J. Gen. Virol. 2005, 86,
2949–2954. [CrossRef]

119. Rauwel, B.; Jang, S.M.; Cassano, M.; Kapopoulou, A.; Barde, I.; Trono, D. Release of human cytomegalovirus
from latency by a KAP1/TRIM28 phosphorylation switch. Elife 2015, 4, 68. [CrossRef] [PubMed]

120. Rossetto, C.C.; Tarrant-Elorza, M.; Pari, G.S. Cis and trans acting factors involved in human cytomegalovirus
experimental and natural latent infection of CD14 (+) monocytes and CD34 (+) Cells. PLoS Pathog. 2013,
9, e1003366. [CrossRef] [PubMed]

121. Abraham, C.G.; Kulesza, C.A. Polycomb repressive complex 2 silences human cytomegalovirus transcription
in quiescent infection models. J. Virol. 2013, 87, 13193–13205. [CrossRef]

122. Terhune, S.S.; Moorman, N.J.; Cristea, I.M.; Savaryn, J.P.; Cuevas-Bennett, C.; Rout, M.P.; Chait, B.T.; Shenk, T.
Human cytomegalovirus UL29/28 protein interacts with components of the NuRD complex which promote
accumulation of immediate-early RNA. PLoS Pathog. 2010, 6, e1000965. [CrossRef]

123. Liang, Y.; Vogel, J.L.; Arbuckle, J.H.; Rai, G.; Jadhav, A.; Simeonov, A.; Maloney, D.J.; Kristie, T.M. Targeting
the JMJD2 histone demethylases to epigenetically control herpesvirus infection and reactivation from latency.
Sci. Transl. Med. 2013, 5, 167ra165. [CrossRef]

124. Nevels, M.; Paulus, C.; Shenk, T. Human cytomegalovirus immediate-early 1 protein facilitates viral
replication by antagonizing histone deacetylation. Proc. Natl. Acad. Sci. USA 2004, 101, 17234–17239.
[CrossRef]

125. Lee, S.H.; Albright, E.R.; Lee, J.H.; Jacobs, D.; Kalejta, R.F. Cellular defense against latent colonization foiled
by human cytomegalovirus UL138 protein. Sci. Adv. 2015, 1, e1501164. [CrossRef]

126. Reeves, M.; Murphy, J.; Greaves, R.; Fairley, J.; Brehm, A.; Sinclair, J. Autorepression of the human
cytomegalovirus major immediate-early promoter/enhancer at late times of infection is mediated by the
recruitment of chromatin remodeling enzymes by IE86. J. Virol. 2006, 80, 9998–10009. [CrossRef]

127. Bigley, T.M.; Reitsma, J.M.; Mirza, S.P.; Terhune, S.S. Human cytomegalovirus pUL97 regulates the viral
major immediate early promoter by phosphorylation-mediated disruption of histone deacetylase 1 binding.
J. Virol. 2013, 87, 7393–7408. [CrossRef] [PubMed]

128. Kew, V.G.; Yuan, J.; Meier, J.; Reeves, M.B. Mitogen and stress activated kinases act co-operatively with CREB
during the induction of human cytomegalovirus immediate-early gene expression from latency. PLoS Pathog.
2014, 10, e1004195. [CrossRef] [PubMed]

129. Yee, L.F.; Lin, P.L.; Stinski, M.F. Ectopic expression of HCMV IE72 and IE86 proteins is sufficient to induce
early gene expression but not production of infectious virus in undifferentiated promonocytic THP-1 cells.
Virology 2007, 363, 174–188. [CrossRef] [PubMed]

130. Reeves, M.B. Chromatin-mediated regulation of cytomegalovirus gene expression. Virus Res. 2010, 157,
134–143. [CrossRef]

131. Nevels, M.; Nitzsche, A.; Paulus, C. How to control an infectious bead string: Nucleosome-based regulation
and targeting of herpesvirus chromatin. Rev. Med. Virol. 2011, 21, 154–180. [CrossRef]

132. Saffert, R.T.; Kalejta, R.F. Human cytomegalovirus gene expression is silenced by Daxx-mediated intrinsic
immune defense in model latent infections established in vitro. J. Virol. 2007, 81, 9109–9120. [CrossRef]

133. Lallemand-Breitenbach, V.; de The, H. PML nuclear bodies: From architecture to function. Curr. Opin.
Cell Biol. 2018, 52, 154–161. [CrossRef]

134. Full, F.; Ensser, A. Early nuclear events after herpesviral infection. J. Clin. Med. 2019, 8, 1408. [CrossRef]
135. Scherer, M.; Stamminger, T. Emerging role of PML nuclear bodies in innate immune signaling. J. Virol. 2016,

90, 5850–5854. [CrossRef]
136. Landolfo, S.; De Andrea, M.; Dell’Oste, V.; Gugliesi, F. Intrinsic host restriction factors of human

cytomegalovirus replication and mechanisms of viral escape. World J. Virol. 2016, 5, 87–96. [CrossRef]
137. Tavalai, N.; Stamminger, T. Intrinsic cellular defense mechanisms targeting human cytomegalovirus. Virus Res.

2011, 157, 128–133. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/emboj/21.5.1112
http://dx.doi.org/10.1073/pnas.0408994102
http://www.ncbi.nlm.nih.gov/pubmed/15738399
http://dx.doi.org/10.1099/vir.0.81161-0
http://dx.doi.org/10.7554/eLife.06068
http://www.ncbi.nlm.nih.gov/pubmed/25846574
http://dx.doi.org/10.1371/journal.ppat.1003366
http://www.ncbi.nlm.nih.gov/pubmed/23717203
http://dx.doi.org/10.1128/JVI.02420-13
http://dx.doi.org/10.1371/journal.ppat.1000965
http://dx.doi.org/10.1126/scitranslmed.3005145
http://dx.doi.org/10.1073/pnas.0407933101
http://dx.doi.org/10.1126/sciadv.1501164
http://dx.doi.org/10.1128/JVI.01297-06
http://dx.doi.org/10.1128/JVI.02825-12
http://www.ncbi.nlm.nih.gov/pubmed/23616659
http://dx.doi.org/10.1371/journal.ppat.1004195
http://www.ncbi.nlm.nih.gov/pubmed/24945302
http://dx.doi.org/10.1016/j.virol.2007.01.036
http://www.ncbi.nlm.nih.gov/pubmed/17331553
http://dx.doi.org/10.1016/j.virusres.2010.09.019
http://dx.doi.org/10.1002/rmv.690
http://dx.doi.org/10.1128/JVI.00827-07
http://dx.doi.org/10.1016/j.ceb.2018.03.011
http://dx.doi.org/10.3390/jcm8091408
http://dx.doi.org/10.1128/JVI.01979-15
http://dx.doi.org/10.5501/wjv.v5.i3.87
http://dx.doi.org/10.1016/j.virusres.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20934469


Viruses 2020, 12, 110 29 of 41

138. Geoffroy, M.C.; Chelbi-Alix, M.K. Role of promyelocytic leukemia protein in host antiviral defense. J. Interferon
Cytokine Res. 2011, 31, 145–158. [CrossRef] [PubMed]

139. Dunphy, G.; Flannery, S.M.; Almine, J.F.; Connolly, D.J.; Paulus, C.; Jonsson, K.L.; Jakobsen, M.R.; Nevels, M.M.;
Bowie, A.G.; Unterholzner, L. Non-canonical activation of the DNA sensing adaptor STING by ATM and
IFI16 mediates NF-κB signaling after nuclear DNA damage. Mol. Cell 2018, 71, 745–760. [CrossRef] [PubMed]

140. Li, T.; Chen, J.; Cristea, I.M. Human cytomegalovirus tegument protein pUL83 inhibits IFI16-mediated DNA
sensing for immune evasion. Cell Host Microbe 2013, 14, 591–599. [CrossRef] [PubMed]

141. Diner, B.A.; Lum, K.K.; Toettcher, J.E.; Cristea, I.M. Viral DNA sensors IFI16 and cyclic GMP-AMP synthase
possess distinct functions in regulating viral gene expression, immune defenses, and apoptotic responses
during herpesvirus infection. MBio 2016, 7, e01553-16. [CrossRef]

142. Gariano, G.R.; Dell’Oste, V.; Bronzini, M.; Gatti, D.; Luganini, A.; De Andrea, M.; Gribaudo, G.; Gariglio, M.;
Landolfo, S. The intracellular DNA sensor IFI16 gene acts as restriction factor for human cytomegalovirus
replication. PLoS Pathog. 2012, 8, e1002498. [CrossRef]

143. Cristea, I.M.; Moorman, N.J.; Terhune, S.S.; Cuevas, C.D.; O’Keefe, E.S.; Rout, M.P.; Chait, B.T.; Shenk, T.
Human cytomegalovirus pUL83 stimulates activity of the viral immediate-early promoter through its
interaction with the cellular IFI16 protein. J. Virol. 2010, 84, 7803–7814. [CrossRef]

144. Elder, E.G.; Krishna, B.A.; Williamson, J.; Lim, E.Y.; Poole, E.; Sedikides, G.X.; Wills, M.; O’Connor, C.M.;
Lehner, P.J.; Sinclair, J. Interferon-responsive genes are targeted during the establishment of human
cytomegalovirus latency. MBio 2019, 10, e02574-19. [CrossRef]

145. Wang, X.; Huong, S.M.; Chiu, M.L.; Raab-Traub, N.; Huang, E.S. Epidermal growth factor receptor is a
cellular receptor for human cytomegalovirus. Nature 2003, 424, 456–461. [CrossRef]

146. Wu, K.; Oberstein, A.; Wang, W.; Shenk, T. Role of PDGF receptor-α during human cytomegalovirus entry
into fibroblasts. Proc. Natl. Acad. Sci. USA 2018, 115, E9889–E9898. [CrossRef]

147. Soroceanu, L.; Akhavan, A.; Cobbs, C.S. Platelet-derived growth factor-α receptor activation is required for
human cytomegalovirus infection. Nature 2008, 455, 391–395. [CrossRef] [PubMed]

148. Wang, D.; Shenk, T. Human cytomegalovirus virion protein complex required for epithelial and endothelial
cell tropism. Proc. Natl. Acad. Sci. USA 2005, 102, 18153–18158. [CrossRef] [PubMed]

149. Nogalski, M.T.; Chan, G.C.; Stevenson, E.V.; Collins-McMillen, D.K.; Yurochko, A.D. The HCMV
gH/gL/UL128-131 complex triggers the specific cellular activation required for efficient viral internalization
into target monocytes. PLoS Pathog. 2013, 9, e1003463. [CrossRef] [PubMed]

150. Altman, A.M.; Mahmud, J.; Nikolovska-Coleska, Z.; Chan, G. HCMV modulation of cellular PI3K/AKT/mTOR
signaling: New opportunities for therapeutic intervention? Antivir. Res. 2019, 163, 82–90. [CrossRef]

151. Buchkovich, N.J.; Yu, Y.; Zampieri, C.A.; Alwine, J.C. The TORrid affairs of viruses: Effects of mammalian
DNA viruses on the PI3K-Akt-mTOR signalling pathway. Nat. Rev. Microbiol. 2008, 6, 266–275. [CrossRef]

152. Campadelli-Fiume, G.; Collins-McMillen, D.; Gianni, T.; Yurochko, A.D. Integrins as herpesvirus receptors
and mediators of the host signalosome. Annu. Rev. Virol. 2016, 3, 215–236. [CrossRef]

153. Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in cancer. Nat.
Rev. Drug Discov. 2009, 8, 627–644. [CrossRef]

154. De Santis, M.C.; Gulluni, F.; Campa, C.C.; Martini, M.; Hirsch, E. Targeting PI3K signaling in cancer:
Challenges and advances. Biochim. Biophys. Acta Rev. Cancer 2019, 1871, 361–366. [CrossRef]

155. Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K pathway in
human disease. Cell 2017, 170, 605–635. [CrossRef]

156. Johnson, R.A.; Wang, X.; Ma, X.L.; Huong, S.M.; Huang, E.S. Human cytomegalovirus up-regulates the
phosphatidylinositol 3-kinase (PI3-K) pathway: Inhibition of PI3-K activity inhibits viral replication and
virus-induced signaling. J. Virol. 2001, 75, 6022–6032. [CrossRef]

157. Yu, Y.; Alwine, J.C. Human cytomegalovirus major immediate-early proteins and simian virus 40 large T
antigen can inhibit apoptosis through activation of the phosphatidylinositide 3′-OH kinase pathway and the
cellular kinase Akt. J. Virol. 2002, 76, 3731–3738. [CrossRef]

158. Cobbs, C.S.; Soroceanu, L.; Denham, S.; Zhang, W.; Kraus, M.H. Modulation of oncogenic phenotype in
human glioma cells by cytomegalovirus IE1-mediated mitogenicity. Cancer Res. 2008, 68, 724–730. [CrossRef]

