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Expanding the Known Functional
Repertoire of the Human
Cytomegalovirus pp71 Protein
Robert F. Kalejta and Emily R. Albright*

McArdle Laboratory for Cancer Research, Institute for Molecular Virology, University of Wisconsin – Madison, Madison, WI,

United States

The human cytomegalovirus pp71 protein is packaged within the tegument of infectious

virions and performs multiple functions in host cells to prime them for productive,

lytic replication. Here we review the known and hypothesized functions of pp71 in

regulating proteolysis, infection outcome (lytic or latent), histone deposition, transcription,

translation, immune evasion, cell cycle progression, and pathogenesis. We also

highlight recent advances in CMV-based vaccine candidates informed by an improved

understanding of pp71 function.

Keywords: cytomegalovirus, HCMV, pp71, tegument, chromatin, latency

INTRODUCTION

Herpesviruses such as human cytomegalovirus (HCMV) have two distinct infection types,
productive (lytic) and latent. A key step in determining which infection type will be initiated upon
infection is the transcription of the viral immediate early (IE) genes, which must be activated
to initiate productive infection but suppressed when latency is established. The promoter that
drives the transcription of the major IE genes, the Major Immediate Early Promoter (MIEP), is
not fully constitutively active in the context of the viral genome, but rather is transactivated by
a virally encoded protein that is packaged within the tegument layer of infectious virions and is
co-delivered to cells upon virion entry. For HCMV, that tegument transactivator is the pp71 protein
that stimulates the MIEP in reporter assays (Liu and Stinski, 1992) and translocates to the nucleus
in lytically infected cells (Hensel et al., 1996) to activate the MIEP and induce the transcription of
the genes encoding the viral IE1 and IE2 proteins. A pp71-null HCMV recombinant (Bresnahan
and Shenk, 2000) has a major defect in IE gene expression and productive replication. During a
productive, lytic infection, tegument-delivered pp71 initiates and sustains MIEP transcription long
enough for the de novo synthesized IE1 protein to promote prolonged lytic phase gene expression
(Vardi et al., 2018) and the completion of productive replication.

But pp71 is not simply an activator of IE transcription at the start of lytic infections. This
protein also controls viral chromatin states, evasion of intrinsic, innate, and adaptive immunity,
latency establishment, the cell cycle, and likely other viral and cellular processes that contribute to
HCMV infections (Figure 1). Here are discussed the numerous activities of pp71, with particular
attention to features newly-discovered or not sufficiently addressed in previous reviews (Kalejta,
2004, 2008a,b; Saffert and Kalejta, 2008; Penkert and Kalejta, 2011, 2012).

pp71 MODIFICATIONS, INTERACTIONS, FUNCTIONS, AND
ACTIVITIES

pp71, encoded by the UL82 gene, is a phosphorylated protein with an apparent molecular weight
of 71 kDa. It is phosphorylated on multiple residues (Shen et al., 2008), and these residues, when

6
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FIGURE 1 | Overview of the major roles of pp71 during HCMV infection. Major

functions of pp71 include control of viral gene expression, immune evasion,

and cell cycle regulation. pp71 regulates viral gene expression by preventing

the assembly of transcriptionally repressive heterochromatin on viral genomes,

inhibiting intrinsic cellular factors, and promoting translation. pp71 contributes

to immune evasion by inhibiting components of the intrinsic, innate, and

adaptive immune responses. pp71 also controls cell cycle progression by

inhibiting the Rb family of tumor suppressor proteins and the

onco-microRNA miR21.

phosphorylated or not, control the sub-cellular localization of
ectopically expressed pp71. It is unclear how phosphorylation
affects the localization or function of pp71 when naturally
expressed from the viral genome during infection. pp71 is also
SUMOylated (Hwang and Kalejta, 2009), although a role for this
modification has not been demonstrated. pp71 was also recently
reported to undergo protein S-nitrosylation, which may modify
its ability to impair host innate immune defenses (see below)
(Nukui et al., 2020). Other post-translational modifications of
pp71 have not been reported.

Proteins that interact with pp71 have been determined
by multiple methods, including yeast two-hybrid screening,
pulldown-mass spectrometry, and co-immunoprecipitation.
Functions for most of the viral (Phillips and Bresnahan, 2011;
Nobre et al., 2019) and cellular (Hofmann et al., 2002; Lee
et al., 2012; Nobre et al., 2019) interactions are not known.
The major interactors of pp71, for which functions have been
established and are described below, include Daxx, STING, and
the retinoblastoma (Rb) family of tumor suppressors.

The major functions of pp71 appear to be the control of
viral IE transcription, regulation of the cell cycle, and immune
evasion. pp71 has no known enzymatic activity, although the
protein shares homology with dUTPase family members while
lacking residues critical for catalytic function (Davison and
Stow, 2005). The enzymatic function most associated with pp71
is proteolysis, where pp71 mediates the proteasome-dependent
degradation of at least a subset of the proteins to which it binds,
including Daxx (Saffert and Kalejta, 2006), BclAF1 (Lee et al.,

2012), and the Rb family members (Kalejta et al., 2003). While
pp71-mediated degradation requires the ubiquitin-binding 19S
regulatory particle of the proteasome (Winkler et al., 2013),
its substrates are degraded in a ubiquitin-independent manner
(Kalejta and Shenk, 2003a; Hwang and Kalejta, 2007). The extent
to which other pp71 interactors are degraded and the mechanism
of the ubiquitin-independent degradation remain to be revealed.

In addition to mediating the proteolysis of other proteins,
pp71 itself is subject to proteolysis by Granzyme M (Van
Domselaar et al., 2010). Granzymes are secreted by immune
cells. Their entry into infected cells is supported by co-
secreted perforin. Within infected cells, granzymes cleave protein
substrates and eventually lead to cell death by apoptosis. Cleavage
of pp71 by granzyme M inhibits its ability to activate an MIEP
reporter construct (Van Domselaar et al., 2010), and thus would
presumably inhibit HCMV productive replication. Granzyme M
cleaves pp71 after its leucine amino acid at position 439 (Van
Domselaar et al., 2010) in a region of pp71 lacking known
functional significance. A virus in which the leucine at position
439 of pp71 is substituted with alanine (HCMV-pp71-L439A)
to render it non-cleavable by Granzyme M grows without
complementation in fibroblasts in vitro (Laura Winkler and Rob
Kalejta, unpublished observations), leading to questions of why
this residue that confers immune susceptibility is not selected
against. Perhaps granzymeM-mediated cleavage inactivates pp71
in the context of viral latency during which pp71 function is
detrimental to the virus (see below). HCMV may use pp71
proteolysis as a means to determine if the local immune
environment is inhospitable to productive replication and, if
so (if pp71 is cleaved by granzyme M), to eschew reactivation.
Therefore, perhaps a leucine at position 439 of pp71 has actually
been selected for, rather than being selected against.

ENTRY AND UNCOATING

Although it plays no known or expected role in the process of
HCMV entry, the fate of the pp71 protein delivered to cells by
infectious virions plays a major role in determining the outcome
of an HCMV infection. In differentiated cells such as fibroblasts
and epithelial cells, tegument-delivered pp71 quickly migrates
to and remains in the nucleus (Hensel et al., 1996; Weng et al.,
2018). However, in the undifferentiated cell line models used to
study latency (Lee et al., 2019), as well as the primary CD34+
hematopoietic progenitor cells that support both in vitro and
in vivo latency, tegument-delivered pp71 remains trapped in
the endosomes through which the virus enters, never reaching
the nucleus (Lee and Kalejta, 2019). These different sub-cellular
localizations of tegument-delivered pp71 have profound impacts
on the ability of the protein to affect viral transcription (see the
“Chromatin and Transcription” and “Latency” sections below).

CHROMATINIZATION AND
TRANSCRIPTION

pp71 plays a key role in promoting the transcription of viral IE
genes at the onset of productive replication. Recombinant viruses
lacking pp71 have impaired IE gene expression and a pronounced
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replication defect, particularly at low multiplicities of infection
(Bresnahan and Shenk, 2000; Cantrell and Bresnahan, 2005).
Although pp71 had been shown to transactivate the MIEP
(Liu and Stinski, 1992), the mechanism it employed to do so
remained elusive for over a decade. A breakthrough into how
pp71 transactivates IE transcription came when pp71 was found
to interact with the cellular protein Daxx (Hofmann et al., 2002).
Daxx, along with PML and Sp100, is a prominent component of
PML Nuclear Bodies (PML-NBs) originally observed as nuclear
dots reacting with auto-antigen (Rothfield and Rodnan, 1968;
Bernstein et al., 1984; Fritzler et al., 1984) and Sp100 antibodies
(Szostecki et al., 1990). At the time pp71 was found to interact
with Daxx, PML-NBs were a conundrum because, while the
structures were eventually disrupted during productive infections
with herpesviruses (Maul et al., 1993; Kelly et al., 1995) and
adenoviruses (Korioth et al., 1995), viral genomes seemed to
specifically localize to these structures (Ishov and Maul, 1996)
and to initiate viral transcription adjacent to them (Ishov et al.,
1997). Thus, PML-NBs had features that could be seen as pro-
viral, and others that could be seen as anti-viral (Maul, 1998).
Importantly, pp71 mutants that failed to interact with Daxx
also failed to activate an MIEP reporter (Hofmann et al., 2002),
showing that the interaction between pp71 and Daxx was critical
for pp71’s transactivation function. An increase inMIEP reporter
activity and pp71 localization to PML-NBs was observed when
Daxx and pp71 were co-transfected, leading to a model in which
Daxx played a pro-viral role by recruiting pp71 to PML-NBs
where pp71 transactivated viral gene expression (Hofmann et al.,
2002). The co-localization of pp71 and Daxx at PML-NBs was
subsequently confirmed (Ishov et al., 2002; Marshall et al., 2002),
leading to the speculation that pp71 facilitated HCMV genome
deposition and subsequent transcription at PML-NBs.

Although early studies generated models in which PML-
NBs were acting in a pro-viral manner to support HCMV
infection (Hofmann et al., 2002; Ishov et al., 2002; Marshall et al.,
2002), there were also data indicating that PML-NB proteins
could possibly be antiviral. The inhibition of cellular histone
deacetylases (HDACs), some of which partially localize to PML-
NBs, improved herpesvirus lytic phase gene expression (Murphy
et al., 2002; Tang and Maul, 2003). Furthermore, Daxx was found
to recruit HDACs to integrated copies of Avian Sarcoma Virus
(ASV) -based reporters, and to repress their transcription (Greger
et al., 2005). In addition, PML-NB components were observed
to re-localize to incoming Herpes Simplex Virus Type 1 (HSV-1)
genomes (Everett andMurray, 2005) as opposed to viral genomes
searching for existing PML-NBs. Indeed, later work (Diner et al.,
2016; Everett, 2016) confirmed that PML-NB proteins, as well as
the DNA sensor IFI16, are mobilized to incoming viral genomes
during infections with HSV-1 and HCMV. Thus, early studies
also implied an inhibitory role of PML-NB proteins against
viral replication.

In addition to binding Daxx, independent work showed that
pp71 also bound to other cellular transcriptional repressors,
namely the Rb family of tumor suppressors, Rb, p107, and
p130, and induced their proteasome-dependent, ubiquitin-
independent degradation (Kalejta and Shenk, 2003a,b; Kalejta
et al., 2003). When the effect of pp71 on Daxx steady state levels

was examined, it became clear that pp71 was sufficient to degrade
Daxx when ectopically expressed in cells, and necessary for
Daxx degradation during HCMV infection (Saffert and Kalejta,
2006). Furthermore, Daxx knockdown promoted HCMV IE gene
expression (Cantrell and Bresnahan, 2006; Preston and Nicholl,
2006; Saffert and Kalejta, 2006; Woodhall et al., 2006). These
experiments were some of the first to use RNA interference to
study HCMV infection (Wiebusch et al., 2004; Wills et al., 2005)
and provided the first definitive proof that a PML-NB protein
(Daxx) was not pro-viral as had been proposed (Hofmann
et al., 2002; Ishov et al., 2002), but was actually anti-viral. Daxx
was described as an inhibitor of intrinsic immunity against
HCMV (Saffert and Kalejta, 2006). These negative effects of
Daxx on HCMV infections were quickly confirmed and extended
to the additional PML-NB proteins (Figure 2) ATRX, BclAF1,
PML, and Sp100 by multiple independent groups (Cantrell and
Bresnahan, 2006; Everett et al., 2006; Preston and Nicholl, 2006;
Tavalai et al., 2006; Lukashchuk et al., 2008; Adler et al., 2011;
Lee et al., 2012). Since then, the inhibitory effect of PML-NBs on
viral infections has been codified (Everett and Chelbi-Alix, 2007;
Scherer and Stamminger, 2016), and we now appreciate that all
human herpesviruses likely encode a tegument protein that can
inactivate intrinsic defenses (Lieberman, 2016).

Together, Daxx and ATRX form a histone chaperone complex
that deposits the replication-independent histone variant H3.3
onto DNA (Drané et al., 2010; Lewis et al., 2010). Although
devoid of histones within virions, HCMV genomes are rapidly
assembled into nucleosomes upon entry into the nucleus of
host cells during both productive and latent infection (Murphy
et al., 2002; Nitzsche et al., 2008). This chromatinization process
requires neither viral gene expression, nor viral DNA replication
(Nitzsche et al., 2008; Albright and Kalejta, 2016). As this
initial chromatinization of infecting viral genomes is mediated
by intrinsic defense proteins, it may represent a prescribed
cellular response aimed at repressing expression of foreign
or non-nucleosomal DNA (Penkert and Kalejta, 2012; Knipe,
2015). Histone H3.3 is associated with HCMV genomes during
both productive and latent infection (Albright and Kalejta,
2016). Knockdown of Daxx prior to latent infection of THP-
1 monocytes decreased H3.3 occupancy of viral genomes and
increased the steady state levels of viral IE1/2 mRNAs that
are normally kept low or absent during latency (Albright and
Kalejta, 2016). Interestingly, the replication-dependent histones
H3.1 and H3.2 are also deposited onto latent viral genomes in
a Daxx-dependent manner (Albright and Kalejta, 2016). H3.1
and H3.2 are also deposited on viral genomes during productive
infection of fibroblasts (Albright and Kalejta, 2016). Consistent
with a role for pp71 in controlling histone deposition on viral
genomes, a recombinant pp71-null virus has increased histone
H3 occupancy during infection of fibroblasts (Albright and
Kalejta, unpublished observations).

Beyond its role as a histone chaperone, Daxx also interacts
with histone deacetylases (HDACs) as well as with the co-
repressor KAP1 and H3K9 histone methyltransferase SetDB1
to promote heterochromatin formation and transcriptional
repression (Elsässer et al., 2015; Hoelper et al., 2017). During
both productive and latent HCMV infection, histones associated
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FIGURE 2 | Role of pp71 in control of viral gene expression and latency. Upon infection of terminally differentiated cells such as fibroblasts and epithelial cells (Left),

tegument delivered pp71 localizes to the nucleus where it inactivates intrinsic defense proteins Daxx, ATRX, and BclAF1, limiting histone deposition and

heterochromatin formation on the viral genome to allow for the transcriptional activation of viral IE genes and productive viral infection. In contrast, following infection of

incompletely differentiated myeloid cells such as CD34+ HPCs and monocytes (Right), tegument-delivered pp71 remains trapped in cytoplasmic endosomes. As a

result, Daxx is not degraded and facilitates the histone deposition and assembly of repressive heterochromatin on viral genomes in conjunction with ATRX and the

KAP1/SetDB1/HDAC co-repressor complex. Heterochromatin assembly results in repression of the MIEP allowing for the establishment of latency. MIEP: Major

Immediate Early Promoter. Ac: histone acetylation. Me: histone methylation.

with viral genomes initially bear marks of transcriptionally
repressive heterochromatin, including hypoacetylated histones
and methylation at H3K9 and H3K27 (Murphy et al., 2002;
Groves et al., 2009; Sourvinos et al., 2014; Lee et al., 2015).
Knockdown of Daxx resulted in increased levels of acetylated
histones and decreased levels of H3K9methylation marks
associated with HCMV genomes during both lytic (Woodhall
et al., 2006) and latent (Albright and Kalejta, unpublished
observations) HCMV infection. Both KAP1 and SetDB1 are
associated with latent viral genomes and knockdown of KAP1
resulted in decreased H3K9me3, and increased IE1/2 transcript
levels and productive replication following infection of CD34+
HPCs in which HCMV normally establishes a latent infection
(Rauwel et al., 2015). Thus, inhibition of histone deposition and
heterochromatin formation by pp71-mediated inactivation of
Daxx and ATRX seems to promote a viral chromatin structure
conducive to transcription and is one way in which pp71
stimulates productive phase gene expression.

In addition to mediating the degradation of Daxx, pp71 also
induces Daxx SUMOylation (Hwang and Kalejta, 2009). The
significance of Daxx SUMOylation to HCMV infection is unclear
as this modification of Daxx is not required for Daxx degradation
by pp71 nor does it appear to have a substantial impact on
induction of IE gene expression, at least in fibroblasts (Hwang
and Kalejta, 2009). However, Daxx SUMOylation prevents it
from binding to NFkB and from inhibiting NFkB acetylation and
activation (Croxton et al., 2006; Park et al., 2007; Kim et al., 2017).
The HCMV MIEP contains multiple binding sites for NFkB
(Meier and Stinski, 1996) andNFkB is a well-established activator
ofMIEP activity (DeMeritt et al., 2004; Liu et al., 2010; Yuan et al.,
2015; Hancock and Nelson, 2017), although the binding sites for
NFkB in the MIEP are not required for productive replication
in fibroblasts (Gustems et al., 2006). Thus, pp71-mediated Daxx
SUMOylation may contribute to NFkB-mediated activation of

the MIEP which could be important for efficient IE gene
expression in certain contexts.

LATENCY

The Daxx-mediated silencing of the MIEP that inhibits
productive, lytic infection (see above) actually supports the
establishment of latency (Figure 2). During latency, productive
replication is inhibited, in part, by keeping the transcription and
translation of the viral IE1 and IE2 genes low or absent (Sinclair
and Reeves, 2013). Daxx knockdown activates productive phase
gene expression during latency in undifferentiated myeloid cells
(Saffert and Kalejta, 2007; Saffert et al., 2010), indicating that
Daxx silences IE gene expression to support HCMV latency.
Of note, transient knockdown of Daxx was not sufficient to
promote IE gene expression from the Toledo strain of HCMV
in the NT2 model of latency (Groves and Sinclair, 2007), likely
because low passage strains retain additional viral factors capable
of suppressing the MIEP independent of Daxx and HDAC
activity that may mask the effects of Daxx knockdown (Saffert
et al., 2010; Lee et al., 2015). Therefore, despite being anti-viral
against productive infection, Daxx is actually pro-viral for latency
establishment (Saffert and Kalejta, 2008). However, this pro-viral
role for Daxx (and perhaps other PML-NB proteins) during
latency must be overcome to permit reactivation to productive
replication. Interestingly, a viral protein encoded by the DNA
strand complementary to, and partially overlapping with the
UL82 gene that encodes pp71, seems to be responsible for
inactivating PML-NBs during reactivation. The LUNA protein
(Latency Unique Natural Antigen) (Bego et al., 2011) is expressed
from a transcript antisense to the viral UL81 and UL82 genes
(Bego et al., 2005) that, despite the name, is not unique to
latency, but is expressed during lytic infection as well (Keyes et al.,
2012). LUNA is required for reactivation (Keyes et al., 2012) and
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possesses a deSUMOylase activity that disrupts PML-NBs during
reactivation (Poole et al., 2018). The revelation that PML-NBs are
disrupted during reactivation supports previous results showing
that amajor PML-NB component, Daxx, silences viral productive
phase gene expression during latency (Saffert and Kalejta, 2007,
2008; Saffert et al., 2010).

Daxx is able to silence productive phase HCMV transcription
during latency because it is spared from degradation by
tegument-delivered pp71, which remains in the cytoplasm of the
undifferentiated cells that support HCMV latency (Saffert and
Kalejta, 2007; Saffert et al., 2010; Albright and Kalejta, 2013;
Penkert and Kalejta, 2013; Lee and Kalejta, 2019; Lee et al.,
2019). The cytoplasmic localization of tegument-delivered pp71
has been demonstrated in all cell types that support experimental
HCMV latency in vitro (Lee et al., 2019), including primary
CD34+ hematopoietic progenitor cells (Saffert et al., 2010; Lee
and Kalejta, 2019). The nuclear import of tegument-delivered
pp71 is blocked (Penkert and Kalejta, 2010) and the protein
remains associated with the endosomes through which HCMV
virions enter the undifferentiated myeloid cells in which latency
is established (Lee and Kalejta, 2019; Lee et al., 2019). While
genome-containing capsids are liberated from the endosomes
through which the virus enters in both differentiated cells
(productive infection) and undifferentiated cells (latency) (Lee
and Kalejta, 2019; Lee et al., 2019), it appears that an as yet
unidentified factor expressed only in differentiated cells (Penkert
and Kalejta, 2010) is required for pp71 to escape endosomes,
migrate to the nucleus, transactivate the MIEP, and initiate
productive infection. The importance of pp71-mediated Daxx
degradation and the subsequent initiation of viral transcription
for successful productive replication, and preventing these events
for the establishment of latency, makes understanding the
mechanism of pp71 cytoplasmic sequestration paramount.

While it is clear that pp71 plays a crucial role in initiating
viral IE gene expression at the onset of a de novo lytic infection,
whether it plays a similar role during reactivation from latency
remains to be determined. As discussed above, tegument-
delivered pp71 localizes to endosomes within the incompletely
differentiated cells in which HCMV establishes and maintains
latency (Lee and Kalejta, 2019; Lee et al., 2019). Presumably,
HCMV can maintain latency for weeks to months to years
prior to reactivation. It is improbable that tegument-delivered
pp71 would remain present and capable of inducing reactivation
after such an extended period of time. Interestingly, studies of
the reactivation of HSV1 have suggested a bi-phasic process
of reactivation where a transient, low-level de-repression of
the entire viral genome is followed by the classical temporally
regulated cascade of lytic gene expression leading to viral
genome amplification and productive replication (Du et al.,
2011; Kim et al., 2012; Cliffe et al., 2015). If such a process
also occurs during HCMV reactivation, it could allow for the
de novo expression of pp71 that makes the protein capable of
translocating to the nucleus (Saffert and Kalejta, 2007; Saffert
et al., 2010), inducing Daxx degradation, and trans activating
the MIEP to facilitate sustained lytic-phase gene expression and
full-fledged reactivation. Such a scenario would be analogous
to that of the HSV-1 tegument transactivator VP16 that is

expressed de novo prior to reactivation and localizes to the
nucleus to promote efficient reactivation (Thompson et al., 2009;
Kim et al., 2012). However, it is also possible that activation of
IE gene expression during HCMV reactivation occurs through
mechanisms that circumvent the requirement of pp71, either
because LUNA-mediated disruption of PML-NBs (Poole et al.,
2018) is sufficient to depress the MIEP and/or through the
use of alternative promoter sequences to drive transcription of
IE1/2 during reactivation (Collins-McMillen et al., 2019) whose
dependency on pp71 is unknown. Determining what role, if any,
pp71 plays during reactivation warrants additional investigation.

TRANSLATION

pp71 was recently demonstrated to bind RNA (Lenarcic et al.,
2015), a finding foreshadowed by the ontology of its interacting
proteins (Lee et al., 2012). In fact, one member of the
pp71 interactome, the RNA helicase DHX9, was found to
have enhanced association with RNA in HCMV infected cells
(Lenarcic et al., 2015), although the necessity of pp71 for
this increased interaction was not tested. pp71 was found
in polysomes and enhanced overall protein translation in
transiently transfected HeLa cells (Lenarcic et al., 2015). Co-
expression of UL35a, an HCMV protein that interacts with pp71
(Schierling et al., 2004; Salsman et al., 2011), further increased
protein synthesis. Interestingly, co-expression of pp71 induced
a slower migrating form of UL35a that may be consistent with
SUMOylation (Lenarcic et al., 2015), indicating that, like its other
binding partner Daxx (Hwang and Kalejta, 2009, 2011), pp71
may induce the SUMOylation of UL35a. The function of pp71
binding to DHX9 or RNA during viral infection remains to
be examined.

IMMUNE EVASION

Human immune systems are comprised of intrinsic,
innate, and adaptive branches, and pp71 regulates all three
(Figure 3). Intrinsic immunity (Bieniasz, 2004) is mediated
by constitutively-expressed proteins that act in a direct anti-
viral manner. For herpesviruses like HCMV, a major intrinsic
immune defense measure is the PML-NB protein-mediated
chromatinization and transcriptional silencing of viral genomes
(Tavalai and Stamminger, 2009). Indeed, Daxx was the first
intrinsic immune defense identified to target a herpesvirus
(Saffert and Kalejta, 2006), and is neutralized by pp71-mediated
proteasome-dependent, ubiquitin-independent degradation
(Hwang and Kalejta, 2007) as described above (see “Chromatin
and Transcription”).

Innate immunity represents a broad set of responses activated
after viral infections are detected through their pathogen-
associated molecular patterns (PAMPs) by pattern recognition
receptors (PRRs) (Chan and Gack, 2016; Ni et al., 2018).
A major innate immune defense activated upon DNA virus
infection is mediated by the cGAS-STING-TBK1 pathway
(Ahn and Barber, 2019). Cyclic GMP-AMP synthase (cGAS)
synthesizes cyclic GMP-AMP (cGAMP) when bound to dsDNA,
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FIGURE 3 | Role of pp71 in evading host immune responses. pp71

counteracts intrinsic, innate, and adaptive immune responses. Incoming viral

genomes are targeted by the intrinsic immune defense mediated by PML-NB

proteins resulting in heterochromatinization and transcriptional silencing. pp71

contributes to evasion of intrinsic defenses by inactivating PML-NB

components Daxx, ATRX, and BclAF1 (see Figure 2). The cGAS-STING-TBK1

innate immune sensing pathway is triggered by cGAS recognition of dsDNA,

such as viral genomes, which signals through STING and TBK1 to ultimately

result in the upregulation of interferon-stimulated genes and inflammatory

cytokines. pp71 inhibits this pathway by blocking the translocation of STING

from the ER to the Golgi where it interacts with TBK1. Adaptive immune

responses include presentation of viral antigens on the cell surface via MHC

class I molecules. pp71 inhibits this presentation by impairing trafficking of

MHC class I. pp71 is itself targeted by the immune system via cleavage by

Granzyme M (GrzM). cGAMP: cyclic GMP-AMP.

such as infecting viral genomes. cGAMP in turn binds and
activates the Stimulator of Interferon Genes (STING) triggering
the phosphorylation and activation of TANK-binding kinase-
1 (TBK1). TBK1 then activates cellular transcription factors
to promote the expression of a series of antiviral, interferon-
stimulated genes and inflammatory cytokines. pp71 disrupts
this pathway by binding to STING and preventing its required
sub-cellular translocation from the ER to the Golgi and its
interaction with TBK1 (Fu et al., 2017). The pp71-mediated
inactivation of STING has a quantitatively smaller positive effect
on HCMV replication than does pp71-mediated inactivation
of Daxx (Cantrell and Bresnahan, 2006), likely because there
are multiple HCMV proteins that inactivate STING and other
innate immune pathways (Stempel et al., 2019), but pp71 is
the only known HCMV protein to counteract the inhibitory
effects of Daxx. It was recently reported that pp71 is modified
by S-nitrosylation at Cysteine 218 within its Rb-binding LxCxD
motif (Nukui et al., 2020). Modification at this residue appears

to impair the ability of pp71 to target the cGAS-STING-
TBK1 pathway as a pp71 mutant that cannot be S-nitrosylated
at this site more potently suppresses STING-mediated innate
immune responses in the context of both ectopic expression
and productive viral infection (Nukui et al., 2020). As discussed
above (see “pp71 Modifications, Interactions, Functions, and
Activities”), pp71 can be cleaved byGranzymeM (VanDomselaar
et al., 2010), a protease secreted by cells of the innate and
adaptive immune systems. Emerging evidence indicates that
Granzyme M-mediated cleavage of pp71 also partially restores
the cGAS-STING-TBK1 pathway in HCMV infected cells (Niels
Bovenschen, personal communication), revealing an additional
means through which innate and adaptive immunity might
impede productive HCMV replication.

Adaptive immunity is a highly-specific response to unique
antigens encoded by pathogens that not only acts in a direct,
antiviral way to clear virus particles and kill infected cells,
but also creates immunologic memory that can respond faster
and stronger upon a second infection with the same pathogen.
HCMV has multiple methods to avoid or neutralize adaptive
immune responses (Noriega et al., 2012). One such method is
through the pp71-mediated downregulation of the cell surface
expression of Major Histocompatibility Complex (MHC) class
I molecules (Trgovcich et al., 2006). MHC class I molecules
present internal peptides on the cell surface. If engaged by a
cytotoxic T cell of the adaptive immune system that recognizes
the presented epitope, the cell is killed, halting the viral
infection. pp71 may prevent MHC class I trafficking to or
through the Golgi Apparatus, thus preventing its cell surface
expression (Trgovcich et al., 2006). It is unclear whether or not
a similar mechanism may be used to alter the trafficking of the
innate immunity component STING and the adaptive immunity
component MHC class I. Interestingly, tegument-delivered pp71
increases MHC class I presentation of peptides derived from the
HCMV immediate early protein IE1 (Hesse et al., 2013), whose
gene is transactivated by pp71. Perhaps the pp71-mediated,
immune suppressive downregulation of MHC class I cell surface
expression diminishes the immuno-stimulatory effect of pp71-
mediated activation of viral transcription.

CELL CYCLE

pp71 drives quiescent, G0 cells into the S phase (Kalejta
et al., 2003) by inducing the proteasome-dependent, ubiquitin-
independent degradation of the Rb family of tumor suppressors
(Kalejta and Shenk, 2003a), Rb, p107, and p130 (Figure 4).
An Rb-binding LxCxD motif within pp71 is required for this
cell cycle induction. pp71 also accelerates cells through the G1
phase of the cell cycle (Kalejta and Shenk, 2003b) through a
mechanism largely independent of its LxCxD motif. The ability
of pp71 to stimulate cell cycle progression in multiple ways
may be important for efficient viral productive replication, and
may contribute to proliferative diseases associated with HCMV
infection, including cardiovascular diseases and cancer.

The Rb protein is degraded by pp71 at the start of a productive
HCMV infection (Hume et al., 2008), but reaccumulates at
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FIGURE 4 | Role of pp71 in regulation of the cell cycle. Rb family members

block cell cycle progression from G1 into S-phase. pp71 promotes cell cycle

progression from G1 into S-phase by binding to and inducing the

proteasome-dependent, ubiquitin-independent degradation of the Rb

proteins. MicroRNA miR21 may promote cell cycle progression by down

regulating tumor suppressor proteins. pp71 expression may inhibit miR21

levels in order to fine tune cell cycle control.

later times as a series of slower migrating forms due to
phosphorylation by the viral cyclin dependent kinase like (v-
Cdk) protein UL97 (Hume et al., 2008; Prichard et al., 2008).
The significance of the reappearance of Rb was unknown until
it was demonstrated that HCMV replicates less efficiently in
Rb knockdown cells (VanDeusen and Kalejta, 2015a,b). Another
pp71 substrate, Daxx, is also degraded at early times but
reappears later in infection (Saffert and Kalejta, 2006). Unlike
Rb, however, Daxx knockdown slightly enhances productive
replication of wild-type HCMV (Cantrell and Bresnahan, 2006).
It is currently unclear if the ability of pp71 to degrade
substrates late during infection is globally impaired, or if certain
pp71-substrates simply re-accumulate (e.g., pp71 fails to bind
phosphorylated Rb species, so UL97-mediated phosphorylation
may protect Rb from pp71-mediated degradation).

miR21 is a micro RNA highly associated with human cancers
(Wu et al., 2015). Most miR21 targets are tumor suppressor
proteins, and thus it is considered an onco-miR, although it also
downregulates the cell cycle stimulatory CDC25A phosphatase
(Wang et al., 2009). miR21 levels are decreased by 20% in U-
251MG glioblastoma cells engineered to ectopically express pp71
(Fu et al., 2015). The role of miR21 or its downregulation by pp71
during HCMV infection remains unknown.

PATHOGENESIS

HCMV genomes and proteins can be detected in glioblastoma
multiforme (GBM) tumors (Cobbs et al., 2002; Dziurzynski
et al., 2012; Ranganathan et al., 2012; Liu et al., 2017), and
chemical or immunological modalities directed at HCMV are
being explored as adjunct therapy for GBMs (Foster et al., 2017).
Although pp71, like the oncoproteins of other DNA tumor
viruses (Kalejta, 2004) inactivates the Rb tumor suppressors
(Kalejta and Shenk, 2003a,b; Kalejta et al., 2003), there is no
evidence that HCMV in general, or pp71 in particular, drives

oncogenic cell division in virus-positive GBMs. However, in
GBM cells, pp71 expression activates the NFkB pathway leading
to increased expression of genes involved in the inflammatory
response, tissue remodeling, and angiogenesis (Matlaf et al.,
2013). Such a response could theoretically promote tumor cell
survival and metastasis. Interestingly, mutations in Daxx, ATRX,
or the histone H3.3 that they deposit are highly prevalent
in pediatric glioblastomas (Schwartzentruber et al., 2012). As
HCMV seropositivity increases with age (Bate et al., 2010),
perhaps pp71-mediated inactivation of Daxx precludes the
need for mutation of this pathway in adults with HCMV-
positive tumors. Recently, Daxx and the Phosphatase and Tensin
homolog (PTEN) tumor suppressor were shown to have a
synthetic lethal relationship in GBMs, where Daxx knockdown
impaired tumor growth in PTEN-negative but not PTEN-
positive tumor cells (Benitez et al., 2017). Thus, it would be
interesting to determine whether there is an inverse relationship
between HCMV-positivity and PTEN mutation in adult GBMs.

As many as 1% of newborns are infected with congenitally-
acquired HCMV infections that can cause life-long neurological
problems including microcephaly, mental defects, and hearing
loss (Britt, 2018; Permar et al., 2018). The virus can infect neural
progenitor cells where pp71 expression results in slight decreases
in the steady state levels of JAG1 and NICD1, components of
the Notch pathway (Li et al., 2015). It is unclear if the modest
downregulation observed affected the function of the Notch
pathway for proliferation or differentiation in these cells, or
if this downregulation by pp71 leads to any sequelae during
congenital infections.

Finally, in addition to causing pathogenesis, vaccine
approaches informed by research on the functions of pp71 are
promising new weapons to treat or prevent HCMV-induced
pathogenesis. Rhesus cytomegalovirus (RhCMV)-based vectors
are being developed as vaccine candidates (Hansen et al., 2011)
for multiple infections, including the Human Immunodeficiency
Virus (HIV) that causes AIDS. RhCMV vectors expressing
Simian Immunodeficiency Virus (SIV) antigens controlled and
even cleared pathogenic SIV infections in Rhesus macaques
(Hansen et al., 2013). Deleting the pp71 homolog within
the RhCMV genome (Rh110) generated a vaccine vector
that replicated well in vitro but poorly in vivo. However, the
immunogenicity of the vaccine and its protection against SIV
infection remained similar to wild type (Hansen et al., 2019;
Marshall et al., 2019). Thus, generating an attenuated virus by
removing a viral inhibitor of intrinsic immunity seems to have
created a safer vaccine vector.

