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Human cytomegalovirus latency and
reactivation in and beyond the myeloid
lineage

John Sinclair' & Emma Poole*'

ABSTRACT: After primary infection with human cytomegalovirus (HCMV), which
rarely causes any serious clinical problems in the immune competent, the virus persists
subclinically for the lifetime of the host due, at least in part, to its ability to undergo latent
infection. By contrast, HCMV can be a serious cause of morbidity, and in some cases
mortality, upon primary infection of, or reactivation in, immune suppressed individuals.
While current antivirals that target its lytic lifecycle have helped enormously in managing
HCMV disease, to date, there are no available antivirals that target latent infection. In this
review, we discuss research using natural and experimental models of latency that has led to
some understanding of how HCMV latency is maintained, and reactivation controlled, in the
myeloid lineage. Such analyses are now beginning to inform us of novel rationales that could
allow the development of novel antivirals to target latency, itself.

Human cytomegalovirus (HCMYV) is the prototypic B-herpesvirus and, like all herpesviruses,
establishes a life-long persistent infection in the host [1]. This carriage of virus for the lifetime of the
infected individual likely reflects a complex interplay between two forms of virus lifecycle 77 vivo:
low level lytic replication (which is too low to permit routine detection of infectious virons) as well
as latent carriage — biological property of all herpesviruses. In contrast with lytic infection, dur-
ing latent infection, there is a restricted viral gene expression profile that results in a lack of lytic
replication and an absence of any virion production.

In healthy immune competent virus carriers, it is argued that any low level lytic replication is
robustly controlled by the immune system and is, hence, routinely asymptomatic [1]. However, in
immune-compromised individuals, such low level virus production is no longer adequately con-
trolled and leads to detectable lytic infection of numerous cell types resulting in overt disease in
an array of tissues [2-5].

There is currently no robust vaccine for HCMV and, although current antiviral treatments have
been very effective in a number of clinical settings, all licensed antivirals for HCMYV, to date, target
lytic replication and will not target latently infected cells in which there is a lack of virus replication
and production. Consequently, identifying and understanding the cell types that HCMYV is carried
in during latency and understanding lytic-latent regulation is crucial to allow the development of
novel antiviral therapeutics to comprehensively target this persistent human pathogen.

HCMV latent carriage in cells of the myeloid lineage

Hints that helped identify the sites of HCMYV latency in asymptomatic seropositive carriers have
come from the observations that infectious virus can be transmitted from healthy HCMYV seroposi-
tive blood donors to seronegative immune suppressed recipients (as well as seropositive recipients

Department of Medicine, Box 157, University of Cambridge, Addenbrooke'’s Hospital, Hills Road, Cambridge, CB2 0QQ, UK
*Author for correspondence: elp27@hermes.cam.ac.uk

10.2217/FVL.14.34 © Emma Poole Future Virol. (2014) 9(6), 557-563

KEYWORDS
e human cytomegalovirus
e latency ¢ myeloid
e reactivation

Future %
Medicine G

ISSN 1746-0794

557



REVIEW Sinclair & Poole

558

infected with a different strain of HCMYV, e.g.,
from a seropositive allograft) that can, after
immune suppression, result in overt HCMV
disease in these recipient patients [6-8]. However,
infectious virus cannot be isolated from the
blood of healthy donors [9], suggesting a latent
carriage of the virus in the blood compartment.
The exact cells involved were further defined by
the observation that transfusion of leukocyte-
depleted blood substantially decreased HCMV
disease [10], arguing that infectious virus was
transmitted in the white blood cell compart-
ment. The advent of sensitive DNA PCR tech-
niques confirmed that HCMV DNA is present
in peripheral blood mononuclear cells PBMC
(11-14] but specifically in monocytes, not T or B
cells [14], and also present in their CD34* pro-
genitors isolated from bone marrow [15]. Studies
of naturally latently infected peripheral blood
monocytes and CD34* progenitors derived from
bone marrow or from G-CSF mobilized periph-
eral blood also showed that the presence of viral
genome in monocytes and CD34* progenitor
cells was in the absence of extensive lytic gene
transcription, suggesting that that these cells
may represent true sites of latent infection [14-16].
In these early studies, viral DNA copy number
was shown to be extremely low with frequen-
cies around one latently infected cell in 10%/10°
(17]. However, there remains a need for follow-on
studies to analyze in detail the full spectrum of
myeloid cells that harbor latent viral genome.