159. Kudchodkar, S.B.; Yu, Y.; Maguire, T.G.; Alwine, J.C. Human cytomegalovirus infection alters the substrate
specificities and rapamycin sensitivities of raptor- and rictor-containing complexes. Proc. Natl. Acad. Sci. USA
2006, 103, 14182–14187. [CrossRef]

http://dx.doi.org/10.1089/jir.2010.0111
http://www.ncbi.nlm.nih.gov/pubmed/21198351
http://dx.doi.org/10.1016/j.molcel.2018.07.034
http://www.ncbi.nlm.nih.gov/pubmed/30193098
http://dx.doi.org/10.1016/j.chom.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24237704
http://dx.doi.org/10.1128/mBio.01553-16
http://dx.doi.org/10.1371/journal.ppat.1002498
http://dx.doi.org/10.1128/JVI.00139-10
http://dx.doi.org/10.1128/mBio.02574-19
http://dx.doi.org/10.1038/nature01818
http://dx.doi.org/10.1073/pnas.1806305115
http://dx.doi.org/10.1038/nature07209
http://www.ncbi.nlm.nih.gov/pubmed/18701889
http://dx.doi.org/10.1073/pnas.0509201102
http://www.ncbi.nlm.nih.gov/pubmed/16319222
http://dx.doi.org/10.1371/journal.ppat.1003463
http://www.ncbi.nlm.nih.gov/pubmed/23853586
http://dx.doi.org/10.1016/j.antiviral.2019.01.009
http://dx.doi.org/10.1038/nrmicro1855
http://dx.doi.org/10.1146/annurev-virology-110615-035618
http://dx.doi.org/10.1038/nrd2926
http://dx.doi.org/10.1016/j.bbcan.2019.03.003
http://dx.doi.org/10.1016/j.cell.2017.07.029
http://dx.doi.org/10.1128/JVI.75.13.6022-6032.2001
http://dx.doi.org/10.1128/JVI.76.8.3731-3738.2002
http://dx.doi.org/10.1158/0008-5472.CAN-07-2291
http://dx.doi.org/10.1073/pnas.0605825103


Viruses 2020, 12, 110 30 of 41

160. McFarlane, S.; Preston, C.M. Human cytomegalovirus immediate early gene expression in the osteosarcoma
line U2OS is repressed by the cell protein ATRX. Virus Res. 2011, 157, 47–53. [CrossRef]

161. Chan, G.; Nogalski, M.T.; Yurochko, A.D. Activation of EGFR on monocytes is required for human
cytomegalovirus entry and mediates cellular motility. Proc. Natl. Acad. Sci. USA 2009, 106, 22369–22374.
[CrossRef]

162. Chan, G.; Nogalski, M.T.; Bentz, G.L.; Smith, M.S.; Parmater, A.; Yurochko, A.D. PI3K-dependent upregulation
of Mcl-1 by human cytomegalovirus is mediated by epidermal growth factor receptor and inhibits apoptosis
in short-lived monocytes. J. Immunol. 2010, 184, 3213–3222. [CrossRef]

163. Kim, J.H.; Collins-McMillen, D.; Buehler, J.C.; Goodrum, F.D.; Yurochko, A.D. Human cytomegalovirus
requires epidermal growth factor receptor signaling to enter and initiate the early steps in the establishment
of latency in CD34(+) human progenitor cells. J. Virol. 2017, 91, e01206-16. [CrossRef]

164. Rak, M.A.; Buehler, J.; Zeltzer, S.; Reitsma, J.; Molina, B.; Terhune, S.; Goodrum, F. Human cytomegalovirus
UL135 interacts with host adaptor proteins to regulate epidermal growth factor receptor and reactivation
from latency. J. Virol. 2018, 92, e00919-18. [CrossRef]

165. Mikell, I.; Crawford, L.B.; Hancock, M.H.; Mitchell, J.; Buehler, J.; Goodrum, F.; Nelson, J.A. HCMV miR-US22
down-regulation of EGR-1 regulates CD34+ hematopoietic progenitor cell proliferation and viral reactivation.
PLoS Pathog. 2019, 15, e1007854. [CrossRef]

166. Buehler, J.; Zeltzer, S.; Reitsma, J.; Petrucelli, A.; Umashankar, M.; Rak, M.; Zagallo, P.; Schroeder, J.; Terhune, S.;
Goodrum, F. Opposing regulation of the EGF receptor: A molecular switch controlling cytomegalovirus
latency and replication. PLoS Pathog. 2016, 12, e1005655. [CrossRef]

167. Buehler, J.; Carpenter, E.; Zeltzer, S.; Igarashi, S.; Rak, M.; Mikell, I.; Nelson, J.A.; Goodrum, F. Host signaling
and EGR1 transcriptional control of human cytomegalovirus replication and latency. PLoS Pathog. 2019,
15, e1008037. [CrossRef] [PubMed]

168. Chen, J.; Stinski, M.F. Role of regulatory elements and the MAPK/ERK or p38 MAPK pathways for activation
of human cytomegalovirus gene expression. J. Virol. 2002, 76, 4873–4885. [CrossRef]

169. Kew, V.; Wills, M.; Reeves, M. HCMV activation of ERK-MAPK drives a multi-factorial response promoting
the survival of infected myeloid progenitors. J. Mol. Biochem. 2017, 6, 13–25. [PubMed]

170. Rodems, S.M.; Spector, D.H. Extracellular signal-regulated kinase activity is sustained early during human
cytomegalovirus infection. J. Virol. 1998, 72, 9173–9180. [CrossRef]

171. Reeves, M.B.; Breidenstein, A.; Compton, T. Human cytomegalovirus activation of ERK and myeloid cell
leukemia-1 protein correlates with survival of latently infected cells. Proc. Natl. Acad. Sci. USA 2012, 109,
588–593. [CrossRef]

172. Michaelis, M.; Paulus, C.; Loschmann, N.; Dauth, S.; Stange, E.; Doerr, H.W.; Nevels, M.; Cinatl, J., Jr. The
multi-targeted kinase inhibitor sorafenib inhibits human cytomegalovirus replication. Cell. Mol. Life Sci.
2011, 68, 1079–1090. [CrossRef]

173. Mukhopadhyay, R.; Venkatadri, R.; Katsnelson, J.; Arav-Boger, R. Digitoxin suppresses human
cytomegalovirus replication via Na(+), K(+)/ATPase α1 subunit-dependent AMP-activated protein kinase
and autophagy activation. J. Virol. 2018, 92, e01861-17. [CrossRef]

174. Dupont, L.; Du, L.; Poulter, M.; Choi, S.; McIntosh, M.; Reeves, M.B. Src family kinase activity drives
cytomegalovirus reactivation by recruiting MOZ histone acetyltransferase activity to the viral promoter.
J. Biol. Chem. 2019, 294, 12901–12910. [CrossRef]

175. Hutterer, C.; Eickhoff, J.; Milbradt, J.; Korn, K.; Zeittrager, I.; Bahsi, H.; Wagner, S.; Zischinsky, G.; Wolf, A.;
Degenhart, C.; et al. A novel CDK7 inhibitor of the pyrazolotriazine class exerts broad-spectrum antiviral
activity at nanomolar concentrations. Antimicrob. Agents Chemother. 2015, 59, 2062–2071. [CrossRef]

176. Yuan, J.; Li, M.; Torres, Y.R.; Galle, C.S.; Meier, J.L. Differentiation-coupled induction of human
cytomegalovirus replication by union of the major enhancer retinoic acid, cyclic AMP, and NF-κB response
elements. J. Virol. 2015, 89, 12284–12298. [CrossRef]

177. Kowalik, T.F.; Wing, B.; Haskill, J.S.; Azizkhan, J.C.; Baldwin, A.S., Jr.; Huang, E.S. Multiple mechanisms are
implicated in the regulation of NF-κB activity during human cytomegalovirus infection. Proc. Natl. Acad.
Sci. USA 1993, 90, 1107–1111. [CrossRef]

178. Yurochko, A.D.; Hwang, E.S.; Rasmussen, L.; Keay, S.; Pereira, L.; Huang, E.S. The human cytomegalovirus
UL55 (gB) and UL75 (gH) glycoprotein ligands initiate the rapid activation of Sp1 and NF-κB during infection.
J. Virol. 1997, 71, 5051–5059. [CrossRef]

http://dx.doi.org/10.1016/j.virusres.2011.02.002
http://dx.doi.org/10.1073/pnas.0908787106
http://dx.doi.org/10.4049/jimmunol.0903025
http://dx.doi.org/10.1128/JVI.01206-16
http://dx.doi.org/10.1128/JVI.00919-18
http://dx.doi.org/10.1371/journal.ppat.1007854
http://dx.doi.org/10.1371/journal.ppat.1005655
http://dx.doi.org/10.1371/journal.ppat.1008037
http://www.ncbi.nlm.nih.gov/pubmed/31725811
http://dx.doi.org/10.1128/JVI.76.10.4873-4885.2002
http://www.ncbi.nlm.nih.gov/pubmed/28491825
http://dx.doi.org/10.1128/JVI.72.11.9173-9180.1998
http://dx.doi.org/10.1073/pnas.1114966108
http://dx.doi.org/10.1007/s00018-010-0510-8
http://dx.doi.org/10.1128/JVI.01861-17
http://dx.doi.org/10.1074/jbc.RA119.009667
http://dx.doi.org/10.1128/AAC.04534-14
http://dx.doi.org/10.1128/JVI.00965-15
http://dx.doi.org/10.1073/pnas.90.3.1107
http://dx.doi.org/10.1128/JVI.71.7.5051-5059.1997


Viruses 2020, 12, 110 31 of 41

179. DeMeritt, I.B.; Milford, L.E.; Yurochko, A.D. Activation of the NF-κB pathway in human
cytomegalovirus-infected cells is necessary for efficient transactivation of the major immediate-early
promoter. J. Virol. 2004, 78, 4498–4507. [CrossRef]

180. Sambucetti, L.C.; Cherrington, J.M.; Wilkinson, G.W.; Mocarski, E.S. NF-κB activation of the cytomegalovirus
enhancer is mediated by a viral transactivator and by T cell stimulation. EMBO J. 1989, 8, 4251–4258.
[CrossRef]

181. Cherrington, J.M.; Mocarski, E.S. Human cytomegalovirus ie1 transactivates the α promoter-enhancer via an
18-base-pair repeat element. J. Virol. 1989, 63, 1435–1440. [CrossRef]

182. Prösch, S.; Staak, K.; Stein, J.; Liebenthal, C.; Stamminger, T.; Volk, H.D.; Krüger, D.H. Stimulation of the
human cytomegalovirus IE enhancer/promoter in HL-60 cells by TNFα is mediated via induction of NF-κB.
Virology 1995, 208, 197–206. [CrossRef]

183. Roy, S.; Arav-Boger, R. New cell-signaling pathways for controlling cytomegalovirus replication.
Am. J. Transplant. 2014, 14, 1249–1258. [CrossRef]

184. Murray, M.J.; Peters, N.E.; Reeves, M.B. Navigating the Host Cell Response during Entry into Sites of Latent
Cytomegalovirus Infection. Pathogens 2018, 7, 30. [CrossRef]

185. Cohen, Y.; Stern-Ginossar, N. Manipulation of host pathways by human cytomegalovirus: Insights from
genome-wide studies. Semin. Immunopathol. 2014, 36, 651–658. [CrossRef]

186. Hou, W.; Torres, L.; Cruz-Cosme, R.; Arroyo, F.; Irizarry, L.; Luciano, D.; Marquez, A.; Rivera, L.L.; Sala, A.L.;
Luo, M.H.; et al. Two polypyrimidine tracts in intron 4 of the major immediate early gene are critical for
gene expression switching from IE1 to IE2 and for replication of human cytomegalovirus. J. Virol. 2016, 90,
7339–7349. [CrossRef]

187. Lin, Y.T.; Prendergast, J.; Grey, F. The host ubiquitin-dependent segregase VCP/p97 is required for the onset
of human cytomegalovirus replication. PLoS Pathog. 2017, 13, e1006329. [CrossRef]

188. Stamminger, T.; Puchtler, E.; Fleckenstein, B. Discordant expression of the immediate-early 1 and 2 gene
regions of human cytomegalovirus at early times after infection involves posttranscriptional processing
events. J. Virol. 1991, 65, 2273–2282. [CrossRef]

189. Abdalla, A.E.; Mahjoob, M.O.; Abosalif, K.O.A.; Ejaz, H.; Alameen, A.A.M.; Elsaman, T. Human
cytomegalovirus-encoded MicroRNAs: A master regulator of latent infection. Infect. Genet. Evol. 2019,
78, 104119. [CrossRef]

190. Diggins, N.L.; Hancock, M.H. HCMV miRNA targets reveal important cellular pathways for viral replication,
latency, and reactivation. Noncodin. RNA 2018, 4, 29. [CrossRef]

191. Hook, L.; Hancock, M.; Landais, I.; Grabski, R.; Britt, W.; Nelson, J.A. Cytomegalovirus microRNAs.
Curr. Opin. Virol. 2014, 7, 40–46. [CrossRef]

192. Grey, F.; Meyers, H.; White, E.A.; Spector, D.H.; Nelson, J. A human cytomegalovirus-encoded microRNA
regulates expression of multiple viral genes involved in replication. PLoS Pathog. 2007, 3, e163. [CrossRef]

