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Abstract: Human cytomegalovirus (HCMV) is a ubiquitous human herpesvirus. In healthy people,
primary infection is generally asymptomatic, and the virus can go on to establish lifelong latency in
cells of the myeloid lineage. However, HCMV often causes severe disease in the immunosuppressed:
transplant recipients and people living with AIDS, and also in the immunonaive foetus. At present,
there are several antiviral drugs licensed to control HCMV disease. However, these are all faced
with problems of poor bioavailability, toxicity and rapidly emerging viral resistance. Furthermore,
none of them are capable of fully clearing the virus from the host, as they do not target latent infection.
Consequently, reactivation from latency is a significant source of disease, and there remains an unmet
need for treatments that also target latent infection. This review briefly summarises the most common
HCMV antivirals used in clinic at present and discusses current research into targeting the latent
HCMV reservoir.

Keywords: human cytomegalovirus; latency; antiviral; latent reservoir; shock and kill; F49A-
FTP; transplant

1. Introduction

Human cytomegalovirus (HCMV) is a betaherpesvirus that is a remarkably successful
pathogen, infecting approximately 40 to 100% of the population worldwide [1]. Primary
infection of healthy individuals with HCMV is typically asymptomatic, although it can
present with mild flu-like symptoms. The virus replicates in a broad range of cell types;
briefly, after entry via fusion or receptor-mediated endocytosis, the viral genome is deliv-
ered to the nucleus where it expresses a cascade of temporally regulated genes [2]. This is
followed by capsid assembly, the acquisition of tegument proteins, envelopment in a lipid
bilayer and egress of the new virions (reviewed in [2]). A rapid and robust antiviral re-
sponse is mounted against HCMV, in which innate, cellular and humoral immunity play
an important role [3–5]. However, despite this, the virus is never cleared and goes on
to establish a latent infection in myeloid progenitor cells in the bone marrow, where it
can reside for the remainder of the host’s lifetime [6–8]. It does, however, periodically
reactivate, but these reactivation events are quickly shut down by the immune system,
generally resulting in a sub-clinical infection [5].

Problematically, when the immune system is unable to control either primary infection,
reinfection with a new virus strain or reactivation of virus from latency, HCMV replicates
and disseminates, often causing disease [9]. This is routinely observed in the immuno-
incompetent: immunosuppressed transplant recipients, patients living with AIDS and
foetuses (congenital CMV), and has severe implications for their health.

In the UK, congenital HCMV infection occurs in approximately 0.8% of live births [10].
Around 10–15% of congenitally infected infants show symptoms at birth, including
splenomegaly, hepatomegaly, thrombocytopenia, microcephaly and sensorineural hearing
loss [10]. Of those infected infants that are asymptomatic at birth, around 15% go on to
develop complications, including sensorineural hearing loss and mental retardation [10].
Congenital HCMV infection is the leading cause of non-genetic hearing loss [11].
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Approximately 2% of seronegative pregnant women seroconvert by the time they give
birth [9]. In pregnancy, the virus can cross the placenta to cause intrauterine infections,
20% of which go on to manifest as severe disease in the foetus [12,13]. Not only primary
infection, but also reinfection with a new strain, or reactivation from latency in seropositive
women, can have serious consequences for the foetus [13–15]. Roughly 1% of women who
have already been infected with HCMV before their pregnancy give birth to children with
congenital HCMV infection [16–18]. In fact, although transmission to the foetus is much
more efficient following primary infection, the high seroprevalence of HCMV means that,
each year, mothers who are already seropositive actually deliver more congenitally affected
children than mothers who undergo a primary infection during pregnancy [9,13,14].

As an iatrogenic pathogen, HCMV also causes significant morbidity in the trans-
plant setting. Under the immunosuppressive treatments that accompany transplantation,
patients are no longer able to control HCMV infection. Since the virus has an extremely
broad tropism for different human tissues, it can lead to severe disease in multiple organs,
including hepatitis, gastrointestinal disease and pneumonia [19]. Lysis of cells during its
replication cycle, apoptosis and necrosis of infected cells, and secondary damage by the
immune response can all cause extensive damage to host tissue [20].

In solid organ transplants (SOT), approximately 78% of seropositive donors (D+)
transmit HCMV to seronegative recipients (R−) in allografts containing lytic or latent
virus [21,22]. This combination of D+/R− in SOTs poses the highest risk of severe CMV
disease, exacerbated by the lack of any pre-existing immunity of the recipient. However,
akin to congenital CMV, prior exposure to the virus does not preclude disease; around 40%
of seropositive SOT recipients (R+) see reactivation of their own latent reservoirs of HCMV
during immunosuppressive treatment, and some are also reinfected by new HCMV strains
transmitted by a seropositive donor [21,23].

By contrast, in bone marrow and peripheral haematopoietic stem cell transplantation
(HSCT), the most at risk group for CMV disease is seropositive recipients with a seronega-
tive donor (D−/R+) [24–26]. In these patients, their own latent virus reactivates, but the
donor graft provides no HCMV antigen-specific T cells to control its spread.

Although it is not associated with severe disease in immunocompetent people, there
have also been reports that HCMV may contribute to long-term morbidity in otherwise
healthy individuals by promoting diseases such as cancer and atherosclerosis [27,28].

Efforts into making a vaccine against HCMV began in the 1970s, but as of yet, no vac-
cine is licensed for use [29]. There are currently several approved drugs available for
HCMV disease, which will be briefly summarised below.

2. Current HCMV Antivirals
2.1. Ganciclovir

Ganciclovir, GCV, and its valine ester derivative, valganciclovir, are first-line drugs
used against CMV disease. GCV is an acyclic nucleoside analogue of deoxyguanosine [30].
It is phosphorylated by an HCMV kinase, pUL97, to produce ganciclovir monophos-
phate [31,32]. The charge gained by phosphorylation prevents diffusion of the drug back
out the cell, allowing high concentrations to build up in infected cells [33]. It can then
be further phosphorylated by cellular kinases to ganciclovir di- and then triphosphate,
which competes with dGTP for the active site of the HCMV DNA polymerase, pUL54,
and acts as a chain terminator during viral DNA replication [34,35].

Unlike many other chain terminators, ganciclovir does have an equivalent to a 3′

hydroxyl group, which can be used to append one further base. However, the addition of
ganciclovir to the nascent DNA causes rapid excision of nucleotides two bases downstream
of GCV, preventing any further elongation [36].

GCV’s effects are highly specific to infected cells: as well as its requirement for
activation by a viral kinase, GCV also inhibits the viral DNA polymerase much more
effectively than the cellular DNA polymerase [37].
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Oral absorption of GCV is poor, but improved by valine esterification of the drug
to valganciclovir, which is then cleaved to ganciclovir in the intestines or liver [38,39].
Adverse effects of ganciclovir include neutropenia, thrombocytopenia and nephrotoxic-
ity [40]. Resistance to GCV arises mainly via mutations in UL97, which prevent efficient
GCV phosphorylation, and/or in the viral polymerase, UL54 [41].

GCV is administered to patients at risk of CMV disease after solid organ transplant or
haematopoietic stem cell transplant. Two main strategies exist for limiting CMV disease
in these patients: either universal prophylaxis or pre-emptive therapy [42]. In univer-
sal prophylaxis, all at-risk patients receive GCV treatment for 100 days post-transplant.
Treatment is limited to 100 days to minimize toxic side effects [43]. Pre-emptive therapy
involves regularly monitoring patients for signs of CMV replication (viral DNA or antigens
in the blood) and starting GCV treatment if these are detected. Pre-emptive therapy is
preferred for HSCT patients in the UK; the myelosuppressive side effects of GCV can
interfere with immune reconstitution and leave these patients susceptible to bacterial and
fungal infections [44,45].

2.2. Foscarnet

Foscarnet and cidofovir are administered as second-line drugs in the case of resistance
to ganciclovir. They do not require activation by viral pUL97, and so are suitable for use
against GCV-resistant UL97 mutants.

Foscarnet is a structural analogue to pyrophosphate (PPi). During the elongation step
of DNA replication, pyrophosphate is removed from dNTPs before their incorporation into
the nascent strand. Foscarnet acts as a reversible product inhibitor, binding to the HCMV
DNA polymerase (UL54) binding site for pyrophosphate, and preventing PPi from being
cleaved from incoming dNTPs [46,47]. Foscarnet has a 100-fold higher affinity for viral
DNA polymerase over cellular DNA polymerase [48]. Like GCV, a major side effect of
foscarnet is nephrotoxicity, although it seems to cause minimal myelosuppression [49].

2.3. Cidofovir

Cidofovir is a structural analogue of cytosine monophosphate. Since it already has
a single phosphate, it does not require initial activation by UL97, in contrast to ganci-
clovir [50]. It is phosphorylated by cellular kinases to its active form. Incorporation of
cidofovir into the nascent DNA chain drastically slows down the rate of elongation. If two
consecutive cidofovirs are appended, the chain cannot grow any further [51].

The main side effects of cidofovir are nephrotoxicity and myelosuppression [52].
An additional problem with cidofovir is poor bioavailability; hence a modified lipid conju-
gate of cidofovir, brincidofovir, which has improved bioavalability, is currently undergoing
clinical trials for efficacy against HCMV disease [53]. Brincidofovir displays lower nephro-
toxicity because, unlike cidofovir, it cannot be imported by organic anion transporter 1 into
epithelial cells of the renal proximal tubule [54].

2.4. Letermovir

Although foscarnet and cidofovir do not require activation by UL97, they both target
UL54, so cross-resistance after ganciclovir treatment can still occur [55]. A more recently
FDA-approved anti-HCMV drug, letermovir, avoids this issue by inhibiting a completely
different target. Letermovir inhibits pUL56, a component of the terminase complex (a trimer
of pUL51, pUL56 and pUL89), which packages the viral genome into the capsid [56].
No homologue of pUL56 has been identified in mammalian cells, allowing the drug to
target the virus selectively. Unfortunately, resistance to letermovir has also been reported,
which can be traced back to mutations in UL56 [57]. Adverse gastrointestinal effects have
been reported with letermovir, but overall, it appears to cause fewer side effects than other
approved HCMV antivirals, which has been attributed to the lack of any mammalian
counterpart to UL56 [58,59].
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2.5. Maribavir

Although not yet licensed for use, the prospective anti-HCMV drug, maribavir,
has had promising results in clinical trials [60]. Maribavir competes with ATP for binding
to the viral kinase pUL97. Maribavir is still active against some GCV-resistant strains
of HCMV, despite the majority of GCV-resistant strains having mutations in UL97 [61].
It should be noted that maribavir could not be used in conjunction with GCV treatment as
it would inhibit the initial phosphorylation and activation step of GCV [62].