SUMMARY

Considerable effort on the part of many laboratories has
established that pp71 is a multifunctional protein that regulates
assorted cellular and viral processes. The stimulation of viral IE
transcription via the inactivation of intrinsic immune defenses
through Daxx degradation is the critical function of pp71 during
productive replication, but is absent during latency because
of the cytoplasmic sequestration of tegument-delivered pp71.
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Other functions of pp71 in regulating cell cycle progression and
evading innate and adaptive immune responses appear to be
largely dispensable for productive viral replication in fibroblasts,
likely due to functional redundancy provided by other viral
proteins. These functions of pp71 may play more important
roles in other cell types or infection contexts. Mechanistic
details of many of pp71 functions remain elusive. While it
is clear that pp71 degrades at least a subset of its targets in
a proteasome-dependent, ubiquitin-independent manner, the
details of this process have yet to be illuminated. The subcellular
localization of pp71 is clearly an important control point in
regulating its function that appears to be dictated by both
phosphorylation and the ill-defined process of virion uncoating,
but specifics are lacking. The continued exploration of the
functions and regulation of pp71 promises to reveal new insights

into the sensing of incoming viral genomes, viral genome
chromatinization and epigenetic modification, and how the
modulation of cell cycle progression and each arm of the immune
system contributes to the significant pathogenesis associated with
HCMV infections.
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CMV is an ancient herpesvirus that has co-evolved with its host over millions of years.

The 236 kbp genome encodes at least 165 genes, four non-coding RNAs and 14

miRNAs. Of the protein-coding genes, 43–44 are core replication genes common to

all herpesviruses, while ∼30 are unique to betaherpesviruses. Many CMV genes are

involved in evading detection by the host immune response, and others have roles in

cell tropism. CMV replicates systemically, and thus, has adapted to various biological

niches within the host. Different biological niches may place competing demands on the

virus, such that genes that are favorable in some contexts are unfavorable in others. The

outcome of infection is dependent on the cell type. In fibroblasts, the virus replicates

lytically to produce infectious virus. In other cell types, such as myeloid progenitor cells,

there is an initial burst of lytic gene expression, which is subsequently silenced through

epigenetic repression, leading to establishment of latency. Latently infected monocytes

disseminate the virus to various organs. Latency is established through cell type specific

mechanisms of transcriptional silencing. In contrast, reactivation is triggered through

pathways activated by inflammation, infection, and injury that are common to many cell

types, as well as differentiation of myeloid cells to dendritic cells. Thus, CMV has evolved

a complex relationship with the host immune response, in which it exploits cell type

specific mechanisms of gene regulation to establish latency and to disseminate infection

systemically, and also uses the inflammatory response to infection as an early warning

systemwhich allows the virus to escape from situations in which its survival is threatened,

either by cellular damage or infection of the host with another pathogen. Spontaneous

reactivation induced by cellular aging/damage may explain why extensive expression

of lytic genes has been observed in recent studies using highly sensitive transcriptome

analyses of cells from latently infected individuals. Recent studies with animal models

highlight the potential for harnessing the host immune response to blunt cellular injury

induced by organ transplantation, and thus, prevent reactivation of CMV and its sequelae.
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INTRODUCTION

HCMV is a member of the betaherpesvirus family that infects
50–90% of the population, depending on age, socio-economic
status, and country of origin (Cannon et al., 2010). Primary
infection in immunocompetent individuals is typically sub-
clinical, and is controlled by the host immune response, resulting
in clearance of cells that are lytically infected and producing
virus. However, in some cells, viral gene expression is shut
off, and episomal viral genomes remain in the nucleus in a
quiescent state called latency. Under appropriate conditions,
this latent virus becomes activated and produces infectious
virus. Reactivation of the virus is generally not associated with
disease in immunocompetent individuals, but, under conditions
of immunosuppression, such as those typically used to prevent
rejection of transplanted organs or hematopoietic progenitor
cells (HPCs), reactivation of latent virus is associated with
increased risk for multiorgan disease, diminished graft survival,
graft-vs.-host disease, infection with other pathogens, post-
transplant lymphoproliferative disorders, and higher mortality
(Griffiths and Lumley, 2014; Ljungman et al., 2014; Azevedo et al.,
2015; Kaminski and Fishman, 2016; Fishman, 2017; Leeaphorn
et al., 2019). The risk of CMV disease in transplant patients
is dependent on the serostatus of the donor and recipient. In
solid organ transplants, the donor positive, recipient negative
combination poses the highest risk for complications. Without
therapeutic intervention, CMV viremia occurs in up to 90%
of these patients and symptomatic infection occurs in 50–60%
of patients (Fishman, 2017). Improvements in diagnosis and
anti-viral drugs targeting CMV replication have significantly
improved transplant outcomes. In the era of modern anti-

viral therapy, high risk patients are often given 3–6 months

of prophylactic treatment with the viral kinase inhibitors
valganciclovir or ganciclovir. However, late onset CMV disease

may occur in 25–40% of patients after withdrawal of therapy
(Fishman, 2017). Furthermore, all currently available drugs have

significant drawbacks, including nephrotoxicity, neutropenia,
and emergence of resistant strains, and CMV infection still
has a negative impact on both patient and graft survival
(Leeaphorn et al., 2019).

In addition, CMV infection can be transmitted from the
mother to the fetus during pregnancy. The incidence of
congenital CMV infection is estimated to be >30,000/year
in the United States. 10–15% of these infants have clinically
apparent disease at birth, with symptoms ranging from mild
transient effects to severe multiorgan dysfunction, including
jaundice, hepatosplenomegaly, microcephaly, chorioretinitis,
and sensorineural hearing loss (SNHL). The prognosis for these
severely affected infants is very poor. An additional 10–15% of
infants who are infected, but do not have clinically apparent
disease at birth, will develop late onset sequelae, primarily
SNHL. Hearing impairment is the most common complication
of congenital CMV infection, and accounts for 21–24% of cases
hearing loss in young children (Manicklal et al., 2013). In utero
transmission can occur both during primary infection and in
mothers who have prior immunity, and experience new infection
with another strain, or reactivation of latent virus. Because of

the high prevalence of CMV infection in the population, nearly
two thirds of congenitally infected infants are born to mothers
with pre-existing immunity (James and Kimberlin, 2016). Thus,
the widespread presence of latent CMV poses a hazard for the
populations most at risk for CMV infection and its sequelae.
The molecular mechanisms that allow the virus to establish
latency and to reactivate are not well-understood, and further
studies are needed to design interventions to protect these
vulnerable populations.

CMV Life Cycle
CMV infection is transmitted by contact with infectious body
fluids, including blood, breast milk, saliva, urine, and genital
secretions. Mucosal and glandular epithelial cells are permissive
for infection, and these cells are the likely ports of entry and
exit for the virus. Many other cell types, including connective
tissue cells, smooth muscle cells, and vascular endothelial cells,
as well as specialized cells within organs, including hepatocytes
in the liver, alveolar epithelial cells in the lung and neuronal
cells in the retina and brain, become lytically infected during
the acute phase of infection (Sinzger et al., 2008). Thus, CMV
establishes a systemic infection in the host, with many different
cell types in all major organs affected. In contrast to most cell
types, polymorphonuclear leukocytes and monocytes do not
support lytic replication, but they do take up virus particles and
express immediate early (IE) antigens (Grefte et al., 1994). These
observations, combined with cell culture studies of HCMV-
infected cells and studies with animal models, have led to the
hypothesis that abortively infected PMNs or monocytes carry
internalized virions through the blood to disseminate the virus
to various organs (Gerna et al., 2000; Sinzger et al., 2008;
Daley-Bauer et al., 2014; Stevenson et al., 2014). In the bone
marrow, HCMV infects hematopoietic progenitor cells, where
it establishes a lifelong latent infection. Although these cells are
the progenitors for both lymphoid and myeloid cell lineages,
latent virus is detectable only in monocytes in the blood. Thus,
CMV occupies many different biological niches within the host at
various stages of its life cycle, and the virus exploits immune cells
of the myeloid lineage, both to achieve a disseminated infection
during the acute phase of infection, and to establish a latent
infection, where it can persist indefinitely.

Experimental Models for Studying CMV
Latency and Reactivation
HCMV infection of fibroblasts has been used for many years
as experimental models to study lytic CMV replication, while
models to study latency and reactivation have focused on
infection of primary HPCs and monocytes. In addition, cell
lines such as Kasumi-3 and THP-1 cells, which are more
tractable models for myeloid progenitor cells and monocytes,
respectively, and NTera2 cells, which have characteristics of
committed neuronal progenitor cells, have been useful for
studying latency and reactivation. However, studies of HCMV
pathogenesis have been hampered by the fact that HCMV does
not infect other species. For this reason, investigators have turned
to primate or rodent models, using the related rhesus, rat and
murine cytomegaloviruses. MCMV in particular has been useful
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in studying immune control of infection and mechanisms of
reactivation. MCMV is similar to HCMV in mechanisms of
immune evasion, epigenetic regulation of gene expression, and
in ability to establish latency and to reactivate in response to
organ transplantation.

CMV Gene Expression and Function
Herpesviruses are ancient viruses. The three subfamilies, alpha,
beta, and gamma herpesviruses, are thought to have arisen from
a common ancestor as much as 400 million years ago, prior to
the emergence of mammals 60–80 million years ago, and they
have therefore coevolved with their hosts (Davison, 2011). All
herpesviruses share the same tripartite temporal pattern of gene
regulation, in which a small number of immediate early genes
are initially expressed, followed by the early, and then the late
genes (Mocarski, 2013). The IE-2 gene encodes a transcriptional
transactivator protein that recruits cellular RNA polymerase
II to early gene promoters to activate the second phase of
transcription. Many of these genes encode enzymes required for
replication of viral DNA, including the viral DNA polymerase.
Expression of these genes permits amplification of viral DNA.
Late viral transactivators (LVTs), which turn on expression of
the late genes following DNA replication, are also expressed
in the early phase of replication. Viral DNA replication and
LVT expression permit the third phase of viral gene expression,
leading to expression of the viral structural proteins and assembly
of infectious viral particles. The 236 kbp CMV genome is the
largest of the human herpesviruses, with the capacity to encode
at least 165 genes, four non-coding RNAs and 14 miRNAs. Of the
protein-coding genes, 43–44 are core replication genes common
to all herpesviruses.

117 genes are dispensable for growth in fibroblasts, but they
have roles in replication in other cell types and in immune
evasion (Dunn et al., 2003; Yu et al., 2003). CMV encodes
many immune evasion genes, which counteract the host immune
response in two ways: (1) by interfering with the function of the
innate and adaptive immune response, for example, by disabling
presentation of cellular antigens to T cells and NK cells; (2)
by interfering with immune effector functions, by expression of
immunomodulatory cytokines such as viral IL10, disruption of
cellular signaling pathways, or blocking apoptosis (Vossen et al.,
2002; Smith and Khanna, 2013). The net result of this process in
immunocompetent hosts is a balance between viral replication
and host immune control that prevents uncontrolled viral spread
and disease. However, CMV, like other herpesviruses, can also
evade immune detection in some cells by silencing viral gene
expression through establishment of latency.

CMV Latency: Are There Latency-Specific
Transcripts?
Latency is defined as a state in which replication-competent
viral DNA is present, but infectious viral particles are not
produced. However, there has been much confusion about the
transcriptional status of latent viral genomes—whether they
are transcriptionally quiescent, or express a small number
of specific latency genes, or express many lytic genes, but
do not produce virus, or produce virus below the level of

detection of a plaque assay. Early studies seminal studies by
Reeves and Sinclair using either naturally or experimentally
infected monocytes or HPCs were consistent with repression
of lytic transcripts in latency. These studies showed that the
immediate early promoter region of the viral genome was
heterochromatinized with hypoacetylated and H3K9-methylated
histones and the repressive factor heterochromatin protein 1, and
that IE transcripts were not detectable (Reeves et al., 2005a,b).
Importantly, epigenetic reprogramming and reactivation of virus
could be induced by differentiation of these cells to dendritic
cells and stimulation with inflammatory mediators. Subsequent
analyses have confirmed that CMV DNA is heterochromatinized
in various experimental models of latency (Ioudinkova et al.,
2006; Abraham and Kulesza, 2013; Lee et al., 2015; Rauwel et al.,
2015; Gan et al., 2017).

Analyses of viral RNA expression identified a select group of
genes that were expressed in latency in the absence of detectable
IE gene expression, most notably, UL138 and LUNA, which is
transcribed from the pp71 locus in an antisense direction (Bego
et al., 2005; Goodrum et al., 2007; Reeves and Sinclair, 2010;
Reeves and Compton, 2011; Lee et al., 2015). A number of other
transcripts have been variably associated with latency, including
US28, UL111A, a viral homolog of the immunosuppressive
cytokine IL10, UL144, sense and antisense transcripts from the
IE region, and non-coding RNAs 2.7 and 4.9 (Kondo et al., 1996;
Beisser et al., 2001; Jenkins et al., 2004; Cheung et al., 2006; Poole
et al., 2013). All of these genes are expressed during lytic infection
of fibroblasts, as well as in latency models, and their expression is
therefore not unique to the state of latency.

Genetic analyses have also indicated that some viral genes have
a role in latency. Mutation of UL138 and US28 has no effect on
viral gene expression or replication of the virus in permissive
fibroblasts (Dunn et al., 2003; Yu et al., 2003; Goodrum et al.,
2007; Umashankar et al., 2011; Humby and O’Connor, 2015).
However, expression of lytic genes and replication of virus is
higher in HPCs infected with UL138 or US28 mutants than wild-
type viruses, indicating that these genes are negative regulators
of viral replication in myeloid progenitor cells, which are a
site of latency (Goodrum et al., 2007; Humby and O’Connor,
2015; Lee et al., 2015, 2016; Zhu et al., 2018). Although UL138
represses IE transcription and enhances methylation of H3K9 at
the MIEP, it is not required for HDAC-independent repression
of IE gene expression and is not sufficient to maintain latency
in myeloid cells (Lee et al., 2015). Surprisingly, pUL138 also
enhances the response to TNF–α, through up-regulation of cell
surface expression of its receptor (Le et al., 2011). Since TNF-
α can induce reactivation of CMV in some models (see below),
these observations suggest a role for UL138 in both latency and
reactivation. Mutation of miR-UL148D also disrupts latency,
although different mechanisms have been reported (Lau et al.,
2016; Pan et al., 2016).

Recent studies of viral gene expression have taken advantage
of the development of sensitive, high throughput, and unbiased
analyses to interrogate the latent viral transcriptome in both
naturally and experimentally infected myeloid cells (Rossetto
et al., 2013; Cheng et al., 2017; Shnayder et al., 2018; Schwartz
and Stern-Ginossar, 2019). In contrast to earlier reports,
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these studies detected expression of many lytic genes, and
did not find evidence for a latency-specific transcriptional
profile. The observation that expression of many lytic genes is
detectable in latently infected PBMCs of healthy, seropositive
donors is difficult to reconcile with epigenetic studies showing
heterochromatinization of the viral genome in experimental
models of latency (Rauwel et al., 2015).

Single cell analysis of experimentally infected monocytes
has shed some light on this paradox (Shnayder et al.,
2018, 2020; Schwartz and Stern-Ginossar, 2019). This study
revealed that there is marked heterogeneity in the cellular
response to infection. In many cells, expression of many lytic
genes was initially detectable, although virus production was
not detected. The number of viral genes expressed in each
cell became progressively lower over time, consistent with
transcriptional repression. However, there was considerable
intercellular variability in the kinetics of repression of viral gene
expression, and a small minority of cells retained expression
of late lytic genes throughout the course of infection. These
observations are consistent with the hypothesis that there is
a transient activation of viral gene expression, followed by
repression, in most cells. Our own studies with the Kasumi-3
latency model showed that lytic genes are initially expressed, but
are then repressed over time, and genes that have been associated
with latency, including UL138, US28, and RNA2.7 are repressed
in parallel with lytic genes during establishment of latency (Forte
et al., 2018). Detection of many viral transcripts in healthy
seropositive donors may therefore reflect reactivation of latent
virus and transcription of viral genes in newly infected cells.
Further analyses of the viral epigenome, both in bulk populations
and at the single cell level, are needed to better understand the
state of the viral transcriptome in latency.

Cellular Tropism and Viral Gene Expression
The repertoire of viral genes expressed is dependent on the
cell type. Previous studies have demonstrated organ-specific
expression of rat CMV RNAs in vivo, and cell type-specific
expression of HCMV RNAs in vitro, suggesting that the cellular
environment markedly influences the viral transcriptional
program (Streblow et al., 2007; Towler et al., 2012; Van Damme
and Van Loock, 2014). The cell type also influences the functional
effects of genes on viral replication. Many of the genes that are
dispensable for growth in fibroblasts have roles in other cell
types. For example, HCMV encodes four genes with homology
to human chemokine receptors, US27, US28, UL33, and UL78,
with cell type specific roles in infection (Krishna et al., 2018).
pUL78 is dispensable for growth in fibroblasts, but is required
for entry into epithelial cells and for efficient viral replication
in endothelial and epithelial cells (O’Connor and Shenk, 2012;
Krishna et al., 2018). pUS28 which is a negative regulator of viral
replication in myeloid cells, facilitates cell-to-cell spread of the
virus in epithelial cells (Noriega et al., 2014). The UL133–138
region encodes several genes with complex roles in regulation
of viral replication in different cell types (Umashankar et al.,
2011; Bughio et al., 2013, 2015; Caviness et al., 2016; Goodrum,
2016). In addition to genes that negatively regulate replication
in myeloid cells, CMV encodes several genes that suppress viral

replication in other cell types, e.g., UL9, UL20a, UL23, and UL30
in fibroblasts; UL10 and UL16 in epithelial cells; US16 and US19
in HMVECs (Dunn et al., 2003). These observations suggest that
different biological niches may place competing demands on the
virus, such that genes that are unfavorable in some contexts are
favorable in others. Despite their negative effects on replication in
some cells, these genes may confer an adaptive advantage to the
virus by enhancing systemic infection.

The interplay between the cellular environment and the virus
is most striking in cells of the hematopoietic system. CD34+
HPCs in the bone marrow harbor latent viral DNA in vivo
(Mendelson et al., 1996; Sindre et al., 1996; Zhuravskaya et al.,
1997; Hahn et al., 1998), and CMV is able to enter and infect
HPCs in cell culture models. However, there are differences
between subpopulations of progenitor cells: CD34+/CD38−

cells support an HCMV infection with the hallmarks of
latency, but a subset of CD34+/CD38− cells expressing a stem
cell phenotype (lineage−/Thy-1+) support productive HCMV
infection (Goodrum et al., 2004). The receptors for entry of the
virusmay differ among cell types, and this may affect the outcome
of infection (reviewed in Collins-McMillen et al., 2018). While
platelet-derived growth factor receptor (PDGFR) is important
for entry into fibroblasts, endothelial cells, and epithelial cells,
epidermal growth factor receptor (EGFR) and integrins are
important receptors for entry of the virus into HPCs and
monocytes (Chan et al., 2009; Kabanova et al., 2016; Kim et al.,
2017). Signaling through these receptors is thought to prime
the cells for latency through activation of phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K) signaling, down-regulation of
IE1/2 expression, up-regulation of UL138, and modulation of
cytokine expression (Buehler et al., 2016; Peppenelli et al., 2016;
Kim et al., 2017; Collins-McMillen et al., 2018).

The MIEP is less active in HPCs than fibroblasts, and the viral
transactivator pp71 is unable to translocate into the nucleus to
activate the MIEP (Saffert et al., 2010). In addition to the MIEP,
IE transcripts can be initiated at one of two intronic promoters,
iP1 and iP2. These promoters are active in both fibroblasts
and myeloid cells, but there are cell type-specific differences in
their relative utilization (Arend et al., 2016; Collins-McMillen
et al., 2019). Following infection, there is an initial burst of
lytic gene expression, which is subsequently repressed to allow
establishment of latency, both in primary HPCs and in Kasumi-3
cells (Goodrum et al., 2002, 2004; Cheung et al., 2006; O’Connor
and Murphy, 2012; Rauwel et al., 2015; Forte et al., 2018; Zhu
et al., 2018; Galinato et al., 2019).

HPCs are the progenitors for both lymphoid and myeloid
cells in peripheral blood. Although latent viral DNA has
not been detected in mature lymphoid cells, CMV DNA is
detectable at very low frequency in monocytes isolated from
healthy seropositive donors (Taylor-Wiedeman et al., 1991, 1994;
Bolovan-Fritts et al., 1999; Slobedman and Mocarski, 1999; Parry
et al., 2016; Jackson et al., 2017). Early studies indicated that viral
genes were not expressed in infected monocytes (Stevenson et al.,
2014), but more recent studies show that viral gene expression
in experimentally infected monocytes follows the same pattern
of activation of lytic gene expression followed by repression
observed in HPCs (Hargett and Shenk, 2010; Rossetto et al.,
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2013; Shnayder et al., 2018, 2020). Thus, demonstration that
the experimental criteria for latency have been met (repression
of viral gene expression and lack of virus production) is an
important consideration when analyzing CMV latency. An
increase in the relative abundance of early genes, such as UL138
and US28, over immediate early genes is often used as a criterion
for establishment of latency. However, this analysis should be
viewed with caution, since these changes also occur during
lytic infection.

Expression of viral genes substantially alters the phenotype
of both infected monocytes and HPCs. Expression of US28 in
infected HPCs reprograms the cells into immunosuppressive
monocytes (Zhu et al., 2018). The reported effects of HCMV
infection on monocytes include increased lifespan through
induction of anti-apoptotic genes (Chan et al., 2010; Reeves
et al., 2012; Collins-McMillen et al., 2015; Peppenelli et al., 2016),
re-programming the cells to an M1 or M2-like macrophage
phenotype (Smith et al., 2004; Chan et al., 2008, 2012; Avdic
et al., 2013; Stevenson et al., 2014), modulation of cell signaling
pathways (Kew et al., 2017; Krishna et al., 2017) evasion of
killing by neutrophils (Elder et al., 2019), and induction of an
anergic-like state (Shnayder et al., 2020).

Differentiation of monocytes to dendritic cells prior to
infection increases the permissiveness of the cells (Riegler et al.,
2000; Hertel et al., 2003; Huang et al., 2012; Hertel, 2014; Sinclair
and Reeves, 2014; Coronel et al., 2015). Collectively, the data
on experimentally infected hematopoietic cells, which shows 1)
that viral gene expression is first turned on and then turned
off in monocytes and HPCs, and 2) that differentiation of these
cells increases their permissiveness, suggest that undifferentiated
myeloid cells and monocytes express repressor(s) that shut off
transcription of viral genes in a cell type- and differentiation-
specific manner.

What Shuts Off CMV Gene Expression in
Myeloid Cells?
The mechanisms by which CMV gene expression is repressed
to establish latency in myeloid cells are largely unknown. It is
possible that repression is simply a host defense mechanism, and
the virus does not play an active role in this process. There is
considerable evidence that host intrinsic immunity recognizes
histone-free viral DNA penetrating the nuclear pore complex
and ND10 proteins act to chromatinize viral genomes and
inactivate gene expression at the outset of infection (reviewed
in Kalejta, 2013). However, these responses occur in permissive
cells, and are not specific to myeloid cells. Furthermore, recent
studies show that, although ND10 proteins restrict lytic HCMV
replication in fibroblasts and reactivation in hematopoietic cells,
they do not serve as key determinants in establishment of latency
(Wagenknecht et al., 2015; Poole et al., 2018).

Ability to establish latency through transcriptional repression
likely provides a survival advantage to the virus, by allowing it
to evade immune detection and persist in the host in the face of
a highly effective adaptive immune response, and so the virus
may have evolved mechanisms to shut off its gene expression
in specific cell types. This could be achieved through different

strategies, including (1) expression of trans-acting viral genes that
represses viral gene expression through recruitment of cellular
enzymes that heterochromatinize the genome, either directly or
indirectly; (2) encoding cis-acting elements that recruit cellular
repressors to the viral genome (Figure 1). These strategies will be
discussed below.

Expression of viral protein(s) that modulate IE gene
expression (Figure 1A). An example of this is pUL138, which
has been shown to enhance methylation of H3K9 at the MIEP
and repress IE transcription in THP1 cells (Lee et al., 2015).
Because it is localized to the Golgi apparatus, rather than the
nucleus, pUL138 must act indirectly to modify histones bound
to the MIEP. In addition, trans-acting factors could interfere
with signaling pathways that lead to activation of the MIEP
(Figure 1B). pUS28, a cell surface G-protein coupled receptor,
attenuates activation of c-fos and NF-κB, which activate the
MIEP, and prevents reprogramming of the viral chromatin in
monocytic THP1 cells (Krishna et al., 2017, 2019). Expression
of a protein to establish latency poses a number of challenges
for the virus. First, the protein would need to avoid recognition
by the host adaptive immune response. Second, unless it is
an immediate early gene, it would need to be expressed in
the absence of the IE proteins that are normally required to
activate subsequent phases of viral gene expression. Third, the
protein would have to be expressed only in cells where latency is
established, or it would have to have cell type-specific functions.
pUL138 and pUS28 have apparently acquired some or all of these
functions (Tey et al., 2010; Mason et al., 2013; Krishna et al., 2017,
2018).

A variation of this approach, which circumvents immune
detection issues, would be to encode microRNAs or other non-
coding RNAs to achieve transcriptional repression (Figure 1B).
HCMV encodes 14 miRNAs, which target cellular genes
involved in cell cycle control, immune evasion, apoptosis, and
the secretory pathway that controls virion assembly during
lytic infection (Hook et al., 2014). Several HCMV-encoded
miRNAs have been reported to be expressed in latency,

including miR-UL112-1, which targets the 3
′

UTR of UL123
(IE1), as well as cellular defense genes and miR-UL148D,
which targets the chemokine RANTES and inhibits activin A-
triggered secretion of IL-6 (Grey et al., 2007; Murphy et al.,
2008; Nachmani et al., 2009; Kim et al., 2012; Lee et al.,
2012; Fu et al., 2014; Shen et al., 2014; Lau et al., 2016;
Meshesha et al., 2016; Pan et al., 2016). However, microRNAs
function by preventing translation or enhancing degradation
of their target mRNAs, and they are not thought to have
a direct role in heterochromatinization of viral genomes
in latency.

It has long been postulated that the host cell environment
plays an important role in establishment of latency (Reeves and
Sinclair, 2008; Sinclair and Reeves, 2014). Thus, an alternative
strategy for the virus to establish latency would be to encode
cis-acting DNA elements that recruit cellular repressors to the
viral genome (Figure 1C). Since transcription factor binding sites
require relatively short DNA sequences, which could be tucked
into non-coding regions, this would be a very efficient way for the
virus to acquire the ability to establish latency. If the repressor was
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FIGURE 1 | Potential strategies for establishment of HCMV latency in myeloid progenitor cells through the action of (1) trans-acting viral factors or (2) cis-acting

elements encoded by the viral genome that recruit myeloid-specific repressors to viral genes. (A) Viral proteins such as pUL138 and pUS28 may act indirectly to alter

histone modifications at the MIEP to maintain repression of viral genes. (B) pUS28 attenuates activation of c-fos and NF-κb, which activate the MIEP. HCMV also

encodes miRNAs that target viral and cellular genes. Viral lncRNAs could also act to block activation of viral gene expression. (C) The viral genome may contain

binding sites for myeloid-specific repressive transcription factors that recruit co-repressor complexes to silence viral gene expression. (D) Viral RNAs have binding

sites for cellular miRNAs that inhibit viral gene expression.

expressed only in specific cell types, such as myeloid progenitors
and monocytes, the virus could establish latency specifically in
these cells without interfering with lytic replication in other cell
types that do not express the repressor(s).

Although cellular repressors that negatively regulate theMIEP,
such as YY1 and ERF, have been previously identified (Liu
et al., 1994; Bain et al., 2003; Wright et al., 2005) myeloid-
specific repressor(s) required for transcriptional silencing of
the HCMV genome have yet to be discovered. However, a
possible clue has come through the study on the role of
KAP1 (KRAB-associated protein 1, also known as TRIM28
and TIF1b) in CMV latency (Rauwel et al., 2015). KAP1
is a transcriptional co-repressor of the N-terminal tripartite
motif (TRIM) family that represses expression of endogenous
retroviruses and transposable elements. Studies from the Trono
lab demonstrated that KAP1 was required for transcriptional
repression, recruitment of the H3K9 methyltransferase SetDB1,
and deposition of the repressive H3K9me3 histone mark onto
the viral genome in HPCs (Rauwel et al., 2015). KAP1 is a
multifunctional protein with separate domains that mediate
nuclear localization, interaction with transcription factors,
oligomerization, and regulation of transcription (Iyengar and
Farnham, 2011), and it is subject to a variety of post-translational
modifications that determine its binding partners and function
(Cheng et al., 2014). KAP1 SUMOylation recruits SETDB1 and
the nucleosome and remodeling deacetylase (NuRD) complex to
silence gene expression (Ivanov et al., 2007; Zeng et al., 2008;

Iyengar and Farnham, 2011). KAP1 can also be phosphorylated
on Ser824, and this results in loss of binding to SETDB1 and
repressor function (Li et al., 2007). Studies from the Trono lab
showed that phosphorylation of KAP1 acts as switch to turn
on CMV gene expression and reactivate latent virus in HPCs
(Rauwel et al., 2015).

KAP1 does not bind to DNA directly, but rather, is recruited
onto DNA by interaction between the TRIM domain of KAP1
and the Kruppel-associated box (KRAB) domain of KRAB-
ZNF proteins. Expression of KAP1 is not limited to myeloid
progenitor cells. Thus, KAP1 itself is not a myeloid-specific
repressor, but these observations raise the intriguing possibility
that a myeloid-specific KRAB-ZNF protein could mediate
binding of KAP1 to cis-acting elements in the CMV genome to
repress viral gene expression and establish latency in HPCs and
monocytes. 28 KAP1 binding sites were identified in the HCMV
genome, but no consensus site that would suggest the identity
of the repressor could be determined from these sequences.
Surprisingly, none of the KAP1 binding sites were in the MIEP.
Epigenetic regulation of MIEP activity is considered to be a
major factor controlling lytic infection, latency, and reactivation.
Although KAP1 is known to mediate long-range transcriptional
repression though heterochromatin spreading (Groner et al.,
2010), these observations raise the possibility that additional
myeloid-specific repressors could be involved in establishment
of CMV latency. Further studies are needed to confirm the role
of KAP1 in CMV latency, to identify the proteins that mediate
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recruitment of KAP1 onto the viral genome, and to identify
additional factors that could directly mediate transcriptional
silencing of CMV DNA in myeloid lineage cells.

In addition to KAP1, previous studies identified Gfi-1 as a
repressor of the HCMV MIEP and as a negative regulator of
HCMV lytic replication in fibroblasts (Zweidler-Mckay et al.,
1996; Sourvinos et al., 2014). Gfi-1 is a Zn-finger transcriptional
repressor that acts through recruitment of the CoREST/LSD1
histone-modifying complex (Saleque et al., 2007). Although
Gfi-1 is expressed in some non-hematopoietic cells, it has an
important role in cell fate decisions in the hematopoietic system
by promoting lymphoid and neutrophil differentiation at the
expense of myeloid cells (van der Meer et al., 2010; Moroy
et al., 2015). Thus, Gfi-1-binding elements in the MIEP may have
an important role of repression of HCMV gene expression in
myeloid progenitor cells.

In a variation on the theme of cis-acting elements that mediate
HCMV latency, the virus could encode targets for cellular
microRNAs that repress viral gene expression (Figure 1D). The
3′UTR of UL122 (IE2) encodes a target sequence for the cellular
miRNA hsa-miR-s200, which mediates repression of protein
expression. Mutant viruses lacking this sequence fail to establish
latency (O’Connor et al., 2014). IE2 encodes a transcriptional
transactivator that recruits Pol II to early gene promoters to
activate early gene expression. Parida et al. proposed that IE2
expression is required to prevent deposition of nucleosomes
and chromatin-mediated gene silencing (Parida et al., 2019).
Additional studies have identified other cellular microRNAs that
maintain latency (Poole et al., 2011). However, it is unclear
whether these miRNAs are expressed specifically in myeloid cells.

Are There Non-hematopoietic Sites of
Latency?
While it is well-accepted that hematopoietic progenitor cells in
the bone marrow are one of the sites of CMV latency, the cell
type harboring latent virus in solid organs is more controversial.
CMV infection is transmitted at a high frequency following
transplantation of a donor-positive organ into a seronegative
recipient. Donor HPCs in the bone marrow are clearly not the
source of transmission in this scenario. Because the frequency
of CMV-positive cells in the blood is very low, and often below
the detection level for even the most sensitive assays (Parry
et al., 2016; Jackson et al., 2017), peripheral blood mononuclear
cells are also unlikely to be the source of transmission. Tissue
resident macrophages or dendritic cells in the donor are potential
sites of latency (Sinclair and Reeves, 2014), although this has
not been demonstrated. Endothelial cells are known to be sites
of latency in organs of MCMV latently infected mice (Koffron
et al., 1998; Seckert et al., 2009). HCMV encodes two genes,
US16 and US19, that are negative regulators of replication in
microvascular endothelial cells, and may therefore have a role
in establishment of latency in these cells (Dunn et al., 2003). A
previous study did not identify latently infected endothelial cells
in the saphenous veins of seropositive subjects (Reeves et al.,
2004). However, endothelial cells are highly heterogeneous with
respect to function and gene expression (Aird, 2007a,b; Marcu

et al., 2018). Sinusoidal endothelial cells and peritubular capillary
endothelial cells were identified as sites of MCMV latency in
the liver and kidney, respectively (Koffron et al., 1998; Seckert
et al., 2009). These sites have not been investigated, and the
sites of HCMV latency in human organs therefore remains an
open question. This issue is important because it bears on the
mechanisms of latency and reactivation: are there endothelial cell
type specific factors controlling latency and reactivation in solid
organs? Further studies of this question are needed.

Reactivation of Naturally Acquired HCMV
Infection
In clinical settings, reactivation of HCMV has long been
associated with sepsis and other systemic inflammatory
conditions in patients who are not immunosuppressed (Docke
et al., 1994; Cook et al., 1998; Kutza et al., 1998; Heininger et al.,
2001; Limaye et al., 2008; Kalil and Florescu, 2009; Walton et al.,
2014), with allograft rejection in immunosuppressed recipients
of solid organ transplants (Grattan et al., 1989; Reinke et al., 1994;
Lao et al., 1997; Lautenschlager et al., 1997; Evans et al., 2001;
Razonable et al., 2001; Nett et al., 2004; Dmitrienko et al., 2009),
and with graft vs. host disease in stem cell transplant recipients
(Lonnqvist et al., 1984; Meyers et al., 1986; Bostrom et al., 1990;
Matthes-Martin et al., 1998; Broers et al., 2000; Boeckh and
Nichols, 2004). Treatment with antilymphocyte antibodies,
which is often used to control rejection of solid organs, is a
known risk factor for reactivation of CMV (Hibberd et al., 1992;
Fietze et al., 1994; Portela et al., 1995). All of these conditions are
associated with high systemic levels of inflammatory cytokines,
particularly TNF-α, as well as diminished immune function.
TNF-α activates the MIEP and the transcription factor NF-κB,
which has multiple binding sites in the MIEP (Stein et al.,
1993; Docke et al., 1994; Fietze et al., 1994; Prosch et al., 1995).
These observations led several investigators to propose the
hypothesis that graft rejection, infection with other pathogens,
or antilymphocyte treatment could lead to reactivation of CMV
through NF-κB-mediated activation of the MIEP. This would
set up an amplifying loop, in which viral infection increases
expression of MHC genes, leading to increased immunogenicity
of the graft and higher expression of inflammatory cytokines,
which further drives reactivation and rejection (Fietze et al.,
1994; Fishman and Rubin, 1998; Hayry et al., 1998; Reinke et al.,
1999).