193. Murphy, E.; Vanicek, J.; Robins, H.; Shenk, T.; Levine, A.J. Suppression of immediate-early viral gene
expression by herpesvirus-coded microRNAs: Implications for latency. Proc. Natl. Acad. Sci. USA 2008, 105,
5453–5458. [CrossRef]

194. Lau, B.; Poole, E.; Van Damme, E.; Bunkens, L.; Sowash, M.; King, H.; Murphy, E.; Wills, M.; Van Loock, M.;
Sinclair, J. Human cytomegalovirus miR-UL112-1 promotes the down-regulation of viral immediate early-gene
expression during latency to prevent T-cell recognition of latently infected cells. J. Gen. Virol. 2016, 97,
2387–2398. [CrossRef]

195. Stern-Ginossar, N.; Saleh, N.; Goldberg, M.D.; Prichard, M.; Wolf, D.G.; Mandelboim, O. Analysis of human
cytomegalovirus-encoded microRNA activity during infection. J. Virol. 2009, 83, 10684–10693. [CrossRef]

196. Scherer, M.; Klingl, S.; Sevvana, M.; Otto, V.; Schilling, E.M.; Stump, J.D.; Müller, R.; Reuter, N.; Sticht, H.;
Müller, Y.A.; et al. Crystal structure of cytomegalovirus IE1 protein reveals targeting of TRIM family member
PML via coiled-coil interactions. PLoS Pathog. 2014, 10, e1004512. [CrossRef]

197. Teng, M.W.; Bolovan-Fritts, C.; Dar, R.D.; Womack, A.; Simpson, M.L.; Shenk, T.; Weinberger, L.S. An
endogenous accelerator for viral gene expression confers a fitness advantage. Cell 2012, 151, 1569–1580.
[CrossRef] [PubMed]

198. Stump, J.D.; Sticht, H. Investigation of the dynamics of the viral immediate-early protein 1 in different
conformations and oligomerization states. J. Biomol. Struct. Dyn. 2016, 34, 1029–1041. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.78.9.4498-4507.2004
http://dx.doi.org/10.1002/j.1460-2075.1989.tb08610.x
http://dx.doi.org/10.1128/JVI.63.3.1435-1440.1989
http://dx.doi.org/10.1006/viro.1995.1143
http://dx.doi.org/10.1111/ajt.12725
http://dx.doi.org/10.3390/pathogens7010030
http://dx.doi.org/10.1007/s00281-014-0443-7
http://dx.doi.org/10.1128/JVI.00837-16
http://dx.doi.org/10.1371/journal.ppat.1006329
http://dx.doi.org/10.1128/JVI.65.5.2273-2282.1991
http://dx.doi.org/10.1016/j.meegid.2019.104119
http://dx.doi.org/10.3390/ncrna4040029
http://dx.doi.org/10.1016/j.coviro.2014.03.015
http://dx.doi.org/10.1371/journal.ppat.0030163
http://dx.doi.org/10.1073/pnas.0711910105
http://dx.doi.org/10.1099/jgv.0.000546
http://dx.doi.org/10.1128/JVI.01292-09
http://dx.doi.org/10.1371/journal.ppat.1004512
http://dx.doi.org/10.1016/j.cell.2012.11.051
http://www.ncbi.nlm.nih.gov/pubmed/23260143
http://dx.doi.org/10.1080/07391102.2015.1065204
http://www.ncbi.nlm.nih.gov/pubmed/26104474


Viruses 2020, 12, 110 32 of 41

199. Waheed, I.; Chiou, C.J.; Ahn, J.H.; Hayward, G.S. Binding of the human cytomegalovirus 80-kDa
immediate-early protein (IE2) to minor groove A/T-rich sequences bounded by CG dinucleotides is regulated
by protein oligomerization and phosphorylation. Virology 1998, 252, 235–257. [CrossRef] [PubMed]

200. Ahn, J.H.; Chiou, C.J.; Hayward, G.S. Evaluation and mapping of the DNA binding and oligomerization
domains of the IE2 regulatory protein of human cytomegalovirus using yeast one and two hybrid interaction
assays. Gene 1998, 210, 25–36. [CrossRef]

201. Harel, N.Y.; Alwine, J.C. Phosphorylation of the human cytomegalovirus 86-kilodalton immediate-early
protein IE2. J. Virol. 1998, 72, 5481–5492. [CrossRef]

202. Pajovic, S.; Wong, E.L.; Black, A.R.; Azizkhan, J.C. Identification of a viral kinase that phosphorylates specific
E2Fs and pocket proteins. Mol. Cell. Biol. 1997, 17, 6459–6464. [CrossRef]

203. Müller, S.; Dejean, A. Viral immediate-early proteins abrogate the modification by SUMO-1 of PML and
Sp100 proteins, correlating with nuclear body disruption. J. Virol. 1999, 73, 5137–5143. [CrossRef]

204. Spengler, M.L.; Kurapatwinski, K.; Black, A.R.; Azizkhan-Clifford, J. SUMO-1 modification of human
cytomegalovirus IE1/IE72. J. Virol. 2002, 76, 2990–2996. [CrossRef]

205. Hofmann, H.; Floss, S.; Stamminger, T. Covalent modification of the transactivator protein IE2-p86 of human
cytomegalovirus by conjugation to the ubiquitin-homologous proteins SUMO-1 and hSMT3b. J. Virol. 2000,
74, 2510–2524. [CrossRef]

206. Ahn, J.H.; Xu, Y.; Jang, W.J.; Matunis, M.J.; Hayward, G.S. Evaluation of interactions of human cytomegalovirus
immediate-early IE2 regulatory protein with small ubiquitin-like modifiers and their conjugation enzyme
Ubc9. J. Virol. 2001, 75, 3859–3872. [CrossRef]

207. Barrasa, M.I.; Harel, N.Y.; Alwine, J.C. The phosphorylation status of the serine-rich region of the human
cytomegalovirus 86-kilodalton major immediate-early protein IE2/IEP86 affects temporal viral gene expression.
J. Virol. 2005, 79, 1428–1437. [CrossRef] [PubMed]

208. Nevels, M.; Brune, W.; Shenk, T. SUMOylation of the human cytomegalovirus 72-kilodalton IE1 protein
facilitates expression of the 86-kilodalton IE2 protein and promotes viral replication. J. Virol. 2004, 78,
7803–7812. [CrossRef] [PubMed]

209. Huh, Y.H.; Kim, Y.E.; Kim, E.T.; Park, J.J.; Song, M.J.; Zhu, H.; Hayward, G.S.; Ahn, J.H. Binding STAT2 by the
acidic domain of human cytomegalovirus IE1 promotes viral growth and is negatively regulated by SUMO.
J. Virol. 2008, 82, 10444–10454. [CrossRef]

210. Heider, J.A.; Yu, Y.; Shenk, T.; Alwine, J.C. Characterization of a human cytomegalovirus with phosphorylation
site mutations in the immediate-early 2 protein. J. Virol. 2002, 76, 928–932. [CrossRef]

211. Sadanari, H.; Yamada, R.; Ohnishi, K.; Matsubara, K.; Tanaka, J. SUMO-1 modification of the major
immediate-early (IE) 1 and 2 proteins of human cytomegalovirus is regulated by different mechanisms and
modulates the intracellular localization of the IE1, but not IE2, protein. Arch. Virol. 2005, 150, 1763–1782.
[CrossRef]

212. Kim, E.T.; Kim, Y.E.; Kim, Y.J.; Lee, M.K.; Hayward, G.S.; Ahn, J.H. Analysis of human
cytomegalovirus-encoded SUMO targets and temporal regulation of SUMOylation of the immediate-early
proteins IE1 and IE2 during infection. PLoS ONE 2014, 9, e103308. [CrossRef]

213. Reuter, N.; Reichel, A.; Stilp, A.C.; Scherer, M.; Stamminger, T. SUMOylation of IE2p86 is required for efficient
autorepression of the human cytomegalovirus major immediate-early promoter. J. Gen. Virol. 2018, 99,
369–378. [CrossRef]

214. Berndt, A.; Hofmann-Winkler, H.; Tavalai, N.; Hahn, G.; Stamminger, T. Importance of covalent and
noncovalent SUMO interactions with the major human cytomegalovirus transactivator IE2p86 for viral
infection. J. Virol. 2009, 83, 12881–12894. [CrossRef]

215. Vardi, N.; Chaturvedi, S.; Weinberger, L.S. Feedback-mediated signal conversion promotes viral fitness.
Proc. Natl. Acad. Sci. USA 2018, 115, E8803–E8810. [CrossRef]

216. Scherer, M.; Otto, V.; Stump, J.D.; Klingl, S.; Müller, R.; Reuter, N.; Müller, Y.A.; Sticht, H.; Stamminger, T.
Characterization of recombinant human cytomegaloviruses encoding IE1 mutants L174P and 1-382 reveals
that viral targeting of PML bodies perturbs both intrinsic and innate immune responses. J. Virol. 2015, 90,
1190–1205. [CrossRef]

217. Mocarski, E.S.; Kemble, G.W.; Lyle, J.M.; Greaves, R.F. A deletion mutant in the human cytomegalovirus gene
encoding IE1(491aa) is replication defective due to a failure in autoregulation. Proc. Natl. Acad. Sci. USA
1996, 93, 11321–11326. [CrossRef] [PubMed]

http://dx.doi.org/10.1006/viro.1998.9448
http://www.ncbi.nlm.nih.gov/pubmed/9875333
http://dx.doi.org/10.1016/S0378-1119(98)00056-0
http://dx.doi.org/10.1128/JVI.72.7.5481-5492.1998
http://dx.doi.org/10.1128/MCB.17.11.6459
http://dx.doi.org/10.1128/JVI.73.6.5137-5143.1999
http://dx.doi.org/10.1128/JVI.76.6.2990-2996.2002
http://dx.doi.org/10.1128/JVI.74.6.2510-2524.2000
http://dx.doi.org/10.1128/JVI.75.8.3859-3872.2001
http://dx.doi.org/10.1128/JVI.79.3.1428-1437.2005
http://www.ncbi.nlm.nih.gov/pubmed/15650169
http://dx.doi.org/10.1128/JVI.78.14.7803-7812.2004
http://www.ncbi.nlm.nih.gov/pubmed/15220454
http://dx.doi.org/10.1128/JVI.00833-08
http://dx.doi.org/10.1128/JVI.76.2.928-932.2002
http://dx.doi.org/10.1007/s00705-005-0559-0
http://dx.doi.org/10.1371/journal.pone.0103308
http://dx.doi.org/10.1099/jgv.0.001021
http://dx.doi.org/10.1128/JVI.01525-09
http://dx.doi.org/10.1073/pnas.1802905115
http://dx.doi.org/10.1128/JVI.01973-15
http://dx.doi.org/10.1073/pnas.93.21.11321
http://www.ncbi.nlm.nih.gov/pubmed/8876134


Viruses 2020, 12, 110 33 of 41

218. Gawn, J.M.; Greaves, R.F. Absence of IE1 p72 protein function during low-multiplicity infection by human
cytomegalovirus results in a broad block to viral delayed-early gene expression. J. Virol. 2002, 76, 4441–4455.
[CrossRef] [PubMed]

219. Greaves, R.F.; Mocarski, E.S. Defective growth correlates with reduced accumulation of a viral DNA
replication protein after low-multiplicity infection by a human cytomegalovirus ie1 mutant. J. Virol. 1998, 72,
366–379. [CrossRef] [PubMed]

220. Marchini, A.; Liu, H.; Zhu, H. Human cytomegalovirus with IE-2 (UL122) deleted fails to express early lytic
genes. J. Virol. 2001, 75, 1870–1878. [CrossRef] [PubMed]

221. Heider, J.A.; Bresnahan, W.A.; Shenk, T.E. Construction of a rationally designed human cytomegalovirus
variant encoding a temperature-sensitive immediate-early 2 protein. Proc. Natl. Acad. Sci. USA 2002, 99,
3141–3146. [CrossRef]

222. Harwardt, T.; Lukas, S.; Zenger, M.; Reitberger, T.; Danzer, D.; Übner, T.; Munday, D.C.; Nevels, M.; Paulus, C.
Human cytomegalovirus immediate-early 1 protein rewires upstream STAT3 to downstream STAT1 signaling
switching an IL6-type to an IFNγ-like response. PLoS Pathog. 2016, 12, e1005748. [CrossRef]

223. Knoblach, T.; Grandel, B.; Seiler, J.; Nevels, M.; Paulus, C. Human cytomegalovirus IE1 protein elicits a type
II interferon-like host cell response that depends on activated STAT1 but not interferon-γ. PLoS Pathog. 2011,
7, e1002016. [CrossRef]

224. Reitsma, J.M.; Sato, H.; Nevels, M.; Terhune, S.S.; Paulus, C. Human cytomegalovirus IE1 protein disrupts
interleukin-6 signaling by sequestering STAT3 in the nucleus. J. Virol. 2013, 87, 10763–10776. [CrossRef]

225. Paulus, C.; Krauss, S.; Nevels, M. A human cytomegalovirus antagonist of type I IFN-dependent signal
transducer and activator of transcription signaling. Proc. Natl. Acad. Sci. USA 2006, 103, 3840–3845.
[CrossRef]