2.6. Antibody Therapies

A vaccine against HCMV is considered to be a very high priority, particularly for the
prevention of congenital disease, but none has been licensed [63]. Due to the problems
described above with respect to current antivirals, as one alternative, antibody responses
have been investigated as a basis for immunotherapies [64]. For instance, hyperimmune
globulin (HIG) can improve survival in patients undergoing solid organ transplantation
and a range of antibodies that are capable of neutralizing the entry of cell-free virus have
been developed [65,66]. However, so far, the use of neutralizing therapeutic monoclonal
antibodies has only had modest effects in trials [67].

3. Strategies for Targeting the Latent HCMV Reservoir

Aside from issues with resistance, poor bioavailability and toxicity in already sick
patients, current HCMV antivirals only stop lytic virus replication and cannot eliminate
latent reservoirs of virus [25]. Therefore, HCMV is never cleared from the host and after
antiviral treatment is ceased, virus replication is no longer inhibited and CMV disease has
the potential to recur [43]. As described in the introduction, reactivation of virus from
latency is a significant source of disease in both congenital CMV and the transplant setting.
There is also some evidence that long-term infection with HCMV contributes to chronic
illnesses like atherosclerosis and cancers in the immunocompetent [27].

Latency of HCMV is defined as the carriage of viral genomes in the absence of the
production of infectious virus. HCMV can undergo latent infection in cells of the early
myeloid lineage, such as CD34+ haematopoietic progenitor cells and their derivative CD14+
monocytes [6–8,63,64]. An open question is whether HCMV latency occurs in other sites
besides the myeloid lineage in vivo. Endothelial cells have been suggested to be another
important source of latent virus in SOT [65] and although one study did not identify latently
infected endothelial cells in the saphenous veins of seropositive subjects, endothelial cells
are highly heterogeneous [68–70]. For instance, sinusoidal endothelial cells and peritubular
capillary endothelial cells have been identified as sites of murine cytomegalovirus (MCMV)
latency in the liver and kidney but these sites have not been investigated as potential sites
of HCMV latency in human organs [71,72].

In cells of the early myeloid lineage, the latent virus has a much more restricted
gene expression profile, expressing only a subset of those genes seen in a lytic infection,
although this may be much wider than initially thought [73–77]. It is also not known
whether different sites of myeloid latency (e.g., CD34+ progenitor cells and their derivative
CD14+ monocytes) have different latency-associated gene expression signatures. Crucially,
in both cell types, the major immediate early promoter/enhancer (MIEP) remains sup-
pressed during latency [78,79]. During latency, viral DNA replication does not occur,
and many viral antigens are not expressed. Therefore, as well as escaping immune recog-
nition, latently infected cells are also safe from current HCMV antivirals, which also only
target lytic replication. However, this latent reservoir of virus in undifferentiated myeloid
cells can reactivate during myeloid cell differentiation and/or if the latent cell is subject to
inflammatory environments [80].

One option to avoid HCMV disease derived from a host’s latent reservoirs would be
to inhibit reactivation of the virus and keep the latent reservoir suppressed in the immune-
incompetent, a so-called ‘block and lock’ approach [81,82]. Interferon β has been found
to prevent MCMV reactivation in naturally latent cells [83,84]. Drugs that inhibit HCMV
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reactivation have also been identified. For example, histone acetyl transferases (HATs) are
known to be important in the de-repression of the MIEP and reactivation of HCMV [85].
Inhibition of HATs with the drug MG149 resulted in a decrease in reactivation of latent
HCMV [85]. Additionally, UL33 was recently found to be important for reactivation of
HCMV via phosphorylation of CREB. Pharmacological inhibition of CREB phosphorylation
with 666-15 reduced reactivation frequencies without having a significant impact on cell
viability [86,87]. However, reactivation inhibitors might have to be taken indefinitely to
keep the virus suppressed which is not an effective solution, especially for congenital CMV,
where foetus development might be affected by epigenetic modulators. The ideal therapy
would be a single course of treatment that purges the latent reservoir.

Another approach to target the latent reservoir would be to temporarily drive the virus
out of latency so latently infected cells transiently express lytic viral antigens. The immune
system would then be able to recognise and clear these otherwise latently infected cells.
This strategy, termed ‘shock and kill’, is also being widely investigated as a therapeutic tool
to target HIV-1 latency [88,89]. In essence, epigenetic modifiers have been used to reactivate
HIV-1 gene expression in latently infected cells to allow them to be targeted by pre-existing
or newly induced HIV-1 specific immune responses. Similar shock and kill strategies
against HCMV are discussed in the next section. Alternatively, biological properties of
essential viral genes expressed during latency and/or identification of changes in the
latently infected cell might allow it to be directly targeted, and these are discussed after
shock and kill strategies below.

3.1. Potential ‘Shock and Kill’ Treatments to Purge the Latent HCMV Reservoir

HCMV latency is, in part, maintained via silencing of the MIEP, which prevents
high levels of expression of the viral major immediate early (IE) products which are re-
quired for virus lytic replication. During latent infection in undifferentiated myeloid cells,
the MIEP becomes associated with markers of repressive chromatin, including deacety-
lated/methylated histones [90–92]. By contrast, upon reactivation, these repressive chro-
matin marks are removed and replaced with chromatin markers of active transcription,
such as acetylated histones, resulting in de-repression of the MIEP and the initiation of
lytic HCMV infection [93].

A combination of viral and cellular factors are known to act to modulate the tran-
scriptional activity of the MIE locus [94–96], for reviews see [79,97,98]. One such cellular
factor is the histone deacetylase HDAC4, which is upregulated in latently infected cells
and associates with the MIEP, deacetylating histones to aid in its repression [99]. Therefore,
some time ago, it was hypothesized that HDAC inhibitors (HDACis) should be able to
reverse histone deacetylation at the MIEP causing its de-repression and the reactivation
of lytic major IE gene expression in these otherwise latently infected cells (the so-called
‘shock’) [99]. These would then be targets for HCMV-specific cytotoxic T cells (‘kill’). One bi-
ological property of HCMV that makes this type of strategy so attractive is the knowledge
that in healthy seropositive virus carriers, up to 10% of circulating peripheral blood resi-
dent cytotoxic T lymphocytes (CTLs) are HCMV lytic antigen specific and potently target
lytically infected cells [100].

As anticipated, treatment of both experimentally and naturally latently infected mono-
cytes with an HDAC4 inhibitor (MC1568) did result in de-repression of the MIEP and the
transient induction of expression of lytic IE antigens, though the full complement of viral
lytic genes was not induced by MC1568 treatment [99]. This could be construed as the
most desirable outcome for a latency reversing agent for HCMV as the treatment does
not result in full reactivation of the lytic viral life cycle, thereby reducing the possibility of
transplanting infectious virus. Instead, latently infected cells induced to transiently express,
e.g., IE antigens would now become a viable target for the host immune system; an extraor-
dinary proportion (between 0.1 and 5%) of total circulating CD8+ CTLs in seropositive
donors respond to peptides derived from IE72 [101].
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Indeed, when naturally latent monocytes from a seropositive donor were treated
with MC1568, the donor’s autologous T cells were able to recognise and clear them,
resulting in a substantial reduction in the number of cells capable of reactivating virus after
differentiation [99]. However, these analyses were somewhat compromised by the fact that
treatment with MC1568 was carried out transiently; purified latently infected monocytes
were treated for 48 h with MC1568 in the absence of other peripheral blood mononuclear
cells which would be unlikely to lend itself to any treatment regimen in vivo.

With this in mind, Groves et al. (2021) built on this work and screened a new genera-
tion of HDACis that had lower toxicity and resulted in a substantially higher number of
monocytes expressing lytic HCMV antigens in a model of a long-term treatment regime of
latently infected monocytes [102]. However, in these long-term treatment studies, both old
and new HDACis also resulted in full reactivation of infectious virus. Consequently, the au-
thors also trialled inhibitors of other classes of epigenetic enzymes, such as inhibitors
of BET proteins (I-BETs) for their potential as ‘latency reversing agents’, with far more
success [103].

At a large number of metazoan promoters, RNA Pol II remains ‘paused’ due to
the presence of negative transcription elongation factors such as NELF and DSIF [104].
The transcription factor P-TEFb (comprising CDK9 and Cyclin T1) can overcome this pro-
moter pausing and allow elongation of the nascent RNA transcript to continue. However,
PTEFb may be bound to the inactivating 7SK snRNP or complexed to the BET protein, Brd4,
reducing levels of free PTEFb. Treatment with I-BETs can release more PTEFb, resulting in
increased transcription from Brd4-independent genes [105,106].

In the study by Groves et al. (2021), an I-BET, GSK726 was far superior to HDACis
in its ability to induce IE gene expression in latently infected CD14+ monocytes [102].
Furthermore, unlike most new generation HDACis tested, GSK726 did not result in full
reactivation of the virus, but the expression of a select group of lytic antigens, even after
long-term incubation. This included the immediate early proteins, IE72 and IE86, as well
as the late protein, pp65, but not the early protein UL44. Importantly, treatment with
the BET inhibitor did not result in viral DNA replication. HCMV lytic gene expression
normally occurs in a tightly controlled, orderly cascade of immediate early (IE), then early
(E), followed by DNA replication and late (L) gene expression. RNAseq confirmed that
GSK726, unliked the HDACis, was activating a certain set of viral promoters rather than
initiating the lytic life cycle [102].

As well as causing IE72 and IE86 expression, I-BET treatment also drove the expres-
sion of other immunodominant HCMV antigens which are major targets for the adaptive
immune response, including gB and pp65. One study found that between 40 and 70% of the
neutralizing antibody response from seropositive individuals was specific to a single viral
envelope glycoprotein, gB, which is the most abundant envelope protein [107]. The tegu-
ment protein, pp65 has been found to be specifically targeted by 70–90% of HCMV-specific
cytotoxic T lymphocytes (CTLs) [108].

Furthermore, despite derepressing a range of lytic genes, HCMV encoded immuno-
evasins were not part of the select group of viral proteins induced by I-BET treatment.
I-BET treatment actually resulted in a decrease in the transcription of viral genes with roles
in interfering with antigen presentation and T cell recognition: UL21.5, US8, UL18, US10,
UL6-11, US2, US3, US6, and US11. Genes which were not activated by I-BET treatment
likely depended on Brd4 activity for expression; at certain promoters, Brd4 is actually
required to recruit PTEFb [102]. Additionally, it was found that I-BETs actually inhibited
viral DNA replication in permissive fibroblasts [102].