Although clinical disease is typically apparent only in patients
who are immunosuppressed or suffering acute illness, there
is considerable evidence that reactivation occurs frequently in
healthy seropositive adults, and that it may exacerbate chronic
illnesses. Shedding of CMV DNA was detected in one or more
body sites, including the nose, skin, oral cavity, and vagina, in
7–8% of asymptomatic adults (de Franca et al., 2012; Wylie
et al., 2014). Furthermore, analyses of the CMV-specific T cell
response in healthy adults and in mice latently infected with
murine cytomegalovirus (MCMV) are consistent with repeated
stimulation of the adaptive immune response due to reactivation
of the virus (O’Hara et al., 2012; Klenerman and Oxenius,
2016). Interestingly, the frequency of detection of CMV DNA
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or antigenemia is significantly higher in patients with atopic
dermatitis and periodontitis (Docke et al., 2003; Chalabi et al.,
2008). It is well-established that CMV accelerates atherosclerosis,
both in cardiac transplant patients and in animal models of
transplantation, and CMV infection is a suspected etiologic agent
in cardiovascular disease and mortality in the population at
large (Streblow et al., 2008; Simanek et al., 2011; Kaminski and
Fishman, 2016; Wang et al., 2017; Lebedeva et al., 2018).

The frequency of CMV reactivation increases with age
(Stowe et al., 2007; Furui et al., 2013; Parry et al., 2016).
Although this has often been attributed to immune senescence
associated with aging, an increased inflammatory response due
to impaired health or age-related inflammation (“inflammaging”)
(Franceschi et al., 2018) may also contribute to reactivation of
HCMV in the elderly (Vescovini et al., 2010; Jackson et al., 2017).

In vivo Models for Studying CMV Latency
and Reactivation
Rodents latently infected with the related viruses, rat, andmurine
cytomegalovirus (RCMV and MCMV), have been useful in
studying CMV pathogenesis and immune control (Reddehase
et al., 2008; Streblow et al., 2008). These models offer several
advantages over cell culture models, including the ability to use
different strains of inbred mice as donor/recipient pairs and
to use genetically deficient mice to define specific pathways
that contribute to reactivation. Unlike cell culture systems,
these models permit the study of latency and reactivation in
the presence of an intact immune response. Most important,
they can be used to study reactivation of latent CMV in
experimental conditions that mimic clinical settings, including
organ transplantation.

Epigenetic Silencing of MCMV Gene
Expression in Latency
Analyses of MCMV gene expression in latency showed that,
although transcripts from the IE region were sometimes
detectable, most genomes were transcriptionally silent in organs
of latently infected mice (Kurz et al., 1997, 1999; Koffron et al.,
1998; Kurz and Reddehase, 1999; Hummel et al., 2001). However,
CpG dinucleotides in MIEP region of MCMV DNA are not
methylated in latently infected mice, suggesting that the genome
is not permanently inactivated (Hummel et al., 2007). As with
HCMV, the latent MCMV genome is heterochromatinized with
densely packed nucleosomesmarked by de-acetylated andH3K9-
methylated histones, and repressors, including HDACs, YY1,
HP1-1γ, CBF1/Rbjk, CIR, and Daxx, are recruited onto the
genome (Liu et al., 2008).

Organ Transplantation Induces Both
Antigen-Specific and Non-specific Injury
Organ transplantation initiates a complex cascade of events
leading to injury and, in the absence of immunosuppression,
to rejection of the donor organ. During the process of
organ transplantation, the blood supply to the donor organ
is interrupted, and then restored when the organ is grafted
into the recipient. This causes a non-specific injury known as

ischemia/reperfusion injury (I/R) (reviewed in Eltzschig and
Eckle, 2011; Braza et al., 2016). Hypoxia during the ischemic
phase causes damage to mitochondrial electron transport chains
and production of reactive oxygen and nitrogen species (ROS
and RNS). The resulting loss of ATP production leads to
increased anaerobic metabolism and dysfunction of ion pumps,
which causes cellular swelling and reduction in intracellular pH,
which in turn affects enzymatic activity. Loss of antioxidants
and mitochondrial injury results in further oxidative damage
following restoration of the blood supply in the reperfusion
phase, which leads to endothelial cell dysfunction, DNA
damage, and release of molecules with damage-associated
molecular patterns (DAMPs) that activate innate immunity and
promote infiltration of neutrophils. These cells release ROS
and other effector molecules that further damage the organ.
Generation of intracellular ROS due to I/R injury also leads
to activation of redox-sensitive transcription factors, including
NF-κB and AP-1, which regulate expression of cellular genes
that mediate protection against oxidative stress, cell surface
adhesion molecules that mediate attachment and diapedesis
of inflammatory cells and inflammatory cytokines that further
activate the cells (Karin and Shaulian, 2001; Gloire et al., 2006;
Morgan and Liu, 2011; Taniguchi and Karin, 2018).

Unless organ transplants are performed on identical twins,
human transplant donors and recipients have a mismatch in the
major histocompatibility genes, which are recognized as foreign
antigens by recipient immune cells. This activates an adaptive
immune response, leading to infiltration of T cells that mediate
rejection of the graft. In animal models, the respective roles of the
adaptive immune response and I/R injury can be distinguished
by using different combinations of inbred strains of mice as
donors and recipients. Both the adaptive immune response and
I/R injury are induced when the donor and recipient have an
MHC mismatch (allogeneic transplant), but only I/R injury is
present when the recipient is genetically identical to the donor
(syngeneic transplants).

Allogeneic Transplantation Activates the
MIEP Through Epigenetic Reprogramming
Early studies showed that transplantation of latently infected
kidneys into naïve allogeneic, immunocompetent recipients
induced transcriptional reactivation of IE gene expression
within 2 days post-transplant (POD2) (Hummel et al., 2001).
In contrast, reactivation was not observed when latent kidneys
were transplanted into syngeneic recipients. Transcriptional
reactivation correlated with expression of inflammatory
cytokines, including TNF-α, IL-1, and interferon gamma,
and activation of transcription factors with binding motifs
in the MIEP, including NF-κB and AP-1. In parallel studies,
transplantation of kidneys from transgenic mice carrying a
lacZ reporter gene under the control of the HCMV MIEP
(MIEP-lacZ mice), induced activation of the reporter. In
addition, activation of the MIEP could be induced by treatment
of MIEP-lacZ mice with TNF-α alone (Hummel et al., 2001).
The rapid transcriptional response observed in latently infected
mice suggested that reactivation of IE gene expression was

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 March 2020 | Volume 10 | Article 13024

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

stimulated by the process of organ transplantation, rather than
simply unmasking pre-existing expression through the loss of
immune surveillance. This was demonstrated unequivocally in
MIEP-lacZ mice, where the reporter was an endogenous gene.
Analyses of changes in the viral epigenome induced by allogeneic
transplantation further strengthened this hypothesis by showing
that transplantation induced recruitment of RNA polymerase
II and transcription factors NF-κB and AP-1 onto the MIEP,
and replacement of repressive histone marks with activating
modifications (Liu X. F. et al., 2010, 2013,2016).

Further studies with MIEP-lacZ and MCMV latently infected
mice were performed in an effort to unravel the pathways
that drive reactivation of CMV gene expression at early times
post-transplant. Although TNF-α was expressed in allogeneic
transplants and TNF-α was sufficient to induce reactivation of
IE gene expression in the lungs of latently infected mice, studies
with TNF receptor (TNFR)-deficient MIEP-lacZmice or MCMV
latent TNFR-deficientmice showed that renal transplant-induced
activation of the MIEP could occur independently of TNF-
α signaling (Simon et al., 2005; Zhang et al., 2008, 2009). In
addition, I/R was sufficient to induce activation of the MIEP
in MIEP-lacZ transgenic mice, and this was also independent
of TNFR signaling (Kim et al., 2005). Transcription factor
analyses revealed that NF-κB andAP-1 were activated in response
to I/R independently of TNFR signaling. Thus, these studies
showed that multiple inflammatory insults, including TNF-α and
oxidative stress, can contribute to transcriptional reactivation of
IE gene expression.

Ischemia/Reperfusion Injury Is Sufficient to
Induce Reactivation of MCMV
Although reactivation of IE gene expression was observed at
POD2 in allogeneic transplants, later stages of viral replication
were not observed, either at POD2 or later times, up to
POD8. However, complete reactivation of infectious virus,
with systemic spread to other organs of the recipient, was
observed 4–8 weeks after transplantation of latently infected
kidneys into immunodeficient NOD-scidIL2Rgnull (NSG) mice
(Li et al., 2012). These observations highlight the role of
immune surveillance in limiting reactivation of the virus in
vivo. Because NSG mice are deficient in B and T cells, as
well as NK cells, these studies demonstrated that an adaptive
immune response to foreign antigens was not required for
reactivation of latent MCMV. Recent studies have provided
further insight into mechanisms of reactivation. These studies
showed that reactivation and systemic spread of the virus
can be induced when immunocompetent allogeneic recipients
are pharmacologically immunosuppressed, using a combination
of anti-lymphocyte serum to deplete T cells, the calcineurin
inhibitor FK506 to block T cell activation, and the steroid
dexamethasone to inhibit activation of NF-κB (Zhang et al.,
2019). This protocol is very similar to regimens currently
used in clinical settings. Reactivation was detectable as early
as POD7, with increasing viral load at POD14 and POD28.
In contrast to previous studies analyzing reactivation of IE
gene expression at POD2, reactivation was also observed
when syngeneic mice were used as the recipients, and the
signal was amplified by immunosuppressing the recipient and

harvesting the organ at POD28. Importantly, no reactivation
was observed when latently infected mice were treated for
28 days with immunosuppression alone. Flow cytometric,
proteomic and transcriptome analyses demonstrated that the
immunosuppression protocol was effective in blocking the
adaptive immune response, including infiltration of T cells and
activation of pathways associated with host innate and adaptive
immune responses, including Th1/Th2 cells, allograft rejection,
co-stimulation and B cell development, Toll-like receptor
signaling and cytokine signaling. However, pathways associated
with oxidative stress and DNA damage were up-regulated in
the donor kidney, regardless of whether the recipients were
immunosuppressed. These studies therefore demonstrated that
oxidative stress associated with I/R injury was sufficient to induce
reactivation of MCMV, and that the inflammatory signaling
pathways activated by the adaptive immune response were
not required.

Sepsis Induces Reactivation of MCMV
Reactivation of HCMV is strongly associated with sepsis (Kutza
et al., 1998; Walton et al., 2014), a systemic inflammatory
response to bacterial infection characterized by both
proinflammatory responses initiated by recognition of PAMPs,
and immunosuppression (Angus and van der Poll, 2013).
PAMPs signal through Toll-like receptors, NODs, NLRs, and
RIGs to activate transcription factors that regulate expression
of interferons and inflammatory cytokines, including NF-κB,
AP-1, and IRFs (Ishii et al., 2008). Both the MCMV and HCMV
MIEPs have binding sites for NF-κB and AP-1, and thus mimic
the promoters of many genes involved in the cellular innate
immune response (Hummel and Abecassis, 2002; Kropp et al.,
2014). Studies with MCMV have shown that cecal ligation and
puncture (CLP), a procedure that models sepsis, induces a
systemic response that results in reactivation of MCMV in the
lungs of latently infected mice (Cook et al., 2002).

Collectively, the studies with latent MCMV and MIEP-lacZ
transgenic mice are consistent with the idea that reactivation in
response to organ transplantation is initiated by a transcriptional
stimulus that flips a switch and reprograms the viral chromatin
from an “off” to an “on” state. This switch can be triggered
by inflammatory cytokines whose expression is induced by the
allogeneic response to foreign antigens in the organ, such as TNF-
α, by the systemic inflammatory response induced by bacterial
infection, or by injury sustained during ischemia and reperfusion
of transplanted organs. These insults activate signaling pathways
that lead to activation of the MIEP and reprogramming of the
viral epigenome. Immunosuppression of the recipient leads to
full blown reactivation of infectious virus, and systemic infection
of the recipient. The signaling pathways that lead to activation of
the MIEP in this context are active in many different cell types,
and they are not specific to myeloid cells.

Reactivation of HCMV in Hematopoietic
Cells
Reactivation of HCMV can be induced by various stimuli in
different models of experimental latency in hematopoietic cells.
A common theme of many of these stimuli is activation of
inflammatory signaling or DNA damage response pathways. In
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primary CD34+ HPCs or CD14+ monocytes, reactivation can
be induced by differentiation to dendritic cells and stimulating
those cells with inflammatory mediators, including IL-6 and LPS
(Reeves et al., 2005a,b; Reeves and Compton, 2011; Huang et al.,
2012). LPS, a bacterial cell wall component, is a PAMP that binds
to the pathogen recognition receptor TLR4, activates NF-κB and
AP-1, and induces expression of IL-6, TNF-α, and IL1β (Ishii
et al., 2008; Tanaka et al., 2014). These cytokines have pleiotropic
effects that orchestrate the acute phase response in the liver,
as well as innate and adaptive immune responses to infection
(Tanaka et al., 2014; Kalliolias and Ivashkiv, 2016; Mantovani
et al., 2019). LPS-induced reactivation of HCMV in monocyte-
derived dendritic cells occurs through IL-6, which mediates
activation of the ERK/MSK/CREB pathway and reprograms
histones bound to the MIEP (Kew et al., 2014; Dupont et al.,
2019).

In addition, recent studies show that chloroquine, which
activates a DNA damage response, can induce reactivation of
HCMV in primary HPCs, and this effect is potentiated by
co-treatment with TNF-α (Rauwel et al., 2015). Chloroquine
activates ATM, which is the master regulator of the response to
double-stranded DNA damage. This results in ATM-dependent
phosphorylation of KAP1 bound to the HCMV genome (Rauwel
et al., 2015). As noted above, phosphorylation of KAP1
causes a switch in binding partners, resulting in relaxation
of the chromatin to facilitate repair, and de-repression of
gene expression (Ziv et al., 2006; Li et al., 2007; Iyengar and
Farnham, 2011). In the Kasumi-3 model, reactivation can be
induced by treatment with inflammatory cytokines TNF-α and
IL-1, or by treatment with the chemical TPA (O’Connor and
Murphy, 2012; Forte et al., 2018). Treatment of Kasumi-3 cells
with TNF-α induces both a DNA damage response, including
phosphorylation of H2AX, ATM, and KAP1, as well as activation
of NF-κB (Forte et al., 2018).

In monocytic THP1 cells, reactivation can be induced by
treatment with TPA, which induces the cells to differentiate
into macrophage-like cells (Beisser et al., 2001; Arcangeletti
et al., 2016). TPA binds to and activates PKC (Castagna et al.,
1982). It has pleiotropic effects, including activation of AP-1,
oxidative stress, and DNA damage, as shown by activation of
ATM and phosphorylation of H2AX, activation of MSK, and
phosphorylation of histone H3 (Tanaka et al., 2006; Teng et al.,
2009). The mechanisms by which TPA induces reactivation of
HCMV, and the link between reactivation and differentiation
in these cells have not been investigated. As with other stimuli,
TPA likely induces reactivation in part through modification of
histones bound to viral DNA (Gan et al., 2017).

The MIEP Is a Complex Region Activated
by Inflammatory Signals
The MIEP is thought to be the master regulator of latency
and reactivation. In latently infected cells, the MIEP is
heterochromatinized, and myeloid-specific factors likely play a
role in recruiting repressors onto the viral genome to achieve cell
type specific latency. Reactivation of latent HCMV likely requires
replacement of these repressors with activating transcription

factors, remodeling of viral chromatin to increase accessibility
of the MIEP to transcription factors, and reprogramming of
histones bound to the MIEP (Figure 2). The MIEP has binding
sites for multiple transcription factor families, including Elk-
1, SRF, Sp1, NF-κB, CREB, and AP-1. Analysis of HCMV
mutants has demonstrated that some of these elements enhance
replication under some conditions, but are redundant in others
(Keller et al., 2003, 2007). For example, the NF-κB sites are
dispensable for viral replication in actively growing fibroblasts,
but are essential in quiescent cells (Gustems et al., 2006;
Caposio et al., 2007). In addition, some transcription factors
act co-operatively with others under specific circumstances. For
example, NF-κB acts cooperatively with CREB and AP-1 during
lytic infection of fibroblasts, and synergizes with CREB to activate
the enhancer during reactivation of latently infected N-Tera2
cells (Lashmit et al., 2009; Caposio et al., 2010; Liu X. et al.,
2010; Isern et al., 2011; Yuan et al., 2015). Recent studies show
that intronic promoters primarily drive reactivation of IE gene
expression in myeloid cells (Collins-McMillen et al., 2019). These
promoters are activated by TPA in THP1 cells and by co-culture
with fibroblasts in media containing a cocktail of inflammatory
cytokines (IL-6, G-CSF, and GM-CSF) in primary hematopoietic
progenitor cells (Collins-McMillen et al., 2019).

Several of the transcription factor families that bind to
the MIEP are composed of multiple combinations of factors,
which are activated by a diverse array of stimuli, including
growth factors, inflammatory mediators, DNA damage and
oxidative stress, which act through multiple, independent
signaling pathways. Thus, the combination of stimuli and
downstream factors that could potentially activate the MIEP
is extraordinarily complex. This likely allows the virus to
(re)activate gene expression in a wide variety of circumstances
(Figure 2). In some contexts, such as IL-6 mediated activation
of the MIEP, differentiation of myeloid cells is required to
render the cells responsive to the stimulus (Reeves and Compton,
2011; Huang et al., 2012; Dupont et al., 2019). However,
differentiation is not required for reactivation under other
circumstances, such as DNA damage or exposure to TNF-α
(Rauwel et al., 2015; Forte et al., 2018). Both IL-6 and TNF-
α are expressed in response to injury and infection. Thus,
while HCMV latency is established through exploitation of the
myeloid-specific transcription program, reactivation occurs in
response to a broader array of signals. These signals are activated
by inflammation, DNA damage, and cellular injury.

Can We Target and Educate the Host
Immune Response to Prevent Reactivation
of CMV?
A long-standing goal of the transplant community is to
wean off the dependence of chronic broad-spectrum T cell
immunosuppressants and to establish donor antigen-specific
tolerance to the graft. This approach would in theory preserve
the efficacy of the adaptive immune response to pathogens,
including antiviral immunity, while also preventing rejection
of the organ due to alloimmunity. This is an important
consideration, especially in the face of the potential for CMV
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FIGURE 2 | Schematic of regulatory factors that control activity of the CMV MIEP in latency and reactivation. In latency, the MIEP is occupied by histones with

repressive modification (red) and chromatin repressor complexes. Reactivation is triggered by reprogramming of the MIEP, such that repressors are replaced by

activating transcription factors and co-activators and histones bound to the MIEP acquire activating modification (green). Multiple stimuli associated with inflammation

and cellular injury can lead to activation of the MIEP.

antiviral drug-resistance. Humoral immunity is particularly
critical in the setting of graft-vs.-host disease, in that CMV
reactivation can be prevented after transplant by transfer of
immune serum (Martins et al., 2019). Multiple translational
tolerance strategies are under current investigation and vary
in their approach, route of administration, and molecular or
cellular target. Discussion of this vast topic is beyond the scope
of this review, however, the following citations are provided
for the interested reader (Luo et al., 2016; Zuber and Sykes,
2017; Gupta et al., 2019). Transplant immune tolerance has
been achieved in pre-clinical small and large animal models, and
in certain human patients. An obstacle to transplant tolerance
is that CMV itself can impair the mobilization of cells that
are required for transplantation tolerance (Dangi et al., 2018).
In addition, age is a risk factor in that patients older than
65 years may be of heightened risk for CMV reactivation
(Hemmersbach-Miller et al., 2019). Future studies are therefore
necessary to examine comprehensive clinical efficacy with respect
to control of CMV in these settings. Separately, strategies
that target perioperative tissue injury and innate cellular and
cytokine inflammation due to allograft ischemia and reperfusion
after organ implantation, as discussed above, may also yield
new therapeutic approaches that work together with immune
tolerance through combinatorial therapies. Continued research
into the basic science and mechanisms of CMV reactivation
under the aforementioned conditions is warranted to identify
new molecular therapeutic targets.

CONCLUSIONS

During their long period of co-evolution, CMV and its host
have engaged in an arms race, in which the virus exploits
vulnerabilities in the host, which then adapts by developing new
ways to detect infection, block viral replication, and kill infected

cells, and viruses counteract these defenses by developing new
strategies to evade detection and killing. CMV has evolved to
exploit the hematopoietic system in various ways. It uses myeloid
cells to achieve a disseminated infection in the host. In addition,
CMV also exploits the transcriptional program that regulates
hematopoietic cell differentiation to repress viral gene expression
specifically in myeloid progenitor cells. This allows the virus to
escape immune detection and establish a latent infection in cells
with a long lifespan, without compromising its ability to replicate
in other cell types. There may be additional sites of latency, such
as endothelial cells, and it is tempting to speculate that similar
mechanisms may control establishment of latency in these cells
or their progenitors.

By definition, production of infectious virus does not
occur in latency. Survival of the virus is therefore dependent
on survival of the host, and the ability to escape from a
host or a cell whose survival is compromised would be
expected to confer a significant adaptive advantage. Data from
both clinical studies, as well as experimental studies using
MCMV-infected mice and HCMV-infected hematopoietic
cells suggests that CMV reactivates in response to cellular
injury and the systemic inflammatory response that occurs
during infection with other pathogens. These signaling
pathways are active in many different cell types, and are not
restricted to myeloid cells. Targeting these pathways may
lead to new therapies to prevent reactivation of CMV and
its sequelae.

AUTHOR CONTRIBUTIONS

MH wrote the manuscript. ET, EF, and ZZ contributed ideas and
edited the manuscript. EF made the figures.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 March 2020 | Volume 10 | Article 13027

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

FUNDING

This work was funded by NIH 5P01AI112522-05.

ACKNOWLEDGMENTS

The authors thank Michael Abecassis for his long term support.

REFERENCES

Abraham, C. G., and Kulesza, C. A. (2013). Polycomb repressive complex 2 silences

human cytomegalovirus transcription in quiescent infection models. J. Virol.

87, 13193–13205. doi: 10.1128/JVI.02420-13

Aird, W. C. (2007a). Phenotypic heterogeneity of the endothelium:

structure, I., function, and mechanisms. Circ. Res. 100, 158–173.

doi: 10.1161/01.RES.0000255691.76142.4a

Aird, W. C. (2007b). Phenotypic heterogeneity of the endothelium:

II. Representative vascular beds. Circ. Res. 100, 174–190.

doi: 10.1161/01.RES.0000255690.03436.ae

Angus, D. C., and van der Poll, T. (2013). Severe sepsis and septic shock. N. Engl.

J. Med. 369:2063. doi: 10.1056/NEJMc1312359

Arcangeletti, M. C., Vasile Simone, R., Rodighiero, I., De Conto, F., Medici,

M. C., Maccari, C., et al. (2016). Human cytomegalovirus reactivation

from latency: validation of a “switch” model in vitro. Virol. J. 13:179.

doi: 10.1186/s12985-016-0634-z

Arend, K. C., Ziehr, B., Vincent, H. A., and Moorman, N. J. (2016).

Multiple transcripts encode full-length human Cytomegalovirus IE1 and IE2

Proteins during Lytic Infection. J. Virol. 90, 8855–8865. doi: 10.1128/JVI.00

741-16

Avdic, S., Cao, J. Z., McSharry, B. P., Clancy, L. E., Brown, R., Steain, M., et al.

(2013). Human cytomegalovirus interleukin-10 polarizes monocytes toward

a deactivated M2c phenotype to repress host immune responses. J. Virol. 87,

10273–10282. doi: 10.1128/JVI.00912-13

Azevedo, L. S., Pierrotti, L. C., Abdala, E., Costa, S. F., Strabelli, T. M., Campos, S.

V., et al. (2015). Cytomegalovirus infection in transplant recipients. Clinics 70,

515–523. doi: 10.6061/clinics/2015(07)09

Bain, M., Mendelson, M., and Sinclair, J. (2003). Ets-2 repressor factor (ERF)

mediates repression of the human cytomegalovirus major immediate-early

promoter in undifferentiated non-permissive cells. J. Gen. Virol. 84(Pt 1),

41–49. doi: 10.1099/vir.0.18633-0

Bego, M., Maciejewski, J., Khaiboullina, S., Pari, G., and St. Jeor, S.

(2005). Characterization of an antisense transcript spanning the

UL81-82 locus of human cytomegalovirus. J. Virol. 79, 11022–11034.

doi: 10.1128/JVI.79.17.11022-11034.2005

Beisser, P. S., Laurent, L., Virelizier, J. L., and Michelson, S. (2001).

Human cytomegalovirus chemokine receptor gene US28 is transcribed

in latently infected THP-1 monocytes. J. Virol. 75, 5949–5957.

doi: 10.1128/JVI.75.13.5949-5957.2001

Boeckh, M., and Nichols, W. G. (2004). The impact of cytomegalovirus serostatus

of donor and recipient before hematopoietic stem cell transplantation in the

era of antiviral prophylaxis and preemptive therapy. Blood 103, 2003–2008.

doi: 10.1182/blood-2003-10-3616

Bolovan-Fritts, C. A.,Mocarski, E. S., andWiedeman, J. A. (1999). Peripheral blood

CD14(+) cells from healthy subjects carry a circular conformation of latent

cytomegalovirus genome. Blood 93, 394–398.

Bostrom, L., Ringden, O., Jacobsen, N., Zwaan, F., and Nilsson, B. (1990).

A European multicenter study of chronic graft-versus-host disease. The

role of cytomegalovirus serology in recipients and donors–acute graft-

versus-host disease, and splenectomy. Transplantation 49, 1100–1105.

doi: 10.1097/00007890-199006000-00014

Braza, F., Brouard, S., Chadban, S., and Goldstein, D. R. (2016). Role of TLRs and

DAMPs in allograft inflammation and transplant outcomes. Nat. Rev. Nephrol.

12, 281–290. doi: 10.1038/nrneph.2016.41

Broers, A. E., van Der, R., van Esser, J. W., Gratama, J. W., Henzen-Logmans, S.,

Kuenen-Boumeester, V., et al. (2000). Increased transplant-related morbidity

and mortality in CMV-seropositive patients despite highly effective prevention

of CMV disease after allogeneic T-cell-depleted stem cell transplantation. Blood

95, 2240–2245. doi: 10.1182/blood.V95.7.2240

Buehler, J., Zeltzer, S., Reitsma, J., Petrucelli, A., Umashankar, M., Rak, M.,

et al. (2016). Opposing regulation of the EGF receptor: a molecular switch

controlling cytomegalovirus latency and replication. PLoS Pathog. 12:e1005655.

doi: 10.1371/journal.ppat.1005655

Bughio, F., Elliott, D. A., and Goodrum, F. (2013). An endothelial cell-specific

requirement for the UL133-UL138 locus of human cytomegalovirus for

efficient virus maturation. J. Virol. 87, 3062–3075. doi: 10.1128/JVI.02510-12

Bughio, F., Umashankar, M., Wilson, J., and Goodrum, F. (2015). Human

cytomegalovirus UL135 and UL136 genes are required for postentry tropism

in endothelial cells. J. Virol. 89, 6536–6550. doi: 10.1128/JVI.00284-15

Cannon, M. J., Schmid, D. S., and Hyde, T. B. (2010). Review of cytomegalovirus

seroprevalence and demographic characteristics associated with infection. Rev.

Med. Virol. 20, 202–213. doi: 10.1002/rmv.655

Caposio, P., Luganini, A., Bronzini, M., Landolfo, S., and Gribaudo, G. (2010). The

Elk-1 and serum response factor binding sites in the major immediate-early

promoter of human cytomegalovirus are required for efficient viral replication

in quiescent cells and compensate for inactivation of the NF-kappaB sites in

proliferating cells. J. Virol. 84, 4481–4493. doi: 10.1128/JVI.02141-09

Caposio, P., Luganini, A., Hahn, G., Landolfo, S., and Gribaudo, G. (2007).

Activation of the virus-induced IKK/NF-kappaB signalling axis is critical for

the replication of human cytomegalovirus in quiescent cells. Cell. Microbiol. 9,

2040–2054. doi: 10.1111/j.1462-5822.2007.00936.x

Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., Kikkawa, U., and Nishizuka, Y.

(1982). Direct activation of calcium-activated, phospholipid-dependent protein

kinase by tumor-promoting phorbol esters. J. Biol. Chem. 257, 7847–7851.

Caviness, K., Bughio, F., Crawford, L. B., Streblow, D. N., Nelson, J. A.,

Caposio, P., et al. (2016). Complex interplay of the UL136 isoforms

balances cytomegalovirus replication and latency. MBio 7:e01986.

doi: 10.1128/mBio.01986-15

Chalabi, M., Moghim, S., Mogharehabed, A., Najafi, F., and Rezaie, F. (2008).

EBV and CMV in chronic periodontitis: a prevalence study. Arch. Virol. 153,

1917–1919. doi: 10.1007/s00705-008-0186-7

Chan, G., Bivins-Smith, E. R., Smith, M. S., and Yurochko, A. D. (2008).

Transcriptome analysis of NF-kappaB- and phosphatidylinositol 3-kinase-

regulated genes in human cytomegalovirus-infected monocytes. J. Virol. 82,

1040–1046. doi: 10.1128/JVI.00864-07

Chan, G., Nogalski, M. T., Bentz, G. L., Smith, M. S., Parmater, A., and

Yurochko, A. D. (2010). PI3K-dependent upregulation of Mcl-1 by human

cytomegalovirus is mediated by epidermal growth factor receptor and

inhibits apoptosis in short-lived monocytes. J. Immunol. 184, 3213–3222.

doi: 10.4049/jimmunol.0903025

Chan, G., Nogalski, M. T., and Yurochko, A. D. (2009). Activation of

EGFR on monocytes is required for human cytomegalovirus entry and

mediates cellular motility. Proc. Natl. Acad. Sci. U.S.A. 106, 22369–22374.

doi: 10.1073/pnas.0908787106

Chan, G., Nogalski, M. T., and Yurochko, A. D. (2012). Human cytomegalovirus

stimulates monocyte-to-macrophage differentiation via the temporal

regulation of caspase 3. J. Virol. 86, 10714–10723. doi: 10.1128/JVI.07129-11

Cheng, C. T., Kuo, C. Y., and Ann, D. K. (2014). KAPtain in charge of

multiple missions: emerging roles of KAP1. World J. Biol. Chem. 5, 308–320.

doi: 10.4331/wjbc.v5.i3.308

Cheng, S., Caviness, K., Buehler, J., Smithey, M., Nikolich-Zugich, J., and

Goodrum, F. (2017). Transcriptome-wide characterization of human

cytomegalovirus in natural infection and experimental latency. Proc. Natl.

Acad. Sci. U.S.A. 114, E10586–E10595. doi: 10.1073/pnas.1710522114

Cheung, A. K., Abendroth, A., Cunningham, A. L., and Slobedman, B. (2006).

Viral gene expression during the establishment of human cytomegalovirus

latent infection in myeloid progenitor cells. Blood 108, 3691–3699.

doi: 10.1182/blood-2005-12-026682

Collins-McMillen, D., Buehler, J., Peppenelli, M., and Goodrum, F. (2018).

Molecular determinants and the regulation of human cytomegalovirus latency

and reactivation. Viruses 10:444. doi: 10.3390/v10080444

Collins-McMillen, D., Kim, J. H., Nogalski, M. T., Stevenson, E. V., Chan, G.

C., Caskey, J. R., et al. (2015). Human cytomegalovirus promotes survival of

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12 March 2020 | Volume 10 | Article 13028

https://doi.org/10.1128/JVI.02420-13
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.1056/NEJMc1312359
https://doi.org/10.1186/s12985-016-0634-z
https://doi.org/10.1128/JVI.00741-16
https://doi.org/10.1128/JVI.00912-13
https://doi.org/10.6061/clinics/2015(07)09
https://doi.org/10.1099/vir.0.18633-0
https://doi.org/10.1128/JVI.79.17.11022-11034.2005
https://doi.org/10.1128/JVI.75.13.5949-5957.2001
https://doi.org/10.1182/blood-2003-10-3616
https://doi.org/10.1097/00007890-199006000-00014
https://doi.org/10.1038/nrneph.2016.41
https://doi.org/10.1182/blood.V95.7.2240
https://doi.org/10.1371/journal.ppat.1005655
https://doi.org/10.1128/JVI.02510-12
https://doi.org/10.1128/JVI.00284-15
https://doi.org/10.1002/rmv.655
https://doi.org/10.1128/JVI.02141-09
https://doi.org/10.1111/j.1462-5822.2007.00936.x
https://doi.org/10.1128/mBio.01986-15
https://doi.org/10.1007/s00705-008-0186-7
https://doi.org/10.1128/JVI.00864-07
https://doi.org/10.4049/jimmunol.0903025
https://doi.org/10.1073/pnas.0908787106
https://doi.org/10.1128/JVI.07129-11
https://doi.org/10.4331/wjbc.v5.i3.308
https://doi.org/10.1073/pnas.1710522114
https://doi.org/10.1182/blood-2005-12-026682
https://doi.org/10.3390/v10080444
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

infected monocytes via a distinct temporal regulation of cellular Bcl-2 family

proteins. J. Virol. 90, 2356–2371. doi: 10.1128/JVI.01994-15

Collins-McMillen, D., Rak, M., Buehler, J. C., Igarashi-Hayes, S., Kamil, J.

P., Moorman, N. J., et al. (2019). Alternative promoters drive human

cytomegalovirus reactivation from latency. Proc. Natl. Acad. Sci. U.S.A. 116,

17492–17497. doi: 10.1073/pnas.1900783116

Cook, C. H., Yenchar, J. K., Kraner, T. O., Davies, E. A., and Ferguson, R.M. (1998).

Occult herpes family viruses may increase mortality in critically ill surgical

patients. Am. J. Surg. 176, 357–360. doi: 10.1016/S0002-9610(98)00205-0

Cook, C. H., Zhang, Y., McGuinness, B. J., Lahm, M. C., Sedmak, D. D., and

Ferguson, R. M. (2002). Intra-abdominal bacterial infection reactivates latent

pulmonary cytomegalovirus in immunocompetent mice. J. Infect. Dis. 185,

1395–1400. doi: 10.1086/340508

Coronel, R., Takayama, S., Juwono, T., and Hertel, L. (2015). Dynamics

of human cytomegalovirus infection in CD34+ hematopoietic cells

and derived langerhans-type dendritic cells. J. Virol. 89, 5615–5632.

doi: 10.1128/JVI.00305-15

Daley-Bauer, L. P., Roback, L. J., Wynn, G. M., and Mocarski, E. S. (2014).

Cytomegalovirus hijacks CX3CR1(hi) patrolling monocytes as immune-

privileged vehicles for dissemination in mice. Cell Host Microbe 15, 351–362.

doi: 10.1016/j.chom.2014.02.002

Dangi, A., Zhang, L., Zhang, X., and Luo, X. (2018). Murine CMV induces

type 1 IFN that impairs differentiation of MDSCs critical for transplantation

tolerance. Blood Adv. 2, 669–680. doi: 10.1182/bloodadvances.2017012187

Davison, A. J. (2011). Evolution of sexually transmitted and sexually

transmissible human herpesviruses. Ann. N.Y. Acad. Sci. 1230, E37–49.

doi: 10.1111/j.1749-6632.2011.06358.x

de Franca, T. R. A., de Albuquerque Tavares Carvalho, A., Gomes, V. B., Gueiros, L.