HCMV reactivation by differentiation of
myeloid progenitor cells

Clearly, undifferentiated myeloid cells carry the
latent HCMV genome 7z vivo. However, a cru-
cial criterion for a biologically relevant site of
latency is the ability of latent virus to reactivate.
This leads to the important question of the sig-
nals involved in reactivating HCMV from these
myeloid sites of latency.

Insights into these signals came from the
observations that, while experimental infection
of monocytes was routinely nonpermissive, dif-
ferentiation of monocytes to monocyte-derived
macrophages led to a fully permissive pheno-
type [18.19]. This suggested that the differen-
tiation status of the myeloid lineage might be
critically important for determining whether or
not infection becomes lytic or latent. Consistent
with this, subsequent analyses have shown that
ex vivo differentiation of naturally latently
infected peripheral blood monocytes or CD34*
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progenitors to monocyte-derived macrophages
or dendritic cells resulted in reactivation of lytic
gene expression from latent genomes [14] and
the production of infectious virions [2021]. Also,
the observation that DCs isolated directly from
peripheral blood show evidence of endogenous
immediate early RNA expression fits well with
the argument that myeloid cells are, indeed, sites
of HCMYV reactivation 7 vivo [22]. However, the
exact myeloid cell types that efficiently carry
and reactivate HCMV in vivo will require a
much more detailed analysis of naturally latent
myeloid cells, perhaps using combinations of
specific myeloid cell markers. Unfortunately,
as discussed above, the frequency of naturally
latent cells in the peripheral blood makes these
types of analyses beyond our current technol-
ogy and so many laboratories have resorted to
the use of infection of primary cells [21,23-28],
as well as established cells lines [29-31] in culture
as models of experimentally latent infection. In
all cases, these models allow the long-term cul-
ture (up to 20 days for primary myeloid cells)
of cells carrying quiescent viral genomes from
which virus can be reactivated after differentia-
tion along the myeloid lineage. In many cases,
these experimental models of latency faithfully
reflect a number of aspects of natural latency [21]
but, importantly, much of the data accrued from
such experimental infection models still needs to
be cross-confirmed in natural infection.

Chromatin modulates HCMV latency

& reactivation in the myeloid cells

The experimental models outlined above have
been used to analyze the mechanisms that con-
trol latency and reactivation in the myeloid
lineage. It is now accepted that these mecha-
nisms, which result in HCMV remaining latent
in myeloid progenitors but that result in virus
reactivation following myeloid differentiation,
appear to be closely linked to the chromatin
structure of the major immediate early pro-
moter (MIEP), which drives immediate early
lytic gene expression [2132]. Essentially, during
latency the MIEP is associated with histone
repressive marks likely resulting from binding
of high levels of repressive transcription factors
that are differentiation dependent; although,
so far, these have only been identified by trans-
fection analyses of the viral MIEP in undiffer-
entiated and differentiated cells types [22,33-37).
It is likely that as progenitor cells differenti-
ate, negative regulators of the MIEP decrease

future science group



Human cytomegalovirus latency & reactivation in & beyond the myeloid lineage

and positive regulators increase, resulting in
the MIEP becoming associated with mark-
ers of active chromatin [21,32], consistent with
the observed expression of lytic genes in these
cells. Importantly, this link between histone
post-translational modification and the regula-
tion of HCMYV latency and reactivation is also
observed in naturally latent cells ex vivo [22).
Whether the virus is involved in the differentia-
tion events required for its reactivation, or just
a silent passenger waiting for extrinsic signals
to occur before reactivation can occur, is not
entirely clear. Clearly, the experimental addi-
tion of cytokines to naturally latent myeloid
progenitor cells results in differentiation and
concomitant virus reactivation. However, tran-
scriptome analyses of infected monocytes also
suggest that HCMYV infection, in itself, can
modulate the differentiation status of these cells
(38]. Therefore, it is likely that both virus-driven
effects, as well as extrinsic cellular factors, play
a role in the regulation of HCMYV latency and
reactivation.

Regardless, analyses of experimentally latent
myeloid cells, as well as naturally latent cells, ex
vivo, have consistently implicated chromatin-
mediated modulation of the viral MIEP in the
control of viral lytic gene expression during
latency and reactivation and the view that the
differentiation-specific milieu of cellular, and
perhaps viral, transcription factors, plays an
important role in this modulation. For instance,
recent reports using experimental models of
latency have suggested that the suppression of
viral lytic gene expression during latent infec-
tion may be facilitated by the absence of the
viral transcriptional activator pp71 [39], as well
as latency-associated expression of a viral long
ncRNA (Inc4.9 RNA) [40]. Thus, it appears that
the reactivation from latency is probably regu-
lated by both external factors contributing to
the differentiation status of the myeloid cell,
as well as viral gene products present during
latent infection.