One of the other limitations of HDACis as a ‘shock and kill’ treatment is the fact
they can sometimes impair cytotoxic T cell function. However, assessment of the effect
of I-BETs on T cell activity against a range of HCMV peptides showed that I-BETs had
no detrimental effect. Consistent with this, the addition of autologous T cells to either
experimentally infected or naturally latent monocytes in the long-term presence of BET
inhibitors (more equivalent to any in vivo treatment strategy with I-BETs) resulted in the
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clearance of latently infected cells [102]. I-BETs, therefore, appear to strike an optimal
balance: derepressing immunodominant antigens whilst keeping immunoevasins silenced,
and even actively inhibiting viral DNA replication [102]. They showed no adverse effects
on T cell effector function or cell viability, and so they are being examined further as
a possible treatment for latent HCMV reservoirs in vivo [102].

Other hypothetical drugs to shock and kill latent HCMV could also be explored.
For example, it has been shown that treatment with TNFα leads to reactivation of HCMV
from latency via NFκB signalling in a cell line model of CD34+ progenitor cells [109].
Furthermore, TNFR1 is upregulated on latently infected cells by the viral protein pUL138,
which could potentially make these cells more responsive to TNFα treatment over un-
infected bystander cells [110]. However, extreme caution would have to be applied in
stimulating immune cells (in the case of HSCT) with the pro-inflammatory cytokine TNFα.
It could exacerbate graft vs. host disease and also hamper haematopoietic reconstitu-
tion [111,112]. Others have shown that MEK/ERK and PI3K/AKT signalling is important
for establishing and maintaining latency [86,113,114]. Pharmacological inhibition of MEK,
ERK, PI3K or AKT has been shown to result in HCMV reactivation [115]. These drugs
could therefore be examined for their potential as shock and kill agents. Furthermore,
Rauwel et al. showed that phosphorylation of the cellular protein, KAP1, prevented re-
cruitment of repressors SETDB1 and HP1 to the MIEP during latency [96]. Drug-induced
phosphorylation of KAP1 by the ATM activator, chloroquine, led to the reactivation of
HCMV in naturally latent monocytes [96].

One downside, however, to all the treatments discussed above is that there might be
broad off-target effects since, e.g., HDACis and I-BETs target important cellular functions;
namely host chromatin modification and transcriptional control. Whilst any in vivo strategy
would likely be restricted to short-term treatment to purge latently infected cells, it would
also be advantageous to target specifically the latently infected cells to reduce side effects,
for example by targeting a virally encoded gene expressed during latency.

3.2. Eradicating the Latent Reservoir by Targeting Viral Genes Expressed during Latency

Although the quality and quantity of viral gene expression is altered and reduced
during latent carriage, a number of viral genes are expressed to significant levels during
latency [77,91]. The most highly transcribed of these are non-immunogenic long non-
coding RNAs [77,91]. However, the latent virus also expresses protein coding genes which
should theoretically be targetable by the immune system, but these antigens still manage to
avoid detection via a number of latency-associated immune evasion strategies employed
by HCMV [26]. Nevertheless, these viral proteins could still be potential targets for drugs.

3.2.1. Vincristine and UL138

The viral protein UL138, a membrane-localised protein, is an important latency-
associated viral gene product [95,116]. Whilst there is currently no direct way to target
UL138 specifically, the consequences of UL138 expression can be exploited as an “Achilles
heel” for latently infected cells. UL138 expression during latency is believed to result in
a number of changes in cell phenotype to optimise the cellular milieu for latent HCMV
infection [97]. One such change is the UL138-mediated downregulation of cellular MRP-1.
MRP-1 is a cell surface protein that exports vinca alkaloids such as doxorubicin and
vincristine and is known to contribute to tumour resistance [117].

On this basis, Weekes et al. (2013) tested whether vincristine, which inhibits tubule
polymerisation and results in cell death (and is normally efficiently exported by MRP-1),
would disproportionately affect latently infected cells because of their UL138-mediated
down-regulation of MRP-1 [118]. The authors found vincristine did, indeed, target and
kill experimentally and naturally latently infected monocytes as well as naturally latently
infected CD34+ progenitor cells [118]. Unfortunately, though, the inherent toxicity of
vincristine would likely limit its use as a treatment to target the latent HCMV reservoir
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in vivo. Nevertheless, this proved an important proof of principal that differences in
latently infected cells could make them targetable by novel therapeutic strategies [119].

3.2.2. F49A Fusion Toxin Protein to Target US28

Another viral protein whose expression is essential for latent carriage of HCMV is
US28, a viral G-protein coupled receptor (GPCR) and chemokine receptor homologue
which is expressed on the surface of latently infected monocytes and binds the CX3CL1
ligand more strongly than the endogenous receptor, CX3CR1 [120,121]. Natural antibodies
to US28 in seropositive individuals have been shown to target latently infected monocytes
for killing by neutrophils; however, latently infected monocytes downregulate secretion
of neutrophil chemoattractant proteins S100A8/A9, resulting in avoidance of neutrophil
recruitment by the latently infected cells [122].

US28 expression during latent carriage has recently been used as another novel way
of targeting the latent reservoir: utilising a US28-specific fusion toxin protein (F49A-FTP)
to target and kill latently infected cells [120]. Fusion toxin proteins can be used to target
specific proteins present on the surface of cells. They are composed of cellular toxins
joined to a targeting domain which is often the Fab fragment of an antibody, but can
also be a ligand for a receptor. F49A-FTP comprises a Pseudomonas exotoxin domain
fused to CX3CL1, which has itself been mutated to bind to US28 with an even higher
affinity [123]. After binding to US28, F49A-FTP is internalised and its exotoxin domain
ADP-ribosylates elongation factor-2 (EF-2), which inhibits translation in the target cell and
results in cell death.

Krishna et al. (2017) showed that treatment with F49A-FTP killed latently infected
monocytes, resulting in a substantial decrease in levels of reactivatable virus [120]. This is
consistent with the fusion toxin protein selectively binding and killing cells in the latent
reservoir [120]. F49A-FTP also successfully targeted latently infected CD34+ haematopoi-
etic progenitor cells, another site of HCMV latency. Finally, F49A-FTP was also shown to
work in the context of natural latency, reducing reactivation of the virus from naturally
infected monocytes present in a seropositive donor.

3.2.3. US28 Inhibitors as a Novel Method for ‘Shock and Kill’

An important function of US28 during latency is the suppression of MAPK and NF-κB
signalling to repress MIEP activity and prevent lytic IE gene expression [113]. Consequently,
it has been posited that, besides killing US28 expressing cells directly with a US28-specific
fusion toxin protein, an alternative therapeutic strategy would be to target US28’s MIEP
repressive function to induce IE expression [113]. This could be employed as a shock and
kill strategy: inhibition of US28 should have a similar effect to HDACis and I-BETs by
forcing inappropriate expression of lytic antigens in otherwise latently infected cells and
allowing their subsequent recognition by HCMV-specific CTLs. Importantly, this ‘shock
and kill’ approach would likely have none of the drawbacks of inhibiting a cellular target
like HDACs and BET proteins; a viral target should allow greater specificity and fewer
off-target effects.

With this in mind, Krishna et al. (2017) employed an inverse agonist of US28 (VUF2274)
which binds US28 and inhibits US28’s downstream MIEP suppressive signalling cascade.
Treatment of latently infected monocytes with varying concentrations of VUF2274 resulted
in the induction of IE expression in these latently infected cells, resulting in their targeting
and killing by IE-specific CTLs. Unfortunately, VUF2274 displayed significant toxicity
towards uninfected monocytes, possibly in part because it is also an antagonist for cellular
chemokine receptor, CCR1, which has 30% homology to US28 [113,124]. This makes it
less appropriate as a ‘shock and kill’ agent. However, novel strategies are being devel-
oped to inhibit US28 more selectively and drive IE expression for other shock and kill
approaches [125].
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4. Targeting the Latent Reservoir in the Transplant Scenario

Clearly, the ability to target the latent reservoir to directly kill latently infected cells
or to induce transient IE activation as the basis for shock and kill strategies is becoming
a serious possibility.

These treatments could either be administered to the live donor, prior to graft removal,
or applied just to the tissue being transplanted: by perfusing an organ or treating HSCT
transplant cells in vitro [26]. In cases where a transplant recipient is also seropositive,
these strategies could be used to clear their existing viral reservoirs prior to engraftment
and immunosuppression (see Figure 1a,b). The possibility of targeting viral pathogens in
donor organs prior to engraftment is not without precedent. Ex vivo delivery of monoclonal
antibody to target EBV as well as light-based therapies to target HCV in donor lungs prior
to transplant have been described [126,127]. Similarly, removal of macrophages from
RCMV-infected donor hearts prior to transplant reduces chronic rejection [128].
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Figure 1. Opportunities for purging the latent reservoir (a) Seropositive donors could be treated
before they donate organs/tissue to purge cells latently infected with HCMV. Seropositive recipients
could likewise be treated prior to immunosuppression to remove their own existing latently infected
cells that could reactivate. (b) Organs could be treated in isolation in ex vivo perfusion systems to
remove latently infected cells from seropositive donors.

F49A-FTP has already been trialled in an ex vivo lung perfusion (EVLP) study with
very promising results [129]. A small but increasing number of lung transplants are subject
to EVLP, where they are kept on ventilators in organ care systems at 37 ◦C whilst a perfusate
is pumped through the lung vasculature. This maintains the lung in more physiological
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conditions than the usual storage on ice, allowing time for evaluation of lungs that were
initially deemed too risky to transplant [130,131]. Apart from increasing the number of
lungs available for transplant, EVLP also provides an opportunity to treat the organ with
drugs or other therapeutic agents before transplantation into the recipient [127,132].

In the study by Ribeiro et al., donor lungs rejected for transplant were perfused with
or without F49A-FTP. Subsequently, sections of all the lungs were biopsied, and monocytes
from these samples were extracted and differentiated in vitro to reactivate any remaining la-
tent HCMV. The authors found a clear difference in the amount of recoverable HCMV; 100%
of control samples reactivated virus, versus only 0.04% of F49A-FTP treated samples [129].

Since US28 shares 38% homology with cellular receptor, CX3CR1, the authors also
tested for adverse effects on uninfected cells. After F49A-FTP treatment, no decline
was found in the total number of CD14+ and CD34+ cells, which both express CX3CR1.
Only a very small proportion of CD14+ and CD34+ cells are naturally latently infected,
so a significant decrease in the total number of these cells would not be expected [133].
Additionally, they noted no difference in lung function between control and treated organs.

Normothermic perfusion of kidneys prior to transplant is also becoming a more
common procedure [134] and similar proof of principle analyses are also being conducted
in kidneys in ex vivo organ care systems prior to transplant (Hosgood and Nicholson,
University of Cambridge, personal communication).