A., Porter, S. R., and Leao, J. C. (2012). Salivary shedding of Epstein-Barr virus

and cytomegalovirus in people infected or not by human immunodeficiency

virus 1. Clin. Oral. Investig. 16, 659–664. doi: 10.1007/s00784-011-0548-5

Dmitrienko, S., Balshaw, R., Machnicki, G., Shapiro, R. J., and Keown,

P. A. (2009). Probabilistic modeling of cytomegalovirus infection under

consensus clinical management guidelines. Transplantation 87, 570–577.

doi: 10.1097/TP.0b013e3181949e09

Docke, W. D., Kiessling, C., Worm, M., Friedrich, M., Pruss, A., Weitz, M., et al.

(2003). Subclinical activation of latent cytomegalovirus (CMV) infection and

anti-CMV immune response in patients with atopic dermatitis. Br. J. Dermatol.

148, 954–963. doi: 10.1046/j.1365-2133.2003.05263.x

Docke, W. D., Prosch, S., Fietze, E., Kimel, V., Zuckermann, H., Klug, C., et al.

(1994). Cytomegalovirus reactivation and tumour necrosis factor. Lancet 343,

268–269. doi: 10.1016/s0140-6736(94)91116-9

Dunn,W., Chou, C., Li, H., Hai, R., Patterson, D., Stolc, V., et al. (2003). Functional

profiling of a human cytomegalovirus genome. Proc. Natl. Acad. Sci. U.S.A. 100,

14223–14228. doi: 10.1073/pnas.2334032100

Dupont, L., Du, L., Poulter, M., Choi, S., McIntosh, M., and Reeves, M. B. (2019).

Src family kinase activity drives cytomegalovirus reactivation by recruiting

MOZ histone acetyltransferase activity to the viral promoter. J. Biol. Chem. 294,

12901–12910. doi: 10.1074/jbc.RA119.009667

Elder, E., Krishna, B., Williamson, J., Aslam, Y., Farahi, N., Wood, A., et al. (2019).

Monocytes latently infected with human cytomegalovirus evade neutrophil

killing. iScience 12, 13–26. doi: 10.1016/j.isci.2019.01.007

Eltzschig, H. K., and Eckle, T. (2011). Ischemia and reperfusion–from mechanism

to translation. Nat. Med. 17, 1391–1401. doi: 10.1038/nm.2507

Evans, P. C., Smith, S., Hirschfield, G., Rigopoulou, E., Wreghitt, T. G., Wight,

D. G., et al. (2001). Recipient HLA-DR3, tumour necrosis factor-alpha

promoter allele-2 (tumour necrosis factor-2) and cytomegalovirus infection

are interrelated risk factors for chronic rejection of liver grafts. J. Hepatol. 34,

711–715. doi: 10.1016/s0168-8278(00)00101-x

Fietze, E., Prosch, S., Reinke, P., Stein, J., Docke, W. D., Staffa, G., et al. (1994).

Cytomegalovirus infection in transplant recipients. The role of tumor necrosis

factor. Transplantation 58, 675–680.

Fishman, J. A. (2017). Infection in organ transplantation. Am. J. Transplant. 17,

856–879. doi: 10.1111/ajt.14208

Fishman, J. A., and Rubin, R. H. (1998). Infection in organ-transplant recipients.

N. Engl. J. Med. 338, 1741–1751. doi: 10.1056/NEJM199806113382407

Forte, E., Swaminathan, S., Schroeder, M. W., Kim, J. Y., Terhune, S. S.,

and Hummel, M. (2018). Tumor necrosis factor alpha induces reactivation

of human cytomegalovirus independently of myeloid cell differentiation

following posttranscriptional establishment of latency. MBio 9:e01560-18.

doi: 10.1128/mBio.01560-18

Franceschi, C., Garagnani, P., Parini, P., Giuliani, C., and Santoro, A.

(2018). Inflammaging: a new immune-metabolic viewpoint for age-related

diseases. Nat. Rev. Endocrinol. 14, 576–590. doi: 10.1038/s41574-018-

0059-4

Fu, M., Gao, Y., Zhou, Q., Zhang, Q., Peng, Y., Tian, K., et al. (2014). Human

cytomegalovirus latent infection alters the expression of cellular and viral

microRNA. Gene 536, 272–278. doi: 10.1016/j.gene.2013.12.012

Furui, Y., Satake, M., Hoshi, Y., Uchida, S., Suzuki, K., and Tadokoro, K.

(2013). Cytomegalovirus (CMV) seroprevalence in Japanese blood donors and

high detection frequency of CMV DNA in elderly donors. Transfusion 53,

2190–2197. doi: 10.1111/trf.12390

Galinato, M., Shimoda, K., Aguiar, A., Hennig, F., Boffelli, D., McVoy, M. A.,

et al. (2019). Single-cell transcriptome analysis of CD34(+) stem cell-derived

myeloid cells infected with human cytomegalovirus. Front. Microbiol. 10:577.

doi: 10.3389/fmicb.2019.00577

Gan, X., Wang, H., Yu, Y., Yi, W., Zhu, S., Li, E., et al. (2017). Epigenetically

repressing human cytomegalovirus lytic infection and reactivation from latency

in THP-1 model by targeting H3K9 and H3K27 histone demethylases. PLoS

ONE 12:e0175390. doi: 10.1371/journal.pone.0175390

Gerna, G., Percivalle, E., Baldanti, F., Sozzani, S., Lanzarini, P., Genini,

E., et al. (2000). Human cytomegalovirus replicates abortively in

polymorphonuclear leukocytes after transfer from infected endothelial

cells via transient microfusion events. J. Virol. 74, 5629–5638.

doi: 10.1128/jvi.74.12.5629-5638.2000

Gloire, G., Legrand-Poels, S., and Piette, J. (2006). NF-kappaB activation by

reactive oxygen species: fifteen years later. Biochem. Pharmacol. 72, 1493–1505.

doi: 10.1016/j.bcp.2006.04.011

Goodrum, F. (2016). Human cytomegalovirus latency:

approaching the gordian knot. Annu. Rev. Virol. 3, 333–357.

doi: 10.1146/annurev-virology-110615-042422

Goodrum, F., Jordan, C. T., Terhune, S. S., High, K., and Shenk, T.

(2004). Differential outcomes of human cytomegalovirus infection

in primitive hematopoietic cell subpopulations. Blood 104, 687–695.

doi: 10.1182/blood-2003-12-4344

Goodrum, F., Reeves, M., Sinclair, J., High, K., and Shenk, T. (2007).

Human cytomegalovirus sequences expressed in latently infected

individuals promote a latent infection in vitro. Blood 110, 937–945.

doi: 10.1182/blood-2007-01-070078

Goodrum, F. D., Jordan, C. T., High, K., and Shenk, T. (2002). Human

cytomegalovirus gene expression during infection of primary hematopoietic

progenitor cells: a model for latency. Proc. Natl. Acad. Sci. U.S.A. 99,

16255–16260. doi: 10.1073/pnas.252630899

Grattan, M. T., Moreno-Cabral, C. E., Starnes, V. A., Oyer, P. E., Stinson, E. B., and

Shumway, N. E. (1989). Cytomegalovirus infection is associated with cardiac

allograft rejection and atherosclerosis. JAMA 261, 3561–3566.

Grefte, A., Harmsen, M. C., van der Giessen, M., Knollema, S., van Son, W.

J., and The, T. H. (1994). Presence of human cytomegalovirus (HCMV)

immediate early mRNA but not ppUL83 (lower matrix protein pp65) mRNA

in polymorphonuclear and mononuclear leukocytes during active HCMV

infection. J. Gen. Virol. 75 (Pt 8), 1989–1998. doi: 10.1099/0022-1317-75-8-1989

Grey, F., Meyers, H., White, E. A., Spector, D. H., and Nelson, J. (2007).

A human cytomegalovirus-encoded microRNA regulates expression

of multiple viral genes involved in replication. PLoS Pathog. 3:e163.

doi: 10.1371/journal.ppat.0030163

Griffiths, P., and Lumley, S. (2014). Cytomegalovirus. Curr. Opin. Infect. Dis. 27,

554–559. doi: 10.1097/QCO.0000000000000107

Groner, A. C., Meylan, S., Ciuffi, A., Zangger, N., Ambrosini, G., Denervaud, N.,

et al. (2010). KRAB-zinc finger proteins and KAP1 can mediate long-range

transcriptional repression through heterochromatin spreading. PLoS Genet.

6:e1000869. doi: 10.1371/journal.pgen.1000869

Gupta, P. K., McIntosh, C. M., Chong, A. S., and Alegre, M. L. (2019). The pursuit

of transplantation tolerance: new mechanistic insights. Cell. Mol. Immunol. 16,

324–333. doi: 10.1038/s41423-019-0203-7

Gustems, M., Borst, E., Benedict, C. A., Perez, C., Messerle, M., Ghazal, P.,

et al. (2006). Regulation of the transcription and replication cycle of human

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13 March 2020 | Volume 10 | Article 13029

https://doi.org/10.1128/JVI.01994-15
https://doi.org/10.1073/pnas.1900783116
https://doi.org/10.1016/S0002-9610(98)00205-0
https://doi.org/10.1086/340508
https://doi.org/10.1128/JVI.00305-15
https://doi.org/10.1016/j.chom.2014.02.002
https://doi.org/10.1182/bloodadvances.2017012187
https://doi.org/10.1111/j.1749-6632.2011.06358.x
https://doi.org/10.1007/s00784-011-0548-5
https://doi.org/10.1097/TP.0b013e3181949e09
https://doi.org/10.1046/j.1365-2133.2003.05263.x
https://doi.org/10.1016/s0140-6736(94)91116-9
https://doi.org/10.1073/pnas.2334032100
https://doi.org/10.1074/jbc.RA119.009667
https://doi.org/10.1016/j.isci.2019.01.007
https://doi.org/10.1038/nm.2507
https://doi.org/10.1016/s0168-8278(00)00101-x
https://doi.org/10.1111/ajt.14208
https://doi.org/10.1056/NEJM199806113382407
https://doi.org/10.1128/mBio.01560-18
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1016/j.gene.2013.12.012
https://doi.org/10.1111/trf.12390
https://doi.org/10.3389/fmicb.2019.00577
https://doi.org/10.1371/journal.pone.0175390
https://doi.org/10.1128/jvi.74.12.5629-5638.2000
https://doi.org/10.1016/j.bcp.2006.04.011
https://doi.org/10.1146/annurev-virology-110615-042422
https://doi.org/10.1182/blood-2003-12-4344
https://doi.org/10.1182/blood-2007-01-070078
https://doi.org/10.1073/pnas.252630899
https://doi.org/10.1099/0022-1317-75-8-1989
https://doi.org/10.1371/journal.ppat.0030163
https://doi.org/10.1097/QCO.0000000000000107
https://doi.org/10.1371/journal.pgen.1000869
https://doi.org/10.1038/s41423-019-0203-7
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

cytomegalovirus is insensitive to genetic elimination of the cognate NF-kappaB

binding sites in the enhancer. J. Virol. 80, 9899–9904. doi: 10.1128/JVI.00640-06

Hahn, G., Jores, R., and Mocarski, E. S. (1998). Cytomegalovirus remains latent in

a common precursor of dendritic andmyeloid cells. Proc. Natl. Acad. Sci. U.S.A.

95, 3937–3942. doi: 10.1073/pnas.95.7.3937

Hargett, D., and Shenk, T. E. (2010). Experimental human cytomegalovirus

latency in CD14+ monocytes. Proc. Natl. Acad. Sci. U.S.A. 107, 20039–20044.

doi: 10.1073/pnas.1014509107

Hayry, P., Lemstrom, K., von Willebrand, E., Tikkanen, J., and Koskinen, P.

(1998). CMV infection and allograft rejection. Transplant. Proc. 30, 916–917.

doi: 10.1016/s0041-1345(98)00095-5

Heininger, A., Jahn, G., Engel, C., Notheisen, T., Unertl, K., and

Hamprecht, K. (2001). Human cytomegalovirus infections in

nonimmunosuppressed critically ill patients. Crit. Care Med. 29, 541–547.

doi: 10.1097/00003246-200103000-00012

Hemmersbach-Miller, M., Alexander, B. D., Pieper, C. F., and Schmader, K. E.

(2019). Age matters: older age as a risk factor for CMV reactivation in the CMV

serostatus-positive kidney transplant recipient. Eur. J. Clin. Microbiol. Infect.

Dis. 39, 455–463. doi: 10.1007/s10096-019-03744-3

Hertel, L. (2014). Human cytomegalovirus tropism for mucosal myeloid dendritic

cells. Rev. Med. Virol. 24, 379–395. doi: 10.1002/rmv.1797

Hertel, L., Lacaille, V. G., Strobl, H., Mellins, E. D., and Mocarski, E. S. (2003).

Susceptibility of immature and mature Langerhans cell-type dendritic cells

to infection and immunomodulation by human cytomegalovirus. J. Virol. 77,

7563–7574. doi: 10.1128/jvi.77.13.7563-7574.2003

Hibberd, P. L., Tolkoff-Rubin, N. E., Cosimi, A. B., Schooley, R. T., Isaacson,

D., Doran, M., et al. (1992). Symptomatic cytomegalovirus disease in

the cytomegalovirus antibody seropositive renal transplant recipient treated

with OKT3. Transplantation 53, 68–72. doi: 10.1097/00007890-199201000-

00013

Hook, L., Hancock, M., Landais, I., Grabski, R., Britt, W., and Nelson,

J. A. (2014). Cytomegalovirus microRNAs. Curr. Opin. Virol. 7, 40–46.

doi: 10.1016/j.coviro.2014.03.015

Huang, M. M., Kew, V. G., Jestice, K., Wills, M. R., and Reeves, M. B. (2012).

Efficient human cytomegalovirus reactivation is maturation dependent in

the Langerhans dendritic cell lineage and can be studied using a CD14+

experimental latency model. J. Virol. 86, 8507–8515. doi: 10.1128/JVI.00598-12

Humby, M. S., and O’Connor, C. M. (2015). Human cytomegalovirus US28 is

important for latent infection of hematopoietic progenitor cells. J. Virol. 90,

2959–2970. doi: 10.1128/JVI.02507-15

Hummel, M., and Abecassis, M. M. (2002). A model for reactivation

of CMV from latency. J. Clin. Virol. 25(Suppl 2), S123–136.

doi: 10.1016/s1386-6532(02)00088-4

Hummel, M., Yan, S., Li, Z., Varghese, T. K., and Abecassis, M. (2007).

Transcriptional reactivation of murine cytomegalovirus ie gene expression by

5-aza-2’-deoxycytidine and trichostatin A in latently infected cells despite lack

of methylation of the major immediate-early promoter. J. Gen. Virol. 88(Pt 4),

1097–1102. doi: 10.1099/vir.0.82696-0

Hummel, M., Zhang, Z., Yan, S., DePlaen, I., Golia, P., Varghese, T., et al. (2001).

Allogeneic transplantation induces expression of cytomegalovirus immediate-

early genes in vivo: a model for reactivation from latency. J. Virol. 75,

4814–4822. doi: 10.1128/JVI.75.10.4814-4822.2001

Ioudinkova, E., Arcangeletti, M. C., Rynditch, A., De Conto, F., Motta, F.,

Covan, S., et al. (2006). Control of human cytomegalovirus gene expression

by differential histone modifications during lytic and latent infection of a

monocytic cell line. Gene 384, 120–128. doi: 10.1016/j.gene.2006.07.021

Isern, E., Gustems, M., Messerle, M., Borst, E., Ghazal, P., and Angulo, A. (2011).

The activator protein 1 binding motifs within the human cytomegalovirus

major immediate-early enhancer are functionally redundant and act in a

cooperative manner with the NF-{kappa}B sites during acute infection. J. Virol.

85, 1732–1746. doi: 10.1128/JVI.01713-10

Ishii, K. J., Koyama, S., Nakagawa, A., Coban, C., and Akira, S. (2008). Host innate

immune receptors and beyond: making sense of microbial infections. Cell Host

Microbe 3, 352–363. doi: 10.1016/j.chom.2008.05.003

Ivanov, A. V., Peng, H., Yurchenko, V., Yap, K. L., Negorev, D. G., Schultz, D. C.,

et al. (2007). PHD domain-mediated E3 ligase activity directs intramolecular

sumoylation of an adjacent bromodomain required for gene silencing. Mol.

Cell. 28, 823–837. doi: 10.1016/j.molcel.2007.11.012

Iyengar, S., and Farnham, P. J. (2011). KAP1 protein: an enigmatic master regulator

of the genome. J. Biol. Chem. 286, 26267–26276. doi: 10.1074/jbc.R111.252569

Jackson, S. E., Sedikides, G. X., Okecha, G., Poole, E. L., Sinclair, J. H., and

Wills, M. R. (2017). Latent cytomegalovirus (CMV) infection does not

detrimentally alter T cell responses in the healthy old, but increased latent CMV

carriage is related to expanded CMV-specific T cells. Front. Immunol. 8:733.

doi: 10.3389/fimmu.2017.00733

James, S. H., and Kimberlin, D. W. (2016). Advances in the prevention and

treatment of congenital cytomegalovirus infection. Curr. Opin. Pediatr. 28,

81–85. doi: 10.1097/MOP.0000000000000305

Jenkins, C., Abendroth, A., and Slobedman, B. (2004). A novel viral

transcript with homology to human interleukin-10 is expressed during

latent human cytomegalovirus infection. J. Virol. 78, 1440–1447.

doi: 10.1128/jvi.78.3.1440-1447.2004

Kabanova, A., Marcandalli, J., Zhou, T., Bianchi, S., Baxa, U., Tsybovsky, Y.,

et al. (2016). Platelet-derived growth factor-alpha receptor is the cellular

receptor for human cytomegalovirus gHgLgO trimer. Nat. Microbiol. 1:16082.

doi: 10.1038/nmicrobiol.2016.82

Kalejta, R. F. (2013). “Pre-immediate early tegument protein functions,” in

Cytomegaloviruses: From Molecular Pathogenesis to Intervention, ed M. J.

Reddehase (Norfolk: Caister Academic Press), 141–151.

Kalil, A. C., and Florescu, D. F. (2009). Prevalence and mortality associated with

cytomegalovirus infection in nonimmunosuppressed patients in the intensive

care unit.Crit. CareMed. 37, 2350–2358. doi: 10.1097/CCM.0b013e3181a3aa43

Kalliolias, G. D., and Ivashkiv, L. B. (2016). TNF biology, pathogenic mechanisms

and emerging therapeutic strategies. Nat. Rev. Rheumatol. 12, 49–62.

doi: 10.1038/nrrheum.2015.169

Kaminski, H., and Fishman, J. A. (2016). The cell biology of cytomegalovirus:

implications for transplantation. Am. J. Transplant. 16, 2254–2269.

doi: 10.1111/ajt.13791

Karin, M., and Shaulian, E. (2001). AP-1: linking hydrogen peroxide and oxidative

stress to the control of cell proliferation and death. IUBMB Life 52, 17–24.

doi: 10.1080/15216540252774711

Keller, M. J., Wheeler, D. G., Cooper, E., and Meier, J. L. (2003). Role of the

human cytomegalovirusmajor immediate-early promoter’s 19-base-pair-repeat

cyclic AMP-response element in acutely infected cells. J. Virol. 77, 6666–6675.

doi: 10.1128/jvi.77.12.6666-6675.2003

Keller, M. J., Wu, A. W., Andrews, J. I., McGonagill, P. W., Tibesar, E. E., and

Meier, J. L. (2007). Reversal of human cytomegalovirus major immediate-early

enhancer/promoter silencing in quiescently infected cells via the cyclic AMP

signaling pathway. J. Virol. 81, 6669–6681. doi: 10.1128/JVI.01524-06

Kew, V., Wills, M., and Reeves, M. (2017). HCMV activation of ERK-MAPK drives

amulti-factorial response promoting the progenitors. J. Mol. Biochem. 6, 13–25.

doi: 10.1038/s41598-017-00999-8

Kew, V. G., Yuan, J., Meier, J., and Reeves, M. B. (2014). Mitogen and stress

activated kinases act co-operatively with CREB during the induction of human

cytomegalovirus immediate-early gene expression from latency. PLoS Pathog.

10:e1004195. doi: 10.1371/journal.ppat.1004195

Kim, J. H., Collins-McMillen, D., Buehler, J. C., Goodrum, F. D., and Yurochko,

A. D. (2017). Human cytomegalovirus requires epidermal growth factor

receptor signaling to enter and initiate the early steps in the establishment

of latency in CD34(+) human progenitor cells. J. Virol. 91:e01206-16.

doi: 10.1128/JVI.01206-16

Kim, S. J., Varghese, T. K., Zhang, Z., Zhao, L. C., Thomas, G., Hummel, M., et al.

(2005). Renal ischemia/reperfusion injury activates the enhancer domain of the

human cytomegalovirus major immediate early promoter. Am. J. Transplant. 5,

1606–1613. doi: 10.1111/j.1600-6143.2005.00912.x

Kim, Y., Lee, S., Kim, S., Kim, D., Ahn, J. H., and Ahn, K. (2012). Human

cytomegalovirus clinical strain-specific microRNA miR-UL148D targets the

human chemokine RANTES during infection. PLoS Pathog. 8:e1002577.

doi: 10.1371/journal.ppat.1002577

Klenerman, P., and Oxenius, A. (2016). T cell responses to cytomegalovirus. Nat.

Rev. Immunol. 16, 367–377. doi: 10.1038/nri.2016.38

Koffron, A. J., Hummel, M., Patterson, B. K., Yan, S., Kaufman, D. B., Fryer, J. P.,

et al. (1998). Cellular localization of latent murine cytomegalovirus. J. Virol.

72, 95–103.

Kondo, K., Xu, J., and Mocarski, E. S. (1996). Human cytomegalovirus latent

gene expression in granulocyte-macrophage progenitors in culture and in

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14 March 2020 | Volume 10 | Article 13030

https://doi.org/10.1128/JVI.00640-06
https://doi.org/10.1073/pnas.95.7.3937
https://doi.org/10.1073/pnas.1014509107
https://doi.org/10.1016/s0041-1345(98)00095-5
https://doi.org/10.1097/00003246-200103000-00012
https://doi.org/10.1007/s10096-019-03744-3
https://doi.org/10.1002/rmv.1797
https://doi.org/10.1128/jvi.77.13.7563-7574.2003
https://doi.org/10.1097/00007890-199201000-00013
https://doi.org/10.1016/j.coviro.2014.03.015
https://doi.org/10.1128/JVI.00598-12
https://doi.org/10.1128/JVI.02507-15
https://doi.org/10.1016/s1386-6532(02)00088-4
https://doi.org/10.1099/vir.0.82696-0
https://doi.org/10.1128/JVI.75.10.4814-4822.2001
https://doi.org/10.1016/j.gene.2006.07.021
https://doi.org/10.1128/JVI.01713-10
https://doi.org/10.1016/j.chom.2008.05.003
https://doi.org/10.1016/j.molcel.2007.11.012
https://doi.org/10.1074/jbc.R111.252569
https://doi.org/10.3389/fimmu.2017.00733
https://doi.org/10.1097/MOP.0000000000000305
https://doi.org/10.1128/jvi.78.3.1440-1447.2004
https://doi.org/10.1038/nmicrobiol.2016.82
https://doi.org/10.1097/CCM.0b013e3181a3aa43
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1111/ajt.13791
https://doi.org/10.1080/15216540252774711
https://doi.org/10.1128/jvi.77.12.6666-6675.2003
https://doi.org/10.1128/JVI.01524-06
https://doi.org/10.1038/s41598-017-00999-8
https://doi.org/10.1371/journal.ppat.1004195
https://doi.org/10.1128/JVI.01206-16
https://doi.org/10.1111/j.1600-6143.2005.00912.x
https://doi.org/10.1371/journal.ppat.1002577
https://doi.org/10.1038/nri.2016.38
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

seropositive individuals. Proc. Natl. Acad. Sci. U.S.A. 93, 11137–11142.

doi: 10.1073/pnas.93.20.11137

Krishna, B. A., Humby, M. S., Miller, W. E., and O’Connor, C. M.

(2019). Human cytomegalovirus G protein-coupled receptor US28 promotes

latency by attenuating c-fos. Proc. Natl. Acad. Sci. U.S.A. 116, 1755–1764.

doi: 10.1073/pnas.1816933116

Krishna, B. A., Miller, W. E., and O’Connor, C. M. (2018). US28: HCMV’s Swiss

army knife. Viruses 10:445. doi: 10.3390/v10080445

Krishna, B. A., Poole, E. L., Jackson, S. E., Smit, M. J., Wills, M. R., and Sinclair,

J. H. (2017). Latency-associated expression of human cytomegalovirus US28

attenuates cell signaling pathways to maintain latent infection.MBio 8:e01754-

17. doi: 10.1128/mBio.01754-17

Kropp, K. A., Angulo, A., and Ghazal, P. (2014). Viral enhancer

mimicry of host innate-immune promoters. PLoS Pathog. 10:e1003804.

doi: 10.1371/journal.ppat.1003804

Kurz, S., Steffens, H. P., Mayer, A., Harris, J. R., and Reddehase, M. J. (1997).

Latency versus persistence or intermittent recurrences: evidence for a latent

state of murine cytomegalovirus in the lungs. J. Virol. 71, 2980–2987.

Kurz, S. K., Rapp, M., Steffens, H. P., Grzimek, N. K., Schmalz, S., and Reddehase,

M. J. (1999). Focal transcriptional activity of murine cytomegalovirus during

latency in the lungs. J. Virol. 73, 482–494.

Kurz, S. K., and Reddehase, M. J. (1999). Patchwork pattern of transcriptional

reactivation in the lungs indicates sequential checkpoints in the transition from

murine cytomegalovirus latency to recurrence. J. Virol. 73, 8612–8622.

Kutza, A. S., Muhl, E., Hackstein, H., Kirchner, H., and Bein, G. (1998). High

incidence of active cytomegalovirus infection among septic patients. Clin.

Infect. Dis. 26, 1076–1082.

Lao, W. C., Lee, D., Burroughs, A. K., Lanzani, G., Rolles, K., Emery, V. C., et al.

(1997). Use of polymerase chain reaction to provide prognostic information

on human cytomegalovirus disease after liver transplantation. J. Med. Virol.

51, 152–158. doi: 10.1002/(SICI)1096-9071(199703)51:3<152::AID-JMV3>3.0.

CO;2-5

Lashmit, P., Wang, S., Li, H., Isomura, H., and Stinski, M. F. (2009). The CREB

site in the proximal enhancer is critical for cooperative interaction with the

other transcription factor binding sites to enhance transcription of the major

intermediate-early genes in human cytomegalovirus-infected cells. J. Virol. 83,

8893–8904. doi: 10.1128/JVI.02239-08

Lau, B., Poole, E., Krishna, B., Sellart, I., Wills, M. R., Murphy, E., et al. (2016). The

expression of human cytomegalovirus microRNA MiR-UL148D during latent

infection in primary myeloid cells inhibits activin A-triggered secretion of IL-6.

Sci. Rep. 6:31205. doi: 10.1038/srep31205

Lautenschlager, I., Hockerstedt, K., Jalanko, H., Loginov, R., Salmela, K., Taskinen,

E., et al. (1997). Persistent cytomegalovirus in liver allografts with chronic

rejection. Hepatology 25, 190–194. doi: 10.1053/jhep.1997.v25.pm0008985289

Le, V. T., Trilling, M., and Hengel, H. (2011). The cytomegaloviral protein pUL138

acts as potentiator of tumor necrosis factor (TNF) receptor 1 surface density

to enhance ULb’-encoded modulation of TNF-alpha signaling. J. Virol. 85,

13260–13270. doi: 10.1128/JVI.06005-11

Lebedeva, A. M., Shpektor, A. V., Vasilieva, E. Y., and Margolis, L. B.

(2018). Cytomegalovirus infection in cardiovascular diseases. Biochemistry. 83,

1437–1447. doi: 10.1134/S0006297918120027

Lee, S. H., Albright, E. R., Lee, J. H., Jacobs, D., and Kalejta, R. F. (2015). Cellular

defense against latent colonization foiled by human cytomegalovirus UL138

protein. Sci. Adv. 1:e1501164. doi: 10.1126/sciadv.1501164

Lee, S. H., Caviness, K., Albright, E. R., Lee, J. H., Gelbmann, C. B., Rak, M.,

et al. (2016). Long and short isoforms of the human cytomegalovirus UL138

protein silence IE transcription and promote latency. J. Virol. 90, 9483–9494.

doi: 10.1128/JVI.01547-16

Lee, S. H., Kalejta, R. F., Kerry, J., Semmes, O. J., O’Connor, C. M., Khan, Z., et al.

(2012). BclAF1 restriction factor is neutralized by proteasomal degradation

andmicroRNA repression during human cytomegalovirus infection. Proc. Natl.

Acad. Sci. U.S.A. 109, 9575–9580. doi: 10.1073/pnas.1207496109

Leeaphorn, N., Garg, N., Thamcharoen, N., Khankin, E. V., Cardarelli, F., and

Pavlakis, M. (2019). Cytomegalovirus mismatch still negatively affects patient

and graft survival in the era of routine prophylactic and preemptive therapy: a

paired kidney analysis. Am. J. Transplant. 19, 573–584. doi: 10.1111/ajt.15183

Li, X., Lee, Y. K., Jeng, J. C., Yen, Y., Schultz, D. C., Shih, H. M., et al. (2007). Role

for KAP1 serine 824 phosphorylation and sumoylation/desumoylation switch

in regulating KAP1-mediated transcriptional repression. J. Biol. Chem. 282,

36177–36189. doi: 10.1074/jbc.M706912200

Li, Z., Wang, X., Yan, S., Zhang, Z., Jie, C., Sustento-Reodica, N., et al. (2012). A

mouse model of CMV transmission following kidney transplantation. Am. J.

Transplant. 12, 1024–1028. doi: 10.1111/j.1600-6143.2011.03892.x

Limaye, A. P., Kirby, K. A., Rubenfeld, G. D., Leisenring, W. M., Bulger,

E. M., Neff, M. J., et al. (2008). Cytomegalovirus reactivation in critically

ill immunocompetent patients. JAMA 300, 413–422. doi: 10.1001/jama.300.

4.413

Liu, R., Baillie, J., Sissons, J. G., and Sinclair, J. H. (1994). The transcription factor

YY1 binds to negative regulatory elements in the human cytomegalovirus

major immediate early enhancer/promoter and mediates repression in non-

permissive cells. Nucleic Acids Res. 22, 2453–2459. doi: 10.1093/nar/22.

13.2453

Liu, X., Yuan, J., Wu, A.W., McGonagill, P. W., Galle, C. S., andMeier, J. L. (2010).

Phorbol ester-induced human cytomegalovirus major immediate-early (MIE)

enhancer activation through PKC-delta, CREB, and NF-kappaB desilences MIE

gene expression in quiescently infected human pluripotent NTera2 cells. J.

Virol. 84, 8495–8508. doi: 10.1128/JVI.00416-10

Liu, X. F., Jie, C., Zhang, Z., Yan, S., Wang, J. J., Wang, X., et al. (2016).

Transplant-induced reactivation of murine cytomegalovirus immediate early

gene expression is associated with recruitment of NF-kappaB and AP-

1 to the major immediate early promoter. J. Gen. Virol. 97, 941–954.

doi: 10.1099/jgv.0.000407

Liu, X. F., Wang, X., Yan, S., Zhang, Z., Abecassis, M., and Hummel, M. (2013).

Epigenetic control of cytomegalovirus latency and reactivation. Viruses 5,

1325–1345. doi: 10.3390/v5051325

Liu, X. F., Yan, S., Abecassis, M., and Hummel, M. (2008). Establishment

of murine cytomegalovirus latency in vivo is associated with changes

in histone modifications and recruitment of transcriptional repressors

to the major immediate-early promoter. J. Virol. 82, 10922–10931.

doi: 10.1128/JVI.00865-08

Liu, X. F., Yan, S., Abecassis, M., and Hummel, M. (2010). Biphasic recruitment

of transcriptional repressors to the murine cytomegalovirus major immediate-

early promoter during the course of infection in vivo. J. Virol. 84, 3631–3643.

doi: 10.1128/JVI.02380-09

Ljungman, P., Brand, R., Hoek, J., de la Camara, R., Cordonnier, C., Einsele, H.,

et al. (2014). Donor cytomegalovirus status influences the outcome of allogeneic

stem cell transplant: a study by the European group for blood and marrow

transplantation. Clin. Infect. Dis. 59, 473–481. doi: 10.1093/cid/ciu364

Lonnqvist, B., Ringden, O., Wahren, B., Gahrton, G., and Lundgren,

G. (1984). Cytomegalovirus infection associated with and preceding

chronic graft-versus-host disease. Transplantation 38, 465–468.

doi: 10.1097/00007890-198411000-00004

Luo, X., Miller, S. D., and Shea, L. D. (2016). Immune tolerance for autoimmune

disease and cell transplantation. Annu. Rev. Biomed. Eng. 18, 181–205.

doi: 10.1146/annurev-bioeng-110315-020137

Manicklal, S., Emery, V. C., Lazzarotto, T., Boppana, S. B., and Gupta, R. K. (2013).

The “silent” global burden of congenital cytomegalovirus. Clin. Microbiol. Rev.

26, 86–102. doi: 10.1128/CMR.00062-12

Mantovani, A., Dinarello, C. A.,Molgora,M., andGarlanda, C. (2019). Interleukin-

1 and related cytokines in the regulation of inflammation and immunity.

Immunity 50, 778–795. doi: 10.1016/j.immuni.2019.03.012

Marcu, R., Choi, Y. J., Xue, J., Fortin, C. L., Wang, Y., Nagao, R. J., et al.

(2018). Human organ-specific endothelial cell heterogeneity. iScience 4, 20–35.

doi: 10.1016/j.isci.2018.05.003

Martins, J. P., Andoniou, C. E., Fleming, P., Kuns, R. D., Schuster, I.

S., Voigt, V., et al. (2019). Strain-specific antibody therapy prevents

cytomegalovirus reactivation after transplantation. Science 363, 288–293.

doi: 10.1126/science.aat0066

Mason, G. M., Jackson, S., Okecha, G., Poole, E., Sissons, J. G., Sinclair, J., et al.

(2013). Human cytomegalovirus latency-associated proteins elicit immune-

suppressive IL-10 producing CD4(+) T cells. PLoS Pathog. 9:e1003635.

doi: 10.1371/journal.ppat.1003635

Matthes-Martin, S., Aberle, S. W., Peters, C., Holter, W., Popow-Kraupp, T.,

Potschger, U., et al. (1998). CMV-viraemia during allogenic bone marrow

transplantation in paediatric patients: association with survival and graft-

versus-host disease. Bone Marrow Transplant 21(Suppl 2), S53–56.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15 March 2020 | Volume 10 | Article 13031

https://doi.org/10.1073/pnas.93.20.11137
https://doi.org/10.1073/pnas.1816933116
https://doi.org/10.3390/v10080445
https://doi.org/10.1128/mBio.01754-17
https://doi.org/10.1371/journal.ppat.1003804
https://doi.org/10.1002/(SICI)1096-9071(199703)51:3<152::AID-JMV3>3.0.CO;2-5
https://doi.org/10.1128/JVI.02239-08
https://doi.org/10.1038/srep31205
https://doi.org/10.1053/jhep.1997.v25.pm0008985289
https://doi.org/10.1128/JVI.06005-11
https://doi.org/10.1134/S0006297918120027
https://doi.org/10.1126/sciadv.1501164
https://doi.org/10.1128/JVI.01547-16
https://doi.org/10.1073/pnas.1207496109
https://doi.org/10.1111/ajt.15183
https://doi.org/10.1074/jbc.M706912200
https://doi.org/10.1111/j.1600-6143.2011.03892.x
https://doi.org/10.1001/jama.300.4.413
https://doi.org/10.1093/nar/22.13.2453
https://doi.org/10.1128/JVI.00416-10
https://doi.org/10.1099/jgv.0.000407
https://doi.org/10.3390/v5051325
https://doi.org/10.1128/JVI.00865-08
https://doi.org/10.1128/JVI.02380-09
https://doi.org/10.1093/cid/ciu364
https://doi.org/10.1097/00007890-198411000-00004
https://doi.org/10.1146/annurev-bioeng-110315-020137
https://doi.org/10.1128/CMR.00062-12
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.1016/j.isci.2018.05.003
https://doi.org/10.1126/science.aat0066
https://doi.org/10.1371/journal.ppat.1003635
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

Mendelson, M., Monard, S., Sissons, P., and Sinclair, J. (1996). Detection of

endogenous human cytomegalovirus in CD34+ bone marrow progenitors. J.