HCMV genome maintenance in the
myeloid lineage

CD34* hematopoietic stem cells, then clearly
carry latent and, importantly, reactivatable
viral genomes and it is likely that this is car-
ried as an episome [41]. However, how this is
maintained for the lifetime of the infected host
in unclear. It is possible that an initial primary
infection is set up in an extremely long-lived
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pluripotent hematopoeitic progenitor. While
such very long-lived progenitor populations are
believed to exist in vivo [42], it seems unlikely
that a single initial infection provides sufficient
latently infected hematopoietic progenitors for
the lifetime of the host. We favor the view that,
in normal healthy HCMYV seropositive carriers,
subclinical reactivation routinely occurs dur-
ing persistent carriage and these, or multiple
subclinical reinfections, continually reseed new
hematopoietic progenitors during the life of the
host. Nevertheless, we cannot formally rule out
that a self-renewing hematopoetic progenitor
population maintains a latently replicating form
of the viral genome. Although there is no direct
evidence for such a mechanism of latent viral
genome maintenance, a recent analysis of tran-
scripts during natural HCMV latency detected
transcripts associated with viral DNA replica-
tion and proteins encoded by these RNAs could
associate with viral genomes from experimen-
tally latently infected cells (42]. Attractively, in
these studies, the terminal repeat region of the
viral genome appeared to provide a cis-acting
genome maintenance function [40]. However,
many of the other viral transcripts identified
also encode viral gene products that are gener-
ally thought to be involved in lytic viral DNA
replication. Consequently, it is unclear at pre-
sent how these observations might fit with a
latent genome replication model.

Another important question about latent
viral genome carriage is posed by the observa-
tion that pleuripotent CD34* cells carry latent
viral genome, yet latent viral genomes are only
carried down the myeloid lineage — it is not
present in lymphoid derivatives [14]. A hint as
to how this might be explained comes from
studies that are consistent with the view that
latent infection may result in changes in cel-
lular gene expression that favor myeloid differ-
entiation [43-47]. For instance, we have shown
recently that a number of changes in cellular
gene expression result from latent infection.
One of these is an increase in the cellular tran-
scription factor GATA-2, which is known to
be involved in maintaining myeloid differen-
tiation [43.44]. This, again, suggests that latent
infection, itself, may help drive latently infected
undifferentiated cells down the myeloid lineage
resulting in HCMV reactivating in important
antigen-presenting cells (such as dendritic cells)
where it can modulate multiple arms of the host
immune response.
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Viral & cellular gene regulation by HCMV
in the myeloid lineage

To what extent HCMV is a silent passenger in
latently infected myeloid cells has long been
debated. Recent evidence now strongly suggests
that latent infection, during which there is a
much more limited viral transcription profile,
is still able to extensively manipulate the cell.
Although there are discrepancies in the litera-
ture regarding the specific viral genes expressed
during latency, likely due to differences in the
model systems used and the sensitivity of detec-
tion techniques, expression of a number of viral
genes is routinely detectable in naturally latent
infected cells. These include, US28, latent viral
IL-10, UL144, LUNA and UL138 [45,48-50].
Although the exact roles of the products of these
genes during HCMYV latency have not been fully
established, some insights into their possible
roles during latent infection have been deter-
mined. For instance, UL138 has been suggested
to be important for maintenance of latent infec-
tion either as a factor required for latent carriage
or as a factor to suppress reactivation - at least in
some experimental latent models [49]; the latent
viral IL-10 can cause downregulation of MHC
class IT on the cell surface of cells [s1; LUNA has
been reported to be important for reactivation
from latency [s2]; US28 is a chemokine recep-
tor that responds to CC chemokines and is also
constitutively active [53] and UL144 is a TNF
family ligand for HVEM [s4;55] that shows an
ability to indirectly enhance the TH2 immune
response in model systems and, thus, may act to
suppress the TH1 immune response and avoid
immune detection [56].