5. Conclusions

The prognosis of immunosuppressed transplant recipients with HCMV disease would
be extremely poor without antiviral drugs, but even these treatments are not without their
disadvantages: poor bioavailability, toxicity, emerging resistance and a failure to target and
clear the latent reservoir, which remains an important source of disease. Our increased
understanding of the basic molecular biology of latency and reactivation of HCMV has,
however, now resulted in the real possibility of translating this knowledge into novel
technologies to target the latent reservoir in the transplant setting.

One of the options being explored to target latently infected cells is ‘shock and kill’,
where inhibiting a cellular or viral gene forces the virus to transiently express viral antigens
which can be recognised and killed by existing HCMV-specific immune cells which are
abundant in healthy seropositive individuals. Alternatively, although the immune system
is oblivious to viral antigens expressed during latency, these could be targeted directly by,
e.g., fusion toxin proteins, or phenotypic changes resulting from latent infection could be
exploited to target the cell for killing.

Whilst targeting a cellular protein could lead to broad off-target effects, it is likely that
such therapies would be brief and modified to minimise adverse effects, or they could be
applied to the donor tissue/organ in isolation. Similarly, with respect to novel therapies
targeting a viral gene, although the generation of viral resistance is a significant challenge
for treating lytic HCMV infection, this would likely be less of a problem during latent
infection due to the lack of viral DNA replication during latency.

Based on the initial promising results in a number of studies, further translational re-
search is currently underway to determine if therapies targeting the latent HCMV reservoir
would be suitable for use in clinic, particularly in the transplant scenario.

Author Contributions: M.R.P. and J.H.S.; writing—original draft preparation, M.R.P. and J.H.S.;
illustrations; M.R.P., M.R.W. and J.H.S. final draft preparation. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Medical Research Council (MRC) Programme Grant (grant
number MR/S00081X/1) and an MRC Doctoral Training grant to M.R.P. (grant number RG86932).

Institutional Review Board Statement: Studies involving human participants were conducted ac-
cording to the guidelines of the Declaration of Helsinki, and approved by Health Research Authority
(HRA) Cambridge Central Research Ethics Committee (97/092).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Viruses 2021, 13, 817 11 of 16

Data Availability Statement: The study does not report any primary data.

Acknowledgments: The authors would like to thank Benjamin Krishna for critical reading of the
paper and the NIHR Cambridge BRC Cell Phenotyping Hub.

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

References
1. 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] [PubMed]
2. Wang, Y.-Q.; Zhao, X.-Y. Human Cytomegalovirus Primary Infection and Reactivation: Insights from Virion-Carried Molecules.

Front. Microbiol. 2020, 11. [CrossRef] [PubMed]
3. Dell’Oste, V.; Biolatti, M.; Galitska, G.; Griffante, G.; Gugliesi, F.; Pasquero, S.; Zingoni, A.; Cerboni, C.; De Andrea, M. Tuning the

Orchestra: HCMV vs. Innate Immunity. Front. Microbiol. 2020, 11. [CrossRef]
4. Picarda, G.; Benedict, C.A. Cytomegalovirus: Shape-Shifting the Immune System. J. Immunol. 2018, 200, 3881–3889. [CrossRef]
5. Jackson, S.E.; Mason, G.M.; Wills, M.R. Human Cytomegalovirus Immunity and Immune Evasion. Virus Res. 2011, 157, 151–160.

[CrossRef]
6. Hahn, G.; Jores, R.; Mocarski, E.S. Cytomegalovirus Remains Latent in a Common Precursor of Dendritic and Myeloid Cells.

Proc. Natl. Acad. Sci. USA 1998, 95, 3937–3942. [CrossRef] [PubMed]
7. Mendelson, M.; Monard, S.; Sissons, P.; Sinclair, J. Detection of Endogenous Human Cytomegalovirus in CD34+ Bone Marrow

Progenitors. J. Gen. Virol. 1996, 77 Pt 12, 3099–3102. [CrossRef]
8. Taylor-Wiedeman, J.; Sissons, J.G.; Borysiewicz, L.K.; Sinclair, J.H. Monocytes Are a Major Site of Persistence of Human

Cytomegalovirus in Peripheral Blood Mononuclear Cells. J. Gen. Virol. 1991, 72 Pt 9, 2059–2064. [CrossRef]
9. Griffiths, P.; Baraniak, I.; Reeves, M. The Pathogenesis of Human Cytomegalovirus. J. Pathol. 2015, 235, 288–297. [CrossRef]
10. Lim, Y.; Lyall, H. Congenital Cytomegalovirus—Who, When, What-with and Why to Treat? J. Infect. 2017, 74, S89–S94. [CrossRef]
11. Grosse, S.D.; Ross, D.S.; Dollard, S.C. Congenital Cytomegalovirus (CMV) Infection as a Cause of Permanent Bilateral Hearing

Loss: A Quantitative Assessment. J. Clin. Virol. Off. Publ. Pan Am. Soc. Clin. Virol. 2008, 41, 57–62. [CrossRef] [PubMed]
12. 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]
13. Wang, C.; Zhang, X.; Bialek, S.; Cannon, M.J. Attribution of Congenital Cytomegalovirus Infection to Primary versus Non-Primary

Maternal Infection. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2011, 52, e11–e13. [CrossRef]
14. de Vries, J.J.C.; van Zwet, E.W.; Dekker, F.W.; Kroes, A.C.M.; Verkerk, P.H.; Vossen, A.C.T.M. The Apparent Paradox of Maternal

Seropositivity as a Risk Factor for Congenital Cytomegalovirus Infection: A Population-Based Prediction Model. Rev. Med. Virol.
2013, 23, 241–249. [CrossRef] [PubMed]

15. Leruez-Ville, M.; Magny, J.-F.; Couderc, S.; Pichon, C.; Parodi, M.; Bussières, L.; Guilleminot, T.; Ghout, I.; Ville, Y. Risk Factors
for Congenital Cytomegalovirus Infection Following Primary and Nonprimary Maternal Infection: A Prospective Neonatal
Screening Study Using Polymerase Chain Reaction in Saliva. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2017, 65, 398–404.
[CrossRef] [PubMed]

16. Huang, E.S.; Alford, C.A.; Reynolds, D.W.; Stagno, S.; Pass, R.F. Molecular Epidemiology of Cytomegalovirus Infections in
Women and Their Infants. N. Engl. J. Med. 1980, 303, 958–962. [CrossRef]

17. Boppana, S.B.; Rivera, L.B.; Fowler, K.B.; Mach, M.; Britt, W.J. Intrauterine Transmission of Cytomegalovirus to Infants of Women
with Preconceptional Immunity. N. Engl. J. Med. 2001, 344, 1366–1371. [CrossRef]

18. Mussi-Pinhata, M.M.; Yamamoto, A.Y.; Moura Britto, R.M.; de Lima Isaac, M.; de Carvalho e Oliveira, P.F.; Boppana, S.; Britt, W.J.
Birth Prevalence and Natural History of Congenital Cytomegalovirus (CMV) Infection in a Highly Seroimmune Population.
Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2009, 49, 522–528. [CrossRef]

19. Sinzger, C.; Digel, M.; Jahn, G. Cytomegalovirus Cell Tropism. In Human Cytomegalovirus; Shenk, T.E., Stinski, M.F., Eds.; Current
Topics in Microbiology and Immunology; Springer: Berlin/Heidelberg, Germany, 2008; pp. 63–83. ISBN 978-3-540-77349-8.

20. Britt, W. Virus entry into host, establishment of infection, spread in host, mechanisms of tissue damage. 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; ISBN 978-0-521-82714-0.

21. Atabani, S.F.; Smith, C.; Atkinson, C.; Aldridge, R.W.; Rodriguez-Perálvarez, M.; Rolando, N.; Harber, M.; Jones, G.; O’Riordan, A.;
Burroughs, A.K.; et al. Cytomegalovirus Replication Kinetics in Solid Organ Transplant Recipients Managed by Preemptive
Therapy. Am. J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 2012, 12, 2457–2464. [CrossRef]

22. Kotton, C.N. Management of Cytomegalovirus Infection in Solid Organ Transplantation. Nat. Rev. Nephrol. 2010, 6, 711–721.
[CrossRef] [PubMed]

23. Grundy, J.E.; Lui, S.F.; Super, M.; Berry, N.J.; Sweny, P.; Fernando, O.N.; Moorhead, J.; Griffiths, P.D. Symptomatic Cytomegalovirus
Infection in Seropositive Kidney Recipients: Reinfection with Donor Virus Rather than Reactivation of Recipient Virus. Lancet
Lond. Engl. 1988, 2, 132–135. [CrossRef]

http://doi.org/10.1002/rmv.655
http://www.ncbi.nlm.nih.gov/pubmed/20564615
http://doi.org/10.3389/fmicb.2020.01511
http://www.ncbi.nlm.nih.gov/pubmed/32765441
http://doi.org/10.3389/fmicb.2020.00661
http://doi.org/10.4049/jimmunol.1800171
http://doi.org/10.1016/j.virusres.2010.10.031
http://doi.org/10.1073/pnas.95.7.3937
http://www.ncbi.nlm.nih.gov/pubmed/9520471
http://doi.org/10.1099/0022-1317-77-12-3099
http://doi.org/10.1099/0022-1317-72-9-2059
http://doi.org/10.1002/path.4437
http://doi.org/10.1016/S0163-4453(17)30197-4
http://doi.org/10.1016/j.jcv.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17959414
http://doi.org/10.1002/rmv.544
http://www.ncbi.nlm.nih.gov/pubmed/17542052
http://doi.org/10.1093/cid/ciq085
http://doi.org/10.1002/rmv.1744
http://www.ncbi.nlm.nih.gov/pubmed/23559569
http://doi.org/10.1093/cid/cix337
http://www.ncbi.nlm.nih.gov/pubmed/28419213
http://doi.org/10.1056/NEJM198010233031702
http://doi.org/10.1056/NEJM200105033441804
http://doi.org/10.1086/600882
http://doi.org/10.1111/j.1600-6143.2012.04087.x
http://doi.org/10.1038/nrneph.2010.141
http://www.ncbi.nlm.nih.gov/pubmed/20978468
http://doi.org/10.1016/S0140-6736(88)90685-X


Viruses 2021, 13, 817 12 of 16

24. George, B.; Pati, N.; Gilroy, N.; Ratnamohan, M.; Huang, G.; Kerridge, I.; Hertzberg, M.; Gottlieb, D.; Bradstock, K. Pre-
Transplant Cytomegalovirus (CMV) Serostatus Remains the Most Important Determinant of CMV Reactivation after Allogeneic
Hematopoietic Stem Cell Transplantation in the Era of Surveillance and Preemptive Therapy. Transpl. Infect. Dis. 2010, 12, 322–329.
[CrossRef]

25. Krishna, B.A.; Wills, M.R.; Sinclair, J.H. Advances in the Treatment of Cytomegalovirus. Br. Med. Bull. 2019, 131, 5–17. [CrossRef]
[PubMed]

26. Wills, M.R.; Poole, E.; Lau, B.; Krishna, B.; Sinclair, J.H. The Immunology of Human Cytomegalovirus Latency: Could Latent
Infection Be Cleared by Novel Immunotherapeutic Strategies? Cell. Mol. Immunol. 2015, 12, 128–138. [CrossRef] [PubMed]

27. Froberg, M.K. CMV Escapes! Ann. Clin. Lab. Sci. 2004, 34, 123–130.
28. Michaelis, M.; Doerr, H.W.; Cinatl, J. The Story of Human Cytomegalovirus and Cancer: Increasing Evidence and Open Questions.