226. Krauss, S.; Kaps, J.; Czech, N.; Paulus, C.; Nevels, M. Physical requirements and functional consequences
of complex formation between the cytomegalovirus IE1 protein and human STAT2. J. Virol. 2009, 83,
12854–12870. [CrossRef]

227. Song, Y.J.; Stinski, M.F. Effect of the human cytomegalovirus IE86 protein on expression of E2F-responsive
genes: A DNA microarray analysis. Proc. Natl. Acad. Sci. USA 2002, 99, 2836–2841. [CrossRef] [PubMed]

228. Spector, D.H. Human cytomegalovirus riding the cell cycle. Med. Microbiol. Immunol. 2015, 204, 409–419.
[CrossRef]

229. Mücke, K.; Paulus, C.; Bernhardt, K.; Gerrer, K.; Schön, K.; Fink, A.; Sauer, E.M.; Asbach-Nitzsche, A.;
Harwardt, T.; Kieninger, B.; et al. Human cytomegalovirus major immediate-early 1 protein targets host
chromosomes by docking to the acidic pocket on the nucleosome surface. J. Virol. 2014, 88, 1228–1248.
[CrossRef] [PubMed]

230. Fang, Q.; Chen, P.; Wang, M.; Fang, J.; Yang, N.; Li, G.; Xu, R.M. Human cytomegalovirus IE1 protein alters
the higher-order chromatin structure by targeting the acidic patch of the nucleosome. Elife 2016, 5, 1911.
[CrossRef]

231. Park, J.J.; Kim, Y.E.; Pham, H.T.; Kim, E.T.; Chung, Y.H.; Ahn, J.H. Functional interaction of the human
cytomegalovirus IE2 protein with histone deacetylase 2 in infected human fibroblasts. J. Gen. Virol. 2007, 88,
3214–3223. [CrossRef]

232. Bryant, L.A.; Mixon, P.; Davidson, M.; Bannister, A.J.; Kouzarides, T.; Sinclair, J.H. The human
cytomegalovirus 86-kilodalton major immediate-early protein interacts physically and functionally with
histone acetyltransferase P/CAF. J. Virol. 2000, 74, 7230–7237. [CrossRef]

233. Hsu, C.H.; Chang, M.D.; Tai, K.Y.; Yang, Y.T.; Wang, P.S.; Chen, C.J.; Wang, Y.H.; Lee, S.C.; Wu, C.W.; Juan, L.J.
HCMV IE2-mediated inhibition of HAT activity downregulates p53 function. EMBO J. 2004, 23, 2269–2280.
[CrossRef]

234. Sinclair, J. Chromatin structure regulates human cytomegalovirus gene expression during latency, reactivation
and lytic infection. Biochim. Biophys. Acta 2010, 1799, 286–295. [CrossRef]

235. Saffert, R.T.; Kalejta, R.F. Inactivating a cellular intrinsic immune defense mediated by Daxx is the mechanism
through which the human cytomegalovirus pp71 protein stimulates viral immediate-early gene expression.
J. Virol. 2006, 80, 3863–3871. [CrossRef]

236. Bieniasz, P.D. Intrinsic immunity: A front-line defense against viral attack. Nat. Immunol. 2004, 5, 1109–1115.
[CrossRef]

http://dx.doi.org/10.1128/JVI.76.9.4441-4455.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932411
http://dx.doi.org/10.1128/JVI.72.1.366-379.1998
http://www.ncbi.nlm.nih.gov/pubmed/9420235
http://dx.doi.org/10.1128/JVI.75.4.1870-1878.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160686
http://dx.doi.org/10.1073/pnas.052710599
http://dx.doi.org/10.1371/journal.ppat.1005748
http://dx.doi.org/10.1371/journal.ppat.1002016
http://dx.doi.org/10.1128/JVI.01197-13
http://dx.doi.org/10.1073/pnas.0600007103
http://dx.doi.org/10.1128/JVI.01164-09
http://dx.doi.org/10.1073/pnas.052010099
http://www.ncbi.nlm.nih.gov/pubmed/11867723
http://dx.doi.org/10.1007/s00430-015-0396-z
http://dx.doi.org/10.1128/JVI.02606-13
http://www.ncbi.nlm.nih.gov/pubmed/24227840
http://dx.doi.org/10.7554/eLife.11911
http://dx.doi.org/10.1099/vir.0.83171-0
http://dx.doi.org/10.1128/JVI.74.16.7230-7237.2000
http://dx.doi.org/10.1038/sj.emboj.7600239
http://dx.doi.org/10.1016/j.bbagrm.2009.08.001
http://dx.doi.org/10.1128/JVI.80.8.3863-3871.2006
http://dx.doi.org/10.1038/ni1125


Viruses 2020, 12, 110 34 of 41

237. Tavalai, N.; Stamminger, T. Interplay between herpesvirus infection and host defense by PML nuclear bodies.
Viruses 2009, 1, 1240. [CrossRef]

238. Reeves, M.; Woodhall, D.; Compton, T.; Sinclair, J. Human cytomegalovirus IE72 protein interacts with the
transcriptional repressor hDaxx to regulate LUNA gene expression during lytic infection. J. Virol. 2010, 84,
7185–7194. [CrossRef] [PubMed]

239. Hornig, J.; Choi, K.Y.; McGregor, A. The essential role of guinea pig cytomegalovirus (GPCMV) IE1 and IE2
homologs in viral replication and IE1-mediated ND10 targeting. Virology 2017, 504, 122–140. [CrossRef]
[PubMed]

240. Tang, Q.; Maul, G.G. Mouse cytomegalovirus immediate-early protein 1 binds with host cell repressors to
relieve suppressive effects on viral transcription and replication during lytic infection. J. Virol. 2003, 77,
1357–1367. [CrossRef] [PubMed]

241. Liu, X.J.; Yang, B.; Huang, S.N.; Wu, C.C.; Li, X.J.; Cheng, S.; Jiang, X.; Hu, F.; Ming, Y.Z.; Nevels, M.; et al.
Human cytomegalovirus IE1 downregulates Hes1 in neural progenitor cells as a potential E3 ubiquitin ligase.
PLoS Pathog. 2017, 13, e1006542. [CrossRef]

242. Kim, Y.E.; Lee, J.H.; Kim, E.T.; Shin, H.J.; Gu, S.Y.; Seol, H.S.; Ling, P.D.; Lee, C.H.; Ahn, J.H. Human
cytomegalovirus infection causes degradation of Sp100 proteins that suppress viral gene expression. J. Virol.
2011, 85, 11928–11937. [CrossRef]

243. Khan, Z.; Yaiw, K.C.; Wilhelmi, V.; Lam, H.; Rahbar, A.; Stragliotto, G.; Soderberg-Naucler, C. Human
cytomegalovirus immediate early proteins promote degradation of connexin 43 and disrupt gap junction
communication: Implications for a role in gliomagenesis. Carcinogenesis 2014, 35, 145–154. [CrossRef]

244. Tavalai, N.; Adler, M.; Scherer, M.; Riedl, Y.; Stamminger, T. Evidence for a dual antiviral role of the
major nuclear domain 10 component Sp100 during the immediate-early and late phases of the human
cytomegalovirus replication cycle. J. Virol. 2011, 85, 9447–9458. [CrossRef]

245. Ahn, J.H.; Brignole, E.J., 3rd; Hayward, G.S. Disruption of PML subnuclear domains by the acidic IE1
protein of human cytomegalovirus is mediated through interaction with PML and may modulate a RING
finger-dependent cryptic transactivator function of PML. Mol. Cell. Biol. 1998, 18, 4899–4913. [CrossRef]

246. Hou, W.; Cruz-Cosme, R.; Wen, F.; Ahn, J.H.; Reeves, I.; Luo, M.H.; Tang, Q. Expression of human
cytomegalovirus IE1 leads to accumulation of mono-SUMOylated PML that is protected from degradation
by herpes simplex virus 1 ICP0. J. Virol. 2018, 92, e01452-18. [CrossRef]

247. Kang, H.; Kim, E.T.; Lee, H.R.; Park, J.J.; Go, Y.Y.; Choi, C.Y.; Ahn, J.H. Inhibition of SUMO-independent PML
oligomerization by the human cytomegalovirus IE1 protein. J. Gen. Virol. 2006, 87, 2181–2190. [CrossRef]
[PubMed]

248. Schilling, E.M.; Scherer, M.; Reuter, N.; Schweininger, J.; Müller, Y.A.; Stamminger, T. The human
cytomegalovirus IE1 protein antagonizes PML nuclear body-mediated intrinsic immunity via the inhibition
of PML de novo SUMOylation. J. Virol. 2017, 91, e02049-16. [CrossRef] [PubMed]

249. Korioth, F.; Maul, G.G.; Plachter, B.; Stamminger, T.; Frey, J. The nuclear domain 10 (ND10) is disrupted by
the human cytomegalovirus gene product IE1. Exp. Cell Res. 1996, 229, 155–158. [CrossRef] [PubMed]

250. Wilkinson, G.W.; Kelly, C.; Sinclair, J.H.; Rickards, C. Disruption of PML-associated nuclear bodies mediated
by the human cytomegalovirus major immediate early gene product. J. Gen. Virol. 1998, 79, 1233–1245.
[CrossRef]

251. Ahn, J.H.; Hayward, G.S. The major immediate-early proteins IE1 and IE2 of human cytomegalovirus
colocalize with and disrupt PML-associated nuclear bodies at very early times in infected permissive cells.
J. Virol. 1997, 71, 4599–4613. [CrossRef]

252. Ahn, J.H.; Hayward, G.S. Disruption of PML-associated nuclear bodies by IE1 correlates with efficient early
stages of viral gene expression and DNA replication in human cytomegalovirus infection. Virology 2000, 274,
39–55. [CrossRef]

253. Sourvinos, G.; Tavalai, N.; Berndt, A.; Spandidos, D.A.; Stamminger, T. Recruitment of human
cytomegalovirus immediate-early 2 protein onto parental viral genomes in association with ND10 in
live-infected cells. J. Virol. 2007, 81, 10123–10136. [CrossRef]

254. Ishov, A.M.; Stenberg, R.M.; Maul, G.G. Human cytomegalovirus immediate early interaction with host
nuclear structures: Definition of an immediate transcript environment. J. Cell Biol. 1997, 138, 5–16. [CrossRef]

255. Zhu, H.; Shen, Y.; Shenk, T. Human cytomegalovirus IE1 and IE2 proteins block apoptosis. J. Virol. 1995, 69,
7960–7970. [CrossRef]

http://dx.doi.org/10.3390/v1031240
http://dx.doi.org/10.1128/JVI.02231-09
http://www.ncbi.nlm.nih.gov/pubmed/20444888
http://dx.doi.org/10.1016/j.virol.2017.01.023
http://www.ncbi.nlm.nih.gov/pubmed/28189970
http://dx.doi.org/10.1128/JVI.77.2.1357-1367.2003
http://www.ncbi.nlm.nih.gov/pubmed/12502852
http://dx.doi.org/10.1371/journal.ppat.1006542
http://dx.doi.org/10.1128/JVI.00758-11
http://dx.doi.org/10.1093/carcin/bgt292
http://dx.doi.org/10.1128/JVI.00870-11
http://dx.doi.org/10.1128/MCB.18.8.4899
http://dx.doi.org/10.1128/JVI.01452-18
http://dx.doi.org/10.1099/vir.0.81787-0
http://www.ncbi.nlm.nih.gov/pubmed/16847114
http://dx.doi.org/10.1128/JVI.02049-16
http://www.ncbi.nlm.nih.gov/pubmed/27903803
http://dx.doi.org/10.1006/excr.1996.0353
http://www.ncbi.nlm.nih.gov/pubmed/8940259
http://dx.doi.org/10.1099/0022-1317-79-5-1233
http://dx.doi.org/10.1128/JVI.71.6.4599-4613.1997
http://dx.doi.org/10.1006/viro.2000.0448
http://dx.doi.org/10.1128/JVI.01009-07
http://dx.doi.org/10.1083/jcb.138.1.5
http://dx.doi.org/10.1128/JVI.69.12.7960-7970.1995


Viruses 2020, 12, 110 35 of 41

256. Lukac, D.M.; Alwine, J.C. Effects of human cytomegalovirus major immediate-early proteins in controlling
the cell cycle and inhibiting apoptosis: Studies with ts13 cells. J. Virol. 1999, 73, 2825–2831. [CrossRef]

257. Chiou, S.H.; Yang, Y.P.; Lin, J.C.; Hsu, C.H.; Jhang, H.C.; Yang, Y.T.; Lee, C.H.; Ho, L.L.; Hsu, W.M.;
Ku, H.H.; et al. The immediate early 2 protein of human cytomegalovirus (HCMV) mediates the apoptotic
control in HCMV retinitis through up-regulation of the cellular FLICE-inhibitory protein expression.
J. Immunol. 2006, 177, 6199–6206. [CrossRef] [PubMed]

258. Tanaka, K.; Zou, J.P.; Takeda, K.; Ferrans, V.J.; Sandford, G.R.; Johnson, T.M.; Finkel, T.; Epstein, S.E. Effects of
human cytomegalovirus immediate-early proteins on p53-mediated apoptosis in coronary artery smooth
muscle cells. Circulation 1999, 99, 1656–1659. [CrossRef] [PubMed]

259. Bonin, L.R.; McDougall, J.K. Human cytomegalovirus IE2 86-kilodalton protein binds p53 but does not
abrogate G1 checkpoint function. J. Virol. 1997, 71, 5861–5870. [CrossRef] [PubMed]

260. Speir, E.; Modali, R.; Huang, E.S.; Leon, M.B.; Shawl, F.; Finkel, T.; Epstein, S.E. Potential role of human
cytomegalovirus and p53 interaction in coronary restenosis. Science 1994, 265, 391–394. [CrossRef] [PubMed]

261. Tsai, H.L.; Kou, G.H.; Chen, S.C.; Wu, C.W.; Lin, Y.S. Human cytomegalovirus immediate-early protein IE2
tethers a transcriptional repression domain to p53. J. Biol. Chem. 1996, 271, 3534–3540. [CrossRef]

262. Marques, M.; Ferreira, A.R.; Ribeiro, D. The interplay between human cytomegalovirus and pathogen
recognition receptor signaling. Viruses 2018, 10, 514. [CrossRef]

263. DeFilippis, V.R. Induction and evasion of the type I interferon response by cytomegaloviruses. Adv. Exp.
Med. Biol. 2007, 598, 309–324.