Gen. Virol. 77 (Pt 12), 3099–3102. doi: 10.1099/0022-1317-77-12-3099

Meshesha, M. K., Bentwich, Z., Solomon, S. A., and Avni, Y. S. (2016). In vivo

expression of human cytomegalovirus (HCMV) microRNAs during latency.

Gene 575, 101–107. doi: 10.1016/j.gene.2015.08.040

Meyers, J. D., Flournoy, N., and Thomas, E. D. (1986). Risk factors for

cytomegalovirus infection after human marrow transplantation. J. Infect. Dis.

153, 478–488. doi: 10.1093/infdis/153.3.478

Mocarski, E. (2013). “Cytomegaloviruses,” in Fields Virology, 6th Edn. eds D. Knipe

and P. M. Howley (Philadelphia, PA: Lippincott/The Williams and Wilkins

Co.), 1960–2014.

Morgan, M. J., and Liu, Z. G. (2011). Crosstalk of reactive oxygen species and

NF-kappaB signaling. Cell Res. 21, 103–115. doi: 10.1038/cr.2010.178

Moroy, T., Vassen, L., Wilkes, B., and Khandanpour, C. (2015). From cytopenia to

leukemia: the role of Gfi1 and Gfi1b in blood formation. Blood 126, 2561–2569.

doi: 10.1182/blood-2015-06-655043

Murphy, E., Vanicek, J., Robins, H., Shenk, T., and Levine, A. J. (2008). Suppression

of immediate-early viral gene expression by herpesvirus-coded microRNAs:

implications for latency. Proc. Natl. Acad. Sci. U.S.A. 105, 5453–5458.

doi: 10.1073/pnas.0711910105

Nachmani, D., Stern-Ginossar, N., Sarid, R., and Mandelboim, O. (2009). Diverse

herpesvirus microRNAs target the stress-induced immune ligand MICB to

escape recognition by natural killer cells. Cell Host Microbe 5, 376–385.

doi: 10.1016/j.chom.2009.03.003

Nett, P. C., Heisey, D. M., Fernandez, L. A., Sollinger, H. W., and Pirsch,

J. D. (2004). Association of cytomegalovirus disease and acute rejection

with graft loss in kidney transplantation. Transplantation 78, 1036–1041.

doi: 10.1097/01.tp.0000137105.92464.f3

Noriega, V. M., Gardner, T. J., Redmann, V., Bongers, G., Lira, S. A., and

Tortorella, D. (2014). Human cytomegalovirus US28 facilitates cell-to-cell viral

dissemination. Viruses 6, 1202–1218. doi: 10.3390/v6031202

O’Connor, C. M., andMurphy, E. A. (2012). A myeloid progenitor cell line capable

of supporting human cytomegalovirus latency and reactivation, resulting in

infectious progeny. J. Virol. 86, 9854–9865. doi: 10.1128/JVI.01278-12

O’Connor, C.M., and Shenk, T. (2012). Human cytomegalovirus pUL78G protein-

coupled receptor homologue is required for timely cell entry in epithelial cells

but not fibroblasts. J. Virol. 86, 11425–11433. doi: 10.1128/JVI.05900-11

O’Connor, C. M., Vanicek, J., and Murphy, E. A. (2014). Host microRNA

regulation of human cytomegalovirus immediate early protein translation

promotes viral latency. J. Virol. 88, 5524–5532. doi: 10.1128/JVI.00481-14

O’Hara, G. A., Welten, S. P., Klenerman, P., and Arens, R. (2012). Memory T

cell inflation: understanding cause and effect. Trends Immunol. 33, 84–90.

doi: 10.1016/j.it.2011.11.005

Pan, C., Zhu, D., Wang, Y., Li, L., Li, D., Liu, F., et al. (2016). Human

cytomegalovirus miR-UL148D facilitates latent viral infection by targeting

host cell immediate early response gene 5. PLoS Pathog. 12:e1006007.

doi: 10.1371/journal.ppat.1006007

Parida, M., Nilson, K. A., Li, M., Ball, C. B., Fuchs, H. A., Lawson, C. K.,

et al. (2019). Nucleotide resolution comparison of transcription of human

cytomegalovirus and host genomes reveals universal use of RNA polymerase

ii elongation control driven by dissimilar core promoter elements. MBio

10:e02047-18. doi: 10.1128/mBio.02047-18

Parry, H. M., Zuo, J., Frumento, G., Mirajkar, N., Inman, C., Edwards, E.,

et al. (2016). Cytomegalovirus viral load within blood increases markedly

in healthy people over the age of 70 years. Immun. Ageing 13:1.

doi: 10.1186/s12979-015-0056-6

Peppenelli, M. A., Arend, K. C., Cojohari, O., Moorman, N. J., and Chan, G.

C. (2016). Human cytomegalovirus stimulates the synthesis of select Akt-

dependent antiapoptotic proteins during viral entry to promote survival of

infected monocytes. J. Virol. 90, 3138–3147. doi: 10.1128/JVI.02879-15

Poole, E., McGregor Dallas, S. R., Colston, J., Joseph, R. S., and Sinclair, J. (2011).

Virally induced changes in cellular microRNAs maintain latency of human

cytomegalovirus in CD34(+) progenitors. J. Gen. Virol. 92(Pt 7), 1539–1549.

doi: 10.1099/vir.0.031377-0

Poole, E., Walther, A., Raven, K., Benedict, C. A., Mason, G. M., and Sinclair, J.

(2013). The myeloid transcription factor GATA-2 regulates the viral UL144

gene during human cytomegalovirus latency in an isolate-specific manner. J.

Virol. 87, 4261–4271. doi: 10.1128/JVI.03497-12

Poole, E. L., Kew, V. G., Lau, J. C. H., Murray, M. J., Stamminger, T.,

Sinclair, J. H., et al. (2018). A virally encoded DeSUMOylase activity is

required for cytomegalovirus reactivation from latency. Cell. Rep. 24, 594–606.

doi: 10.1016/j.celrep.2018.06.048

Portela, D., Patel, R., Larsonkeller, J. J., Ilstrup, D. M., Wiesner, R. H., Steers,

J. L., et al. (1995). Okt3 treatment for allograft-rejection is a risk factor for

cytomegalovirus disease in liver-transplantation. J. Infect. Dis. 171, 1014–1018.

doi: 10.1093/infdis/171.4.1014

Prosch, S., Staak, K., Stein, J., Liebenthal, C., Stamminger, T., Volk, H. D., et al.

(1995). Stimulation of the human cytomegalovirus IE enhancer/promoter in

HL-60 cells by TNF alpha is mediated via induction of NF-kB. Virology

208, 197–206.

Rauwel, B., Jang, S. M., Cassano, M., Kapopoulou, A., Barde, I., and Trono, D.

(2015). Release of human cytomegalovirus from latency by a KAP1/TRIM28

phosphorylation switch. Elife 4:e06068. doi: 10.7554/eLife.06068

Razonable, R. R., Rivero, A., Rodriguez, A., Wilson, J., Daniels, J., Jenkins,

G., et al. (2001). Allograft rejection predicts the occurrence of late-

onset cytomegalovirus (CMV) disease among CMV-mismatched solid organ

transplant patients receiving prophylaxis with oral ganciclovir. J. Infect. Dis.

184, 1461–1464. doi: 10.1086/324516

Reddehase, M. J., Simon, C. O., Seckert, C. K., Lemmermann, N., and Grzimek,

N. K. (2008). Murine model of cytomegalovirus latency and reactivation. Curr.

Top. Microbiol. Immunol. 325, 315–331. doi: 10.1007/978-3-540-77349-8_18

Reeves, M., and Sinclair, J. (2008). Aspects of human cytomegalovirus

latency and reactivation. Curr. Top. Microbiol. Immunol. 325, 297–313.

doi: 10.1007/978-3-540-77349-8_17

Reeves, M. B., Breidenstein, A., and Compton, T. (2012). Human cytomegalovirus

activation of ERK and myeloid cell leukemia-1 protein correlates with

survival of latently infected cells. Proc. Natl. Acad. Sci. U.S.A. 109, 588–593.

doi: 10.1073/pnas.1114966108

Reeves, M. B., Coleman, H., Chadderton, J., Goddard, M., Sissons, J. G., and

Sinclair, J. H. (2004). Vascular endothelial and smooth muscle cells are unlikely

to be major sites of latency of human cytomegalovirus in vivo. J. Gen. Virol.

85(Pt 11), 3337–3341. doi: 10.1099/vir.0.80285-0

Reeves, M. B., and Compton, T. (2011). Inhibition of inflammatory interleukin-

6 activity via extracellular signal-regulated kinase-mitogen-activated protein

kinase signaling antagonizes human cytomegalovirus reactivation from

dendritic cells. J. Virol. 85, 12750–12758. doi: 10.1128/JVI.05878-11

Reeves, M. B., Lehner, P. J., Sissons, J. G., and Sinclair, J. H. (2005a). An in vitro

model for the regulation of human cytomegalovirus latency and reactivation in

dendritic cells by chromatin remodelling. J. Gen. Virol. 86(Pt 11), 2949–2954.

doi: 10.1099/vir.0.81161-0

Reeves, M. B., MacAry, P. A., Lehner, P. J., Sissons, J. G., and Sinclair, J. H. (2005b).

Latency, chromatin remodeling, and reactivation of human cytomegalovirus

in the dendritic cells of healthy carriers. Proc. Natl. Acad. Sci. U.S.A. 102,

4140–4145. doi: 10.1073/pnas.0408994102

Reeves, M. B., and Sinclair, J. H. (2010). 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. 91(Pt

3), 599–604. doi: 10.1099/vir.0.015602-0

Reinke, P., Fietze, E., Ode-Hakim, S., Prosch, S., Lippert, J., Ewert, R., et al. (1994).

Late-acute renal allograft rejection and symptomless cytomegalovirus infection.

Lancet 344, 1737–1738. doi: 10.1016/s0140-6736(94)92887-8

Reinke, P., Prosch, S., Kern, F., and Volk, H. D. (1999). Mechanisms

of human cytomegalovirus (HCMV) (re)activation and its impact

on organ transplant patients. Transpl. Infect. Dis. 1, 157–164.

doi: 10.1034/j.1399-3062.1999.010304.x

Riegler, S., Hebart, H., Einsele, H., Brossart, P., Jahn, G., and Sinzger, C.

(2000). Monocyte-derived dendritic cells are permissive to the complete

replicative cycle of human cytomegalovirus. J. Gen. Virol. 81(Pt 2), 393–399.

doi: 10.1099/0022-1317-81-2-393

Rossetto, C. C., Tarrant-Elorza, M., and Pari, G. S. (2013). Cis and trans acting

factors involved in human cytomegalovirus experimental and natural latent

infection of CD14 (+)monocytes and CD34 (+) cells. PLoS Pathog. 9:e1003366.

doi: 10.1371/journal.ppat.1003366

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16 March 2020 | Volume 10 | Article 13032

https://doi.org/10.1099/0022-1317-77-12-3099
https://doi.org/10.1016/j.gene.2015.08.040
https://doi.org/10.1093/infdis/153.3.478
https://doi.org/10.1038/cr.2010.178
https://doi.org/10.1182/blood-2015-06-655043
https://doi.org/10.1073/pnas.0711910105
https://doi.org/10.1016/j.chom.2009.03.003
https://doi.org/10.1097/01.tp.0000137105.92464.f3
https://doi.org/10.3390/v6031202
https://doi.org/10.1128/JVI.01278-12
https://doi.org/10.1128/JVI.05900-11
https://doi.org/10.1128/JVI.00481-14
https://doi.org/10.1016/j.it.2011.11.005
https://doi.org/10.1371/journal.ppat.1006007
https://doi.org/10.1128/mBio.02047-18
https://doi.org/10.1186/s12979-015-0056-6
https://doi.org/10.1128/JVI.02879-15
https://doi.org/10.1099/vir.0.031377-0
https://doi.org/10.1128/JVI.03497-12
https://doi.org/10.1016/j.celrep.2018.06.048
https://doi.org/10.1093/infdis/171.4.1014
https://doi.org/10.7554/eLife.06068
https://doi.org/10.1086/324516
https://doi.org/10.1007/978-3-540-77349-8_18
https://doi.org/10.1007/978-3-540-77349-8_17
https://doi.org/10.1073/pnas.1114966108
https://doi.org/10.1099/vir.0.80285-0
https://doi.org/10.1128/JVI.05878-11
https://doi.org/10.1099/vir.0.81161-0
https://doi.org/10.1073/pnas.0408994102
https://doi.org/10.1099/vir.0.015602-0
https://doi.org/10.1016/s0140-6736(94)92887-8
https://doi.org/10.1034/j.1399-3062.1999.010304.x
https://doi.org/10.1099/0022-1317-81-2-393
https://doi.org/10.1371/journal.ppat.1003366
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

Saffert, R. T., Penkert, R. R., and Kalejta, R. F. (2010). Cellular and viral control over

the initial events of human cytomegalovirus experimental latency in CD34+

cells. J. Virol. 84, 5594–5604. doi: 10.1128/JVI.00348-10

Saleque, S., Kim, J., Rooke, H. M., and Orkin, S. H. (2007). Epigenetic regulation of

hematopoietic differentiation by Gfi-1 and Gfi-1b is mediated by the cofactors

CoREST and LSD1.Mol. Cell. 27, 562–572. doi: 10.1016/j.molcel.2007.06.039

Schwartz, M., and Stern-Ginossar, N. (2019). The transcriptome of latent human

cytomegalovirus. J. Virol. 93:e00047-19. doi: 10.1128/JVI.00047-19

Seckert, C. K., Renzaho, A., Tervo, H. M., Krause, C., Deegen, P., Kuhnapfel,

B., et al. (2009). Liver sinusoidal endothelial cells are a site of murine

cytomegalovirus latency and reactivation. J. Virol. 83, 8869–8884.

doi: 10.1128/JVI.00870-09

Shen, Z. Z., Pan, X., Miao, L. F., Ye, H. Q., Chavanas, S., Davrinche, C.,

et al. (2014). Comprehensive analysis of human cytomegalovirus microRNA

expression during lytic and quiescent infection. PLoS ONE 9:e88531.

doi: 10.1371/journal.pone.0088531

Shnayder, M., Nachshon, A., Krishna, B., Poole, E., Boshkov, A., Binyamin,

A., et al. (2018). Defining the transcriptional landscape during

cytomegalovirus latency with single-cell RNA sequencing. MBio 9:e00013-18.

doi: 10.1128/mBio.00013-18

Shnayder, M., Nachshon, A., Rozman, B., Bernshtein, B., Lavi, M., Fein, N.,

et al. (2020). Single cell analysis reveals human cytomegalovirus drives

latently infected cells towards an anergic-like monocyte state. Elife 9:e52168.

doi: 10.7554/eLife.52168

Simanek, A. M., Dowd, J. B., Pawelec, G., Melzer, D., Dutta, A., and Aiello,

A. E. (2011). Seropositivity to cytomegalovirus, inflammation, all-cause and

cardiovascular disease-related mortality in the United States. PLoS ONE

6:e16103. doi: 10.1371/journal.pone.0016103

Simon, C. O., Seckert, C. K., Dreis, D., Reddehase, M. J., and Grzimek, N.

K. (2005). Role for tumor necrosis factor alpha in murine cytomegalovirus

transcriptional reactivation in latently infected lungs. J. Virol. 79, 326–340.

doi: 10.1128/JVI.79.1.326-340.2005

Sinclair, J., and Reeves, M. (2014). The intimate relationship between human

cytomegalovirus and the dendritic cell lineage. Front. Microbiol. 5:389.

doi: 10.3389/fmicb.2014.00389

Sindre, H., Tjoonnfjord, G. E., Rollag, H., Ranneberg-Nilsen, T., Veiby, O. P., Beck,

S., et al. (1996). Human cytomegalovirus suppression of and latency in early

hematopoietic progenitor cells. Blood 88, 4526–4533

Sinzger, C., Digel, M., and Jahn, G. (2008). Cytomegalovirus cell tropism. Curr.

Top. Microbiol. Immunol. 325, 63–83. doi: 10.1007/978-3-540-77349-8_4

Slobedman, B., and Mocarski, E. S. (1999). Quantitative analysis of latent human

cytomegalovirus. J. Virol. 73, 4806–4812.

Smith, C., and Khanna, R. (2013). Immune regulation of human herpesviruses

and its implications for human transplantation. Am. J. Transplant. 13(Suppl

3), 9–23; quiz 23. doi: 10.1111/ajt.12005

Smith, M. S., Bentz, G. L., Alexander, J. S., and Yurochko, A. D. (2004).

Human cytomegalovirus induces monocyte differentiation and migration

as a strategy for dissemination and persistence. J. Virol. 78, 4444–4453.

doi: 10.1128/jvi.78.9.4444-4453.2004

Sourvinos, G., Morou, A., Sanidas, I., Codruta, I., Ezell, S. A., Doxaki, C., et al.

(2014). The downregulation of GFI1 by the EZH2-NDY1/KDM2B-JARID2

axis and by human cytomegalovirus (HCMV) associated factors allows the

activation of the HCMV major IE promoter and the transition to productive

infection. PLoS Pathog. 10:e1004136. doi: 10.1371/journal.ppat.1004136

Stein, J., Volk, H. D., Liebenthal, C., Kruger, D. H., and Prosch, S. (1993). Tumour

necrosis factor alpha stimulates the activity of the human cytomegalovirus

major immediate early enhancer/promoter in immaturemonocytic cells. J. Gen.

Virol. 74 (Pt 11), 2333–2338. doi: 10.1099/0022-1317-74-11-2333

Stevenson, E. V., Collins-McMillen, D., Kim, J. H., Cieply, S. J., Bentz, G. L.,

and Yurochko, A. D. (2014). HCMV reprogramming of infected monocyte

survival and differentiation: a Goldilocks phenomenon. Viruses 6, 782–807.

doi: 10.3390/v6020782

Stowe, R. P., Kozlova, E. V., Yetman, D. L., Walling, D. M., Goodwin, J. S.,

and Glaser, R. (2007). Chronic herpesvirus reactivation occurs in aging. Exp.

Gerontol. 42, 563–570. doi: 10.1016/j.exger.2007.01.005

Streblow, D. N., Dumortier, J., Moses, A. V., Orloff, S. L., and Nelson, J. A.

(2008).Mechanisms of cytomegalovirus-accelerated vascular disease: induction

of paracrine factors that promote angiogenesis and wound healing. Curr. Top.

Microbiol. Immunol. 325, 397–415. doi: 10.1007/978-3-540-77349-8_22

Streblow, D. N., van Cleef, K. W., Kreklywich, C. N., Meyer, C., Smith, P.,

Defilippis, V., et al. (2007). Rat cytomegalovirus gene expression in cardiac

allograft recipients is tissue specific and does not parallel the profiles detected

in vitro. J. Virol. 81, 3816–3826. doi: 10.1128/JVI.02425-06

Tanaka, T., Halicka, H. D., Traganos, F., and Darzynkiewicz, Z. (2006).

Phosphorylation of histone H2AX on Ser 139 and activation of ATM during

oxidative burst in phorbol ester-treated human leukocytes. Cell Cycle 5,

2671–2675. doi: 10.4161/cc.5.22.3472

Tanaka, T., Narazaki, M., and Kishimoto, T. (2014). IL-6 in inflammation,

immunity, and disease. Cold Spring Harb. Perspect. Biol. 6:a016295.

doi: 10.1101/cshperspect.a016295

Taniguchi, K., and Karin, M. (2018). NF-kappaB, inflammation, immunity

and cancer: coming of age. Nat. Rev. Immunol. 18, 309–324.

doi: 10.1038/nri.2017.142

Taylor-Wiedeman, J., Sissons, J. G., Borysiewicz, L. K., and Sinclair, J. H. (1991).

Monocytes are a major site of persistence of human cytomegalovirus in

peripheral blood mononuclear cells. J. Gen. Virol. 72 (Pt 9), 2059–2064.

doi: 10.1099/0022-1317-72-9-2059

Taylor-Wiedeman, J., Sissons, P., and Sinclair, J. (1994). Induction of endogenous

human cytomegalovirus gene expression after differentiation of monocytes

from healthy carriers. J. Virol. 68, 1597–1604.

Teng, H., Ballim, R. D., Mowla, S., and Prince, S. (2009). Phosphorylation of

histone H3 by protein kinase C signaling plays a critical role in the regulation

of the developmentally important TBX2 gene. J. Biol. Chem. 284, 26368–26376.

doi: 10.1074/jbc.M109.021360

Tey, S. K., Goodrum, F., and Khanna, R. (2010). CD8+ T-cell recognition of

human cytomegalovirus latency-associated determinant pUL138. J. Gen. Virol.

91(Pt 8), 2040–2048. doi: 10.1099/vir.0.020982-0

Towler, J. C., Ebrahimi, B., Lane, B., Davison, A. J., and Dargan, D. J. (2012).

Human cytomegalovirus transcriptome activity differs during replication in

human fibroblast, epithelial and astrocyte cell lines. J. Gen. Virol. 93(Pt 5),

1046–1058. doi: 10.1099/vir.0.038083-0

Umashankar, M., Petrucelli, A., Cicchini, L., Caposio, P., Kreklywich, C. N.,

Rak, M., et al. (2011). A novel human cytomegalovirus locus modulates

cell type-specific outcomes of infection. PLoS Pathog. 7:e1002444.

doi: 10.1371/journal.ppat.1002444

Van Damme, E., and Van Loock, M. (2014). Functional annotation of

human cytomegalovirus gene products: an update. Front. Microbiol. 5:218.

doi: 10.3389/fmicb.2014.00218

van der Meer, L. T., Jansen, J. H., and van der Reijden, B. A. (2010).

Gfi1 and Gfi1b: key regulators of hematopoiesis. Leukemia 24, 1834–1843.

doi: 10.1038/leu.2010.195

Vescovini, R., Biasini, C., Telera, A. R., Basaglia, M., Stella, A., Magalini, F.,

et al. (2010). Intense antiextracellular adaptive immune response to human

cytomegalovirus in very old subjects with impaired health and cognitive

and functional status. J. Immunol. 184, 3242–3249. doi: 10.4049/jimmunol.

0902890

Vossen, M. T., Westerhout, E. M., Soderberg-Naucler, C., and Wiertz, E. J.

(2002). Viral immune evasion: a masterpiece of evolution. Immunogenetics 54,

527–542. doi: 10.1007/s00251-002-0493-1

Wagenknecht, N., Reuter, N., Scherer, M., Reichel, A., Muller, R., and Stamminger,

T. (2015). Contribution of the major ND10 proteins PML, hDaxx and Sp100

to the regulation of human cytomegalovirus latency and lytic replication in the

monocytic cell line THP-1. Viruses 7, 2884–2907. doi: 10.3390/v7062751

Walton, A. H., Muenzer, J. T., Rasche, D., Boomer, J. S., Sato, B., Brownstein, B. H.,

et al. (2014). Reactivation of multiple viruses in patients with sepsis. PLoS ONE

9:e98819. doi: 10.1371/journal.pone.0098819

Wang, H., Peng, G., Bai, J., He, B., Huang, K., Hu, X., et al. (2017). Cytomegalovirus

infection and relative risk of cardiovascular disease (ischemic heart disease,

stroke, and cardiovascular death): a meta-analysis of prospective studies up to

2016. J. Am. Heart Assoc. 6:e005025. doi: 10.1161/JAHA.116.005025

Wright, E., Bain, M., Teague, L., Murphy, J., and Sinclair, J. (2005). Ets-2

repressor factor recruits histone deacetylase to silence human cytomegalovirus

immediate-early gene expression in non-permissive cells. J. Gen. Virol. 86(Pt 3),

535–544. doi: 10.1099/vir.0.80352-0

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 17 March 2020 | Volume 10 | Article 13033

https://doi.org/10.1128/JVI.00348-10
https://doi.org/10.1016/j.molcel.2007.06.039
https://doi.org/10.1128/JVI.00047-19
https://doi.org/10.1128/JVI.00870-09
https://doi.org/10.1371/journal.pone.0088531
https://doi.org/10.1128/mBio.00013-18
https://doi.org/10.7554/eLife.52168
https://doi.org/10.1371/journal.pone.0016103
https://doi.org/10.1128/JVI.79.1.326-340.2005
https://doi.org/10.3389/fmicb.2014.00389
https://doi.org/10.1007/978-3-540-77349-8_4
https://doi.org/10.1111/ajt.12005
https://doi.org/10.1128/jvi.78.9.4444-4453.2004
https://doi.org/10.1371/journal.ppat.1004136
https://doi.org/10.1099/0022-1317-74-11-2333
https://doi.org/10.3390/v6020782
https://doi.org/10.1016/j.exger.2007.01.005
https://doi.org/10.1007/978-3-540-77349-8_22
https://doi.org/10.1128/JVI.02425-06
https://doi.org/10.4161/cc.5.22.3472
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.1099/0022-1317-72-9-2059
https://doi.org/10.1074/jbc.M109.021360
https://doi.org/10.1099/vir.0.020982-0
https://doi.org/10.1099/vir.0.038083-0
https://doi.org/10.1371/journal.ppat.1002444
https://doi.org/10.3389/fmicb.2014.00218
https://doi.org/10.1038/leu.2010.195
https://doi.org/10.4049/jimmunol.0902890
https://doi.org/10.1007/s00251-002-0493-1
https://doi.org/10.3390/v7062751
https://doi.org/10.1371/journal.pone.0098819
https://doi.org/10.1161/JAHA.116.005025
https://doi.org/10.1099/vir.0.80352-0
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Forte et al. Cytomegalovirus Latency and Reactivation

Wylie, K. M., Mihindukulasuriya, K. A., Zhou, Y., Sodergren, E., Storch, G. A.,

and Weinstock, G. M. (2014). Metagenomic analysis of double-stranded DNA

viruses in healthy adults. BMC Biol. 12:71. doi: 10.1186/s12915-014-0071-7

Yu, D., Silva, M. C., and Shenk, T. (2003). Functional map of human

cytomegalovirus AD169 defined by global mutational analysis. Proc. Natl. Acad.

Sci. U.S.A. 100, 12396–12401. doi: 10.1073/pnas.1635160100

Yuan, J., Li, M., Torres, Y. R., Galle, C. S., and Meier, J. L. (2015). Differentiation-

coupled induction of human cytomegalovirus replication by union of the major

enhancer retinoic acid, cyclic AMP, and NF-kappaB response elements. J. Virol.

89, 12284–12298. doi: 10.1128/JVI.00965-15

Zeng, L., Yap, K. L., Ivanov, A. V., Wang, X., Mujtaba, S., Plotnikova,

O., et al. (2008). Structural insights into human KAP1 PHD finger-

bromodomain and its role in gene silencing.Nat. Struct. Mol. Biol. 15, 626–633.

doi: 10.1038/nsmb.1416

Zhang, Z., Kim, S. J., Varghese, T., Thomas, G., Hummel, M., and Abecassis, M.

(2008). TNF receptor independent activation of the cytomegalovirus major

immediate early enhancer in response to transplantation. Transplantation 85,

1039–1045. doi: 10.1097/TP.0b013e318168449c

Zhang, Z., Li, Z., Yan, S., Wang, X., and Abecassis, M. (2009). TNF-

alpha signaling is not required for in vivo transcriptional reactivation

of latent murine cytomegalovirus. Transplantation 88, 640–645.

doi: 10.1097/TP.0b013e3181b242a7

Zhang, Z., Qiu, L., Yan, S., Wang, J. J., Thomas, P. M., Kandpal, M., et al.

(2019). A clinically relevant murine model unmasks a “two-hit” mechanism for

reactivation and dissemination of cytomegalovirus after kidney transplant. Am.

J. Transplant. 19, 2421–2433. doi: 10.1111/ajt.15376

Zhu, D., Pan, C., Sheng, J., Liang, H., Bian, Z., Liu, Y., et al. (2018).

Human cytomegalovirus reprogrammes haematopoietic progenitor cells into

immunosuppressive monocytes to achieve latency. Nat. Microbiol. 3, 503–513.

doi: 10.1038/s41564-018-0131-9

Zhuravskaya, T., Maciejewski, J. P., Netski, D. M., Bruening, E., Mackintosh, F.

R., and St Jeor, S. (1997). Spread of human cytomegalovirus (HCMV) after

infection of human hematopoietic progenitor cells: model of HCMV latency.

Blood 90, 2482–2491.

Ziv, Y., Bielopolski, D., Galanty, Y., Lukas, C., Taya, Y., Schultz, D. C., et al. (2006).

Chromatin relaxation in response to DNA double-strand breaks is modulated

by a novel ATM- and KAP-1 dependent pathway. Nat. Cell. Biol. 8, 870–876.

doi: 10.1038/ncb1446

Zuber, J., and Sykes, M. (2017). Mechanisms of mixed chimerism-based transplant

tolerance. Trends Immunol. 38, 829–843. doi: 10.1016/j.it.2017.07.008

Zweidler-Mckay, P. A., Grimes, H. L., Flubacher, M. M., and Tsichlis, P. N.

(1996). Gfi-1 encodes a nuclear zinc finger protein that binds DNA and

functions as a transcriptional repressor. Mol. Cell. Biol. 16, 4024–4034.

doi: 10.1128/mcb.16.8.4024

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Forte, Zhang, Thorp and Hummel. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 18 March 2020 | Volume 10 | Article 13034

https://doi.org/10.1186/s12915-014-0071-7
https://doi.org/10.1073/pnas.1635160100
https://doi.org/10.1128/JVI.00965-15
https://doi.org/10.1038/nsmb.1416
https://doi.org/10.1097/TP.0b013e318168449c
https://doi.org/10.1097/TP.0b013e3181b242a7
https://doi.org/10.1111/ajt.15376
https://doi.org/10.1038/s41564-018-0131-9
https://doi.org/10.1038/ncb1446
https://doi.org/10.1016/j.it.2017.07.008
https://doi.org/10.1128/mcb.16.8.4024
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


ORIGINAL RESEARCH
published: 15 April 2020

doi: 10.3389/fcimb.2020.00157

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1 April 2020 | Volume 10 | Article 157

Edited by:

Emma Poole,

University of Cambridge,

United Kingdom

Reviewed by:

Mark R. Wills,

University of Cambridge,

United Kingdom

Jawed Iqbal,

Jamia Millia Islamia, India

*Correspondence:

Matthias J. Reddehase

matthias.reddehase@uni-mainz.de

Niels A. W. Lemmermann

lemmermann@uni-mainz.de

†These authors have contributed

equally to this work

‡Present address:

Sina I. Schader,

AbbVie Deutschland GmbH & Co. KG,

Wiesbaden, Germany

Oliver Oettel,

Gynecological Practice Dr. Med. Oliver

Oettel, Bad Griesbach, Germany

Christof K. Seckert,

Institute for Medical Microbiology and

Hygiene, University Medical Center of

the Johannes Gutenberg-University

Mainz, Mainz, Germany

Specialty section:

This article was submitted to

Virus and Host,

a section of the journal

Frontiers in Cellular and Infection

Microbiology

Received: 17 January 2020

Accepted: 24 March 2020

Published: 15 April 2020

Citation:

Holtappels R, Schader SI, Oettel O,

Podlech J, Seckert CK,

Reddehase MJ and

Lemmermann NAW (2020) Insufficient

Antigen Presentation Due to Viral

Immune Evasion Explains Lethal

Cytomegalovirus Organ Disease After

Allogeneic Hematopoietic Cell

Transplantation.

Front. Cell. Infect. Microbiol. 10:157.

doi: 10.3389/fcimb.2020.00157

Insufficient Antigen Presentation Due
to Viral Immune Evasion Explains
Lethal Cytomegalovirus Organ
Disease After Allogeneic
Hematopoietic Cell Transplantation
Rafaela Holtappels †, Sina I. Schader †‡, Oliver Oettel ‡, Jürgen Podlech,

Christof K. Seckert ‡, Matthias J. Reddehase* and Niels A. W. Lemmermann*

Institute for Virology and Research Center for Immunotherapy (FZI) at the University Medical Center of the Johannes

Gutenberg-University of Mainz, Mainz, Germany

Reactivation of latent cytomegalovirus (CMV) poses a clinical problem in transiently

immunocompromised recipients of hematopoietic cell (HC) transplantation (HCT)

by viral histopathology that results in multiple organ manifestations. Compared

to autologous HCT and to syngeneic HCT performed with identical twins as

HC donor and recipient, lethal outcome of CMV infection is more frequent in

allogeneic HCT with MHC/HLA or minor histocompatibility loci mismatch between

donor and recipient. It is an open question if a graft-vs.-host (GvH) reaction

exacerbates CMV disease, or if CMV exacerbates GvH disease (GvHD), or if

interference is mutual. Here we have used a mouse model of experimental HCT

and murine CMV (mCMV) infection with an MHC class-I mismatch by gene

deletion, so that either HCT donor or recipient lack a single MHC class-I molecule,

specifically H-2 Ld. This particular immunogenetic disparity has the additional

advantage that it allows to experimentally separate GvH reaction of donor-derived

T cells against recipient’s tissues from host-vs.-graft (HvG) reaction of residual

recipient-derived T cells against the transplanted HC and their progeny. While

in HvG-HCT with Ld-plus donors and Ld-minus recipients almost all infected

recipients were found to control the infection and survived, almost all infected

recipients died of uncontrolled virus replication and consequent multiple-organ viral

histopathology in case of GvH-HCT with Ld-minus donors and Ld-plus recipients.

Unexpectedly, although anti-Ld-reactive CD8+ T cells were detected, mortality was

not found to be associated with GvHD histopathology. By comparing HvG-HCT and

GvH-HCT, investigation into the mechanism revealed an inefficient reconstitution of

antiviral high-avidity CD8+ T cells, associated with lack of formation of protective

nodular inflammatory foci (NIF) in host tissue, selectively in GvH-HCT. Most

notably, mice infected with an immune evasion gene deletion mutant of mCMV

survived under otherwise identical GvH-HCT conditions. Survival was associated with

enhanced antigen presentation and formation of protective NIF by antiviral CD8+ T
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cells that control the infection and prevent viral histopathology. This is an impressive

example of lethal viral disease in HCT recipients based on a failure of the immune

control of CMV infection due to viral immune evasion in concert with an MHC

class-I mismatch.

Keywords: avidity, bone marrow transplantation, CD8T cells, Graft-vs.-host (GvH) reaction,

hematopoietic reconstitution, host-vs.-graft (HvG) reaction, murine cytomegalovirus, nodular inflammatory

focus (NIF)

INTRODUCTION

Hematopoietic cell transplantation (HCT) is the only curative
therapeutic option in the treatment of hematopoietic
malignancies that are resistant to standard therapies. The
aim of HCT is to replace the patient’s hematopoietic system
with hematopoietic cells (HC) derived from a healthy donor.
This is achieved by hematoablative treatment followed by HCT.
This treatment is inherently associated with a “window of risk”
based on transient immunodeficiency until the transplanted
hematopoietic stem cells and progenitor cells have reconstituted
the immune system of the recipient (Maury et al., 2001).