Neoplasia 2009, 11, 1–9. [CrossRef] [PubMed]
29. Schleiss, M.R. Cytomegalovirus Vaccine Development. In Human Cytomegalovirus; Shenk, T.E., Stinski, M.F., Eds.; Current Topics

in Microbiology and Immunology; Springer: Berlin/ Heidelberg, Germany, 2008; pp. 361–382. ISBN 978-3-540-77349-8.
30. Martin, J.C.; Dvorak, C.A.; Smee, D.F.; Matthews, T.R.; Verheyden, J.P.H. 9-(1,3-Dihydroxy-2-Propoxymethyl)Guanine: A New

Potent and Selective Antiherpes Agent. J. Med. Chem. 1983, 26, 759–761. [CrossRef]
31. Littler, E.; Stuart, A.D.; Chee, M.S. Human Cytomegalovirus UL97 Open Reading Frame Encodes a Protein That Phosphorylates

the Antiviral Nucleoside Analogue Ganciclovir. Nature 1992, 358, 160–162. [CrossRef]
32. Talarico, C.L.; Burnette, T.C.; Miller, W.H.; Smith, S.L.; Davis, M.G.; Stanat, S.C.; Ng, T.I.; He, Z.; Coen, D.M.; Roizman, B.; et al.

Acyclovir Is Phosphorylated by the Human Cytomegalovirus UL97 Protein. Antimicrob. Agents Chemother. 1999, 43, 1941–1946.
[CrossRef]

33. Braakman, E.; Vogels, R.; Martens, A.C.M.; Vermeulen, J.; Bron, M.; Hoogerbrugge, P.M.; Valerio, D.; Hagenbeek, A. Ganciclovir-
Mediated in Vivo Elimination of Myeloid Leukemic Cells Expressing the HSVtk Gene Induces HSVtk Loss Variants. Gene Ther.
1999, 6, 1139–1146. [CrossRef] [PubMed]

34. Freitas, V.R.; Smee, D.F.; Chernow, M.; Boehme, R.; Matthews, T.R. Activity of 9-(1,3-Dihydroxy-2-Propoxymethyl)Guanine
Compared with That of Acyclovir against Human, Monkey, and Rodent Cytomegaloviruses. Antimicrob. Agents Chemother. 1985,
28, 240–245. [CrossRef] [PubMed]

35. Mar, E.C.; Chiou, J.F.; Cheng, Y.C.; Huang, E.S. Inhibition of Cellular DNA Polymerase Alpha and Human Cytomegalovirus-
Induced DNA Polymerase by the Triphosphates of 9-(2-Hydroxyethoxymethyl)Guanine and 9-(1,3-Dihydroxy-2-Propoxymethyl)
Guanine. J. Virol. 1985, 53, 776–780. [CrossRef] [PubMed]

36. Chen, H.; Beardsley, G.P.; Coen, D.M. Mechanism of Ganciclovir-Induced Chain Termination Revealed by Resistant Viral
Polymerase Mutants with Reduced Exonuclease Activity. Proc. Natl. Acad. Sci. USA 2014, 111, 17462–17467. [CrossRef]

37. Biron, K.K.; Stanat, S.C.; Sorrell, J.B.; Fyfe, J.A.; Keller, P.M.; Lambe, C.U.; Nelson, D.J. Metabolic Activation of the Nucleo-
side Analog 9-[(2-Hydroxy-1-(Hydroxymethyl)Ethoxy]Methyl)Guanine in Human Diploid Fibroblasts Infected with Human
Cytomegalovirus. Proc. Natl. Acad. Sci. USA 1985, 82, 2473–2477. [CrossRef]

38. Fortún Abete, J.; Martín-Dávila, P.; Moreno, S.; Quijano, Y.; de Vicente, E.; Pou, L. Pharmacokinetics of Oral Valganciclovir
and Intravenous Ganciclovir Administered to Prevent Cytomegalovirus Disease in an Adult Patient Receiving Small-Intestine
Transplantation. Antimicrob. Agents Chemother. 2004, 48, 2782–2783. [CrossRef]

39. Pescovitz, M.D.; Rabkin, J.; Merion, R.M.; Paya, C.V.; Pirsch, J.; Freeman, R.B.; O’Grady, J.; Robinson, C.; To, Z.; Wren, K.; et al.
Valganciclovir Results in Improved Oral Absorption of Ganciclovir in Liver Transplant Recipients. Antimicrob. Agents Chemother.
2000, 44, 2811–2815. [CrossRef]

40. Steininger, C. Novel Therapies for Cytomegalovirus Disease. Recent Patents Anti Infect. Drug Discov. 2007, 2, 53–72. [CrossRef]
41. Limaye, A.P. Ganciclovir-Resistant Cytomegalovirus in Organ Transplant Recipients. Clin. Infect. Dis. 2002, 35, 866–872.

[CrossRef]
42. Mumtaz, K.; Faisal, N.; Husain, S.; Morillo, A.; Renner, E.L.; Shah, P.S. Universal Prophylaxis or Preemptive Strategy for

Cytomegalovirus Disease After Liver Transplantation: A Systematic Review and Meta-Analysis. Am. J. Transplant. 2015, 15,
472–481. [CrossRef] [PubMed]

43. Humar, A.; Lebranchu, Y.; Vincenti, F.; Blumberg, E.A.; Punch, J.D.; Limaye, A.P.; Abramowicz, D.; Jardine, A.G.; Voulgari, A.T.;
Ives, J.; et al. The Efficacy and Safety of 200 Days Valganciclovir Cytomegalovirus Prophylaxis in High-Risk Kidney Transplant
Recipients. Am. J. Transplant. 2010, 10, 1228–1237. [CrossRef] [PubMed]

44. Battiwalla, M.; Wu, Y.; Bajwa, R.P.S.; Radovic, M.; Almyroudis, N.G.; Segal, B.H.; Wallace, P.K.; Nakamura, R.; Padmanabhan, S.;
Hahn, T.; et al. Ganciclovir Inhibits Lymphocyte Proliferation by Impairing DNA Synthesis. Biol. Blood Marrow Transplant. J. Am.
Soc. Blood Marrow Transplant. 2007, 13, 765–770. [CrossRef]

45. Venton, G.; Crocchiolo, R.; Fürst, S.; Granata, A.; Oudin, C.; Faucher, C.; Coso, D.; Bouabdallah, R.; Berger, P.; Vey, N.; et al. Risk
Factors of Ganciclovir-Related Neutropenia after Allogeneic Stem Cell Transplantation: A Retrospective Monocentre Study on
547 Patients. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2014, 20, 160–166. [CrossRef]

46. Crumpacker, C.S. Mechanism of Action of Foscarnet against Viral Polymerases. Am. J. Med. 1992, 92, S3–S7. [CrossRef]
47. Eriksson, B.; Oberg, B.; Wahren, B. Pyrophosphate Analogues as Inhibitors of DNA Polymerases of Cytomegalovirus, Herpes

Simplex Virus and Cellular Origin. Biochim. Biophys. Acta 1982, 696, 115–123. [CrossRef]

http://doi.org/10.1111/j.1399-3062.2010.00504.x
http://doi.org/10.1093/bmb/ldz031
http://www.ncbi.nlm.nih.gov/pubmed/31580403
http://doi.org/10.1038/cmi.2014.75
http://www.ncbi.nlm.nih.gov/pubmed/25132454
http://doi.org/10.1593/neo.81178
http://www.ncbi.nlm.nih.gov/pubmed/19107226
http://doi.org/10.1021/jm00359a023
http://doi.org/10.1038/358160a0
http://doi.org/10.1128/AAC.43.8.1941
http://doi.org/10.1038/sj.gt.3300913
http://www.ncbi.nlm.nih.gov/pubmed/10455417
http://doi.org/10.1128/AAC.28.2.240
http://www.ncbi.nlm.nih.gov/pubmed/3010840
http://doi.org/10.1128/JVI.53.3.776-780.1985
http://www.ncbi.nlm.nih.gov/pubmed/2983088
http://doi.org/10.1073/pnas.1405981111
http://doi.org/10.1073/pnas.82.8.2473
http://doi.org/10.1128/AAC.48.7.2782-2783.2004
http://doi.org/10.1128/AAC.44.10.2811-2815.2000
http://doi.org/10.2174/157489107779561634
http://doi.org/10.1086/342385
http://doi.org/10.1111/ajt.13044
http://www.ncbi.nlm.nih.gov/pubmed/25522141
http://doi.org/10.1111/j.1600-6143.2010.03074.x
http://www.ncbi.nlm.nih.gov/pubmed/20353469
http://doi.org/10.1016/j.bbmt.2007.03.009
http://doi.org/10.1111/1469-0691.12222
http://doi.org/10.1016/0002-9343(92)90329-A
http://doi.org/10.1016/0167-4781(82)90018-5


Viruses 2021, 13, 817 13 of 16

48. Wagstaff, A.J.; Bryson, H.M. Foscarnet. A Reappraisal of Its Antiviral Activity, Pharmacokinetic Properties and Therapeutic Use
in Immunocompromised Patients with Viral Infections. Drugs 1994, 48, 199–226. [CrossRef] [PubMed]

49. Minor, J.R.; Baltz, J.K. Foscarnet Sodium. DICP Ann. Pharmacother. 1991, 25, 41–47. [CrossRef]
50. Cihlar, T.; Chen, M.S. Identification of Enzymes Catalyzing Two-Step Phosphorylation of Cidofovir and the Effect of Cy-

tomegalovirus Infection on Their Activities in Host Cells. Mol. Pharmacol. 1996, 50, 1502–1510.
51. Xiong, X.; Smith, J.L.; Chen, M.S. Effect of Incorporation of Cidofovir into DNA by Human Cytomegalovirus DNA Polymerase

on DNA Elongation. Antimicrob. Agents Chemother. 1997, 41, 594–599. [CrossRef] [PubMed]
52. Campos, A.B.; Ribeiro, J.; Boutolleau, D.; Sousa, H. Human Cytomegalovirus Antiviral Drug Resistance in Hematopoietic Stem

Cell Transplantation: Current State of the Art. Rev. Med. Virol. 2016, 26, 161–182. [CrossRef] [PubMed]
53. Acosta, E.; Bowlin, T.; Brooks, J.; Chiang, L.; Hussein, I.; Kimberlin, D.; Kauvar, L.M.; Leavitt, R.; Prichard, M.; Whitley, R.