264. Biolatti, M.; Gugliesi, F.; Dell’Oste, V.; Landolfo, S. Modulation of the innate immune response by human
cytomegalovirus. Infect. Genet. Evol. 2018, 64, 105–114. [CrossRef]

265. Bianco, C.; Mohr, I. Restriction of Human cytomegalovirus replication by ISG15, a host effector regulated by
cGAS-STING double-stranded-DNA sensing. J. Virol. 2017, 91, e02483-16. [CrossRef]

266. Kim, Y.J.; Kim, E.T.; Kim, Y.E.; Lee, M.K.; Kwon, K.M.; Kim, K.I.; Stamminger, T.; Ahn, J.H. Consecutive
inhibition of ISG15 expression and ISGylation by cytomegalovirus regulators. PLoS Pathog. 2016, 12, e1005850.
[CrossRef]

267. Raghavan, B.; Cook, C.H.; Trgovcich, J. The carboxy terminal region of the human cytomegalovirus immediate
early 1 (IE1) protein disrupts type II inteferon signaling. Viruses 2014, 6, 1502–1524. [CrossRef] [PubMed]

268. Jaworska, J.; Gravel, A.; Flamand, L. Divergent susceptibilities of human herpesvirus 6 variants to type I
interferons. Proc. Natl. Acad. Sci. USA 2010, 107, 8369–8374. [CrossRef] [PubMed]

269. Kim, Y.E.; Ahn, J.H. Positive role of promyelocytic leukemia protein in type I interferon response and its
regulation by human cytomegalovirus. PLoS Pathog. 2015, 11, e1004785. [CrossRef] [PubMed]

270. Taylor, R.T.; Bresnahan, W.A. Human cytomegalovirus immediate-early 2 gene expression blocks
virus-induced beta interferon production. J. Virol. 2005, 79, 3873–3877. [CrossRef] [PubMed]

271. Taylor, R.T.; Bresnahan, W.A. Human cytomegalovirus immediate-early 2 protein IE86 blocks virus-induced
chemokine expression. J. Virol. 2006, 80, 920–928. [CrossRef] [PubMed]

272. Botto, S.; Abraham, J.; Mizuno, N.; Pryke, K.; Gall, B.; Landais, I.; Streblow, D.N.; Früh, K.J.; DeFilippis, V.R.
Human cytomegalovirus immediate early 86-kDa protein blocks transcription and induces degradation of
the immature interleukin-1β protein during virion-mediated activation of the AIM2 inflammasome. MBio
2019, 10, e02510-18. [CrossRef]

273. Taylor, R.T.; Bresnahan, W.A. Human cytomegalovirus IE86 attenuates virus- and tumor necrosis factor
α-induced NFκB-dependent gene expression. J. Virol. 2006, 80, 10763–10771. [CrossRef]

274. Kim, J.E.; Kim, Y.E.; Stinski, M.F.; Ahn, J.H.; Song, Y.J. Human cytomegalovirus IE2 86 kDa protein induces
STING degradation and inhibits cGAMP-mediated IFN-β induction. Front. Microbiol. 2017, 8, 1854.
[CrossRef]

275. Britt, W. Manifestations of human cytomegalovirus infection: Proposed mechanisms of acute and chronic
disease. Curr. Top. Microbiol. Immunol. 2008, 325, 417–470.

276. Shanley, J.D.; Pesanti, E.L.; Nugent, K.M. The pathogenesis of pneumonitis due to murine cytomegalovirus.
J. Infect. Dis. 1982, 146, 388–396. [CrossRef]

277. Grundy, J.E.; Shanley, J.D.; Griffiths, P.D. Is cytomegalovirus interstitial pneumonitis in transplant recipients
an immunopathological condition? Lancet 1987, 2, 996–999. [CrossRef]

278. Grundy, J.E.; Shanley, J.D.; Shearer, G.M. Augmentation of graft-versus-host reaction by cytomegalovirus
infection resulting in interstitial pneumonitis. Transplantation 1985, 39, 548–553. [CrossRef]

http://dx.doi.org/10.1128/JVI.73.4.2825-2831.1999
http://dx.doi.org/10.4049/jimmunol.177.9.6199
http://www.ncbi.nlm.nih.gov/pubmed/17056549
http://dx.doi.org/10.1161/01.CIR.99.13.1656
http://www.ncbi.nlm.nih.gov/pubmed/10190872
http://dx.doi.org/10.1128/JVI.71.8.5861-5870.1997
http://www.ncbi.nlm.nih.gov/pubmed/9223475
http://dx.doi.org/10.1126/science.8023160
http://www.ncbi.nlm.nih.gov/pubmed/8023160
http://dx.doi.org/10.1074/jbc.271.7.3534
http://dx.doi.org/10.3390/v10100514
http://dx.doi.org/10.1016/j.meegid.2018.06.025
http://dx.doi.org/10.1128/JVI.02483-16
http://dx.doi.org/10.1371/journal.ppat.1005850
http://dx.doi.org/10.3390/v6041502
http://www.ncbi.nlm.nih.gov/pubmed/24699362
http://dx.doi.org/10.1073/pnas.0909951107
http://www.ncbi.nlm.nih.gov/pubmed/20404187
http://dx.doi.org/10.1371/journal.ppat.1004785
http://www.ncbi.nlm.nih.gov/pubmed/25812002
http://dx.doi.org/10.1128/JVI.79.6.3873-3877.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731283
http://dx.doi.org/10.1128/JVI.80.2.920-928.2006
http://www.ncbi.nlm.nih.gov/pubmed/16378994
http://dx.doi.org/10.1128/mBio.02510-18
http://dx.doi.org/10.1128/JVI.01195-06
http://dx.doi.org/10.3389/fmicb.2017.01854
http://dx.doi.org/10.1093/infdis/146.3.388
http://dx.doi.org/10.1016/S0140-6736(87)92560-8
http://dx.doi.org/10.1097/00007890-198505000-00018


Viruses 2020, 12, 110 36 of 41

279. Scholz, M.; Doerr, H.W.; Cinatl, J. Inhibition of cytomegalovirus immediate early gene expression: A
therapeutic option? Antivir. Res. 2001, 49, 129–145. [CrossRef]

280. Tanaka, K.; Koga, Y.; Lu, Y.Y.; Zhang, X.Y.; Wang, Y.; Kimura, G.; Nomoto, K. Murine cytomegalovirus-
associated pneumonitis in the lungs free of the virus. J. Clin. Investig. 1994, 94, 1019–1025. [CrossRef]

281. Jacobson, M.A.; Zegans, M.; Pavan, P.R.; O’Donnell, J.J.; Sattler, F.; Rao, N.; Owens, S.; Pollard, R.
Cytomegalovirus retinitis after initiation of highly active antiretroviral therapy. Lancet 1997, 349, 1443–1445.
[CrossRef]

282. Wu, C.-C.; Jiang, X.; Wang, X.-Z.; Liu, X.-J.; Li, X.-J.; Yang, B.; Ye, H.-Q.; Harwardt, T.; Gan, L.; Jiang, M.; et al.
Human cytomegalovirus immediate early 1 protein causes loss of SOX2 from neural progenitor cells by
trapping unphosphorylated STAT3 in the nucleus. J. Virol. 2018, 92, e00340-18. [CrossRef]

283. Sylwester, A.W.; Mitchell, B.L.; Edgar, J.B.; Taormina, C.; Pelte, C.; Ruchti, F.; Sleath, P.R.; Grabstein, K.H.;
Hosken, N.A.; Kern, F.; et al. Broadly targeted human cytomegalovirus-specific CD4+ and CD8+ T cells
dominate the memory compartments of exposed subjects. J. Exp. Med. 2005, 202, 673–685. [CrossRef]

284. Braendstrup, P.; Mortensen, B.K.; Justesen, S.; Osterby, T.; Rasmussen, M.; Hansen, A.M.; Christiansen, C.B.;
Hansen, M.B.; Nielsen, M.; Vindelov, L.; et al. Identification and HLA-tetramer-validation of human CD4+

and CD8+ T cell responses against HCMV proteins IE1 and IE2. PLoS ONE 2014, 9, e94892. [CrossRef]
285. Elkington, R.; Walker, S.; Crough, T.; Menzies, M.; Tellam, J.; Bharadwaj, M.; Khanna, R. Ex vivo profiling of

CD8+-T-cell responses to human cytomegalovirus reveals broad and multispecific reactivities in healthy
virus carriers. J. Virol. 2003, 77, 5226–5240. [CrossRef]

286. Link, E.K.; Brandmüller, C.; Suezer, Y.; Ameres, S.; Volz, A.; Moosmann, A.; Sutter, G.; Lehmann, M.H. A
synthetic human cytomegalovirus pp65-IE1 fusion antigen efficiently induces and expands virus specific T
cells. Vaccine 2017, 35, 5131–5139. [CrossRef]

287. Banas, B.; Boger, C.A.; Luckhoff, G.; Kruger, B.; Barabas, S.; Batzilla, J.; Schemmerer, M.; Kostler, J.;
Bendfeldt, H.; Rascle, A.; et al. Validation of T-Track CMV to assess the functionality of
cytomegalovirus-reactive cell-mediated immunity in hemodialysis patients. BMC Immunol. 2017, 18, 15.
[CrossRef] [PubMed]

288. Barabas, S.; Spindler, T.; Kiener, R.; Tonar, C.; Lugner, T.; Batzilla, J.; Bendfeldt, H.; Rascle, A.; Asbach, B.;
Wagner, R.; et al. An optimized IFN-γ ELISpot assay for the sensitive and standardized monitoring of CMV
protein-reactive effector cells of cell-mediated immunity. BMC Immunol. 2017, 18, 14. [CrossRef] [PubMed]

289. Glass, M.; Busche, A.; Wagner, K.; Messerle, M.; Borst, E.M. Conditional and reversible disruption of essential
herpesvirus proteins. Nat. Methods 2009, 6, 577–579. [CrossRef] [PubMed]

290. Sanders, R.L.; Clark, C.L.; Morello, C.S.; Spector, D.H. Development of cell lines that provide tightly controlled
temporal translation of the human cytomegalovirus IE2 proteins for complementation and functional analyses
of growth-impaired and nonviable IE2 mutant viruses. J. Virol. 2008, 82, 7059–7077. [CrossRef]

291. Busche, A.; Angulo, A.; Kay-Jackson, P.; Ghazal, P.; Messerle, M. Phenotypes of major immediate-early gene
mutants of mouse cytomegalovirus. Med. Microbiol. Immunol. 2008, 197, 233–240. [CrossRef]

292. Busche, A.; Marquardt, A.; Bleich, A.; Ghazal, P.; Angulo, A.; Messerle, M. The mouse cytomegalovirus
immediate-early 1 gene is not required for establishment of latency or for reactivation in the lungs. J. Virol.
2009, 83, 4030–4038. [CrossRef]

293. Sandford, G.R.; Schumacher, U.; Ettinger, J.; Brune, W.; Hayward, G.S.; Burns, W.H.; Voigt, S. Deletion of the
rat cytomegalovirus immediate-early 1 gene results in a virus capable of establishing latency, but with lower
levels of acute virus replication and latency that compromise reactivation efficiency. J. Gen. Virol. 2010, 91,
616–621. [CrossRef]

294. Gümbel, H.; Cinatl, J., Jr.; Vogel, J.U.; Scholz, M.; Hoffmann, F.; Rabenau, H.F. CMV retinitis: Clinical
experience with the metal chelator desferroxamine. In CMV-Related Immunopathology, Monogr Virol; Scholz, M.,
Rabenau, H.F., Doerr, H.W., Cinatl, J., Jr., Eds.; Karger: Basel, Switzerland, 1998; Volume 21, pp. 173–179.