Major complications in the therapy by HCT include “minimal
residual disease/leukemia” (MRD/L) that can lead to leukemia
relapse, graft-vs.-host disease (GvHD) in cases of immunogenetic
MHC/HLA or minor histocompatibility antigen mismatch
(Singh and McGuirk, 2016) and opportunistic infections (Sahin
et al., 2016; Schuster et al., 2017). Infectious complications profit
from the transient immunodeficiency inherent to HCT as well as
from an immunosuppressive therapy of GvHD. Current research
and clinical trials aim at precluding GvHD, while retaining
beneficial graft-vs.-leukemia (GvL) and graft-vs.-infection (GvI)
functions of the HC transplant or of a donor lymphocyte
infusion (DLI) (Chopra et al., 2016; Singh and McGuirk, 2016).
Based on promising clinical trials, adoptive transfer of virus-
specific immune cells is an advanced approach to control the
infection and prevent viral histopathology before hematopoietic
reconstitution by HCT takes over (Moss and Rickinson, 2005).

Among viral complications in HCT patients, infection with

human cytomegalovirus (hCMV) is the most frequent and
most feared. It can lead to lethal organ disease, in particular
to interstitial pneumonia, unless infection is treated by pre-
emptive antiviral chemotherapy as soon as diagnosed in the
routine follow-up monitoring (Hebart and Einsele, 2004; Seo
and Boeckh, 2013; Stern et al., 2019). As antivirals have
adverse off-target effects, including inhibition of hematopoietic
reconstitution, adoptive immunotherapy of hCMV infection by
immune cell transfer is used in clinical trials as a potentially less
burdening alternative (Riddell et al., 1992; Walter et al., 1995;
Moss and Rickinson, 2005; Feuchtinger et al., 2010; Neuenhahn
et al., 2017). Except in rare and rather accidental cases, hCMV
infection in HCT recipients is not caused by transmission of
infectious virus from a virus-shedding contact person or by an
acutely infected transplant. Instead, it results from reactivation
of latent virus present in HC of a latently infected donor or,
more frequently, of latent virus harbored already pre-HCT in

cells of the recipient (Emery, 1998; Stern et al., 2019; for a
review and discussion, see Reddehase and Lemmermann, 2019).
Notably, the incidence of hCMV organ disease is more frequent
in allogeneic HCT with family donors or unrelated donors,
compared to syngeneic HCT with identical twins as donor
and recipient (Applebaum et al., 1982; Meyers et al., 1982)
or to autologous HCT (Wingard et al., 1988). This suggests a
pathogenetic link between hCMV disease and a donor-recipient
mismatch in MHC/HLA antigens and/or non-MHC/HLAminor
histocompatibility antigens.

As clinical studies exclude experimental approaches and as
host-species specificity of CMVs precludes studying hCMV
in animal models, except for specific questions in humanized
mouse models (Crawford et al., 2015; Thomas et al., 2015;
Caposio et al., 2019; Wahl et al., 2019), the mouse model of
studying murine cytomegalovirus (mCMV) in its natural host
is well-established and has proven its validity in revealing the
more general principles of CMV-host interactions. Specifically,
CMV pathogenesis/disease, immune control, and cell-based
immunotherapy in the mouse model were of predictive value
as confirmed later on by clinical investigation (reviewed in
Reddehase and Lemmermann, 2018). A focus of previous
research in our group has been to establish a mouse model
of experimental syngeneic HCT and mCMV infection, using
susceptible BALB/c mice (MHC haplotype H-2d) as HC
donors and recipients. We had chosen this focus on purpose
to understand this basal HCT setting before introducing
a further layer of complication by immunogenetic donor-
recipient mismatch. In essence, the previous studies have shown
that HCT variables such as the degree of hematoablation of
the recipients and the numbers of transplanted donor HC
reciprocally determine the clinical outcome of infection, ranging
from survival to death of the HCT recipients. Efficient and
timely reconstitution of antiviral CD8+ T cells proved to be
the decisive parameter for confining infection to protective
nodular inflammatory foci (NIF). These are microanatomical
structures in host tissues where antiviral CD8+ T cells recognize
infected tissue cells to limit viral intra-tissue spread and thus
prevent extensive viral histopathology (Holtappels et al., 2013;
Reddehase, 2016; Reddehase and Lemmermann, 2018).

Here we have extended this model by introducing a
singular MHC class-I disparity, namely expression or absence
of the Ld molecule in BALB/c mice and the congenic Ld

gene deletion mutant BALB/c-H-2dm2, respectively. This
specific immunogenetic constellation prevents bidirectional
GvH and host-vs.-graft (HvG) reactivity against Ld, thereby
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separating GvH-HCT (donor BALB/c-H-2dm2, recipient
BALB/c) from HvG-HCT (donor BALB/c, recipient BALB/c-H-
2dm2). Remarkably, our data show that infection is controlled
in the HvG setting, whereas lethal disease occurs selectively
in the GvH setting. The cause of death in GvH-HCT proved
not to be an exacerbation of GvHD by factors associated with
infection, as one might have presumed. Instead, lethal disease
is found to be associated with a failure in the reconstitution
and tissue recruitment of high-avidity antiviral CD8+ T cells
for NIF formation, resulting in extensive viral histopathology
caused by an uncontrolled virus spread. Most notably, under
otherwise identical conditions of GvH-HCT, improved antigen
presentation by deletion of viral immune evasion genes
restored control of infection within NIF and prevented lethal
CMV disease.

MATERIALS AND METHODS

Mice and Cell Lines
BALB/cJ (H-2 Kd, -Dd, -Ld) and congenic BALB/c-H-2dm2

(H-2 Kd, -Dd; Rubocki et al., 1986) mice were bred and
housed under specified-pathogen-free conditions at the
Central Laboratory Animal Facility of the Johannes Gutenberg
University, Mainz, Germany.

Murine embryonic fibroblasts (MEF) were isolated from
BALB/cJ and BALB/c-H-2dm2 mice by standard protocol
(Podlech et al., 2002) and cultured in MEM/10% FCS. Cells of
the murine fibroblast cell line L (ATCC CCL1.3) and of the
stably-transfected sub-line LLd expressing H-2 Ld (Ponta et al.,
1985) were cultured in DMEM/10% FCS and in DMEM/10%
FCS-HAT medium (100µM Hypoxanthine, 16µM Thymidine,
0.4µM Aminopterin), respectively. The TAP-deficient human
hybridoma T2 (ATCC CRL-1992) and T2 cells stably-transfected
with theH-2-Ld gene (T2Ld; Alexander et al., 1989) were cultured
in RPMI/10% FCS supplemented with 10mM HEPES, 2mM L-
glutamine, and 50mM β-mercaptoethanol. For culturing T2Ld

cells, 1 mg/ml G418 was added.

Viruses and Infection
Intraplantar infection of 8–10 week-old mice was performed
at the left hind footpad with 1 × 105 plaque-forming
units (PFU) of mCMV (strain Smith, ATCC VR-1399),
bacterial artificial chromosome (BAC)-derivedmCMVMW97.01
(mCMV-WT.BAC; Wagner et al., 1999), or immunoevasin gene
deletion mutant mCMV-1m04+m06+m152 (mCMV-1vRAP;
Wagner et al., 2002). Cell culture-derived BAC-free high titer
virus stocks were generated by standard protocol (Podlech et al.,
2002; Lemmermann et al., 2010).

Experimental HCT
HCT was performed as described in greater detail previously
(Podlech et al., 2002). In essence, HCT recipient mice were
subjected to total-body γ-irradiation with a single dose of 6.5Gy.
HCT was performed by infusion of 5 × 106 donor-derived tibial
and femoral bone marrow cells into the tail vein of the recipients.
Subsequently, the recipients were infected with mCMV.

Quantification of Hematopoietic
Reconstitution and Chimerism
Bone marrow cells were isolated from one tibia, and DNA was
extracted with the DNeasy Blood & Tissue kit (Qiagen, Hilden,
Germany). Quantification in absolute numbers of the pthrp gene
and of the Y-chromosomal gene sry was performed by SYBR-
Green qPCR (Lemmermann et al., 2010), normalized to a log10-
titrated standard of linearized plasmid pDrive_gB_PTHrP_Tdy
(Simon et al., 2005; Lemmermann et al., 2010).

Immunomagnetical Purification of Liver
Tissue-Infiltrating CD8+ T Cells
Non-parenchymal liver cells were isolated as described
previously (Seckert et al., 2009), and CD8+ T cells in
the cell suspension were immunomagnetically purified by
positive selection with CD8 MicroBeads (Miltenyi Biotec,
Bergisch-Gladbach, Germany).

Assays of CD8+ T-Cell Effector Functions
IFNγ-based enzyme-linked immunospot (ELISpot) assays were
used to detect sensitization of CD8+ T cells by MHC-I-presented
synthetic or naturally processed antigenic peptides (Pahl-Seibert
et al., 2005; Böhm et al., 2008b, and references therein). In
brief, graded numbers of immunomagnetically purified CD8+

T cells were sensitized in triplicate assay cultures by incubation
with target cells. Frequencies of IFNγ-secreting cells and the
corresponding 95% confidence intervals were calculated by
intercept-free linear regression analysis. Effector cell stimulation
by mCMV-infected cells was performed with MEF that were
centrifugally infected with 0.2 PFU per cell (corresponding to a
multiplicity of infection of 4; Podlech et al., 2002, and references
therein) of the indicated recombinant viruses 90min before
use in the ELISpot assay. IFNγ pretreatment of target cells
was performed 48 h prior to infection by incubation in culture
medium containing 20 ng of recombinant murine IFNγ (R&D
Systems, Minneapolis, MN, USA) per ml. Cytolytic activity of
Ld-reactive T cells was measured in a standard 4-h [51Cr]-release
assay in triplicate assay cultures with graded numbers of effector
cells and 1,000 [51Cr]-labeled target cells (L-, LLd-, T2-, and
T2Ld-cells). Details for the calculation of cytolytic activity were
published previously (Holtappels et al., 2006).

Determination of Functional Avidities
To determine functional avidities of epitope-specific CD8+

T cells, target cells were exogenously loaded with synthetic
antigenic peptides at graded declining molar concentrations.
The spot counts for each peptide concentration quantitate
CD8+ T cells that respond up to the indicated peptide
concentration, which includes cells also responding to lower
peptide concentrations. This results in a “cumulative avidity
distribution.” For quantitating CD8+ T cells that respond
precisely to the indicated peptide concentration, which defines
their functional avidity, the non-cumulative “Gaussian-like
avidity distribution” can be deduced from the cumulative avidity
distribution by plotting the differences between spot counts of
neighboring peptide concentrations.
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Cytofluorometric Analysis of Vβ Usage
Cytofluorometric analysis of the expression of the TCR β-chain
variable region (Vβ) on memory CD8+ T cells was performed
essentially as described previously (Pahl-Seibert et al., 2005). In
brief, CD8+ T cells were immunomagnetically purified from
the spleen of latently infected mice and unspecific staining
was blocked with unconjugated anti-FcγRII/III antibody (anti-
CD16/CD32; clone 2.4G2, BD Pharmingen, Heidelberg). Cells
were stained with PE-conjugated H-2Ld/YPHFMPTNL (IE1)
or APC-conjugated H-2Dd/AGPPRYSRI (m164) MHC class-
I multimers (ProImmune, Oxford, UK), and with the mouse
Vβ TCR screening panel (BD Pharmingen), which includes
FITC-conjugated MAbs directed against mouse Vβ chains
(Vβx, where x is 2, 4, 6, 7, 8.1 and 8.2, 8.3, 9, 10b, 13,
or 14). A gate was set on living cells in the forward-vs.-
sideward scatter plot, and Vβx expression was determined
either for all CD8+ T cells or for multimer-stained, epitope-
specific CD8+ T cells. Analyses were performed with a
FACSort (Becton Dickinson) using CellQuest 3.3 software for
data processing.

Quantitating in vivo Infection and Tissue
Infiltration of Reconstituted T Cells
At indicated times post-HCT and infection, the load of
infectious virus in spleen, lungs, liver, and salivary glands
was assessed in the respective organ homogenates as PFU
determined by virus plaque assay performed under conditions
of centrifugal enhancement of infectivity (see above). Infected
cells and T cells in liver tissue sections were detected and
quantified by two-color immunohistochemistry (2C-IHC)
specific for the intranuclear viral IE1 protein (red staining)
and the cell membrane T-cell receptor (TCR) complex
molecule CD3ε (black staining) as described in greater
detail previously (Podlech et al., 2002; Lemmermann et al.,
2010).

Statistical Analyses
To evaluate statistical significance of differences between two
independent sets of log-transformed, log-normally distributed
data, the two-sided unpaired t-test with Welch’s correction
of unequal variances was used. Differences were considered
as statistically significant for P-values of <0.05 (∗), <0.01
(∗∗), and <0.001 (∗∗∗). Kaplan-Meier survival plots were used
for documenting survival in independent cohorts. Statistical
significance of differences between groups was calculated with
log-rank and Gehan-Wilcoxon test. Calculations were performed
with GraphPad Prism 6.07 (GraphPad Software, San Diego,
CA, USA).

Frequencies of IFNγ-secreting cells responding in the ELISpot
assay and the corresponding 95% confidence intervals were
calculated by intercept-free linear regression analysis based on
spot counts from triplicate assay cultures for each of the graded
cell numbers seeded, as described previously (Pahl-Seibert et al.,
2005; Böhm et al., 2008b). Calculations were performed with
Mathematica, 8.0.4 (Wolfram Research, Champaign, Il, USA).

RESULTS

MHC Class-I Mismatch in Concert With
CMV Infection Is Lethal Selectively in
GvH-HCT
Experimental HCTs were performed with BALB/c mice
(expressing MHC class-I molecules Kd, Dd, and Ld) as HC
donors or recipients and the spontaneous loss mutant strain
BALB/c-H-2dm2 (lacking Ld, Rubocki et al., 1986) as HC
recipients or donors, respectively. The immunogenetic potential
for an HvG response of recipient-resident immune cells against
Ld expressed on HC of the donor defines an HvG-HCT setting,
whereas the immunogenetic potential for a GvH response of
donor-derived immune cells against Ld expressed by cells of the
recipient defines a GvH-HCT setting (Figure 1A). On demand,
male mice (sry+) were used as donors to track transplanted
HC by detection of the Y-chromosomal gene sry (Koopman
et al., 1990). Recipients in both HCT settings were either left
uninfected or were infected with mCMV.

The outcome revealed a dramatic difference dependent on
infection and the direction of transplantation. Essentially all
uninfected recipients survived irrespective of the HCT setting.
Notably, whereas almost all infected recipients of HvG-HCT
also survived, infection combined with GvH-HCT was lethal
with a median survival time of only 21 days (Figure 1B). As
the technical conditions of HCT and infection were identical in
HvG-HCT and GvH-HCT, the selective presence of a singular
MHC class-I molecule on cells of the recipient accounts for the
fundamentally different clinical outcome.

Inquiry Into the Cause of Death in GvH-HCT
We first considered the possibility that transplanted donor
hematopoietic stem- and progenitor cells may fail to home to
the MHC class-I disparate bone marrow stroma and thus fail
to repopulate the emptied bone marrow of the recipients. Such
a mechanism would result in an insufficient reconstitution of
cells of all hematopoietic lineages. Using male donors and female
recipients, quantification of the Y-chromosomal gene sry in
recipients’ bone marrow did not reveal differences in the time
course of bone marrow repopulation, regardless of the direction
of HCT and regardless of infection. In all experimental groups
it took 4 days after hematoablative treatment and HCT to fully
replace sry− HCof the female recipients with sry+ HCof themale
donors, and plateau levels of repopulation were reached after 8
days (Figure 2).

We next compared virus replication in infected recipients of
HvG-HCT and GvH-HCT by quantitating infectious virus in
pathogenetically-relevant organs before the onset of death and
at the median survival time, as defined in GvH-HCT (Figure 3,
recall Figure 1). With salivary glands representing an exception,
the viral burden was significantly higher in spleen, lungs, and
liver of mice that have undergone GvH-HCT. As CD8+ T cells
are known to be the principal antiviral effector cells that control
infection after syngeneic HCT in organs (Holtappels et al., 1998;
Podlech et al., 1998, 2000), this finding was a first hint to
suppose a difference between HvG-HCT and GvH-HCT in the
reconstitution and/or tissue recruitment of antiviral CD8+ T
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FIGURE 1 | Lethality of infection after GvH-HCT. (A) Sketch of the transplantation models used throughout this study and defining groups A–D. The flash symbol

indicates hematoablative conditioning of the HCT recipients by total-body γ-irradiation. (B) Kaplan-Meyer survival plots. The dotted lines indicate the median survival

time of mCMV-infected GvH-HCT recipients. Censured animals are marked.

cells. This would also explain why no difference is seen for the
salivary glands, the site of persistent virus replication and virus
host-to-host transmission, as persistent salivary gland infection
is eventually controlled primarily by CD4+ T cells (Jonjic et al.,
1989, 1990; Walton et al., 2011).

For evaluating viral pathogenesis it is important to relate
the burden of infectious virus to viral histopathology (Figure 4,
for bona fide representative tissue section images, see Figure 5).
Although mCMV replicates in multiple organs/tissues of
immunocompromised mice after HCT (Podlech et al., 1998),
viral histopathology was herein documented with focus on
liver infection, because virus spread in liver tissue is best
characterized and shows little intra-organ heterogeneity (Podlech
et al., 1998; Sacher et al., 2008; Lemmermann et al., 2015).

Quantitation of infected liver cells, composed mainly of
infected hepatocytes but also of liver sinusoidal endothelial
cells and liver macrophages/Kupffer cells (Sacher et al., 2008,
2011; Lemmermann et al., 2015), revealed an increasing
difference between HvG-HCT and GvH-HCT over time.
Specifically, the numbers of infected hepatocytes stagnate
from day 8 onward after HvG-HCT, which indicates onset
of immune control on around day 8, whereas after GvH-
HCT the infection spreads unhindered. In notable contrast,
numbers of liver-infiltrating CD3ε+ T cells, which here
represent primarily CD8+ T cells, were not lower but
actually even somewhat higher after GvH-HCT compared
to HvG-HCT (Figure 4). This latter finding suggests that,
in GvH-HCT, most liver-infiltrating T cells are either not
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FIGURE 2 | Bone marrow repopulation is not affected by MHC class-I mismatch or mCMV infection. HCT donors were of male sex for tracking the fate of

transplanted hematopoietic cells (HC) by qPCR specific for the Y-chromosomal gene sry. Donor HC and progeny thereof were quantitated in the tibial bone marrow

cell population. Total cell numbers were determined by pthrp-specific qPCR. Symbols indicate mice analysed individually. Note that for comparison of all four HCT

groups (recall Figure 1A) data in the lower left panel were reproduced from own previous work on HvG-HCT (Seckert et al., 2011).

FIGURE 3 | Control of organ infection is diminished in GvH-HCT compared to HvG-HCT. Titers of infectious virus were determined for the indicated organs. (Left

panel) Virus replication on day 17, that is shortly before cases of death occur after GvH-HCT. (Right panel) Virus replication on day 21, that is at the median survival

time after GvH-HCT (recall Figure 1B). Note that absolute virus titers at the median survival time may be biased by the inherent selection of mice that have survived

until day 21. Symbols represent mice analyzed individually. Median values are marked. DL, detection limit of the assay. Differences between two experimental groups

were determined by Student’s t-test based on log-transformed data. Significance levels: P-values of <0.01 (**), and <0.001 (***). n.s., not significant.

virus-specific or not antivirally functional, and are thus
not protective.

The mere quantity of liver-infiltrating CD8+ T cells is no
reliable indicator for antiviral protection, because only cells that
recognize infected cells can contribute to protection. Previous
work has revealed a microanatomical correlate of antiviral
protection, namely the formation of nodular inflammatory foci

(NIF). In these structures, tissue-infiltrating antiviral CD8+ T
cells congregate at infected cells to prevent intra-tissue virus
spread, thereby confining the infection to few tissue cells with no
apparent histopathology (Alterio de Goss et al., 1998; Holtappels
et al., 1998; Podlech et al., 2000; Sacher et al., 2008; Thomas
et al., 2015). Importantly, as shown previously in adoptive cell
transfer models with viral epitope-specific CD8+ T-cell lines,
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FIGURE 4 | Differential kinetics of virus spread and liver tissue infiltration by T cells after HvG-HCT compared to GvH-HCT. Infected liver cells, which are mostly

hepatocytes but also endothelial cells and liver macrophages (Kupffer cells), were identified and quantitated in liver tissue sections by IHC specific for the intranuclear

viral IE1 protein (upper panels). Liver-infiltrating T cells were identified and quantitated by IHC specific for the signaling molecule CD3ε of the TCR-CD3 complex (lower

panels). Data refer to representative 10-mm2 tissue section areas. Symbols represent data for mice tested individually. Median values are marked. Observation times

for which histological images are shown in Figure 5 are marked by an asterisk. DL, detection limit of the assay.

formation of protective NIF depends on recognition of antigenic
peptide presented on infected tissue cells. This was concluded
from the finding that NIF were not formed and virus replication
was not controlled in mice infected with recombinant mCMV
in which the cognate antigenic peptide was functionally deleted
by a point mutation affecting the C-terminal MHC class-I
anchor amino acid residue (Böhm et al., 2008a; Thomas et al.,
2015; Lemmermann and Reddehase, 2016). Thus, absence of
NIF formation indicates absence of CD8+ T cells capable of
recognizing infected cells. In accordance with the established role
of NIF in confining the infection, NIF were detected in liver
tissue sections from day 16 onward in the case of protective HvG-
HCT, whereas in non-protective GvH-HCT, T cells were rarely
arranged in NIF but remained randomly distributed in tissue
(Figure 5). Note that histological analyses and clinical grading
did not reveal classical signs of GvHD in skin, liver, and intestine.

We propose from this set of data that disseminated,
cytopathogenic tissue infection and associated organ disease

resulting from a failure in the formation of protective NIF is the
cause of death in recipients of GvH-HCT.

GvH-HCT Fails to Generate Sufficiently
High Numbers of High-Avidity Antiviral
CD8+ T Cells
While the failure in formation of protective NIF explains lethal
CMV disease in GvH-HCT, the question remains why the tissue-
infiltrating T cells do not form NIF. As NIF formation requires
recognition of infected cells that present antigenic viral peptides
(referenced above), inefficient reconstitution of viral epitope-
specific CD8+ T cells after GvH-HCT as well as a failure in
antigen presentation could explain missing NIF formation and
thus the absence of antiviral function. In addition, previous
work has shown that the functional avidity with which CD8+

T cells recognize peptide-MHC class-I complexes is decisive
for the recognition of infected cells and for protective antiviral

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 April 2020 | Volume 10 | Article 15741

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Holtappels et al. Inefficient Antiviral Control After Allogeneic-HCT

FIGURE 5 | Immunohistological images of liver tissue infection and infiltration by NIF-forming T cells after HvG-HCT compared to GvH-HCT. Representative 2C-IHC

images of liver tissue sections are shown corresponding to the quantitative data shown in Figure 4 for the asterisk-marked observation times. (Red IHC staining) IE1

protein in nuclei of infected liver cells. (Black IHC staining) CD3ε protein expressed by T cells. (Left column) HvG-HCT. (Right column) GvH-HCT. (A1–A3 and B1–B3)

low magnification overview images. Frames in day-20 images A3 and B3 demarcate regions resolved to greater detail by higher magnification in images A3* and B3*,

respectively. NIF, nodular inflammatory focus. T cells in images A3 and A3* cluster around an infected cell to form a NIF that confines the infection after HvG-HCT.

Note the disseminated infection and scattered T-cell infiltrates in images B3 and B3* for GvH-HCT. iHc, infected hepatocyte with a typical intranuclear inclusion body

that indicates the late phase of the productive viral cycle. Bar markers: 100µm.

activity (Ebert et al., 2012b; Nauerth et al., 2013). We have
estimated that CD8+ T cells must be able to recognize target
cells that are exogenously loaded with synthetic antigenic peptide

at a concentration of at least 10−9 M in order to detect also
infected cells in which MHC class-I molecules are endogenously
loaded with naturally processed peptide. We therefore isolated
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CD8+ T cells from infected livers of mice after GvH-HCT to
test not just their epitope specificity but also their functional
avidities for a panel of immunodominant antigenic peptides of
mCMV (Figure 6).

As the target cells in tissues of GvH-HCT recipients are
of BALB/c genotype expressing MHC class-I molecules Kd,
Dd, and Ld, we first used BALB/c MEF as target cells in an
ELISpot assay for quantitating viral epitope-specific CD8+ T
cells (IE1-Ld, m164-Dd, M105-Kd, and m145-Kd; Ebert et al.,
2012b) in liver infiltrates. Detection is based on IFNγ secretion
after sensitization with MEF exogenously loaded with synthetic
viral peptides at graded concentrations (Figure 6, upper panels).
With this approach, however, it was not possible to identify
viral epitope-specific cells, because recognition of unloaded
MEF masked a possible viral epitope-specificity. It is not quite
unexpected in a GvH-HCT setting that GvH-reactive cells are
generated that recognize the mismatch, that is Ld. Ld-alloreactive
cells mostly recognize Ld molecules loaded endogenously with
naturally processed cellular peptides. This was concluded from
comparing the recognition of Ld-expressing LLd cells with that
of TAP-deficient T2Ld cells expressing empty MHC class-I
complexes (Figure S1).

Next, to disclose viral epitope-specific cells, the liver-infiltrate
CD8+ T cells were tested with BALB/c-H-2dm2 MEF as
target cells in the assay, thereby avoiding the response to Ld

(Figure 6, lower panels). With this approach, CD8+ T cells
specific for m164-Dd, M105-Kd, and m145-Kd became visible.
However, after background subtraction, almost no cells showed a
functional avidity enabling them to recognize peptide at loading
concentrations of < 10−9 M required for recognition of infected
cells and for NIF formation. This low functional avidity of
the viral epitope-specific CD8+ T-cell population can explain
missing control of infection after GvH-HCT.

If this explanation is valid, NIF-forming CD8+ T cells
in the liver of HvG-HCT recipients should comprise also
high-avidity viral epitope specific cells capable of recognizing
presented peptides at loading concentrations of < 10−9 M.
A direct comparison of liver-infiltrating CD8+ T cells after
GvH-HCT and HvG-HCT revealed overall higher numbers of
viral epitope-specific cells, including high-avidity cells, after
HvG-HCT. Specifically, the detection limit in HvG-HCT was
10−10 M for the m145 peptide and 10−11 M for peptides
m164 and M105 (Figure 7). So far, avidities were presented
as “cumulative avidity distributions” representing the numbers
of cells actually determined to respond when the assay was
performed with the indicated molar concentration of peptide.
These numbers, logically, include cells that respond also to lower
peptide concentrations. The avidity differences are more clearly
revealed by the Gaussian-like avidity distributions, which show
the numbers of cells that require at least the indicated peptide

FIGURE 6 | Quantitation of GvH-reactive and viral epitope-specific liver-infiltrating CD8+ T cells after GvH-HCT. Liver-infiltrating CD8+ T cells were isolated from liver

tissue (yield from 10 livers) of infected GvH-HCT recipients on day 20. Their functional activity was tested in an ELISpot assay based on IFNγ secretion in response to

stimulation with BALB/c (upper panels) or BALB/c-H-2dm2 (lower panels) MEF as target cells that were exogenously loaded with graded loading-concentrations of the

indicated synthetic viral peptides to reveal cumulative avidity distributions. Effector cells responding at a certain peptide concentration include cells that respond to

concentrations < the indicated concentration. Ø, no viral peptide loaded. Error bars represent 95% confidence intervals determined by intercept-free linear regression.
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FIGURE 7 | Frequencies of viral epitope-specific liver-infiltrating CD8+ T cells after GvH-HCT compared to HvG-HCT. Liver-infiltrating CD8+ T cells derived on day 20

from livers (pools of 10 livers per group) of GvH-HCT recipients (upper panels) and HvG-HCT recipients (lower panels) were tested for the recognition of the indicated

viral epitopes by using BALB/c-H-2dm2 MEF as target cells in order to avoid masking by responses to the Ld mismatch. For further details, see the legend to Figure 6.

concentration for responding. This reflects their functional
avidity (Figure 8). Obviously, cells with an antiviral functional
avidity corresponding to <10−9 M peptide are almost missing
after GvH-HCT but are frequent after HvG-HCT. It should be
emphasized that the data did not provide reliable evidence for
an avidity shift to lower avidity caused by the mismatch in GvH-
HCT. Rather, the overall decline in numbers of antiviral CD8+

T cells leads to vanishingly low numbers of cells with protective
functional avidity.

The question might be raised if Ld-directed alloreactivity in
GvH-HCT prevents reconstitution or tissue recruitment of viral
epitope-specific CD8+ T cells with clonotypic preferences. As
shown in experiments that were aimed at characterizing the
memory CD8+ T-cell pool in the spleen of mCMV-infected
BALB/c mice, TCR Vβ chain usage for epitopes IE1 and m164 is
quite broad, with distinct but overall rather minor differences to
the TCR Vβ chain usage of the total CD8+ T-cell population and
also among each other. In addition, there is some variance in TCR
Vβ chain usage between independent experiments (Figure S2).
Specifically, whereas Vβ8.1/8.2 usage dominated throughout,
which is in line with a previous report on Vβ chain usage by
IE1-specific CD8+ T cells (Rodewald et al., 1989), a differential
Vβ14 usage is more consistently observed with a preference for
the m164 epitope. Notably, previous work on Vβ chain usage
revealed the predominance of Vβ8.1/8.2 also for CD8+ T cells
isolated from the spleens of uninfected BALB/c mice, suggesting
that this is a feature specific for this mouse strain rather than
a result of mCMV antigen-driven clonal selection (Pahl-Seibert

et al., 2005). In fact, in that work, patterns of TCR Vβ usage
were quite similar for IE1 epitope-specific memory CD8+ cells
and overall CD8+ T cells in the acute immune response and
early or late in the memory phase (Pahl-Seibert et al., 2005).
Although we have here not specifically studied Vβ chain usage
after GvH-HCT compared to HvG-HCT, the previously observed
broad Vβ chain usage in the BALB/c model in combination
with an almost complete absence of tissue-infiltrating CD8+

T cells specific for three epitopes argues against a preferential
loss of particular clonotypes. It rather suggests an epitope- and
clonotype-independent, more global interference of MHC class-I
mismatch with the antiviral immune response after GvH-HCT.

Immune Evasion Proteins Dictate the
Functional Avidity Required for Antiviral
Protection
So far, data strongly suggest that lethal infection after GvH-
HCT results from the inability of low-avidity antiviral CD8+ T
cells to recognize infected cells and to form NIF that prevent
disseminated cytopathogenic infection. Yet, at this stage of
investigation, a critical contribution of the randomly-distributed
alloreactive CD8+ T cells directed against cellular peptides,
presented by themismatchmolecule Ld on uninfected tissue cells,
was not formally excluded.

Enhancing antigen presentation in infected tissue cells for
recruiting low-avidity CD8+ T cells into NIF should provide
clarification. High-avidity is required for recognition of infected
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FIGURE 8 | Gaussian-like avidity distributions of liver-infiltrating viral epitope-specific CD8+ T cells. (A) GvH-HCT. (B) HvG-HCT. Data of the experiment shown in

Figure 7 are rearranged to reveal the non-cumulative avidity distributions that represent numbers of cells responding precisely to the indicated peptide-loading

concentration (for the calculation method, see Holtappels et al., 2008).

cells because viral immune evasion proteins, m06/gp48 (Reusch
et al., 1999; Fink et al., 2019) and m152 glycosylation isoforms
p36 and gp40 (Ziegler et al., 1997; Krmpotic et al., 1999;
Holtappels et al., 2004; Fink et al., 2013) in the specific case
of mCMV, strongly limit the presentation of antigenic peptides
(for reviews, see Reddehase, 2002; Lemmermann et al., 2012).
Few “escapees” that nevertheless reach the cell surface can only
be detected by high-avidity CD8+ T cells (Ebert et al., 2012b).
Alleviation of immune evasion by infection with a recombinant

virus in which immune evasion genes, also referred to as “viral
regulators of antigen presentation” (vRAP) (Holtappels et al.,
2006), are deleted (Wagner et al., 2002) should recruit also
low-avidity CD8+ T cells into protective NIF.

The result of the corresponding experiment gives a clear
answer (Figure 9A). After GvH-HCT and infection with wild-
type (WT) virus expressing vRAP, high lethality was reproduced,
and again the median survival time was 21 days (recall Figure 1).
In contrast, under otherwise identical transplantation conditions,
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FIGURE 9 | Rescue of GvH-HCT recipients by deletion of immune evasion genes for improving antigen presentation. (A) Sketch of the GvH-HCT protocol (top) and

resulting Kaplan-Meyer survival plots after infection of the recipients with wild-type (WT) virus or a virus in which ‘viral regulators of antigen presentation’ (vRAP) are

deleted (1vRAP). (B) Improvement of antigen presentation by deletion of vRAP or by IFNγ. Liver-infiltrating CD8+ T cells derived on day 20 from livers (pools of 10

livers per group) of GvH-HCT recipients infected with WT virus (left panel) or 1vRAP virus (right panel) were tested in the IFNγ-based ELISpot assay for recognition of

BALB/c-H-2dm2 MEF that were either left uninfected (n.i., not infected) or were infected with either WT virus or 1vRAP virus. One set of these three types of target

cells was pre-treated with IFNγ (+IFNγ), another set was left untreated (-IFNγ). Bars represent numbers of responding cells. Error bars represent 95% confidence

intervals determined by intercept-free linear regression.
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all mice survived in the same experiment when infected with
1vRAP virus. In accordance with the known vRAP function,
somewhat more CD8+ T cells isolated from WT virus-infected
GvH-HCT recipients recognized target cells infected in vitrowith
1vRAP virus compared to cells infected with WT virus. This
difference was far more pronounced for liver-infiltrating CD8+ T
cells isolated from GvH-HCT recipients that were infected with
the 1vRAP virus (Figure 9B).

As an alternative to vRAP deletion in the infecting virus,
antigen presentation can also be enhanced in infected cells by
IFNγ that counteracts vRAP function. Importantly, in previous
work, adoptive transfer of virus-specific CD8+ T cells protected
against vRAP-expressing WT mCMV in immunocompromised
IFNγ-transgenic B6-SAP-IFNγ mice that constitutively produce
IFNγ in the liver, whereas the same cells failed to protect
non-transgenic littermates in which systemic IFNγ levels are
low (Fink et al., 2012). It should be emphasized that IFNγ

produced in immunocompromised B6-SAP-IFNγ mice did not
reduce replication of WT mCMV directly, which indicates that
the antiviral function of IFNγ is exerted by enhancing antigen

presentation to antiviral CD8+ T effector cells (Fink et al.,
2012). The poor recognition of WT mCMV-infected tissue
cells after GvH-HCT thus also indicates that IFNγ was not
sufficiently available locally at the infected cells to override vRAP
function in vivo. The potential of IFNγ to enhance antigen
presentation despite the presence of vRAP is documented by in
vitro recognition of IFNγ-pretreated cells infected with vRAP-
expressing WT virus. Again, the number of responding cells was
higher when the GvH-HCT recipients had been infected with
1vRAP virus. IFNγ could not further improve the recognition
of cells in which antigen presentation was already optimal after
in vitro infection with 1vRAP virus (Figure 9B).