Advances in the Development of Therapeutics for Cytomegalovirus Infections. J. Infect. Dis. 2020, 221, S32–S44. [CrossRef]
54. Tippin, T.K.; Morrison, M.E.; Brundage, T.M.; Momméja-Marin, H. Brincidofovir Is Not a Substrate for the Human Organic Anion

Transporter 1: A Mechanistic Explanation for the Lack of Nephrotoxicity Observed in Clinical Studies. Ther. Drug Monit. 2016, 38,
777–786. [CrossRef]

55. El Chaer, F.; Shah, D.P.; Chemaly, R.F. How I Treat Resistant Cytomegalovirus Infection in Hematopoietic Cell Transplantation
Recipients. Blood 2016, 128, 2624–2636. [CrossRef]

56. Goldner, T.; Hewlett, G.; Ettischer, N.; Ruebsamen-Schaeff, H.; Zimmermann, H.; Lischka, P. The Novel Anticytomegalovirus
Compound AIC246 (Letermovir) Inhibits Human Cytomegalovirus Replication through a Specific Antiviral Mechanism That
Involves the Viral Terminase. J. Virol. 2011, 85, 10884–10893. [CrossRef]

57. Marty, F.M.; Ljungman, P.; Chemaly, R.F.; Maertens, J.; Dadwal, S.S.; Duarte, R.F.; Haider, S.; Ullmann, A.J.; Katayama, Y.;
Brown, J.; et al. Letermovir Prophylaxis for Cytomegalovirus in Hematopoietic-Cell Transplantation. N. Engl. J. Med. 2017, 377,
2433–2444. [CrossRef] [PubMed]

58. Shigle, T.L.; Handy, V.W.; Chemaly, R.F. Letermovir and Its Role in the Prevention of Cytomegalovirus Infection in Seropositive
Patients Receiving an Allogeneic Hematopoietic Cell Transplant. Ther. Adv. Hematol. 2020, 11. [CrossRef]

59. Kim, E.S. Letermovir: First Global Approval. Drugs 2018, 78, 147–152. [CrossRef] [PubMed]
60. Maertens, J.; Cordonnier, C.; Jaksch, P.; Poiré, X.; Uknis, M.; Wu, J.; Wijatyk, A.; Saliba, F.; Witzke, O.; Villano, S. Maribavir for

Preemptive Treatment of Cytomegalovirus Reactivation. N. Engl. J. Med. 2019, 381, 1136–1147. [CrossRef]
61. Drew, W.L.; Miner, R.C.; Marousek, G.I.; Chou, S. Maribavir Sensitivity of Cytomegalovirus Isolates Resistant to Ganciclovir,

Cidofovir or Foscarnet. J. Clin. Virol. 2006, 37, 124–127. [CrossRef] [PubMed]
62. Chou, S.; Marousek, G.I. Maribavir Antagonizes the Antiviral Action of Ganciclovir on Human Cytomegalovirus. Antimicrob.

Agents Chemother. 2006, 50, 3470–3472. [CrossRef]
63. Arvin, A.M.; Fast, P.; Myers, M.; Plotkin, S.; Rabinovich, R. National Vaccine Advisory Committee Vaccine Development to

Prevent Cytomegalovirus Disease: Report from the National Vaccine Advisory Committee. Clin. Infect. Dis. Off. Publ. Infect. Dis.
Soc. Am. 2004, 39, 233–239. [CrossRef]

64. Gerna, G.; Sarasini, A.; Patrone, M.; Percivalle, E.; Fiorina, L.; Campanini, G.; Gallina, A.; Baldanti, F.; Revello, M.G. Human
Cytomegalovirus Serum Neutralizing Antibodies Block Virus Infection of Endothelial/Epithelial Cells, but Not Fibroblasts, Early
during Primary Infection. J. Gen. Virol. 2008, 89, 853–865. [CrossRef]

65. Kauvar, L.M.; Liu, K.; Park, M.; DeChene, N.; Stephenson, R.; Tenorio, E.; Ellsworth, S.L.; Tabata, T.; Petitt, M.; Tsuge, M.; et al.
A High-Affinity Native Human Antibody Neutralizes Human Cytomegalovirus Infection of Diverse Cell Types. Antimicrob.
Agents Chemother. 2015, 59, 1558–1568. [CrossRef]

66. Bonaros, N.; Mayer, B.; Schachner, T.; Laufer, G.; Kocher, A. CMV-Hyperimmune Globulin for Preventing Cytomegalovirus
Infection and Disease in Solid Organ Transplant Recipients: A Meta-Analysis. Clin. Transplant. 2008, 22, 89–97. [CrossRef]

67. Ishida, J.H.; Patel, A.; Mehta, A.K.; Gatault, P.; McBride, J.M.; Burgess, T.; Derby, M.A.; Snydman, D.R.; Emu, B.; Feierbach, B.; et al.
Phase 2 Randomized, Double-Blind, Placebo-Controlled Trial of RG7667, a Combination Monoclonal Antibody, for Prevention of
Cytomegalovirus Infection in High-Risk Kidney Transplant Recipients. Antimicrob. Agents Chemother. 2017, 61. [CrossRef]

68. Reeves, M.B.; Coleman, H.; Chadderton, J.; Goddard, M.; Sissons, J.G.P.; Sinclair, J.H. Vascular Endothelial and Smooth Muscle
Cells Are Unlikely to Be Major Sites of Latency of Human Cytomegalovirus in Vivo. J. Gen. Virol. 2004, 85, 3337–3341. [CrossRef]

69. Aird, W.C. Phenotypic Heterogeneity of the Endothelium: I. Structure, Function, and Mechanisms. Circ. Res. 2007, 100, 158–173.
[CrossRef] [PubMed]

70. Marcu, R.; Choi, Y.J.; Xue, J.; Fortin, C.L.; Wang, Y.; Nagao, R.J.; Xu, J.; MacDonald, J.W.; Bammler, T.K.; Murry, C.E.; et al. Human
Organ-Specific Endothelial Cell Heterogeneity. iScience 2018, 4, 20–35. [CrossRef] [PubMed]

71. Koffron, A.J.; Hummel, M.; Patterson, B.K.; Yan, S.; Kaufman, D.B.; Fryer, J.P.; Stuart, F.P.; Abecassis, M.I. Cellular Localization of
Latent Murine Cytomegalovirus. J. Virol. 1998, 72, 95–103. [CrossRef]

72. Seckert, C.K.; Renzaho, A.; Tervo, H.-M.; Krause, C.; Deegen, P.; Kühnapfel, B.; Reddehase, M.J.; Grzimek, N.K.A. Liver Sinusoidal
Endothelial Cells Are a Site of Murine Cytomegalovirus Latency and Reactivation. J. Virol. 2009, 83, 8869–8884. [CrossRef]
[PubMed]

73. Cheng, S.; Caviness, K.; Buehler, J.; Smithey, M.; Nikolich-Žugich, 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]

http://doi.org/10.2165/00003495-199448020-00007
http://www.ncbi.nlm.nih.gov/pubmed/7527325
http://doi.org/10.1177/106002809102500109
http://doi.org/10.1128/AAC.41.3.594
http://www.ncbi.nlm.nih.gov/pubmed/9055999
http://doi.org/10.1002/rmv.1873
http://www.ncbi.nlm.nih.gov/pubmed/26990717
http://doi.org/10.1093/infdis/jiz493
http://doi.org/10.1097/FTD.0000000000000353
http://doi.org/10.1182/blood-2016-06-688432
http://doi.org/10.1128/JVI.05265-11
http://doi.org/10.1056/NEJMoa1706640
http://www.ncbi.nlm.nih.gov/pubmed/29211658
http://doi.org/10.1177/2040620720937150
http://doi.org/10.1007/s40265-017-0860-8
http://www.ncbi.nlm.nih.gov/pubmed/29288370
http://doi.org/10.1056/NEJMoa1714656
http://doi.org/10.1016/j.jcv.2006.07.010
http://www.ncbi.nlm.nih.gov/pubmed/16962820
http://doi.org/10.1128/AAC.00577-06
http://doi.org/10.1086/421999
http://doi.org/10.1099/vir.0.83523-0
http://doi.org/10.1128/AAC.04295-14
http://doi.org/10.1111/j.1399-0012.2007.00750.x
http://doi.org/10.1128/AAC.01794-16
http://doi.org/10.1099/vir.0.80285-0
http://doi.org/10.1161/01.RES.0000255691.76142.4a
http://www.ncbi.nlm.nih.gov/pubmed/17272818
http://doi.org/10.1016/j.isci.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/30240741
http://doi.org/10.1128/JVI.72.1.95-103.1998
http://doi.org/10.1128/JVI.00870-09
http://www.ncbi.nlm.nih.gov/pubmed/19535440
http://doi.org/10.1073/pnas.1710522114


Viruses 2021, 13, 817 14 of 16

74. Goodrum, F.D.; Jordan, C.T.; High, K.; Shenk, T. Human Cytomegalovirus Gene Expression during Infection of Primary
Hematopoietic Progenitor Cells: A Model for Latency. Proc. Natl. Acad. Sci. USA 2002, 99, 16255–16260. [CrossRef]

75. Kondo, K.; Mocarski, E.S. Cytomegalovirus Latency and Latency-Specific Transcription in Hematopoietic Progenitors. Scand. J.
Infect. Dis. Suppl. 1995, 99, 63–67. [PubMed]

76. Reeves, M.B.; Sinclair, J.H. Analysis of Latent Viral Gene Expression in Natural and Experimental Latency Models of Human
Cytomegalovirus and Its Correlation with Histone Modifications at a Latent Promoter. J. Gen. Virol. 2010, 91, 599–604. [CrossRef]
[PubMed]

77. 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]

78. Elder, E.; Sinclair, J. HCMV Latency: What Regulates the Regulators? Med. Microbiol. Immunol. 2019, 208, 431–438. [CrossRef]
[PubMed]