295. Azad, R.F.; Driver, V.B.; Tanaka, K.; Crooke, R.M.; Anderson, K.P. Antiviral activity of a phosphorothioate
oligonucleotide complementary to RNA of the human cytomegalovirus major immediate-early region.
Antimicrob. Agents Chemother. 1993, 37, 1945–1954. [CrossRef]

296. Detrick, B.; Nagineni, C.N.; Grillone, L.R.; Anderson, K.P.; Henry, S.P.; Hooks, J.J. Inhibition of human
cytomegalovirus replication in a human retinal epithelial cell model by antisense oligonucleotides.
Investig. Ophthalmol. Vis. Sci. 2001, 42, 163–169.

http://dx.doi.org/10.1016/S0166-3542(01)00126-7
http://dx.doi.org/10.1172/JCI117415
http://dx.doi.org/10.1016/S0140-6736(96)11431-8
http://dx.doi.org/10.1128/JVI.00340-18
http://dx.doi.org/10.1084/jem.20050882
http://dx.doi.org/10.1371/journal.pone.0094892
http://dx.doi.org/10.1128/JVI.77.9.5226-5240.2003
http://dx.doi.org/10.1016/j.vaccine.2017.08.019
http://dx.doi.org/10.1186/s12865-017-0194-z
http://www.ncbi.nlm.nih.gov/pubmed/28270092
http://dx.doi.org/10.1186/s12865-017-0195-y
http://www.ncbi.nlm.nih.gov/pubmed/28270111
http://dx.doi.org/10.1038/nmeth.1346
http://www.ncbi.nlm.nih.gov/pubmed/19578384
http://dx.doi.org/10.1128/JVI.00675-08
http://dx.doi.org/10.1007/s00430-008-0076-3
http://dx.doi.org/10.1128/JVI.02520-08
http://dx.doi.org/10.1099/vir.0.016022-0
http://dx.doi.org/10.1128/AAC.37.9.1945


Viruses 2020, 12, 110 37 of 41

297. Anderson, K.P.; Fox, M.C.; Brown-Driver, V.; Martin, M.J.; Azad, R.F. Inhibition of human cytomegalovirus
immediate-early gene expression by an antisense oligonucleotide complementary to immediate-early RNA.
Antimicrob. Agents Chemother. 1996, 40, 2004–2011. [CrossRef]

298. Mulamba, G.B.; Hu, A.; Azad, R.F.; Anderson, K.P.; Coen, D.M. Human cytomegalovirus mutant
with sequence-dependent resistance to the phosphorothioate oligonucleotide fomivirsen (ISIS 2922).
Antimicrob. Agents Chemother. 1998, 42, 971–973. [CrossRef] [PubMed]

299. Stein, C.A.; Castanotto, D. FDA-approved oligonucleotide therapies in 2017. Mol. Ther. 2017, 25, 1069–1075.
[CrossRef] [PubMed]

300. Vitravene Study, G. Randomized dose-comparison studies of intravitreous fomivirsen for treatment of
cytomegalovirus retinitis that has reactivated or is persistently active despite other therapies in patients with
AIDS. Am. J. Ophtalmol. 2002, 133, 475–483.

301. Vitravene Study, G. A randomized controlled clinical trial of intravitreous fomivirsen for treatment of newly
diagnosed peripheral cytomegalovirus retinitis in patients with AIDS. Am. J. Ophtalmol. 2002, 133, 467–474.

302. Jabs, D.A.; Griffiths, P.D. Fomivirsen for the treatment of cytomegalovirus retinitis. Am. J. Ophtalmol. 2002,
133, 552–556. [CrossRef]

303. Trang, P.; Lee, M.; Nepomuceno, E.; Kim, J.; Zhu, H.; Liu, F. Effective inhibition of human cytomegalovirus
gene expression and replication by a ribozyme derived from the catalytic RNA subunit of RNase P from
Escherichia coli. Proc. Natl. Acad. Sci. USA 2000, 97, 5812–5817. [CrossRef]

304. Trang, P.; Hsu, A.; Zhou, T.; Lee, J.; Kilani, A.F.; Nepomuceno, E.; Liu, F. Engineered RNase P ribozymes
inhibit gene expression and growth of cytomegalovirus by increasing rate of cleavage and substrate binding.
J. Mol. Biol. 2002, 315, 573–586. [CrossRef]

305. Zou, H.; Lee, J.; Umamoto, S.; Kilani, A.F.; Kim, J.; Trang, P.; Zhou, T.; Liu, F. Engineered RNase P ribozymes
are efficient in cleaving a human cytomegalovirus mRNA in vitro and are effective in inhibiting viral gene
expression and growth in human cells. J. Biol. Chem. 2003, 278, 37265–37274. [CrossRef]

306. Sun, X.; Chen, W.J.; He, L.L.; Sheng, J.X.; Liu, Y.J.; Vu, G.P.; Yang, Z.; Li, W.; Trang, P.; Wang, Y.; et al. Inhibition
of human cytomegalovirus immediate early gene expression and growth by a novel RNase P ribozyme
variant. PLoS ONE 2017, 12, 6791. [CrossRef]

307. Davies-Sala, C.; Soler-Bistue, A.; Bonomo, R.A.; Zorreguieta, A.; Tolmasky, M.E. External guide sequence
technology: A path to development of novel antimicrobial therapeutics. Ann. N. Y. Acad. Sci. 2015, 1354,
98–110. [CrossRef]

308. Derksen, M.; Mertens, V.; Pruijn, G.J.M. RNase P-mediated sequence-specific cleavage of RNA by engineered
external guide sequences. Biomolecules 2015, 5, 3029–3050. [CrossRef] [PubMed]

309. Kilani, A.F.; Trang, P.; Jo, S.; Hsu, A.; Kim, J.; Nepomuceno, E.; Liou, K.; Liu, F. RNase P ribozymes selected
in vitro to cleave a viral mRNA effectively inhibit its expression in cell culture. J. Biol. Chem. 2000, 275,
10611–10622. [CrossRef] [PubMed]

310. Xiaofei, E.; Stadler, B.M.; Debatis, M.; Wang, S.; Lu, S.; Kowalik, T.F. RNA interference-mediated targeting of
human cytomegalovirus immediate-early or early gene products inhibits viral replication with differential
effects on cellular functions. J. Virol. 2012, 86, 5660–5673. [CrossRef]

311. Hamilton, S.T.; Milbradt, J.; Marschall, M.; Rawlinson, W.D. Human cytomegalovirus replication is strictly
inhibited by siRNAs targeting UL54, UL97 or UL122/123 gene transcripts. PLoS ONE 2014, 9, e97231.
[CrossRef]

312. Wiebusch, L.; Truss, M.; Hagemeier, C. Inhibition of human cytomegalovirus replication by small interfering
RNAs. J. Gen. Virol. 2004, 85, 179–184. [CrossRef]

313. Bai, Z.Q.; Li, L.; Wang, B.; Liu, Z.J.; Liu, H.Y.; Jiang, G.Y.; Wang, H.T.; Yan, Z.Y.; Qian, D.M.; Ding, S.Y.;
et al. Inhibition of human cytomegalovirus infection by IE86-specific short hairpin RNA-mediated RNA
interference. Biosci. Biotechnol. Biochem. 2010, 74, 1368–1372. [CrossRef]

314. Gergen, J.; Coulon, F.; Creneguy, A.; Elain-Duret, N.; Gutierrez, A.; Pinkenburg, O.; Verhoeyen, E.; Anegon, I.;
Nguyen, T.H.; Halary, F.A.; et al. Multiplex CRISPR/Cas9 system impairs HCMV replication by excising an
essential viral gene. PLoS ONE 2018, 13, e0192602. [CrossRef]

315. Chin, W.X.; Ang, S.K.; Chu, J.J. Recent advances in therapeutic recruitment of mammalian RNAi and bacterial
CRISPR-Cas DNA interference pathways as emerging antiviral strategies. Drug Discov. Today 2017, 22, 17–30.
[CrossRef]

http://dx.doi.org/10.1128/AAC.40.9.2004
http://dx.doi.org/10.1128/AAC.42.4.971
http://www.ncbi.nlm.nih.gov/pubmed/9559825
http://dx.doi.org/10.1016/j.ymthe.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28366767
http://dx.doi.org/10.1016/S0002-9394(02)01325-9
http://dx.doi.org/10.1073/pnas.100101797
http://dx.doi.org/10.1006/jmbi.2001.5291
http://dx.doi.org/10.1074/jbc.M303531200
http://dx.doi.org/10.1371/journal.pone.0186791
http://dx.doi.org/10.1111/nyas.12755
http://dx.doi.org/10.3390/biom5043029
http://www.ncbi.nlm.nih.gov/pubmed/26569326
http://dx.doi.org/10.1074/jbc.275.14.10611
http://www.ncbi.nlm.nih.gov/pubmed/10744757
http://dx.doi.org/10.1128/JVI.06338-11
http://dx.doi.org/10.1371/journal.pone.0097231
http://dx.doi.org/10.1099/vir.0.19453-0
http://dx.doi.org/10.1271/bbb.90966
http://dx.doi.org/10.1371/journal.pone.0192602
http://dx.doi.org/10.1016/j.drudis.2016.08.008


Viruses 2020, 12, 110 38 of 41

316. Badia, R.; Ballana, E.; Este, J.A.; Riveira-Munoz, E. Antiviral treatment strategies based on gene silencing and
genome editing. Curr. Opin. Virol. 2017, 24, 46–54. [CrossRef]

317. Efferth, T.; Romero, M.R.; Wolf, D.G.; Stamminger, T.; Marin, J.J.; Marschall, M. The antiviral activities of
artemisinin and artesunate. Clin. Infect. Dis. 2008, 47, 804–811. [CrossRef]

318. Ho, W.E.; Peh, H.Y.; Chan, T.K.; Wong, W.S. Artemisinins: Pharmacological actions beyond anti-malarial.
Pharmacol. Ther. 2014, 142, 126–139. [CrossRef] [PubMed]

319. Efferth, T.; Marschall, M.; Wang, X.; Huong, S.M.; Hauber, I.; Olbrich, A.; Kronschnabl, M.; Stamminger, T.;
Huang, E.S. Antiviral activity of artesunate towards wild-type, recombinant, and ganciclovir-resistant human
cytomegaloviruses. J. Mol. Med. 2002, 80, 233–242. [CrossRef] [PubMed]

320. Arav-Boger, R.; He, R.; Chiou, C.J.; Liu, J.; Woodard, L.; Rosenthal, A.; Jones-Brando, L.; Forman, M.;
Posner, G. Artemisinin-derived dimers have greatly improved anti-cytomegalovirus activity compared to
artemisinin monomers. PLoS ONE 2010, 5, e10370. [CrossRef] [PubMed]

321. Chou, S.; Marousek, G.; Auerochs, S.; Stamminger, T.; Milbradt, J.; Marschall, M. The unique antiviral activity
of artesunate is broadly effective against human cytomegaloviruses including therapy-resistant mutants.
Antivir. Res. 2011, 92, 364–368. [CrossRef]

322. Schnepf, N.; Corvo, J.; Pors, M.J.; Mazeron, M.C. Antiviral activity of ganciclovir and artesunate towards
human cytomegalovirus in astrocytoma cells. Antivir. Res. 2011, 89, 186–188. [CrossRef] [PubMed]

323. Morere, L.; Andouard, D.; Labrousse, F.; Saade, F.; Calliste, C.A.; Cotin, S.; Aubard, Y.; Rawlinson, W.D.;
Esclaire, F.; Hantz, S.; et al. Ex vivo model of congenital cytomegalovirus infection and new combination
therapies. Placenta 2015, 36, 41–47. [CrossRef]

324. Reiter, C.; Fröhlich, T.; Gruber, L.; Hutterer, C.; Marschall, M.; Voigtlander, C.; Friedrich, O.; Kappes, B.;
Efferth, T.; Tsogoeva, S.B. Highly potent artemisinin-derived dimers and trimers: Synthesis and evaluation of
their antimalarial, antileukemia and antiviral activities. Bioorg. Med. Chem. 2015, 23, 5452–5458. [CrossRef]

325. Reiter, C.; Fröhlich, T.; Zeino, M.; Marschall, M.; Bahsi, H.; Leidenberger, M.; Friedrich, O.; Kappes, B.;
Hampel, F.; Efferth, T.; et al. New efficient artemisinin derived agents against human leukemia cells, human
cytomegalovirus and plasmodium falciparum: 2nd generation 1,2,4-trioxane-ferrocene hybrids. Eur. J.
Med. Chem. 2015, 97, 164–172. [CrossRef]

326. Hutterer, C.; Niemann, I.; Milbradt, J.; Fröhlich, T.; Reiter, C.; Kadioglu, O.; Bahsi, H.; Zeittrager, I.; Wagner, S.;
Einsiedel, J.; et al. The broad-spectrum antiinfective drug artesunate interferes with the canonical nuclear
factor kappa B (NF-κB) pathway by targeting RelA/p65. Antivir. Res. 2015, 124, 101–109. [CrossRef]