These findings show that efficient in vivo antigen presentation
on infected tissue cells not only improves recognition for the
antiviral effector phase but also recruits more virus-specific
CD8+ T cells to the sites of infection, likely stimulating also
their on-site proliferation. Again, the histopathological correlate
of lethality was an extensive virus spread in the case of infection
with WT virus, whereas after infection with 1vRAP virus
protective NIF were formed and prevented virus spread and viral

FIGURE 10 | Immunohistological analysis of liver tissue infection and infiltration by T cells in GvH-HCT recipients depending on immune evasion. Liver tissue sections

were taken on day 20 after GvH-HCT and infection of the recipients with either WT virus (left panels) or 1vRAP virus (right panels), corresponding to the experiment

shown in Figure 9. (A) Representative 2C-IHC images with red staining of IE1 protein in nuclei of infected liver cells and black staining of CD3ε protein expressed by T

cells. NIF, nodular inflammatory focus. Bar marker: 100µm. (B) Quantitation of infected, IE1+ liver cells (left panel) and of liver-infiltrating CD3ε
+ T cells (right panel).

Data refer to representative 10-mm2 tissue section areas. Symbols represent recipients tested individually. Median values are marked. DL, detection limit of the assay.

Statistical analysis is performed by Student’s t-test based on log-transformed data. Significance level: P-value of <0.01 (**).
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histopathology (Figure 10A). This was the case despite a lower
overall tissue infiltration by T cells after infection with 1vRAP
virus, which can be explained by less inflammation as a result of
efficient control of the infection (Figure 10B).

Collectively, the data give reasonable evidence to conclude
that lethality from mCMV infection under conditions of GvH-
HCT is caused by a failure to mount a high-avidity CD8+ T-cell
response capable of recognizing infected tissue cells in which the
presentation of viral antigens is limited by viral immune evasion.

DISCUSSION

Most previous studies in the mouse model of experimental HCT
and concomitant acute infection, modeling a clinical scenario
of early reactivation of latent hCMV post-HCT, have addressed
the clinical setting of syngeneic HCT by using the mouse strain
BALB/c (MHC haplotype H-2d) as HCT donor and recipient
(reviewed in Holtappels et al., 2013; Reddehase, 2016). In this
model, control of virus replication and prevention of lethal
CMV disease in the transiently immunocompromised HCT
recipients proved to be based on rapid lympho-hematopoietic
reconstitution of antiviral CD8+ T cells that infiltrate infected
tissues and confine the infection to NIF before an extensive viral
histopathology can lead to organ failure (Holtappels et al., 1998;
Podlech et al., 1998, 2000). Accordingly, delayed reconstitution
by transplantation of too low numbers of HC as well as depletion
of CD8+ T cells in the phase of reconstitution is associated with
disseminated tissue infection. This leads to multiple organ CMV
disease manifestations and death even when donor and recipient
are identical in allMHC and non-MHC antigens. A quantitatively
insufficient HCT transplant has been shown to allow mCMV to
infect bone marrow stroma. This leads to reduced expression
of essential hemopoietins and thereby inhibits reconstitution
of cells of all hematopoietic lineages, resulting in a prolonged
“window of risk” due to maintained immunodeficiency (Mayer
et al., 1997; Steffens et al., 1998; Renzaho et al., 2020).

In allogeneic clinical HCT with family donors or unrelated
donors, partial mismatches in transplantation antigens are
unavoidable and bear a risk of developing GvHD and, depending
on residual T cells in the recipient, also a risk of graft rejection
by HvG reactivity. Previous work has introduced the model
of experimental HCT with a singular MHC class-I mismatch
(Alterio de Goss et al., 1998; Seckert et al., 2011), the model also
used here. This model has the specific advantage that HvG and
GvH complications in allogeneic HCT can be studied separately
(recall Figure 1A). In the HvG setting with BALB/c donors
expressing the MHC class-I molecule Ld and with BALB/c-
H-2dm2 recipients not-expressing Ld, most recipients survived
mCMV infection, although lethality was somewhat higher than
in syngeneic HCT with BALB/c donors and recipients (Alterio de
Goss et al., 1998). As these two types of HCT share the donor
mouse strain, the hematopoietic potential of the transplanted
donor HC cannot provide an explanation for the observed 1-
week delay in tissue infiltration and control of infection after
HvG-HCT compared to syngeneic HCT (Alterio de Goss et al.,
1998; Holtappels et al., 1998). Here we have studied the opposite

direction of transplantation, namely GvH-HCT with BALB/c-H-
2dm2 mice as donors that do not express Ld and with BALB/c
mice as recipients that express Ld, so that the immunogenetic
condition for a potential GvH reactivity is fulfilled.

A pathogenetic link between GvHD and mCMV infection has
previously been studied in a parent-into-F1 mouse model with
a bidirectional “MHC class-I only” donor-recipient disparity,
arriving at the conclusion that mCMV infection enhances GvHD
(Cray and Levy, 1989, 1993; Via et al., 1990). This finding,
though interesting and to some extent related to our work, was
not predictive for the GvH-HCT model studied here, because
GvHD was induced by transfer of high doses of mature parent
donor T cells into immunocompetent F1 recipients. This is a
setting essentially different to HCT, where donor cells are HC
cells that need to reconstitute recipients immunocompromised
by hematoablative treatment. More related to our work is
a parent-into-F1 model of allogeneic HCT in which chronic
GvHD at > 100 days after HCT was found to be associated
with an impaired antigen-specific antiviral immune response
that was characterized by impaired tissue homing of antigen-
specific T cells (Hossain et al., 2007). Besides a discussed mutual
exacerbation of disease severity, evidence has been provided for
a role of GvH and HvG responses in increasing the incidence of
CMV reactivation from latency (Söderberg-Nauclér et al., 1997;
Zhang et al., 2019).

We have here found an impaired control of tissue infection
that is associated with lethality in an acute disease model of
GvH-HCT and simultaneous infection withmCMV in absence of
apparent GvHD-characteristic histopathology. Tissue infiltrates
consisting of CD8+ T cells were characterized by disseminated
cells specific for the mismatch, that is for Ld or cellular peptides
presented by Ld in the specific example, as well as of reduced
overall numbers and almost absence of high-avidity virus-specific
CD8+ T cells. In contrast to HvG-HCT, where high numbers
of high-avidity antiviral CD8+ T cells recognized infected tissue
cells and formed protective NIF that confined and eventually
terminated the infection, the few and mainly low-avidity tissue-
infiltrating antiviral CD8+ T cells after GvH-HCT failed to form
protective NIF. This resulted in disseminated tissue infection and
thus in viral histopathology. The finding that enhancement of
antigen presentation in infected cells by deletion of viral immune
evasion genes reverts the outcome of GvH-HCT to survival
provides evidence for the conclusion that death after infection
with WT virus is caused by viral histopathology and not by GvH
reaction directed against uninfected tissue cells of the recipients.

The question remains why HC derived from Ld-deficient
BALB/c-H-2dm2 donors reconstituted antiviral CD8+ T cells so
inefficiently. One immediate suspicion might be that BALB/c-
H-2dm2 mice are “low responders” in general or specifically
to mCMV. This possibility can be refuted based on previous
work having shown that the acute and memory CD8+ T-
cell response to mCMV is absolutely comparable in the two
mouse strains, with the trivial exception that a response to
Ld-restricted viral antigenic peptides is absent in the Ld gene
deletion mutant BALB/c-H-2dm2 (Seckert et al., 2011). A gap in
the TCR repertoire of BALB/c-H-2dm2 donors preventing the
recognition of antigenic peptides presented by Ld on cells of
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BALB/c recipients cannot explain the general response deficiency
that includes responses to antigenic peptides presented by Kd

and Dd shared by the two mouse strains. The idea that a
contribution by Ld-restricted CD8+ T cells is quantitatively or
qualitatively critical for antiviral protection is also untenable in
face of the finding that the infection is controlled in HvG-HCT
in which the recipients cannot present Ld-restricted antigenic
peptides (Alterio de Goss et al., 1998; this report). Finally,
protective activity of polyclonal mCMV-specific CD8+ T cells is
so redundant that even deletion of immunodominant antigenic
peptides presented by Kd, Dd, and Ld is tolerated (Holtappels
et al., 2008, 2016; Ebert et al., 2012a).

Killing of radiation-resistant antigen-presenting cells of
recipient genotype by GvH-reactive Ld-specific CD8+ T cells
can be discussed as a putative mechanism compatible with
the finding that immunodeficiency in GvH-HCT affects also
responses against viral peptides presented by the shared MHC
class-I molecules Kd and Dd. However, previous work has shown
that after sex-mismatched syngeneic HCT, resulting in mixed
chimeras, recipient-resident (sry−) CD11c+ dendritic cells (DC)
are completely replaced with donor-derived (sry+) DC, whereas
cells of other hematopoietic lineages, for instance CD11b+ cells,
are chimeric (Seckert et al., 2009). Likewise, donor origin of
CD11c+ DCwas also shown after HvG-HCT by cytofluorometric
detection of Ld (Seckert et al., 2011). So, antigen-presenting DC
in GvH-HCT are of BALB/c-H-2dm2 genotype not expressing
Ld. With the same argument, competition between viral epitope-
specific naïve CD8+ T cells and mismatch-specific naïve CD8+

T cells for priming by DC is refuted either. Future experiments

will have to address the question if a GvH response or a
histoincompatibility as such generates a tolerizing cytokine
micromilieu or induces regulatory T cells that inhibit priming,
proliferation, or tissue-recruitment of antiviral CD8+ T cells.

The here studied model is of great scientific value, because
it allowed separating GvH and HvG complications of allogeneic
HCT. This is based on the experimental strategy making use
of a mismatch caused by genetic deletion of an MHC class-
I molecule in the mouse mutant BALB/c-H-2dm2 chosen as
HCT donor or recipient, respectively. This advantage, however,
might also be seen as a limitation, because mismatch by
gene deletion has no obvious correlate in clinical HCT. As
we show in an alternative model of GvH-HCT with a donor
(C57BL/6; H-2b) vs. recipient (BALB.B; H-2b) match in MHC
antigens but mismatch in minor histocompatibility antigens
(minor-HAg), GvH-associated lethality of mCMV infection and
its prevention by enhanced viral antigen presentation can be
reproduced (Gezinir et al., 2020).

Regarding the scenario in the antiviral effector phase
in infected host tissues, we propose a key role of the
functional avidity of virus-specific CD8+ T cells in infected-
cell recognition, NIF formation, and control of intra-tissue virus
spread (Figure 11). In GvH-HCT and infection with WT virus,
low numbers of low-avidity CD8+ T cells fail to recognize
target cells in which antigen presentation is largely inhibited
by viral immune evasion mechanisms. Accordingly, they do
not become stimulated, NIF are not formed, and infection
spreads uncontrolled. In HvG-HCT and infection withWT virus,
sufficient numbers of high-avidity CD8+ T cells are able to

FIGURE 11 | Graphical summary.
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recognize even limited antigen presentation and thereby become
stimulated to secrete IFNγ that relieves immune evasion. The
thereby enhanced antigen presentation then recruits also low-
avidity CD8+ T cells into protective NIF. In GvH-HCT recipients
infected with the immune evasion gene deletion mutant 1vRAP,
uninhibited antigen presentation can be recognized also by low-
avidity CD8+ T cells that form NIF and control the infection.
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Figure S1 | GvH-reactive CD8+ T cells recognize MHC class-I molecules that

present cellular peptides. A cytolytic T-lymphocyte (CTL) line was raised by

stimulating BALB/c-H2dm2 (Ld-negative) spleen cells with BALB/c (Ld-positive)

spleen cells in a classical “mixed lymphocyte reaction.” After two rounds of

stimulation, cells of the short-term line were tested as effector cells for the

recognition of TAP-sufficient (L and LLd ) or TAP-deficient (T2 and T2Ld) target cells.

(A) Percentage of cells of the CTL line that respond with IFNγ secretion in an

ELISpot assay. Error bars represent 95% confidence intervals determined by

intercept-free linear regression. (B) Cytolytic activity determined in a [Cr51]-release

assay at the indicated effector-to-target cell (E:T) ratios.

Figure S2 | Patterns of TCR Vβ chain usage in CD8+ memory T-cell populations.

(A,B), identically performed experiments revealing Vβ chain usage patterns in

immunomagnetically-purified, spleen-derived CD8+ T cells at 7 or 8 months,

respectively, after intraplantar mCMV infection. (Top panels, all TCR+)

Cytofluorometric analysis of Vβx expression by all CD8+ T cells. (Center panels,

IE1-TCR+) Gating on cells stained with IE1 peptide-Ld multimers. (Bottom panels,

m164-TCR+) Gating on cells stained with m164 peptide-Dd multimers. Bars and

numbers show the percentages of cells expressing the indicated Vβ chains.
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Matthias J. Reddehase* and Niels A. W. Lemmermann*
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Reactivation of latent cytomegalovirus (CMV) in recipients of hematopoietic cell

transplantation (HCT) not only results in severe organ manifestations, but can also cause

“graft failure” resulting in bone marrow (BM) aplasia. This inhibition of hematopoietic stem

and progenitor cell engraftment is a manifestation of CMV infection that is long known

in clinical hematology as “myelosuppression.” Previous studies in a murine model of

sex-chromosome mismatched but otherwise syngeneic HCT and infection with murine

CMV have shown that transplanted hematopoietic cells (HC) initially home to the BM

stroma of recipients but then fail to further divide and differentiate. Data from this

model were in line with the hypothesis that infection of stromal cells, which constitute

“hematopoietic niches” where hematopoiesis takes place, causes a local deficiency

in essential hematopoietins. Based on this understanding, one must postulate that

preventing infection of stromal cells should restore the stroma’s capacity to support

hematopoiesis. Adoptively-transferred antiviral CD8+ T cells prevent lethal CMV disease

by controlling viral spread and histopathology in vital organs, such as liver and lungs.

It remained to be tested, however, if they can also prevent infection of the BM stroma

and thus allow for successful HC engraftment. Here we demonstrate that antiviral CD8+

T cells control stromal infection. By tracking male donor-derived sry+ HC in the BM of

infected female sry− recipients, we show the CD8+ T cells allow for successful donor

HC engraftment and thereby prevent CMV-associated BM aplasia. These data provide

a further argument for cytoimmunotherapy of CMV infection after HCT.

Keywords: bone marrow stroma, cytomegalovirus pathogenesis, graft failure, hematopoietic (stem) cell

transplantation (HCT, HSCT), hematopoietic reconstitution, immunotherapy, murine cytomegalovirus,

myelosuppression

INTRODUCTION

The risk of cytomegalovirus (CMV) reactivation and consequent CMV disease remains a severe
infectious complication in the treatment of hematopoietic malignancies by hematopoietic cell
transplantation (HCT), which is the last therapeutic resort for aggressive leukemias that resist
standard therapies. Accordingly, monitoring and management of CMV reactivation in latently
infected HCT recipients is a medical task and challenge at transplantation centers worldwide
(Seo and Boeckh, 2013; Ljungman et al., 2017, 2019; Stern et al., 2019). The aim of HCT is to
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repopulate the emptied bone marrow (BM) in HCT recipients
who have undergone therapy-inherent hematoablative treatment
for elimination of the malignant cells. BM repopulation requires
homing of transplanted hematopoietic stem- and progenitor
cells, here briefly referred to as hematopoietic cells (HC), to the
stromal physical network of the BM. In so-called “hematopoietic
niches,” the HC interact with stromal cells that provide
essential growth and differentiation factors, the hematopoietins
(Chabannon and Torok-Storb, 1992; Yu and Scadden, 2016;
Lee et al., 2020). Successful engraftment reconstitutes cells of
all hematopoietic differentiation lineages, including antiviral
effector cells of the immune system.

Besides causing organ disease, such as interstitial pneumonia
and hepatitis, CMV infection has been reported to directly
interfere with the aim of HCT in that it inhibits myelopoiesis
with the result of a graft failure (Simmons et al., 1990;
Torok-Storb et al., 1997; Randolph-Habecker et al., 2002;
Hancock et al., 2020). Notably, clinical isolates of human CMV
differ in their tropism for HC and bone marrow stromal
cells (Apperley et al., 1989; Simmons et al., 1990), so that
the pathomechanism of impaired hematopoiesis likely differs
between virus variants/strains. Cellular immunotherapy based
on transfer of CMV-specific CD8+ T cells (Riddell et al., 1992;
Walter et al., 1995; Moss and Rickinson, 2005; Feuchtinger
et al., 2010; Neuenhahn et al., 2017) is an option to avoid
myelosuppressive side effects as well as renal toxicity of antiviral
drugs (Maffini et al., 2016) and to prevent CMV disease in
those HCT recipients who are infected with drug-resistant CMV
variants (Pei et al., 2017; Chemaly et al., 2019).

Recipients of solid organ transplantation (SOT)
immunosuppressed for avoiding graft rejection by a host-
vs.-graft (HvG) reaction are another group of patients at
transplantation-associated risk of CMV reactivation and disease
leading to graft loss by viral pathology. In both HCT and
SOT, risk of CMV disease is rarely based on transmission
of infectious virus from virus-shedding contact persons or
with an acutely-infected transplant. Productive pathogenic
infection rather results from the reactivation of latent virus
under immunocompromising conditions, originating primarily
from latently infected recipients’ organs in the case of HCT and
from latently infected donors’ organs/transplants in the case of
SOT (for a recent review linking latently infected cell types to
reactivation risk in HCT compared to SOT, see Reddehase and
Lemmermann, 2019). Notably, like in HCT, virus-specific T-cell
therapy is a therapeutic option also in SOT, in particular to fight
CMV variants that are resistant to antiviral drugs (reviewed by
Roemhild and Reinke, 2016).

As clinical investigation into pathomechanisms is limited
by exclusion of experimental approaches for ethical reasons, a
mouse model of experimental HCT and infection with murine
cytomegalovirus (mCMV) has been established to study the
impact of a CMV infection on hematopoietic reconstitution
(for a more recent review, see Reddehase, 2016) as well
as to provide proof-of-concept for antiviral immunotherapy
of lethal CMV organ disease by adoptive transfer of virus-
specific CD8+ T cells in general (Reddehase et al., 1985,
1987a,b; for reviews see Holtappels et al., 2008; Reddehase and

Lemmermann, 2018) as well as specifically in the HCT model
(Steffens et al., 1998a).

Early work in a mouse model of incomplete hematoablation
and mCMV infection has shown that the BM was replenished
by day 14 in the absence of infection due to auto-reconstitution.
In contrast, in the presence of infection, the initial endogenous
hematopoiesis collapsed beyond day 6, resulting in BM aplasia
by day 14 (Mutter et al., 1988). In accordance with cell culture
data for the majority of tested human CMV clinical isolates
(Apperley et al., 1989; Simmons et al., 1990), work in a cell
culture model of murine myelopoiesis suggested that the cause
of myelosuppression by mCMV is an infection of BM stromal
cells rather than of HC (Busch et al., 1991). For testing this in
vivo in a relevant clinical correlate, a sex-mismatched mouse
model of HCT was established with HC from male donors,
which carry the Y-chromosomal male-sex-determining gene sry
(Gubbay et al., 1990; Koopman et al., 1990), and female sry−

recipients, or vice versa, so that either donor HC or recipient’s BM
stromal cells carry the sry gene as a reporter for donor or recipient
origin (Mayer et al., 1997; Steffens et al., 1998b; Seckert et al.,
2008, 2009). Collectively, the studies in the HCT model provided
reasonable evidence to conclude that mCMV inhibits successful
engraftment of donor HC in the stromal BM compartment of the
recipients by downregulation of hematopoietin gene expression
in stromal cells (Reddehase et al., 1992;Mayer et al., 1997; Steffens
et al., 1998b).

Here, we have used this HCT model to address the obvious
and medically relevant, but so far neglected question, if
cytoimmunotherapy by adoptive transfer of virus-specific CD8+

T cells can prevent the infection of BM stromal cells of HCT
recipients and thereby restore the stroma’s capacity to support
successful engraftment.

MATERIALS AND METHODS

Experimental HCT and Infection
BALB/cJ (H-2d; MHC class-I molecules Kd, Dd, Ld) mice were
purchased fromHarlan Laboratories and housed under specified-
pathogen-free conditions at the Translational Animal Research
Center of the University Medical Center, Mainz, Germany.
Syngeneic HCT was performed in duplicate with 8–10 weeks-
old male (sry+) HC donor mice and female (sry−) recipient
mice (n = 5 per experimental group), essentially as described
previously (Steffens et al., 1998b; Podlech et al., 2002). In brief,
hematoablative conditioning of recipients was performed by
total-body γ-irradiation with a single dose of 6.5Gy from a
[137Cs] source. At 6 h after irradiation, HCT was performed by
intravenous infusion of 1 × 105 HC isolated from femoral and
tibial donor BM. Infection of the recipient mice with 1 × 105

plaque-forming units (PFU) of purified mCMV, strain Smith
ATCC VR-194, was performed subcutaneously at the left hind
footpad at ca. 2 h after HCT (for a method book chapter, see
Podlech et al., 2002).

Adoptive Cell Transfer
A virus-specific cytolytic T lymphocyte (CTL) line specific
for the Dd-presented immunodominant viral epitope m164
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(Holtappels et al., 2002; Fink et al., 2014) was generated
by four rounds of restimulation of CD8+ memory T cells,
which were derived from the spleen of latently mCMV-infected
female (sry−) BALB/c mice, with the respective synthetic m164
peptide at a concentration of 10−9 M (Holtappels et al., 2002;
Lemmermann et al., 2010). For cytoimmunotherapy of the
infection, 1 × 106 CTL were infused intravenously together
with the HC.

Quantification of Hematopoietic
Reconstitution
Tibial and femoral BM cells were isolated from individual HCT
recipients on day 14 after HCT. Total DNA was extracted with
the DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany).
Quantification in absolute numbers of the pthrp gene (two
copies in a diploid cell) and of the Y-chromosomal gene sry
(one copy per cell) was performed by SYBR-Green qPCR
(Lemmermann et al., 2010), normalized to a log10-titrated
standard of linearized plasmid pDrive_gB_PTHrP_Tdy (Simon
et al., 2005; Lemmermann et al., 2010). Note that testes-
determining gene of Y (tdy) and sex-related gene of Y (sry), are
synonyms (Gubbay et al., 1990; Koopman et al., 1990).

Highly-Sensitive Quantification of
Infectious Virus and Viral Genomes in
Host Organs
The load of infectious virus in spleen, lungs, liver, and
salivary glands of infected HCT recipients was assessed in the
respective organ homogenates as PFU determined by virus
plaque assay performed on mouse embryonal fibroblast (MEF)
monolayers under conditions of centrifugal enhancement of
infectivity (Kurz et al., 1997; Podlech et al., 2002; and references
therein). The technique of centrifugal enhancement detects
infectious virus with a ∼20-fold higher sensitivity compared to
a standard PFU assay with no centrifugation. Viral genomes
were detected in organ homogenates as described previously
(Lemmermann et al., 2010). Briefly, total DNA was purified
with the DNeasy Blood & Tissue kit (Qiagen) and viral and
cellular genomes were quantitated in absolute numbers by
M55 (gB)-specific and pthrp-specific quantitative PCR (qPCR),
respectively, normalized to a log10-titration of standard plasmid
pDrive_gB_PTHrP_Tdy.

Quantification of Infected Tissue Cells and
of Tissue-Infiltrating T Cells
The infection of the liver and liver tissue infiltration
by adoptively-transferred antiviral T cells of the m164
epitope-specific CTL line (see above) was analyzed in the
microanatomical context by 2-color immunohistochemistry
(2C-IHC) specific for the intranuclear viral protein IE1 (red
staining) and the membrane-localizing CD3ε component of the
T-cell receptor complex (black staining), respectively. Infected
cells in the BM stroma were detected after bone decalcification
with trichloroacetic acid in thin-sections of sternum and vertebra
by red staining of the IE1 protein (Dobonici et al., 1998). Sections
were routinely counterstained with hematoxylin. Cell numbers

are counted for representative areas of tissue sections (for
detailed methods, see Podlech et al., 2002; Lemmermann et al.,
2010).

Statistical Analyses
To evaluate statistical significance of differences between two
independent sets of data, the two-sided unpaired t-test with
Welch’s correction of unequal variances was used. In the cases
of infectivity quantification and of cellular replenishment of BM,
log-normally distributed data were log-transformed to enter the
t-test. Differences were considered as statistically significant for
P-values of <0.05 (∗), <0.01 (∗∗), and <0.001 (∗∗∗). Calculations
were performed with Graph Pad Prism 6.04 (Graph Pad Software,
San Diego, CA).

RESULTS AND DISCUSSION

Transfer of Virus-Specific CD8+ T Cells
Controls the Infection of Organs and Bone
Marrow Stroma in HCT Recipients
The aim of HCT is to reconstitute cells of all hematopoietic
lineages after hematoablative therapy. This takes some time,
so that HCT recipients are transiently immunocompromised.
Control of a CMV infection in HCT recipients depends on
efficient and timely reconstitution of mature, antiviral CD8+

effector T cells. The mouse model of mCMV infection at
the time of HCT was designed to mimic clinical cases of
peri-transplantation reactivation of latent human CMV, with
CMV disease/pneumonia becoming evident from 3 weeks post-
HCT onward (reviewed by Seo and Boeckh, 2013). In our
preclinical model, the peak of symptomatic lung infection after
3 weeks preceded the peak of lung infiltration by endogenously
reconstituted virus-specific CD8+ T cells after 4 weeks, followed
by resolution of productive infection (Holtappels et al., 1998).
Depletion of CD8+ T cells during hematopoietic reconstitution
after HCT leads to lethal multiple organ CMV disease (Podlech
et al., 1998), including viral interstitial pneumonia (Podlech et al.,
2000). Instead of waiting for endogenous reconstitution, transfer
of mature antiviral CD8+ T cells can close the “window of risk”
between HCT and completed reconstitution (for a review, see
Reddehase, 2016).

Here we have studied the mouse model of HCT and mCMV
infection to test if transfer of virus-specific CD8+ T cells controls
infection faster than endogenous reconstitution does, not only in
the classical end-organs of CMV disease (Figures 1, 2), but also
in BM stroma (Figure 3). HCT was performed with male (sry+)
BALB/c mice as HC donors and female (sry−) BALB/c mice
as recipients (Figure 1A). The recipients were conditioned by
hematoablative treatment and infected with mCMV at the time
of HCT. Group A recipients were left with no immunotherapy,
whereas group B recipients received immunotherapy by transfer
of sry− antiviral CTL. Virus replication was quantitated on day
14, because group A recipients would die of multiple organ
CMV disease and BM aplasia soon afterwards (Mutter et al.,
1988). CTL specific for the m164 epitope of mCMV (Holtappels
et al., 2002) were chosen because the epitope is very special in
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FIGURE 1 | Control of CMV organ infection by immunotherapy with CD8+ T cells. (A) Sketch of the transplantation model defining group A (no therapy) and group B

(therapy with virus-specific CTL). The flash symbol indicates hematoablative conditioning of the HCT recipients by total-body γ-irradiation. (B) Day-14 infection load in

the organs of HCT recipients expressed as titers (plaque-forming units, PFU) of infectious virus (left panel) and as numbers of viral genomes (right panel). Symbols (red:

group A; blue: group B) represent mice analyzed individually. Median values are marked. Differences between two experimental groups were determined by Student’s

t-test based on log-transformed, log-normally distributed data. Significance level: P-values of <0.001 (***).

that it is encoded by transcripts of the viral Early (E) phase
gene ORFm164 as well as by a transcript from an upstream
Immediate-Early (IE) phase gene (Fink et al., 2014; Renzaho
et al., 2019). Accordingly, m164 epitope-specific CTL have the
chance to recognize the corresponding Dd-presented antigenic
peptide on infected cells in the IE phase as well in the E
phase of the viral replicative cycle, and this likely enhances the
antiviral activity. In adoptive cell transfer models not involving
HCT, protection against mCMV infection by m164 epitope-
specific CTL has been shown repeatedly (Holtappels et al., 2002;
Ebert et al., 2012; Nauerth et al., 2013). It was therefore not
unexpected to find that the transferred cells reduced infectivity
and viral genome load also in organs of the infected HCT
recipients (Figure 1B).

Immunohistology was used to visualize protection against
viral histopathology in the microanatomical context for the
example of CMVhepatitis (Figure 2). mCMV infects hepatocytes
and liver macrophages, also known as Kupffer cells, as well as
liver sinusoidal endothelial cells (LSEC) (Sacher et al., 2008;
Seckert et al., 2009; Lemmermann et al., 2015). On day 14
after HCT and infection, livers of group A recipients revealed
a pronounced liver tissue infection and only a few randomly
distributed, residual CD3ε+ cells. In contrast, in group B,
transferred CTL were found to have congregated at very few
remaining, infected liver cells to form “nodular inflammatory

foci” (NIF). NIF are microanatomical compartments where
CD8+ T cells recognize infected tissue cells and confine and
eventually resolve the infection (Alterio de Goss et al., 1998;
Holtappels et al., 1998; Podlech et al., 2000; Böhm et al.,
2008). It is a frequently cited misconception that viral immune
evasion proteins, which interfere with trafficking of peptide-
loaded MHC class-I complexes to the cell surface (reviewed
in Lemmermann et al., 2012), would completely prevent direct
antigen presentation (Pinto et al., 2006). As we have shown
previously for the example of the here chosen m164 epitope-
specific CTL line, high functional avidity of T cell-target cell
interaction is decisive for the recognition of infected cells
and for in vivo antiviral protection in the presence of viral
immune evasion proteins, whereas low avidity is only sufficient
to recognize cells infected with a recombinant virus in which
immune evasion genes are deleted (Ebert et al., 2012; Nauerth
et al., 2013). All in all, the here transferred m164 epitope-specific
high-avidity CTL clearly formed protective NIF and controlled
the infection with wild-typemCMV, strain Smith, in organs of the
group B recipients.

At this stage of investigation, it remained to be verified that
the transferred cells also control the infection of BM stroma
(Figure 3). On day 14 after after HCT and infection, which is
a pre-final stage of lethal CMV disease in group A recipients,
the stromal network was almost devoid of engrafted HC and
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FIGURE 2 | Immunohistological images of liver tissue infection and infiltration by T cells. Representative 2C-IHC images of liver tissue sections taken on day 14 after

HCT and infection, corresponding to the infection load data shown in Figure 1B. (Red IHC staining) IE1 protein in nuclei of infected liver cells, which are predominantly

hepatocytes. (Black IHC staining) CD3ε protein expressed by T cells. (Group A) No therapy. (A) Overview. (A*) Detail. (Group B) Therapy by transfer of CTL. (B)

Overview. (B*) Detail. Frames in images (A,B) point to regions resolved to greater detail in images (A*,B*), respectively. Light counterstaining was done with

hematoxylin. NIF (arrows in B*): nodular inflammatory foci that represent microanatomical structures where transferred CTL (black) congregate at infected liver cells

(red) to prevent intra-tissue virus spread. Bar markers: 50µm.

FIGURE 3 | Immunohistological images of stromal infection in BM. Representative IHC images of vertebral BM sections taken on day 14 after HCT and infection. (Red

staining) IE1 protein in nuclei of infected cells. Light counterstaining was done with hematoxylin. Arrows point to infected, very typically shaped “reticular stromal cells”

(iRSC). (Group A) No therapy. (Group B) Therapy by transfer of CTL. Bar marker: 50µm.

their progeny, which defines BM aplasia. Notably, as indicated
by intranuclear viral IE1 protein, infected reticular stromal cells
(iRSC) could be detected. In contrast, iRSC were absent in the

BM stroma of group B recipients after CTL transfer. Evidently,
in this “therapy group,” the bone marrow was in a stage of
ongoing repopulation.
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FIGURE 4 | Inhibition of BM repopulation by CMV and its restoration by CTL transfer. (Control) HCT only. (Group A) HCT and infection. (Group B) HCT, infection, and

immunotherapy with CTL. The indicated parameters of BM repopulation refer to day 14 throughout. (A) Hematopoietic cell (HC) counts refer to representative 2-mm2

section areas of sternal and vertebral BM. All other parameters (B–D) refer to BM cell yields pooled from both femora and both tibiae of individual mice. Symbols

represent mice analyzed individually. Median values are marked. Differences between two experimental groups were determined by Student’s t-test based on

log-transformed data (upper left panel) or on non-transformed data (remaining panels). Significance levels: P-values of <0.05 (*), and <0.01 (**). n.s., not significant.

CMV-Associated Inhibition of
Hematopoiesis Is Preventable by Transfer
of Antiviral CD8+ T Cells
From the observed repopulation of the BM in the “therapy
group” B, one may leap to the conclusion that the transplanted
donor HC have successfully engrafted. However, previous work
in a related model not involving HCT has shown that after
incomplete hematoablation, auto-reconstitution takes place until
day 6 in both uninfected and infected BALB/c mice before
hematopoiesis breaks down in the infected group, while it
proceeds in the uninfected group. Importantly, transfer of
CD8+ T cells was found to rescue auto-reconstitution in the
infected mice (Mutter et al., 1988; Dobonici et al., 1998). Hence,
the possibility remained that prevention of stromal infection
by the cell transfer rescued only hematopoiesis by residual
stem cells, which have the advantage to have already occupied
“hematopoietic niches” in the stroma, whereas transplanted HC
may still fail to migrate to the BM and to compete for niches. This
objection needed to be considered and addressed experimentally.

We approached this issue by transplanting HC from male
(sry+) donor mice into female (sry−) recipients, and the CTL
line was also derived from female mice (recall Figure 1A). As a
consequence, quantification of the single-copy, autosomal gene

sry by qPCR reflects the number of engrafted donor-derived sry+

HC and their progeny, whereas quantification of the single-copy,
heterosomal gene pthrp by qPCR, divided by the factor of 2,
reflects the number of all cells, which includes also sry− stromal
cells, transferred sry− CTL, and sry− hematopoietic lineage cells
derived from a possible auto-reconstitution (Figure 4). All tested
parameters, namely direct cell count in histological sections
(Figure 4A), total DNA yield (Figure 4B), pthrp gene copy
numbers (Figure 4C), and sry gene copy numbers (Figure 4D),
were significantly lower in the infected HCT recipients compared
to a control group consisting of uninfected HCT recipients.
This finding reproduced the known inhibition of hematopoiesis
by CMV. As already suggested by the BM repopulation visible
in the histological images (Figure 3), all parameters were
significantly higher in the “therapy group” B compared to group
A. Importantly, quantification of the reporter gene sry proved
that the rescue indeed applies not only to auto-reconstitution,
but also to BM repopulation by the transplanted sry+ HC and
their progeny.

In conclusion, adoptive immunotherapy of CMV infection
in HCT recipients with virus-specific CD8+ T cells not
only prevents CMV organ disease but also ensures successful
engraftment of the hematopoietic transplant in the BM
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stroma of CMV-infected HCT recipients. As a research
perspective, we propose that in the murine SOT model
of kidney transplantation (Zhang et al., 2019), adoptive
immunotherapy with antiviral CD8+ T cells will not prevent
mCMV reactivation from a latently-infected kidney transplant
but likely will prevent subsequent virus dissemination to
recipient’s organs, as already suggested by promising clinical data
(Roemhild and Reinke, 2016).
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Genomic Medicine, Lerner Research Institute, Cleveland Clinic, Cleveland, OH, United States

The ability to establish a latent infection with periodic reactivation events ensures

herpesviruses, like human cytomegalovirus (HCMV), lifelong infection, and serial

passage. The host-pathogen relationship throughout HCMV latency is complex, though

both cellular and viral factors influence the equilibrium between latent and lytic infection.