Interestingly, at least two of these latency-
associated genes (LUNA and ULI144) have
GATA-2 binding sites in their promoters [45,57]
and suggest that the latency-associated increase
in GATA-2, described above, may be dually
functional; it not only helps drive the latently
infected cell down the myeloid lineage but it
is concomitantly used to drive viral latent gene
expression [45]. While this suggests that any mye-
loid-active promoter may drive expression of any
viral gene in the HCMV genome during latent
infection, it has been shown that the insertion
of a heterologous myeloid-active promoter in
the HCMV genome is not sufficien, in itself, to
lead to its transcriptional activation in myeloid
cells [s8]. Consequently, the exact mechanisms
regulating viral latency-associated gene expres-
sion in early myeloid progenitors is likely more

Future Virol. (2014) 9(6)

complex than simply the presence or absence of
a myeloid-active promoter.

Latent infection of myeloid cells also has a
profound effect on cellular gene expression.
For example, latent infection of CD34* cells is
known to manipulate the expression of a number
of cellular miRNAs and at least one of these
changes was involved in the induction of expres-
sion of GATA-2 [46]. Similarly, a recent analysis
of secreted cellular proteins during latent infec-
tion showed major changes in the latency-asso-
ciated secretome and that this directly affected
CD4* T cell surveillance of latently infected cells
(59], as well as the maintenance of latent viral
genome by inhibiting apoptosis [46].

Therefore, although far from complete, a
picture is slowly emerging of how HCMYV viral
gene expression is regulated during latency;
how latency-associated viral gene expression
modulates cellular gene expression and how this
orchestration of viral and cellular gene expres-
sion optimizes latent carriage and reactivation
in the myeloid lineage.

The importance of understanding such virus—
host interactions during latency cannot be over-
estimated and this has recently been underscored
by the fact that changes in cellular gene expres-
sion resulting from latency-associated expression
of the viral UL138 gene product has led to the
first example of a novel therapeutic strategy to
target latently infected cells [60].

HCMV carriage in other cell types?

GATA2 is not only important for myeloid differ-
entiation but also differentiation of hematopoi-
etic progenitors along the endothelial cell lineage
(44,61). Some endothelial cells can be derived from
the same cell progenitors as myeloid cells [62.63].
Further to this, HCM V-associated pathologies
can occur in endothelial cells of the lung and
intestine [64]. These observations have led to
the suggestion that HCMV may also be carried
along the endothelial cell lineage [65]. However,
an initial study analyzing endothelial cells from
the saphenous vein of healthy seropositive indi-
viduals did not detect HCMV [¢6], which sug-
gested that endothelial cells of the microvascu-
lature are unlikely to be a site of HCMV latency.
It is, however, possible that aortic endothelial
cells of the macrovasculature may harbor latent
HCMYV. This does warrant further investigation
but the ethical issues of analyzing such tissues
from healthy individuals makes addressing this
problematic.
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Recent studies that have analyzed differential
permissiveness of differentiating neural cell popu-
lations have also implicated neural progenitor cells
as potential reservoirs of virus and viral persistence
[67.68] but whether these are true sites of latency
in vivo will require detailed further analysis of
naturally latent cells and, importantly, that these
cells can be induced to reactivate latent quiescent
genomes.

Conclusion & future perspective

Our understanding of HCMV latency has slowly
grown over the last decade and detailed analyses
of the effects of latent infection on the cell has, at
least in one case, led to the possibility of novel ther-
apeutics to target myeloid cells carrying latent viral
genome [60] and, as our understanding of changes
in the latent cell phenotype increases, this is likely
to expand significantly over the next 5-10 years.
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However, if HCMV is ever to be fully con-

trolled in the clinical setting, an even more com-

plete understanding of where latent genomes

reside, perhaps in sites other than the myeloid

lineage, how these genomes are maintained and

the roles of latency-associated gene expression, as

well as the effects of latent infection on the cell,

will be essential.
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EXECUTIVE SUMMARY

Human cytomegalovirus latent carriage in cells of the myeloid lineage

e The myeloid lineage is a site of latency.

Human cytomegalovirus reactivation by differentiation of myeloid progenitor cells

e There are a number of factors that regulate reactivation from latency.

Chromatin modulates human cytomegalovirus latency & reactivation in the myeloid cells

e Chromatin structure plays a role in the regulation of latency and reactivation.

Human cytomegalovirus genome maintenance in the myeloid lineage

e Viral genome is carried in cells of the myeloid lineage.

Viral & cellular gene regulation by human cytomegalovirus in the myeloid lineage

e Only afew genes have been demonstrated to be transcribed during human cytomegalovirus latency.

e Roles for viral and cellular genes during latency in myeloid cells.

Human cytomegalovirus carriage in other cell types?

e Thereis evidence to suggest that human cytomegalovirus is not only carried in the myeloid lineage.
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