327. Drouot, E.; Piret, J.; Boivin, G. Artesunate demonstrates in vitro synergism with several antiviral agents
against human cytomegalovirus. Antivir. Ther. 2016, 21, 535–539. [CrossRef]

328. Oiknine-Djian, E.; Weisblum, Y.; Panet, A.; Wong, H.N.; Haynes, R.K.; Wolf, D.G. The artemisinin derivative
artemisone is a potent inhibitor of human cytomegalovirus replication. Antimicrob. Agents Chemother. 2018,
62, e00288-18. [CrossRef] [PubMed]

329. Sonntag, E.; Hahn, F.; Bertzbach, L.D.; Seyler, L.; Wangen, C.; Müller, R.; Tannig, P.; Grau, B.; Baumann, M.;
Zent, E.; et al. In vivo proof-of-concept for two experimental antiviral drugs, both directed to cellular targets,
using a murine cytomegalovirus model. Antivir. Res. 2019, 161, 63–69. [CrossRef] [PubMed]

330. He, R.; Mott, B.T.; Rosenthal, A.S.; Genna, D.T.; Posner, G.H.; Arav-Boger, R. An artemisinin-derived
dimer has highly potent anti-cytomegalovirus (CMV) and anti-cancer activities. PLoS ONE 2011, 6, e24334.
[CrossRef] [PubMed]

331. Hahn, F.; Fröhlich, T.; Frank, T.; Bertzbach, L.D.; Kohrt, S.; Kaufer, B.B.; Stamminger, T.; Tsogoeva, S.B.;
Marschall, M. Artesunate-derived monomeric, dimeric and trimeric experimental drugs—Their unique
mechanistic basis and pronounced antiherpesviral activity. Antivir. Res. 2018, 152, 104–110. [CrossRef]

332. He, R.; Park, K.; Cai, H.; Kapoor, A.; Forman, M.; Mott, B.; Posner, G.H.; Arav-Boger, R. Artemisinin-
derived dimer diphenyl phosphate is an irreversible inhibitor of human cytomegalovirus replication.
Antimicrob. Agents Chemother. 2012, 56, 3508–3515. [CrossRef]

333. He, R.; Forman, M.; Mott, B.T.; Venkatadri, R.; Posner, G.H.; Arav-Boger, R. Unique and highly selective
anticytomegalovirus activities of artemisinin-derived dimer diphenyl phosphate stem from combination of
dimer unit and a diphenyl phosphate moiety. Antimicrob. Agents Chemother. 2013, 57, 4208–4214. [CrossRef]

334. Held, F.E.; Guryev, A.A.; Fröhlich, T.; Hampel, F.; Kahnt, A.; Hutterer, C.; Steingruber, M.; Bahsi, H.; von
Bojnicic-Kninski, C.; Mattes, D.S.; et al. Facile access to potent antiviral quinazoline heterocycles with
fluorescence properties via merging metal-free domino reactions. Nat. Commun. 2017, 8, 15071. [CrossRef]

http://dx.doi.org/10.1016/j.coviro.2017.04.001
http://dx.doi.org/10.1086/591195
http://dx.doi.org/10.1016/j.pharmthera.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24316259
http://dx.doi.org/10.1007/s00109-001-0300-8
http://www.ncbi.nlm.nih.gov/pubmed/11976732
http://dx.doi.org/10.1371/journal.pone.0010370
http://www.ncbi.nlm.nih.gov/pubmed/20442781
http://dx.doi.org/10.1016/j.antiviral.2011.07.018
http://dx.doi.org/10.1016/j.antiviral.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21167209
http://dx.doi.org/10.1016/j.placenta.2014.11.003
http://dx.doi.org/10.1016/j.bmc.2015.07.048
http://dx.doi.org/10.1016/j.ejmech.2015.04.053
http://dx.doi.org/10.1016/j.antiviral.2015.10.003
http://dx.doi.org/10.3851/IMP3028
http://dx.doi.org/10.1128/AAC.00288-18
http://www.ncbi.nlm.nih.gov/pubmed/29712656
http://dx.doi.org/10.1016/j.antiviral.2018.11.008
http://www.ncbi.nlm.nih.gov/pubmed/30452929
http://dx.doi.org/10.1371/journal.pone.0024334
http://www.ncbi.nlm.nih.gov/pubmed/21904628
http://dx.doi.org/10.1016/j.antiviral.2018.02.013
http://dx.doi.org/10.1128/AAC.00519-12
http://dx.doi.org/10.1128/AAC.00893-13
http://dx.doi.org/10.1038/ncomms15071


Viruses 2020, 12, 110 39 of 41

335. Fröhlich, T.; Reiter, C.; Ibrahim, M.M.; Beutel, J.; Hutterer, C.; Zeittrager, I.; Bahsi, H.; Leidenberger, M.;
Friedrich, O.; Kappes, B.; et al. Synthesis of novel hybrids of quinazoline and artemisinin with high activities
against plasmodium falciparum, human cytomegalovirus, and leukemia cells. ACS Omega 2017, 2, 2422–2431.
[CrossRef]

336. Capci Karagoz, A.; Reiter, C.; Seo, E.J.; Gruber, L.; Hahn, F.; Leidenberger, M.; Klein, V.; Hampel, F.;
Friedrich, O.; Marschall, M.; et al. Access to new highly potent antileukemia, antiviral and antimalarial agents
via hybridization of natural products (homo)egonol, thymoquinone and artemisinin. Bioorg. Med. Chem.
2018, 26, 3610–3618. [CrossRef]

337. Fröhlich, T.; Reiter, C.; Saeed, M.E.M.; Hutterer, C.; Hahn, F.; Leidenberger, M.; Friedrich, O.; Kappes, B.;
Marschall, M.; Efferth, T.; et al. Synthesis of thymoquinone-artemisinin hybrids: New potent antileukemia,
antiviral, and antimalarial agents. ACS Med. Chem. Lett. 2018, 9, 534–539. [CrossRef]

338. DeMeritt, I.B.; Podduturi, J.P.; Tilley, A.M.; Nogalski, M.T.; Yurochko, A.D. Prolonged activation of NF-κB by
human cytomegalovirus promotes efficient viral replication and late gene expression. Virology 2006, 346,
15–31. [CrossRef] [PubMed]

339. Hancock, M.H.; Nelson, J.A. Modulation of the NFκb signalling pathway by human cytomegalovirus.
Virology 2017, 1, 104. [PubMed]

340. Roy, S.; He, R.; Kapoor, A.; Forman, M.; Mazzone, J.R.; Posner, G.H.; Arav-Boger, R. Inhibition of
human cytomegalovirus replication by artemisinins: Effects mediated through cell cycle modulation.
Antimicrob. Agents Chemother. 2015, 59, 3870–3879. [CrossRef] [PubMed]

341. Kaptein, S.J.; Efferth, T.; Leis, M.; Rechter, S.; Auerochs, S.; Kalmer, M.; Bruggeman, C.A.; Vink, C.;
Stamminger, T.; Marschall, M. The anti-malaria drug artesunate inhibits replication of cytomegalovirus
in vitro and in vivo. Antivir. Res. 2006, 69, 60–69. [CrossRef] [PubMed]

342. Shapira, M.Y.; Resnick, I.B.; Chou, S.; Neumann, A.U.; Lurain, N.S.; Stamminger, T.; Caplan, O.; Saleh, N.;
Efferth, T.; Marschall, M.; et al. Artesunate as a potent antiviral agent in a patient with late drug-resistant
cytomegalovirus infection after hematopoietic stem cell transplantation. Clin. Infect. Dis. 2008, 46, 1455–1457.
[CrossRef] [PubMed]

343. Wolf, D.G.; Shimoni, A.; Resnick, I.B.; Stamminger, T.; Neumann, A.U.; Chou, S.; Efferth, T.; Caplan, O.; Rose, J.;
Nagler, A.; et al. Human cytomegalovirus kinetics following institution of artesunate after hematopoietic
stem cell transplantation. Antivir. Res. 2011, 90, 183–186. [CrossRef] [PubMed]

344. Lau, P.K.; Woods, M.L.; Ratanjee, S.K.; John, G.T. Artesunate is ineffective in controlling valganciclovir-resistant
cytomegalovirus infection. Clin. Infect. Dis. 2011, 52, 279. [CrossRef]

345. Germi, R.; Mariette, C.; Alain, S.; Lupo, J.; Thiebaut, A.; Brion, J.P.; Epaulard, O.; Saint Raymond, C.;
Malvezzi, P.; Morand, P. Success and failure of artesunate treatment in five transplant recipients with disease
caused by drug-resistant cytomegalovirus. Antivir. Res. 2014, 101, 57–61. [CrossRef]

346. Gilmore, T.D.; Herscovitch, M. Inhibitors of NF-κB signaling: 785 and counting. Oncogene 2006, 25, 6887–6899.
[CrossRef]

347. Herrington, F.D.; Carmody, R.J.; Goodyear, C.S. Modulation of NF-κB signaling as a therapeutic target in
autoimmunity. J. Biomol. Screen 2016, 21, 223–242. [CrossRef]

348. Frelin, C.; Imbert, V.; Griessinger, E.; Loubat, A.; Dreano, M.; Peyron, J.F. AS602868. a pharmacological
inhibitor of IKK2. reveals the apoptotic potential of TNF-α in Jurkat leukemic cells. Oncogene 2003, 22,
8187–8194. [CrossRef] [PubMed]

349. Frelin, C.; Imbert, V.; Griessinger, E.; Peyron, A.C.; Rochet, N.; Philip, P.; Dageville, C.; Sirvent, A.;
Hummelsberger, M.; Berard, E.; et al. Targeting NF-κB activation via pharmacologic inhibition of
IKK2-induced apoptosis of human acute myeloid leukemia cells. Blood 2005, 105, 804–811. [CrossRef]
[PubMed]

350. Caposio, P.; Musso, T.; Luganini, A.; Inoue, H.; Gariglio, M.; Landolfo, S.; Gribaudo, G. Targeting the NF-κB
pathway through pharmacological inhibition of IKK2 prevents human cytomegalovirus replication and
virus-induced inflammatory response in infected endothelial cells. Antivir. Res. 2007, 73, 175–184. [CrossRef]
[PubMed]

351. Basha, W.; Kitagawa, R.; Uhara, M.; Imazu, H.; Uechi, K.; Tanaka, J. Geldanamycin, a potent
and specific inhibitor of Hsp90, inhibits gene expression and replication of human cytomegalovirus.
Antivir. Chem. Chemother. 2005, 16, 135–146. [CrossRef]

http://dx.doi.org/10.1021/acsomega.7b00310
http://dx.doi.org/10.1016/j.bmc.2018.05.041
http://dx.doi.org/10.1021/acsmedchemlett.7b00412
http://dx.doi.org/10.1016/j.virol.2005.09.065
http://www.ncbi.nlm.nih.gov/pubmed/16303162
http://www.ncbi.nlm.nih.gov/pubmed/29082387
http://dx.doi.org/10.1128/AAC.00262-15
http://www.ncbi.nlm.nih.gov/pubmed/25870074
http://dx.doi.org/10.1016/j.antiviral.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16325931
http://dx.doi.org/10.1086/587106
http://www.ncbi.nlm.nih.gov/pubmed/18419454
http://dx.doi.org/10.1016/j.antiviral.2011.03.184
http://www.ncbi.nlm.nih.gov/pubmed/21443904
http://dx.doi.org/10.1093/cid/ciq050
http://dx.doi.org/10.1016/j.antiviral.2013.10.014
http://dx.doi.org/10.1038/sj.onc.1209982
http://dx.doi.org/10.1177/1087057115617456
http://dx.doi.org/10.1038/sj.onc.1206963
http://www.ncbi.nlm.nih.gov/pubmed/14603259
http://dx.doi.org/10.1182/blood-2004-04-1463
http://www.ncbi.nlm.nih.gov/pubmed/15454494
http://dx.doi.org/10.1016/j.antiviral.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17070604
http://dx.doi.org/10.1177/095632020501600206


Viruses 2020, 12, 110 40 of 41

352. Evers, D.L.; Chao, C.F.; Zhang, Z.; Huang, E.S. 17-allylamino-17-(demethoxy)geldanamycin (17-AAG) is a
potent and effective inhibitor of human cytomegalovirus replication in primary fibroblast cells. Arch. Virol.
2012, 157, 1971–1974. [CrossRef]

353. Wu, P.; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors. Trends Pharmacol. Sci.
2015, 36, 422–439. [CrossRef]

354. Zhang, H.; Niu, X.; Qian, Z.; Qian, J.; Xuan, B. The c-Jun N-terminal kinase inhibitor SP600125 inhibits
human cytomegalovirus replication. J. Med. Virol. 2015, 87, 2135–2144. [CrossRef]

355. Beelontally, R.; Wilkie, G.S.; Lau, B.; Goodmaker, C.J.; Ho, C.M.K.; Swanson, C.M.; Deng, X.; Wang, J.;
Gray, N.S.; Davison, A.J.; et al. Identification of compounds with anti-human cytomegalovirus activity that
inhibit production of IE2 proteins. Antivir. Res. 2017, 138, 61–67. [CrossRef]

356. Strang, B.L. RO0504985 is an inhibitor of CMGC kinase proteins and has anti-human cytomegalovirus
activity. Antivir. Res. 2017, 144, 21–26. [CrossRef]

357. Khan, A.S.; Murray, M.J.; Ho, C.M.K.; Zuercher, W.J.; Reeves, M.B.; Strang, B.L. High-throughput screening of
a GlaxoSmithKline protein kinase inhibitor set identifies an inhibitor of human cytomegalovirus replication
that prevents CREB and histone H3 post-translational modification. J. Gen. Virol. 2017, 98, 754–768.
[CrossRef]

358. Nehme, Z.; Pasquereau, S.; Herbein, G. Control of viral infections by epigenetic-targeted therapy. Clin. Epigenet.
2019, 11, 55. [CrossRef] [PubMed]

359. Liang, Y.; Quenelle, D.; Vogel, J.L.; Mascaro, C.; Ortega, A.; Kristie, T.M. A novel selective LSD1/KDM1A
inhibitor epigenetically blocks herpes simplex virus lytic replication and reactivation from latency. MBio
2013, 4, e00558-12. [CrossRef] [PubMed]

360. Rai, G.; Kawamura, A.; Tumber, A.; Liang, Y.; Vogel, J.L.; Arbuckle, J.H.; Rose, N.R.; Dexheimer, T.S.;
Foley, T.L.; King, O.N.; et al. Discovery of ML324, a JMJD2 demethylase inhibitor with demonstrated
antiviral activity. In Probe Reports from the NIH Molecular Libraries Program; National Center for Biotechnology
Information: Bethesda, MD, USA, 2010.