79. Dooley, A.L.; O’Connor, C.M. Regulation of the MIE Locus During HCMV Latency and Reactivation. Pathogens 2020, 9, 869.
[CrossRef] [PubMed]

80. Reeves, M.B. Cell Signaling and Cytomegalovirus Reactivation: What Do Src Family Kinases Have to Do with It? Biochem. Soc.
Trans. 2020, 48, 667–675. [CrossRef]

81. 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, 167ra5.
[CrossRef]

82. Nehme, Z.; Pasquereau, S.; Herbein, G. Control of Viral Infections by Epigenetic-Targeted Therapy. Clin. Epigenetics 2019, 11, 55.
[CrossRef]

83. Dağ, F.; Dölken, L.; Holzki, J.; Drabig, A.; Weingärtner, A.; Schwerk, J.; Lienenklaus, S.; Conte, I.; Geffers, R.; Davenport, C.; et al.
Reversible Silencing of Cytomegalovirus Genomes by Type I Interferon Governs Virus Latency. PLoS Pathog. 2014, 10, e1003962.
[CrossRef]

84. Presti, R.M.; Pollock, J.L.; Dal Canto, A.J.; O’Guin, A.K.; Virgin, H.W. Interferon Gamma Regulates Acute and Latent Murine
Cytomegalovirus Infection and Chronic Disease of the Great Vessels. J. Exp. Med. 1998, 188, 577–588. [CrossRef] [PubMed]

85. 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]

86. 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]

87. Krishna, B.A.; Wass, A.B.; Dooley, A.L.; O’Connor, C.M. CMV-Encoded GPCR PUL33 Activates CREB and Facilitates Its
Recruitment to the MIE Locus for Efficient Viral Reactivation. J. Cell Sci. 2021, 134, jcs254268. [CrossRef] [PubMed]

88. Thomas, J.; Ruggiero, A.; Paxton, W.A.; Pollakis, G. Measuring the Success of HIV-1 Cure Strategies. Front. Cell. Infect. Microbiol.
2020, 10, 134. [CrossRef]

89. Abner, E.; Jordan, A. HIV “Shock and Kill” Therapy: In Need of Revision. Antivir. Res. 2019, 166, 19–34. [CrossRef]
90. Reeves, M.B.; Lehner, P.J.; Sissons, J.G.P.; 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]
91. 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]
92. Sinclair, J. Chromatin Structure Regulates Human Cytomegalovirus Gene Expression during Latency, Reactivation and Lytic

Infection. Biochim. Biophys. Acta 2010, 1799, 286–295. [CrossRef] [PubMed]
93. Reeves, M.B.; MacAry, P.A.; Lehner, P.J.; Sissons, J.G.P.; 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]
94. Humby, M.S.; O’Connor, C.M. Human Cytomegalovirus US28 Is Important for Latent Infection of Hematopoietic Progenitor

Cells. J. Virol. 2016, 90, 2959–2970. [CrossRef] [PubMed]
95. Lee, S.H.; Caviness, K.; Albright, E.R.; Lee, J.-H.; Gelbmann, C.B.; Rak, M.; Goodrum, F.; Kalejta, R.F. Long and Short Isoforms

of the Human Cytomegalovirus UL138 Protein Silence IE Transcription and Promote Latency. J. Virol. 2016, 90, 9483–9494.
[CrossRef] [PubMed]

96. 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, e06068. [CrossRef] [PubMed]

97. Collins-McMillen, D.; Buehler, J.; Peppenelli, M.; Goodrum, F. Molecular Determinants and the Regulation of Human Cy-
tomegalovirus Latency and Reactivation. Viruses 2018, 10, 444. [CrossRef] [PubMed]

98. Reeves, M.; Sinclair, J. Regulation of Human Cytomegalovirus Transcription in Latency: Beyond the Major Immediate-Early
Promoter. Viruses 2013, 5, 1395–1413. [CrossRef]

99. Krishna, B.A.; Lau, B.; Jackson, S.E.; Wills, M.R.; Sinclair, J.H.; Poole, E. Transient Activation of Human Cytomegalovirus Lytic
Gene Expression during Latency Allows Cytotoxic T Cell Killing of Latently Infected Cells. Sci. Rep. 2016, 6, srep24674. [CrossRef]

http://doi.org/10.1073/pnas.252630899
http://www.ncbi.nlm.nih.gov/pubmed/8668945
http://doi.org/10.1099/vir.0.015602-0
http://www.ncbi.nlm.nih.gov/pubmed/19906945
http://doi.org/10.1128/mBio.00013-18
http://doi.org/10.1007/s00430-019-00581-1
http://www.ncbi.nlm.nih.gov/pubmed/30761409
http://doi.org/10.3390/pathogens9110869
http://www.ncbi.nlm.nih.gov/pubmed/33113934
http://doi.org/10.1042/BST20191110
http://doi.org/10.1126/scitranslmed.3005145
http://doi.org/10.1186/s13148-019-0654-9
http://doi.org/10.1371/journal.ppat.1003962
http://doi.org/10.1084/jem.188.3.577
http://www.ncbi.nlm.nih.gov/pubmed/9687534
http://doi.org/10.1074/jbc.RA119.009667
http://doi.org/10.1371/journal.ppat.1004195
http://www.ncbi.nlm.nih.gov/pubmed/24945302
http://doi.org/10.1242/jcs.254268
http://www.ncbi.nlm.nih.gov/pubmed/33199520
http://doi.org/10.3389/fcimb.2020.00134
http://doi.org/10.1016/j.antiviral.2019.03.008
http://doi.org/10.1099/vir.0.81161-0
http://doi.org/10.1371/journal.ppat.1003366
http://doi.org/10.1016/j.bbagrm.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19682613
http://doi.org/10.1073/pnas.0408994102
http://www.ncbi.nlm.nih.gov/pubmed/15738399
http://doi.org/10.1128/JVI.02507-15
http://www.ncbi.nlm.nih.gov/pubmed/26719258
http://doi.org/10.1128/JVI.01547-16
http://www.ncbi.nlm.nih.gov/pubmed/27512069
http://doi.org/10.7554/eLife.06068
http://www.ncbi.nlm.nih.gov/pubmed/25846574
http://doi.org/10.3390/v10080444
http://www.ncbi.nlm.nih.gov/pubmed/30127257
http://doi.org/10.3390/v5061395
http://doi.org/10.1038/srep24674


Viruses 2021, 13, 817 15 of 16

100. 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]

101. Khan, N.; Cobbold, M.; Keenan, R.; Moss, P.A.H. Comparative Analysis of CD8+ T Cell Responses against Human Cy-
tomegalovirus Proteins Pp65 and Immediate Early 1 Shows Similarities in Precursor Frequency, Oligoclonality, and Phenotype.
J. Infect. Dis. 2002, 185, 1025–1034. [CrossRef]

102. Groves, I.J.; Jackson, S.E.; Poole, E.L.; Nachshon, A.; Rozman, B.; Schwartz, M.; Prinjha, R.K.; Tough, D.F.; Sinclair, J.H.;
Wills, M.R. Bromodomain Proteins Regulate Human Cytomegalovirus Latency and Reactivation Allowing Epigenetic Therapeutic
Intervention. Proc. Natl. Acad. Sci. USA 2021, 118, e2023025118. [CrossRef] [PubMed]

103. Groves, I.J.; Sinclair, J.H.; Wills, M.R. Bromodomain Inhibitors as Therapeutics for Herpesvirus-Related Disease: All BETs Are
Off? Front. Cell. Infect. Microbiol. 2020, 10, 329. [CrossRef]

104. Shi, J.; Vakoc, C.R. The Mechanisms behind the Therapeutic Activity of BET Bromodomain Inhibition. Mol. Cell 2014, 54, 728–736.
[CrossRef]

105. Bartholomeeusen, K.; Xiang, Y.; Fujinaga, K.; Peterlin, B.M. Bromodomain and Extra-Terminal (BET) Bromodomain Inhibition
Activate Transcription via Transient Release of Positive Transcription Elongation Factor b (P-TEFb) from 7SK Small Nuclear
Ribonucleoprotein *. J. Biol. Chem. 2012, 287, 36609–36616. [CrossRef]

106. Alfonso-Dunn, R.; Turner, A.-M.W.; Jean Beltran, P.M.; Arbuckle, J.H.; Budayeva, H.G.; Cristea, I.M.; Kristie, T.M. Transcriptional
Elongation of HSV Immediate Early Genes by the Super Elongation Complex Drives Lytic Infection and Reactivation from
Latency. Cell Host Microbe 2017, 21, 507–517.e5. [CrossRef]

107. Britt, W.J.; Mach, M. Human Cytomegalovirus Glycoproteins. Intervirology 1996, 39, 401–412. [CrossRef]
108. Wills, M.R.; Carmichael, A.J.; Mynard, K.; Jin, X.; Weekes, M.P.; Plachter, B.; Sissons, J.G. The Human Cytotoxic T-Lymphocyte

(CTL) Response to Cytomegalovirus Is Dominated by Structural Protein Pp65: Frequency, Specificity, and T-Cell Receptor Usage
of Pp65-Specific CTL. J. Virol. 1996, 70, 7569–7579. [CrossRef]

109. Forte, E.; Swaminathan, S.; Schroeder, M.W.; Kim, J.Y.; Terhune, S.S.; Hummel, M. Tumor Necrosis Factor Alpha Induces Reactiva-
tion of Human Cytomegalovirus Independently of Myeloid Cell Differentiation Following Posttranscriptional Establishment of
Latency. mBio 2018, 9, e01560-18. [CrossRef]

110. Montag, C.; Wagner, J.A.; Gruska, I.; Vetter, B.; Wiebusch, L.; Hagemeier, C. The Latency-Associated UL138 Gene Product of
Human Cytomegalovirus Sensitizes Cells to Tumor Necrosis Factor Alpha (TNF-Alpha) Signaling by Upregulating TNF-Alpha
Receptor 1 Cell Surface Expression. J. Virol. 2011, 85, 11409–11421. [CrossRef] [PubMed]

111. Korngold, R.; Marini, J.C.; de Baca, M.E.; Murphy, G.F.; Giles-Komar, J. Role of Tumor Necrosis Factor-Alpha in Graft-versus-Host
Disease and Graft-versus-Leukemia Responses. Biol. Blood Marrow Transplant. J. Am. Soc. Blood Marrow Transplant. 2003, 9,
292–303. [CrossRef]