361. Fukui, Y.; Shindoh, K.; Yamamoto, Y.; Koyano, S.; Kosugi, I.; Yamaguchi, T.; Kurane, I.; Inoue, N. Establishment
of a cell-based assay for screening of compounds inhibiting very early events in the cytomegalovirus
replication cycle and characterization of a compound identified using the assay. Antimicrob. Agents Chemother.
2008, 52, 2420–2427. [CrossRef] [PubMed]

362. Gardner, T.J.; Cohen, T.; Redmann, V.; Lau, Z.; Felsenfeld, D.; Tortorella, D. Development of a high-content
screen for the identification of inhibitors directed against the early steps of the cytomegalovirus infectious
cycle. Antivir. Res. 2015, 113, 49–61. [CrossRef]

363. Cohen, T.; Williams, J.D.; Opperman, T.J.; Sanchez, R.; Lurain, N.S.; Tortorella, D. Convallatoxin-induced
reduction of methionine import effectively inhibits human cytomegalovirus infection and replication. J. Virol.
2016, 90, 10715–10727. [CrossRef]

364. Mercorelli, B.; Luganini, A.; Nannetti, G.; Tabarrini, O.; Palu, G.; Gribaudo, G.; Loregian, A. drug repurposing
approach identifies inhibitors of the prototypic viral transcription factor IE2 that block human cytomegalovirus
replication. Cell Chem. Biol. 2016, 23, 340–351. [CrossRef]

365. Kapoor, A.; Cai, H.; Forman, M.; He, R.; Shamay, M.; Arav-Boger, R. Human cytomegalovirus inhibition by
cardiac glycosides: Evidence for involvement of the HERG gene. Antimicrob. Agents Chemother. 2012, 56,
4891–4899. [CrossRef]

366. Cai, H.Y.; Wang, H.Y.L.; Venkatadri, R.; Fu, D.X.; Forman, M.; Bajaj, S.O.; Li, H.Y.; O’Doherty, G.A.;
Arav-Boger, R. Digitoxin analogues with improved anticytomegalovirus activity. ACS Med. Chem. Lett. 2014,
5, 395–399. [CrossRef]

367. Hartley, C.; Hartley, M.; Pardoe, I.; Knight, A. Ionic Contra-Viral Therapy (ICVT); a new approach to the
treatment of DNA virus infections. Arch. Virol. 2006, 151, 2495–2501. [CrossRef]

368. Whayne, T.F., Jr. Clinical Use of Digitalis: A State of the Art Review. Am. J. Cardiovasc. Drugs 2018, 18,
427–440. [CrossRef]

369. Cai, H.; Kapoor, A.; He, R.; Venkatadri, R.; Forman, M.; Posner, G.H.; Arav-Boger, R. In vitro combination of
anti-cytomegalovirus compounds acting through different targets: Role of the slope parameter and insights
into mechanisms of Action. Antimicrob. Agents Chemother. 2014, 58, 986–994. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00705-012-1379-7
http://dx.doi.org/10.1016/j.tips.2015.04.005
http://dx.doi.org/10.1002/jmv.24286
http://dx.doi.org/10.1016/j.antiviral.2016.12.006
http://dx.doi.org/10.1016/j.antiviral.2017.05.004
http://dx.doi.org/10.1099/jgv.0.000713
http://dx.doi.org/10.1186/s13148-019-0654-9
http://www.ncbi.nlm.nih.gov/pubmed/30917875
http://dx.doi.org/10.1128/mBio.00558-12
http://www.ncbi.nlm.nih.gov/pubmed/23386436
http://dx.doi.org/10.1128/AAC.00134-08
http://www.ncbi.nlm.nih.gov/pubmed/18458124
http://dx.doi.org/10.1016/j.antiviral.2014.10.011
http://dx.doi.org/10.1128/JVI.01050-16
http://dx.doi.org/10.1016/j.chembiol.2015.12.012
http://dx.doi.org/10.1128/AAC.00898-12
http://dx.doi.org/10.1021/ml400529q
http://dx.doi.org/10.1007/s00705-006-0824-x
http://dx.doi.org/10.1007/s40256-018-0292-1
http://dx.doi.org/10.1128/AAC.01972-13
http://www.ncbi.nlm.nih.gov/pubmed/24277030


Viruses 2020, 12, 110 41 of 41

370. Orlov, S.N.; Klimanova, E.A.; Tverskoi, A.M.; Vladychenskaya, E.A.; Smolyaninova, L.V.; Lopina, O.D.
Na(+)i,K(+)i-dependent and -independent signaling triggered by cardiotonic steroids: Facts and artifacts.
Molecules 2017, 22, 635. [CrossRef] [PubMed]

371. Amarelle, L.; Lecuona, E. The antiviral effects of Na,K-ATPase inhibition: A minireview. Int. J. Mol. Sci.
2018, 19, 2154. [CrossRef] [PubMed]

372. Yamada, K.H.; Majima, R.; Yamaguchi, T.; Inoue, N. Characterization of phenyl pyrimidine derivatives
that inhibit cytomegalovirus immediate-early gene expression. Antivir. Chem. Chemother. 2018, 26, 3193.
[CrossRef]

373. Vasou, A.; Paulus, C.; Narloch, J.; Gage, Z.O.; Rameix-Welti, M.A.; Eleouet, J.F.; Nevels, M.; Randall, R.E.;
Adamson, C.S. Modular cell-based platform for high throughput identification of compounds that inhibit a
viral interferon antagonist of choice. Antivir. Res. 2018, 150, 79–92. [CrossRef]

374. Loregian, A.; Mercorelli, B.; Muratore, G.; Sinigalia, E.; Pagni, S.; Massari, S.; Gribaudo, G.; Gatto, B.;
Palumbo, M.; Tabarrini, O.; et al. The 6-aminoquinolone WC5 inhibits human cytomegalovirus replication
at an early stage by interfering with the transactivating activity of viral immediate-early 2 protein.
Antimicrob. Agents Chemother. 2010, 54, 1930–1940. [CrossRef]

375. Stevens, M.; Balzarini, J.; Tabarrini, O.; Andrei, G.; Snoeck, R.; Cecchetti, V.; Fravolini, A.; De Clercq, E.;
Pannecouque, C. Cell-dependent interference of a series of new 6-aminoquinolone derivatives with viral
(HIV/CMV) transactivation. J. Antimicrob. Chemother. 2005, 56, 847–855. [CrossRef]

376. Mercorelli, B.; Muratore, G.; Sinigalia, E.; Tabarrini, O.; Biasolo, M.A.; Cecchetti, V.; Palu, G.; Loregian, A.
A 6-aminoquinolone compound, WC5, with potent and selective anti-human cytomegalovirus activity.
Antimicrob. Agents Chemother. 2009, 53, 312–315. [CrossRef]

377. Cecchetti, V.; Parolin, C.; Moro, S.; Pecere, T.; Filipponi, E.; Calistri, A.; Tabarrini, O.; Gatto, B.; Palumbo, M.;
Fravolini, A.; et al. 6-Aminoquinolones as new potential anti-HIV agents. J. Med. Chem. 2000, 43, 3799–3802.
[CrossRef]

378. Mercorelli, B.; Luganini, A.; Muratore, G.; Massari, S.; Terlizzi, M.E.; Tabarrini, O.; Gribaudo, G.; Palu, G.;
Loregian, A. The 6-Aminoquinolone WC5 inhibits different functions of the immediate-early 2 (IE2) protein
of human cytomegalovirus that are essential for viral replication. Antimicrob. Agents Chemother. 2014, 58,
6615–6626. [CrossRef]

379. Massari, S.; Mercorelli, B.; Sancineto, L.; Sabatini, S.; Cecchetti, V.; Gribaudo, G.; Palu, G.; Pannecouque, C.;
Loregian, A.; Tabarrini, O. Design, synthesis, and evaluation of WC5 analogues as inhibitors of human
cytomegalovirus Immediate-Early 2 protein, a promising target for anti-HCMV treatment. ChemMedChem
2013, 8, 1403–1414. [CrossRef]

380. Luganini, A.; Caposio, P.; Mondini, M.; Landolfo, S.; Gribaudo, G. New cell-based indicator assays for the
detection of human cytomegalovirus infection and screening of inhibitors of viral immediate-early 2 protein
activity. J. Appl. Microbiol. 2008, 105, 1791–1801. [CrossRef]

381. Mercorelli, B.; Luganini, A.; Celegato, M.; Palu, G.; Gribaudo, G.; Loregian, A. Repurposing the clinically
approved calcium antagonist manidipine dihydrochloride as a new early inhibitor of human cytomegalovirus
targeting the Immediate-Early 2 (IE2) protein. Antivir. Res. 2018, 150, 130–136. [CrossRef]

382. Luganini, A.; Mercorelli, B.; Messa, L.; Palu, G.; Gribaudo, G.; Loregian, A. The isoquinoline alkaloid
berberine inhibits human cytomegalovirus replication by interfering with the viral Immediate Early-2 (IE2)
protein transactivating activity. Antivir. Res. 2019, 164, 52–60. [CrossRef]

383. Mercorelli, B.; Gribaudo, G.; Palu, G.; Loregian, A. Approaches for the generation of new anti-cytomegalovirus
agents: Identification of protein-protein interaction inhibitors and compounds against the HCMV IE2 protein.
Methods Mol. Biol. 2014, 1119, 349–363. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/molecules22040635
http://www.ncbi.nlm.nih.gov/pubmed/28420099
http://dx.doi.org/10.3390/ijms19082154
http://www.ncbi.nlm.nih.gov/pubmed/30042322
http://dx.doi.org/10.1177/2040206618763193
http://dx.doi.org/10.1016/j.antiviral.2017.10.012
http://dx.doi.org/10.1128/AAC.01730-09
http://dx.doi.org/10.1093/jac/dki328
http://dx.doi.org/10.1128/AAC.00988-08
http://dx.doi.org/10.1021/jm9903390
http://dx.doi.org/10.1128/AAC.03309-14
http://dx.doi.org/10.1002/cmdc.201300106
http://dx.doi.org/10.1111/j.1365-2672.2008.03927.x
http://dx.doi.org/10.1016/j.antiviral.2017.12.014
http://dx.doi.org/10.1016/j.antiviral.2019.02.006
http://dx.doi.org/10.1007/978-1-62703-788-4_18
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Major IE Gene Expression 
	Transcriptional Control of the Major IE Gene 
	Post-Transcriptional and Translational Control of the Major IE Gene 
	Post-Translational Control of the Major IE Proteins 
	Summary 

	Major IE Protein Function 
	Role in Activation and Repression of Transcription 
	Role in Chromatin-Based Epigenetic Regulation 
	Role in Inhibition of Intrinsic Immunity 
	Role in Inhibition of Innate Immunity 
	Role in Inflammation and Adaptive Immunity 
	Role in Viral Replication, Latency and Reactivation 
	Summary 

	Case for Antiviral Targeting of Major IE Gene Expression or Protein Function 
	Inhibition of Major IE Gene Expression by Gene Silencing or Editing 
	IE Gene Silencing 
	IE Gene Editing 
	Summary 

	Inhibition of Major IE Gene Expression by Small Molecule Chemical Inhibitors 
	Introduction 
	Artemisinin and Derivatives 
	NF-Β Inhibitors 
	Kinase Inhibitors 
	Histone Modifying Enzyme Inhibitors 
	Cardiac Glycosides 
	Novel Miscellaneous Compounds 
	Summary 

	Inhibition of Major IE Protein Functions 
	IE2 Inhibitors 
	IE1 Inhibitors 
	Summary 

	Conclusions and Future Perspectives 
	References