112. Ding, L.; Ning, H.-M.; Li, P.-L.; Yan, H.-M.; Han, D.-M.; Zheng, X.-L.; Liu, J.; Zhu, L.; Xue, M.; Mao, N.; et al. Tumor Necrosis
Factor α in AGVHD Patients Contributed to the Impairment of Recipient Bone Marrow MSC Stemness and Deficiency of Their
Hematopoiesis-Promotion Capacity. Stem Cell Res. Ther. 2020, 11, 119. [CrossRef]

113. Krishna, B.A.; Poole, E.L.; Jackson, S.E.; Smit, M.J.; Wills, M.R.; Sinclair, J.H. Latency-Associated Expression of Human Cy-
tomegalovirus US28 Attenuates Cell Signaling Pathways To Maintain Latent Infection. mBio 2017, 8, e01754-17. [CrossRef]
[PubMed]

114. Buehler, J.; Zeltzer, S.; Reitsma, J.; Petrucelli, A.; Umashankar, M.; Rak, M.; Zagallo, P.; Schroeder, J.; Terhune, S.; Goodrum, F. Op-
posing Regulation of the EGF Receptor: A Molecular Switch Controlling Cytomegalovirus Latency and Replication. PLoS Pathog.
2016, 12, e1005655. [CrossRef]

115. 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]

116. Mlera, L.; Moy, M.; Maness, K.; Tran, L.N.; Goodrum, F.D. The Role of the Human Cytomegalovirus UL133-UL138 Gene Locus in
Latency and Reactivation. Viruses 2020, 12, 714. [CrossRef]

117. Young, L.C.; Campling, B.G.; Cole, S.P.C.; Deeley, R.G.; Gerlach, J.H. Multidrug Resistance Proteins MRP3, MRP1, and MRP2 in
Lung Cancer: Correlation of Protein Levels with Drug Response and Messenger RNA Levels. Clin. Cancer Res. 2001, 7, 1798–1804.

118. Weekes, M.P.; Tan, S.Y.L.; Poole, E.; Talbot, S.; Antrobus, R.; Smith, D.L.; Montag, C.; Gygi, S.P.; Sinclair, J.H.; Lehner, P.J.
Latency-Associated Degradation of the MRP1 Drug Transporter during Latent Human Cytomegalovirus Infection. Science 2013,
340, 199–202. [CrossRef]

119. Poole, E.; Wills, M.; Sinclair, J. Human Cytomegalovirus Latency: Targeting Differences in the Latently Infected Cell with a View to
Clearing Latent Infection. Available online: https://www.hindawi.com/journals/njos/2014/313761/ (accessed on 24 July 2017).

120. Krishna, B.A.; Spiess, K.; Poole, E.L.; Lau, B.; Voigt, S.; Kledal, T.N.; Rosenkilde, M.M.; Sinclair, J.H. Targeting the Latent
Cytomegalovirus Reservoir with an Antiviral Fusion Toxin Protein. Nat. Commun. 2017, 8, 14321. [CrossRef] [PubMed]

121. Krishna, B.A.; Miller, W.E.; O’Connor, C.M. US28: HCMV’s Swiss Army Knife. Viruses 2018, 10, 445. [CrossRef] [PubMed]
122. Elder, E.; Krishna, B.; Williamson, J.; Aslam, Y.; Farahi, N.; Wood, A.; Romashova, V.; Roche, K.; Murphy, E.; Chilvers, E.; et al.

Monocytes Latently Infected with Human Cytomegalovirus Evade Neutrophil Killing. iScience 2019, 12, 13–26. [CrossRef]
[PubMed]

http://doi.org/10.1084/jem.20050882
http://doi.org/10.1086/339963
http://doi.org/10.1073/pnas.2023025118
http://www.ncbi.nlm.nih.gov/pubmed/33619107
http://doi.org/10.3389/fcimb.2020.00329
http://doi.org/10.1016/j.molcel.2014.05.016
http://doi.org/10.1074/jbc.M112.410746
http://doi.org/10.1016/j.chom.2017.03.007
http://doi.org/10.1159/000150510
http://doi.org/10.1128/JVI.70.11.7569-7579.1996
http://doi.org/10.1128/mBio.01560-18
http://doi.org/10.1128/JVI.05028-11
http://www.ncbi.nlm.nih.gov/pubmed/21880774
http://doi.org/10.1016/S1083-8791(03)00087-9
http://doi.org/10.1186/s13287-020-01615-9
http://doi.org/10.1128/mBio.01754-17
http://www.ncbi.nlm.nih.gov/pubmed/29208743
http://doi.org/10.1371/journal.ppat.1005655
http://doi.org/10.1371/journal.ppat.1008037
http://doi.org/10.3390/v12070714
http://doi.org/10.1126/science.1235047
https://www.hindawi.com/journals/njos/2014/313761/
http://doi.org/10.1038/ncomms14321
http://www.ncbi.nlm.nih.gov/pubmed/28148951
http://doi.org/10.3390/v10080445
http://www.ncbi.nlm.nih.gov/pubmed/30127279
http://doi.org/10.1016/j.isci.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30677738


Viruses 2021, 13, 817 16 of 16

123. Spiess, K.; Jeppesen, M.G.; Malmgaard-Clausen, M.; Krzywkowski, K.; Dulal, K.; Cheng, T.; Hjortø, G.M.; Larsen, O.; Burg, J.S.;
Jarvis, M.A.; et al. Rationally Designed Chemokine-Based Toxin Targeting the Viral G Protein-Coupled Receptor US28 Potently
Inhibits Cytomegalovirus Infection in Vivo. Proc. Natl. Acad. Sci. USA 2015, 112, 8427–8432. [CrossRef]

124. Casarosa, P.; Menge, W.M.; Minisini, R.; Otto, C.; van Heteren, J.; Jongejan, A.; Timmerman, H.; Moepps, B.; Kirchhoff, F.;
Mertens, T.; et al. Identification of the First Nonpeptidergic Inverse Agonist for a Constitutively Active Viral-Encoded G
Protein-Coupled Receptor. J. Biol. Chem. 2003, 278, 5172–5178. [CrossRef]

125. Groof, T.W.M.D.; Elder, E.G.; Heukers, R.; Lim, E.Y.; Wills, M.; Sinclair, J.H.; Smit, M.J. Targeting the Latent Human Cy-
tomegalovirus Reservoir with Virus Specific Nanobodies. bioRxiv 2020. [CrossRef]

126. Ku, T.J.Y.; Ribeiro, R.V.P.; Ferreira, V.H.; Galasso, M.; Keshavjee, S.; Kumar, D.; Cypel, M.; Humar, A. Ex-Vivo Delivery of
Monoclonal Antibody (Rituximab) to Treat Human Donor Lungs Prior to Transplantation. EBioMedicine 2020, 60, 102994.
[CrossRef] [PubMed]

127. Galasso, M.; Feld, J.J.; Watanabe, Y.; Pipkin, M.; Summers, C.; Ali, A.; Qaqish, R.; Chen, M.; Ribeiro, R.V.P.; Ramadan, K.;
et al. Inactivating Hepatitis C Virus in Donor Lungs Using Light Therapies during Normothermic Ex Vivo Lung Perfusion.
Nat. Commun. 2019, 10, 481. [CrossRef]

128. Haese, N.N.; Burg, J.M.; Andoh, T.F.; Jones, I.K.A.; Kreklywich, C.N.; Smith, P.P.; Orloff, S.L.; Streblow, D.N. Macrophage
Depletion of CMV Latently Infected Donor Hearts Ameliorates Recipient Accelerated Chronic Rejection. Transpl. Infect. Dis. 2020,
23, e13514. [CrossRef] [PubMed]

129. Ribeiro, R.V.; Ku, T.; Ferreira, V.H.; Galasso, M.; Moshkelgosha, S.; Michaelsen, V.; Wang, A.; Ali, A.; Ramadan, K.; Gomes, B.M.;
et al. Targeting Latent Human Cytomegalovirus (CMV) with a Novel Fusion Toxin Protein during Ex Vivo Lung Perfusion.
J. Heart Lung Transplant. 2020, 39, S83. [CrossRef]

130. Cypel, M. Ex Vivo Lung Perfusion (EVLP). Curr. Respir. Care Rep. 2013, 2, 167–172. [CrossRef]
131. Cypel, M.; Keshavjee, S. Ex Vivo Lung Perfusion. Oper. Tech. Thorac. Cardiovasc. Surg. 2014, 19, 433–442. [CrossRef]
132. Cypel, M.; Liu, M.; Rubacha, M.; Yeung, J.C.; Hirayama, S.; Anraku, M.; Sato, M.; Medin, J.; Davidson, B.L.; de Perrot, M.; et al.

Functional Repair of Human Donor Lungs by IL-10 Gene Therapy. Sci. Transl. Med. 2009, 1, 4ra9. [CrossRef]
133. Slobedman, B.; Mocarski, E.S. Quantitative Analysis of Latent Human Cytomegalovirus. J. Virol. 1999, 73, 4806–4812. [CrossRef]

[PubMed]
134. Hosgood, S.A.; Hoff, M.; Nicholson, M.L. Treatment of Transplant Kidneys during Machine Perfusion. Transpl. Int. Off. J. Eur. Soc.

Organ. Transplant. 2021, 34, 224–232. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1509392112
http://doi.org/10.1074/jbc.M210033200
http://doi.org/10.1101/2020.05.12.071860
http://doi.org/10.1016/j.ebiom.2020.102994
http://www.ncbi.nlm.nih.gov/pubmed/32950000
http://doi.org/10.1038/s41467-018-08261-z
http://doi.org/10.1111/tid.13514
http://www.ncbi.nlm.nih.gov/pubmed/33205500
http://doi.org/10.1016/j.healun.2020.01.1310
http://doi.org/10.1007/s13665-013-0058-9
http://doi.org/10.1053/j.optechstcvs.2015.03.001
http://doi.org/10.1126/scitranslmed.3000266
http://doi.org/10.1128/JVI.73.6.4806-4812.1999
http://www.ncbi.nlm.nih.gov/pubmed/10233941
http://doi.org/10.1111/tri.13751
http://www.ncbi.nlm.nih.gov/pubmed/32970886

	Introduction 
	Current HCMV Antivirals 
	Ganciclovir 
	Foscarnet 
	Cidofovir 
	Letermovir 
	Maribavir 
	Antibody Therapies 

	Strategies for Targeting the Latent HCMV Reservoir 
	Potential ‘Shock and Kill’ Treatments to Purge the Latent HCMV Reservoir 
	Eradicating the Latent Reservoir by Targeting Viral Genes Expressed during Latency 
	Vincristine and UL138 
	F49A Fusion Toxin Protein to Target US28 
	US28 Inhibitors as a Novel Method for ‘Shock and Kill’ 


	Targeting the Latent Reservoir in the Transplant Scenario 
	Conclusions 
	References