We and others have shown one of the viral-encoded G protein-coupled receptors,

US28, is required for HCMV latency. US28 potentiates signals both constitutively and

in response to ligand binding, and we previously showed deletion of the ligand binding

domain or mutation of the G protein-coupling domain results in the failure to maintain

latency similar to deletion of the entire US28 open reading frame (ORF). Interestingly, a

recent publication detailed an altered phenotype from that previously reported, showing

US28 is required for viral reactivation rather than latency, suggesting the US28 ORF

deletion impacts transcription of the surrounding genes. Here, we show an independently

generated US28-stop mutant, like the US28 ORF deletion mutant, fails to maintain

latency in hematopoietic cells. Further, we found US27 and US29 transcription in each of

these mutants was comparable to their expression during wild type infection, suggesting

neither US28mutant alters mRNA levels of the surrounding genes. Finally, infection with a

US28 ORF deletion virus expressed US27 protein comparable to its expression following

wild type infection. In sum, our new data strongly support previous findings from our lab

and others, detailing a requirement for US28 during HCMV latent infection.

Keywords: HCMV, cytomegalovirus, US28, latency, US27

INTRODUCTION

Human cytomegalovirus (HCMV) is a ubiquitous pathogen that latently infects the majority
of the population (Khanna and Diamond, 2006). Latent infection in healthy individuals rarely
poses a significant health risk, however immune dysregulation can lead to reactivation and CMV-
associated disease, which can be fatal (Arvin et al., 2004; Ramanan and Razonable, 2013; Griffiths
et al., 2015; Ljungman et al., 2017). This underscores the need to better understand these phases of
viral infection to prevent disease and improve patient outcomes.

Our current understanding of the biological mechanisms controlling latency and reactivation
remain incomplete, though work from many labs have detailed the importance of both host and
viral factors in these processes (Collins-McMillen et al., 2018; Elder and Sinclair, 2019). We and
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others have shown the viral G protein-coupled receptor (GPCR)
US28 is required for viral latency (Humby and O’Connor, 2015;
Wu and Miller, 2016; Krishna et al., 2017, 2019). US28 is
expressed during both latent and lytic infection (Krishna et al.,
2018), andwewere the first to detail its requirement for successful
HCMV latent infection (Humby and O’Connor, 2015). Building
upon our original work, wemore recently showed US28 regulates
the expression and activity of cellular fos (c-fos) (Krishna
et al., 2019), a component of the activator protein-1 (AP-1)
transcription factor complex (Halazonetis et al., 1988). US28’s
attenuation of c-fos leads to a decrease in AP-1 binding to the
major immediate early promoter (MIEP) (Krishna et al., 2019),
a key regulator in the latent-to-lytic switch (Collins-McMillen
et al., 2018). Additionally, our data revealed a requirement
for G protein-coupling, and to a lesser extent, ligand binding
to US28, suggesting US28-mediated signaling is important for
this phenotype (Krishna et al., 2019). This is consistent with
findings from the Sinclair Lab, who showed US28 is required for
latency in monocytes. Their work also detailed specific signaling
pathways US28 impacts to ensure MIEP silencing in these
latently-infected cells (Krishna et al., 2017; Elder et al., 2019).
Finally, Wu and Miller showed infection of THP-1 monocytes
with a US28-deletion mutant resulted in robust IE1/2 protein
expression, compared to cultures infected with virus expressing
US28 (Wu and Miller, 2016). In sum, these data strongly support
a significant role for US28-mediated signaling in maintaining a
latent infection in hematopoietic cells.

Recent work from Crawford et al. challenges these previous
findings, as they show US28 is not required for latency, but
rather is necessary for reactivation. Using a US28 stop mutant,
the investigators demonstrated latency was maintained, but the
infection failed to reactivate following the addition of stimuli.
Surprisingly, they showed infection with mutant virus containing
a point mutation in the ligand binding domain of US28 (Y16F)
failed to maintain latent infection, suggesting that while US28
protein (pUS28) expression is not required, ligand binding
is essential for latent infection. Crawford et al. suggested a
compelling argument that the differences between their work and
others were due to the complete ORF deletion of US28 other
groups had performed, positing the US28 ORF deletion could
impact wild type expression of surrounding genes, namely US27
and US29 (Crawford et al., 2019). To date, the impact of the
complete US28 ORF on US27 and US29 remains unknown.

As this is a legitimate concern, we generated an additional set
of viral recombinants using an additional BAC-derived clinical
isolate, FIX (BFXwt-GFP; wt). We constructed a triple flag-
tagged US28 recombinant (BFX-GFPinUS28-3xF; inUS28-3xF),
from which we then inserted a stop codon immediately following
the first methionine (BFX-GFPstopUS28; stopUS28). Using these
independently-generated viruses, we now show, consistent with
our previous work (Humby and O’Connor, 2015; Krishna et al.,
2019), US28 is dispensable for efficient lytic viral growth in
fibroblasts, however this viral GPCR is essential for latency. Our
data herein aligns with previous work (Humby and O’Connor,
2015;Wu andMiller, 2016; Krishna et al., 2017, 2019), as ablation
of US28 protein expression in hematopoietic cells that support
latency results instead in a lytic-like infection. Additionally, we

assessed US27 and US29 transcription in both stopUS28- and
TB40/EmCherry-US281 (US281)-infected fibroblasts, as well as
US27 protein (pUS27) in cells infected with a US281 variant and
found deletion of the entire open reading frame (ORF) did not
impact these transcripts or translation of pUS27 in the absence
of US28 expression. Together, our data confirm the requirement
for US28 in maintaining HCMV latency, which is independent of
US27 or US29mRNA expression.

MATERIALS AND METHODS

Cells and Viruses
Primary human foreskin fibroblasts (HFF, passages 9–13), MRC-
5 embryonic lung fibroblasts (MRC-5, passages 21–30; ATCC,
cat#CCL-171, RRID: CVCL_0440), or newborn human foreskin
fibroblasts (NuFF-1, passages 13–25; GlobalStem, cat#GSC3002)
were maintained in Dulbecco’s modified Eagle medium
(DMEM), supplemented with 10% fetal bovine serum (FBS),
2mM L-glutamine, 0.1mM non-essential amino acids, 10mM
HEPES, and 100 U/ml each of penicillin and streptomycin.
Kasumi-3 cells (ATCC CRL-2725, RRID: CVCL_0612) were
maintained in RPMI 1640 medium (ATCC, cat#30-2001),
supplemented with 20% FBS, 100 U/ml each of penicillin and
streptomycin, and 100µg/ml gentamicin at a density of 5 ×

105-1 × 106 cells/ml. Murine stromal cells S1/S1 and M2-10B4
(MG3) were kind gifts from Terry Fox Laboratories, BC Cancer
Agency (Vancouver, BC, Canada). S1/S1 cells were maintained
in Iscove’s modified Dulbecco’s medium (IMDM), supplemented
with 10% FBS, 1mM sodium pyruvate, and 100 U/ml each
of penicillin and streptomycin. MG3 cells were maintained
in RPMI 1640, supplemented with 10% FBS and 100 U/ml
each of penicillin and streptomycin. S1/S1 and MG3 cells were
plated in a 1:1 ratio (∼1.5 × 105 cells of each cell type) onto
collagen-coated (1 mg/ml) 6-well-plates in human CD34+

long-term culture media (hLTCM), containing MyeloCult
H5100 (Stem Cell Technologies, cat#5150) supplemented with
1µM hydrocortisone, and 100 U/ml each of penicillin and
streptomycin. The next day, the cells were irradiated using a
fixed source 137Cesium, Shepherd Mark I Irradiator at 20Gy,
after which the cells were washed three times with 1X PBS,
then resuspended in fresh hLTCM and returned to culture.
Irradiated murine stromal cells were utilized the following day
as feeder cells for the primary CD34+ hematopoietic progenitor
cells (HPCs). Primary CD34+ HPCs were isolated from de-
identified cord blood samples (Abraham J. & Phyllis Katz
Cord Blood Foundation d.b.a. Cleveland Cord Blood Center &
Volunteer Donating Communities in Cleveland and Atlanta) by
magnetic separation, as described elsewhere (Umashankar and
Goodrum, 2014). Isolation and culture methods for the primary
CD34+ HPCs are detailed below. All cells were maintained at
37◦C/5% CO2.

HCMV bacterial artificial chromosome (BAC)-derived strain
TB40/E (clone 4) (Sinzger et al., 2008) previously engineered
to express mCherry to monitor infection, TB40/EmCherry
(O’Connor and Shenk, 2011), was used in this study.
TB40/EmCherry-US28-3xF, TB40/EmCherry-US281 were
previously characterized (Miller et al., 2012). An additional
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BAC-derived isolate engineered to express eGFP as a marker
of infection, BFXwt-GFP (Murphy et al., 2008), was used to
generate a recombinant virus expressing a US28 C-terminal
triple FLAG epitope tag, BFXwt-GFP-US28-3xF, by bacterial
recombineering techniques described in elsewhere (O’Connor
and Miller, 2014). Briefly, the 3xF epitope and Kan-frt cassette
were PCR amplified from pGTE-3xFLAG-Kan-frt (O’Connor
and Shenk, 2011) using the 3xF-Kan-frt insertion primers
(Supplementary Table 1). This product was then used
to generate BFX-GFP-inUS28-3xF by recombination (e.g.,
O’Connor and Shenk, 2011). BFXwt-GFP-inUS28-3xF was then
used to generate two independent US28 stop mutants using galK
recombineering, as described previously (O’Connor and Miller,
2014). Briefly, the galK gene was amplified by PCR using primers
listed in Supplementary Table 1. Recombination-competent
SW105 Escherichia coli containing BFX-GFP-inUS28-3xF were
transformed with the resulting PCR product. GalK-positive
clones were selected and electroporated with the double
stranded reversion oligoucleotide (Supplementary Table 1) and
mutants were counter-selected against galK. Two independently
generated mutants, BFX-GFP-stopUS28-S1 and BFX-GFP-
stopUS28-S2, were validated by Sanger sequencing. The
multiple epitope tag viral GPCR mutant was generated using
TB40/EmCherry-US28-3xF as a backbone. Each of the remaining
three viral GPCRs were serially epitope tagged with the primers
in Supplementary Table 1, and recombinant clones were
sequenced following each reversion. The resulting virus, multi-
tag vGPCR (vGPCRmulti), contains the following epitope
tags: US28-3xF, US27-3xHA, UL33-c-myc, and UL78-V5.
vGPCRmulti was then used to generate vGPCRmulti-US281
using galK recombineering techniques. The primers used to
generate this mutant are previously described (Miller et al.,
2012). The sequence for vGPCRmulti-US281 was verified by
Sanger sequencing. All viral stocks were propagated and titered
by 50% tissue culture infectious dose (TCID50) as described (e.g.,
O’Connor and Shenk, 2012).

Viral Growth Analyses
Multi-step growth assays were performed using fibroblasts
(MRC-5, NuFF-1) by infecting cells at a multiplicity of infection
(moi) of 0.01 TCID50/cell. Infectious supernatants were collected
over a time course of infection and stored at −80◦C until
processing. Infectious virus was then titrated on naïve fibroblasts
(MRC-5, NuFF-1) and analyzed by TCID50 assay.

Viral RNA and Protein Assays
For viral transcript analyses, primary NuFF-1 fibroblasts were
infected at an moi = 0.5 TCID50/cell. Total RNA was collected
96 h post-infection (hpi) and RNA was extracted with the High
Pure RNA Isolation kit (Roche, cat#11828665001), according to
the manufacturer’s instructions. cDNA was generated from 1.0
µg of RNA using TaqMan Reverse Transcription (RT) Reagents
and random hexamer primers (Roche, cat#N8080234). Equal
volumes of cDNA were used for quantitative PCR (qPCR)
using gene specific primers, and cellular GAPDH was used as
a control (Supplementary Table 1). Transcript abundance was
calculated using a standard curve using 10-fold serial dilutions

of a BAC-standard that also contains GAPDH sequence. Viral
gene abundance was normalized to GAPDH for each sample.
Each primer set had a similar linear range of detection for the
BAC-standard (linear between 109 and 104 copies; r2 > 0.95
for all experiments). Samples were analyzed in triplicate using a
96-well-format CFX Connect (BioRad).

For immunofluorescence assays (IFA), primary MRC-5, or
NuFF-1 fibroblasts were grown on coverslips and infected (moi=
0.5) as indicated in the text. Cells were harvested and processed as
described elsewhere (e.g., O’Connor and Shenk, 2011; O’Connor
and Murphy, 2012). Antibodies used include: anti-FLAG
M2 (Sigma, cat#F3165, RRID:AB_259529; 1:1,000), anti-HA
(Roche, cat#11867423001, RRID:AB_390918; 1:1,000), anti-c-
Myc (Sigma, cat#M4439, RRID:AB_439694; 1:500), anti-V5
(Sigma, cat#V8137, RRID:AB_261889; 1;1,000), Alexa 488-
conjugated anti-rat (Abcam, cat#ab150157, RRID:AB_2722511;
1:1,000), Alexa 488-conjugated anti-mouse (Fisher, cat#A11001,
RRID:AB_2534069; 1:1,000), Alexa 488-conjugated anti-
rabbit (Fisher, cat#A11008, RRID:AB_143165; 1:1,000),
Alexa 647-conjugated anti-mouse (Abcam, cat#ab150115,
RRID:AB_2687948; 1:1,000), 4′-6′-diamidino-2-phenylindole
(DAPI). Coverslips were mounted onto slides with Slow-
Fade reagent (Invitrogen, cat#S2828) or FluorSave Reagent
(Calbiochem, cat#345789), and images were collected using a
Zeiss LSM 510 or Leica SP8 confocal microscope.

To assess protein expression by immunoblot, ∼3.0 ×

105 NuFF-1 fibroblasts were infected (moi = 0.5) for 96 h.
Cells were harvested in RIPA buffer, and equal amounts
of protein were analyzed using the following antibodies:
anti-FLAG M2 (Sigma, cat#F3165, RRID:AB_259529; 1:7,500),
anti-IE1 [clone 1B12 (Zhu et al., 1995); 1:100], anti-pp65
[clone 8A8 (Bechtel and Shenk, 2002); 1:100], anti-HA
(Roche, cat#11867423001, RRID:AB_390918; 1:1,000), anti-actin
(Sigma, cat#A3854, RRID:AB_262011; 1:20,000), and goat-anti-
mouse (cat#115-035-003, RRID:AB_10015289) or goat-anti-rat
(cat#112-035-003, RRID:AB_2338128) horseradish peroxidase
(HRP) secondary (Jackson ImmunoResearch Labs; 1:10,000).

Latency Infection and Extreme Limiting
Dilution Assay
Kasumi-3 cells (moi= 1.0) were infected as described previously
(e.g., ref. Krishna et al., 2019. Briefly, cells were cultured in
serum-low media (XVIVO-15; Lonza, cat#04-418Q) for 48 h
prior to infection. Kasumi-3 cells were infected at a density
of 5.0 × 105 cells/ml by centrifugal enhancement. At 7 days
post-infection (dpi), cultures were treated with 20 nM 12-O-
tetredecanoylphorbol-13-acetate (TPA) or vehicle (DMSO) for
an additional 2d. Infectious particle production was assessed
by Extreme Limiting Dilution Assay (ELDA) on naïve NuFF-1
fibroblasts, as described previously (Umashankar and Goodrum,
2014).

Primary CD34+ HPC culture and infection conditions
are described elsewhere (Umashankar and Goodrum, 2014).
Briefly, CD34+ HPCs (moi = 2.0) were infected by centrifugal
enhancement, followed by overnight incubation. Cells were
washed and cultured over irradiated MG3:S1/S1 murine stromal
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cells (plated at 1:1 ratio, see above). At 7 dpi, a portion of
each infected cell population was cultured in reactivation media
(RPMI 1640, containing 20% FBS, 10mMHEPES, 1mM sodium
pyruvate, 2mM L-glutamine, 0.1mM non-essential amino acids,
100 U/ml each penicillin and streptomycin, with 15 ng/ml
each (all from R&D Systems): IL-6, G-CSF, GM-CSF, IL-3)
or maintained in hLTCM. Infectious particle production was
assessed by ELDA on naïve NuFF-1 fibroblasts, as detailed
elsewhere (Umashankar and Goodrum, 2014).

RESULTS

stopUS28 Virus Replicates to Wild Type
Titers in Fibroblasts
To ensure US28’s function is due to the absence of only this
protein as opposed to potential off-site consequences resulting
from deletion of the US28 ORF, we generated a new panel of
recombinants using the BAC-derived, clinical isolate, BFXwt-
GFP (wt) (Murphy et al., 2008). The first variant, BFX-
GFPinUS28-3xF (inUS28-3xF) expresses a pUS28 fusion protein
with three, tandem FLAG epitope repeats in the C-terminus
of the protein (Figure 1A). Similar to our work in another
BAC-derived clinical isolate, TB40/E, in which we made an
identical tagged pUS28 recombinant virus (Miller et al., 2012),
we observed robust pUS28 expression following lytic infection of
fibroblasts by both immunofluorescence assay (IFA; Figure 1B)
and immunoblot (Figure 1C). In line with previously published
data (Slinger et al., 2010; Noriega et al., 2014), pUS28 localizes
to a perinuclear region of infected fibroblasts, consistent with
the assembly complex (Silva et al., 2003). Next, we generated
two independently derived BFX-GFPstopUS28 constructs using
the inUS28-3xF backbone (Figure 1A), allowing us to confirm
protein ablation by both western blot analysis (Figure 1B) and
IFA (Figure 1C). Further, consistent with previously published
work (Dunn et al., 2003; Yu et al., 2003; Miller et al., 2012;
Humby and O’Connor, 2015), we found pUS28 is not required
for efficient viral replication in lytically infected fibroblasts,
as the two, independently generated stop mutants grew to
wild type titers (Supplementary Figure 1). Together, these data
confirm pUS28 expression is ablated in stopUS28-infected
fibroblasts, and pUS28 is dispensable for lytic replication in
these cells.

stopUS28 Fails to Maintain Latency in
Hematopoietic Cells
We and others have shown deletion of the entire US28 ORF
from TB40/E (Humby and O’Connor, 2015; Krishna et al., 2019),
Titan (Krishna et al., 2017), and FIX (Wu and Miller, 2016)
strains of HCMV results in the failure to establish/maintain latent
infection of hematopoietic cells, including Kasumi-3 (Humby
and O’Connor, 2015; Krishna et al., 2019) and THP-1 cell
lines (Wu and Miller, 2016; Krishna et al., 2017, 2019), as
well as primary monocytes (Krishna et al., 2017) and cord
blood-derived CD34+ HPCs (Krishna et al., 2019). However,
recently published findings reported a US28 stop mutant in

TB40/E is capable of maintaining latency in primary fetal liver-
derived CD34+ HPCs, although this virus failed to reactivate
(Crawford et al., 2019). The authors posited that complete ORF
deletion possibly impacted efficient expression of surrounding
genes, thus potentially contributing to the discrepancies in
phenotypes between this and previous studies (Crawford et al.,
2019). To determine if our newly generated US28 stop mutant
displayed a similar phenotype during latent infection, we
infected Kasumi-3 and cord blood-derived CD34+ cells with
wt or stopUS28 for 7d under latent conditions. We then
divided each infected culture, treating half with reactivation
stimuli for an additional 2d, where we treated Kasumi-3-
infected cultures with TPA and cultured primary CD34+ HPCs
in reactivation media. We then quantified the production of
infectious particles by extreme limiting dilution assay (ELDA)
on naïve fibroblasts. stopUS28-infected cells failed to maintain
a latent infection, as Kasumi-3 or CD34+ cells infected with
this mutant produced infectious virus regardless of reactivation
stimuli treatment (Figure 2). These data suggest ablating pUS28
by either introduction of a stop codon or deletion of the
ORF results in a variant incapable of maintaining latency in
hematopoietic cells.

Deletion of the US28 ORF Does Not Impact
US27 or US29 Transcription or US27
Protein Expression
While we observed no difference in the outcome of a US28 stop
mutant vs. a US28 ORF deletion mutant, we were concerned
this mutation may affect neighboring viral transcripts, such as
US27, which is encoded along with US28 as a polycistronic
transcript (Welch et al., 1991; Balazs et al., 2017). Thus, to
ensure US27 and US29 mRNA expression are unaffected by
altered pUS28 expression, we assessed each of these transcripts
following lytic infection of fibroblasts with BFXwt-GFP or
BFXstopUS28, as well as TB40/EmCherry or TB40/EmCherry-
US281. We chose to evaluate these transcripts during the
lytic life cycle because neither of these genes is expressed
during latency (Humby and O’Connor, 2015; Cheng et al.,
2017; Shnayder et al., 2018). To this end, we lytically infected
fibroblasts (moi = 0.5), harvested total RNA at 96 hpi, and
performed RTqPCR to quantify US27 and US29 transcripts,
as well as US28, UL123, and UL99 as controls. We found
ablating pUS28 expression did not impact the transcription of
US27 or US29 in either US28 recombinant virus (Figure 3).
Since US27 and US28 originate from a polycistronic RNA, we
also assessed US27 protein (pUS27) expression in the context
of US28 ORF deletion. To this end, we generated a virus
construct in the TB40/EmCherry background that contains a
different epitope tag on the C-terminus of each viral-encoded
GPCR, termed TB40/EmCherry-vGPCRmulti (vGPCRmulti).
Each vGPCR is tagged as follows: US27-3xHA, US28-3xF,
UL33-myc, and UL78-V5 (Supplementary Figure 2A). Using
this construct, we then generated a US28 deletion, including
the triple FLAG epitope tag, termed vGPCRmulti-US281
(Supplementary Figure 2A), which replicated with wild type
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FIGURE 1 | US28 protein expression is ablated in stopUS28-infected fibroblasts. (A) BFXwt-GFP (wt) was used to generate inUS28-3xF, which contains an in-frame

triple FLAG epitope tag (3xF) at the C-terminal end of the ORF (checked arrow). inUS28-3xF was then used as the template to generate two independent stop

mutants, stopUS28-1 and stopUS28-2, that each contains a stop codon following the first methionine (red stop sign). (B,C) Fibroblasts were infected as indicated (moi

= 0.5). (B) Cell lysates were harvested 96 hpi for immunoblot. α-FLAG was used to detect pUS28 expression, α-pp65 is a marker of infection, and actin is shown as a

loading control. (C) Infected and mock cultures were processed for IFA 72 hpi. α-FLAG was used to detect pUS28 expression via the 3xF epitope (red). eGFP (green)

is a marker of infection, and nuclei were visualized using DAPI (blue). Images were acquired using a 60x objective. (B,C) Representative images are shown; n = 3.

kinetics (Supplementary Figure 2B). We then used these newly-
generated viral recombinants to lytically infect fibroblasts (moi
= 0.5) to determine their localization and expression by IFA

and immunoblot, respectively. vGPCRmulti-infected fibroblasts
express each of the four vGPCRs (Supplementary Figure 3),
while vGPCRmulti-US281 fails to express pUS28, as expected
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FIGURE 2 | stopUS28 fails to maintain latency in hematopoietic cells. (A)

Kasumi-3 cells (moi = 1.0) or (B) CD34+ HPCs (moi = 2.0) were infected

under latent conditions with the indicated viruses. At 7 dpi, infected (A)

Kasumi-3 cells were treated with vehicle (DMSO; -TPA, black bars) or TPA

(+TPA, gray bars), and (B) CD34+ HPCs were cultured in hLTCM

(pre-reactivation, black bars) or reactivation media (reactivation, gray bars).

The fold-change in the frequency of infectious particle production was

quantified by ELDA on naïve fibroblasts 14 d later and is graphed relative to

WT (A) -TPA or (B) pre-reactivation. Each data point (circles) is the mean of

three technical replicates (i.e., one biological replicate). Error bars indicate

standard deviation of three biological replicates. Statistical significance was

calculated using two-way ANOVA analyses followed by Tukey’s post-hoc

analyses. *p < 0.05, **p < 0.01, ***p < 0.001.

(Figure 4). Importantly, complete ORF deletion of US28 does
not impact pUS27 expression (Figure 4A) or localization
(Figure 4B), consistent with our transcriptional data (Figure 3).
Together, these data suggest ablation of pUS28 expression does
not impact US27 and US29 expression.

DISCUSSION

Our findings using newly generated recombinant HCMV
constructs reveal pUS28 expression is required for HCMV
latency. Our data confirm previous work, wherein we and other
groups demonstrated US28 ORF deletion viruses favor lytic
rather than latent infection in hematopoietic cells. We now
show the insertion of a stop codon after the first methionine in
the US28 ORF in the BFXwt-GFP background ablates protein
expression, which, similar to the US28 ORF deletion virus we
previously generated in the TB40/E background, results in a lytic-
like infection of both Kasumi-3 and cord blood-derived CD34+

cells. Our data also suggest US27 and US29 gene expression are
not impacted by the lack of pUS28 expression, as the US28 stop
and deletion viruses express these neighboring transcripts to wild
type levels during lytic infection. Furthermore, we show deleting
the US28 ORF does not alter the localization or expression
of pUS27. Together, our findings support previously published
findings detailing the requirement of pUS28 expression for
HCMV latency in hematopoietic lineage cells.

As mentioned, recent work from Crawford et al. showed
the insertion of two tandem stop codons following the first
methionine in the US28 ORF resulted in a TB40/E-based mutant
capable of maintaining latency, yet incapable of reactivating in
response to stimuli. While the US28 stop mutant maintained
latent infection, a point mutation (Y16F) within the US28 ligand
binding domain failed to do so, leading the authors to conclude
that while pUS28 expression was dispensable, ligand binding to

FIGURE 3 | Abrogating pUS28 expression does not impact US27 or US29

transcription. NuFF-1 fibroblasts were infected (moi = 0.5) with (A)

BFXwt-based or (B) TB40/EmCherry-based viruses. Total RNA was harvested

96 hpi and US27, US28, US29, UL123, and UL99 mRNA levels were

quantified by RTqPCR. Viral gene expression is plotted relative to cellular

GAPDH. Each data point (circles) is the mean of three technical replicates

(e.g., one biological replicate). Error bars indicate standard deviation of three

biological replicates, and statistical significance was calculated using two-way

ANOVA analyses followed by Tukey’s post-hoc analyses. *p < 0.05; ns, not

significant.

pUS28 was required for viral latency (Crawford et al., 2019).
Interestingly, mutating the US28G protein-coupling domain,
or the canonical “DRY” motif, which renders US28 “signaling
dead” (Waldhoer et al., 2002; Maussang et al., 2006, 2009; Miller
et al., 2012), phenotypically resembled the US28 stop mutant
(Crawford et al., 2019). Whether signaling constitutively or in
response to ligand binding, a functional G protein-coupling
domain is required to potentiate downstream signaling (Haskell
et al., 1999; Auger et al., 2002; Schwartz et al., 2006; Rovati et al.,
2007). Thus, perhaps in their system, US28 is not behaving as a
canonical GPCR. We previously demonstrated a requirement for
both US28’s G protein-coupling domain, and to a lesser extent the
ligand binding domain, in the context of latent infection. This
revealed US28-mediated signaling is required for viral latency
and is at least partly dependent upon US28’s interaction with
ligand(s) (Krishna et al., 2019). Work from the Sinclair Lab also
detailed the requirement for US28’s G protein-coupling domain
in suppressing IE protein expression in THP-1 cells, though the
Y16F ligand binding mutant suppressed IE protein expression
to wild type levels (Krishna et al., 2017). It is important to note
we generated a ligand binding mutant, US281N, in which we
deleted amino acids 2–16 in the US28 ORF (Krishna et al., 2019),
in contrast to the single point mutation, Y16F. We chose to
delete these amino acids, as Casarosa et al. previously showed
chemokines differentially bind to specific residues within pUS28’s
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FIGURE 4 | US281-infected fibroblasts display wild type pUS27 levels. NuFF-1 fibroblasts were mock-infected (M) or infected with TB40/EmCherry (WT),

TB40/EmCherry-vGPCRmulti, or TB40/EmCherry-vGPCRmulti-US281 (moi = 0.5). At 96 hpi, (A) cell lysates were collected for immunoblot or (B) harvested for IFA.

(A,B) α-FLAG was used to detect US28 via the 3xF epitope, α-HA was used to detect US27 via the 3xHA epitope. (A) IE1 is shown as a marker of infection, and

cellular actin serves as a loading control. (B) US27-3xHA (green), US28-3xF (white), mCherry (red) serves as a marker of infection. DAPI (blue) was used to visualize

nuclei. Images were acquired using 40x objective. (A,B) Representative images are shown (n = 3).

N-terminus (Casarosa et al., 2005). Specific point mutants within
this region of pUS28 will undoubtedly prove useful toward
identifying the specific ligand(s) with which pUS28 interacts to
potentiate latency-specific signaling. Nonetheless, this important
variance in the mutants could explain some distinctions between
the aforementioned work and ours.

What other differences might account for the distinct findings
mentioned above? HCMV latency and reactivation are not trivial
phases of infection to study in tissue culture. There are various
culture systems, viral backgrounds, and culture conditions (e.g.,
media and additives) that could impact results. We showed
pUS28 is required for latency using both the TB40/E (Humby and
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O’Connor, 2015; Krishna et al., 2019) and BFXwt backgrounds,
using either ORF deletion (Humby and O’Connor, 2015;
Krishna et al., 2019) or stop codon insertion (described herein),
respectively. Additionally, Krishna et al. published pUS28’s
requirement for latent monocyte infection using the Titan strain
(Krishna et al., 2017). These consistent findings across strains
suggest the viral backgroundmost likely does not impact pUS28’s
requirement for latency. However, conditions used in various
latency models may have an impact. For example, Crawford et al.
quantified cell associated latent virus by disrupting cells, followed
by co-culture of the lysed supernatant with naïve fibroblasts
in reactivation medium (Crawford et al., 2019). We favor an
alternative methodology, where latently infected cells remain
intact and are used to infect naïve fibroblasts by cell to cell
contact. This allows one to evaluate an infection to maintain
latency within HPCs similar to that which occurs in hosts. Such
an approach has proven important for our studies with US28
because infection of hematopoietic cells lacking US28, even when
maintained in long-term culture media to favor latency, results
in the production of virus capable of infecting naïve fibroblasts.
Despite this minor difference, we and others have used additional
assays to demonstrate the requirement for US28 during latency
(Humby and O’Connor, 2015; Wu and Miller, 2016; Krishna
et al., 2017, 2019). Additionally, A variety of culture systems
for the study of latency are characterized (Collins-McMillen
et al., 2018; Poole et al., 2019). We use human hematopoietic-
derived cells for our experiments (Humby and O’Connor, 2015;
Krishna et al., 2019), including the CD34+ cell line, Kasumi-3
(O’Connor andMurphy, 2012), THP-1monocytes (Sinclair et al.,
1992), and primary cord blood-derived CD34+ hematopoietic
cells (Goodrum et al., 2002, 2004). Indeed, others have used
THP-1 cells (Wu and Miller, 2016; Krishna et al., 2017), as
well as primary monocytes (Krishna et al., 2017), to detail
pUS28’s ability to repress IE gene and protein expression (Wu
and Miller, 2016; Krishna et al., 2017), as well as maintain
latency (Krishna et al., 2017). The Crawford et al. study used
a slightly different model system: CD34+ cells derived from
fetal liver (Crawford et al., 2019). It is possible, therefore, that
while these cells fully support HCMV latency and reactivation,
the underlying biological mechanisms the virus uses are distinct
from those it employs in cells of hematopoietic origin. It would
prove interesting to determine the outcome of infecting the
fetal liver-derived CD34+ cells with our viral constructs in the

future, which may reveal novel differences, while highlighting
similarities, with regards to the function of this key protein in
different setting.

In sum, our work presented herein reveals pUS28 expression
is critical to HCMV latency. Further, our data reveal the deletion
of the US28 ORF from our constructs does not impact the
expression of the polycistronic transcript, US27, or that of
the downstream US29 gene. While we and others have begun
to interrogate the signaling pathways pUS28 potentiates to
maintain viral latency, further work aimed at understanding the
cellular and viral factors pUS28 manipulates during this phase of
infection will provide insight into the HCMV-host relationship.
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Human cytomegalovirus (HCMV) is a prototypic betaherpesvirus which causes severe

manifestations in individuals with impaired or immature immunity. To investigate

cytomegalovirus-induced pathogenesis and virus-specific immune responses, mouse

cytomegalovirus (MCMV) infections in mice are employed as accepted small animal

model. MCMV and HCMV share co-linear genomes and encode several homologous

proteins. Due to the size and complexity of CMV genomes, the molecular functions

of numerous cytomegaloviral gene products remain to be elucidated. While the

essential nature of viral genes highlights their biological relevance, it renders functional

studies particularly cumbersome by precluding experiments in the infection context.

The HCMV-encoded protein pUL34 binds the HCMV genome and regulates viral

gene expression (e.g., of US3). Several groups provided compelling evidence

that UL34 is essential for HCMV replication. MCMV encodes the homologous

protein pM34 (34% identical and 55% similar). Based on unsuccessful attempts to

reconstitute M34-deficient virus from a bacterial artificial chromosome (BAC), M34

was previously classified as essential for MCMV replication. To characterize pM34

during viral infection, we engineered and analyzed an MCMV mutant expressing an

HA-epitope-tagged pM34 which was expressed with early-late kinetics and localized

in the nucleus. Additionally, we generated an M34-deficient (“1M34”) MCMV-BAC

by replacing the entire M34 coding sequence by a kanamycin resistance cassette.

The deletion of M34 was confirmed by Southern blot and PCR. Unexpectedly,

we could reconstitute replicating 1M34-MCMV upon transfection of the BAC DNA

into mouse embryonic fibroblasts. The absence of M34 from the genome of the

replicating 1M34-MCMV was also confirmed. Accordingly, a 1M34-MCMV, in which

the kanamycin cassette was excised by frt/Flp-mediated recombination, was also

replication competent. In order to corroborate the absence of pM34 protein, the M34

deletion was recapitulated on the background of M34HA, which yielded replicating
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virus devoid of detectable pM34HA protein. The replication of MCMVs lacking M34 was

found to be 10- to 100-fold reduced as compared to wt-MCMV which might explain

previous unsuccessful reconstitution attempts conducted by others. Taken together, our

findings reveal that MCMV remains replication competent despite the absence of M34,

enabling functional studies in the infection context.

Keywords: cytomegalovirus, M34, UL34, non-essential, BAC mutagenesis

INTRODUCTION

More than half of the global human population is infected
with the Human cytomegalovirus (HCMV; also called Human
herpesvirus 5 [HHV5]; Taxonomy ID [TaxID]: 10359). HCMV
infections are usually subclinical in healthy adults, and fatal
infection in apparently immunocompetent individuals are rare
(Rafailidis et al., 2008). Nevertheless, even the uncompromised
adult immune system is incapable to completely eliminate
HCMV. Although HCMV infections are usually confined
and controlled by a concerted action of all branches of
the immune system, thereby alleviating or ideally preventing
HCMV-induced diseases, residual replication-competent virus
inevitably remains life-long in a dormant state called latency.
Once the host experiences stress or immune-compromising
conditions, HCMV can reactivate from latency leading to
recurrent diseases. Individuals with an immature, compromised,
or senescent immune system often fail to control HCMV
replication. Depending on the degree and duration of impaired
immunity, HCMV causes mortality and morbidity under such
conditions. Accordingly, congenitally infected infants, transplant
recipients, and HIV-infected AIDS patients are prone to life-
threatening HCMV infections. Consistent with the fact that
HCMV can replicate in a variety of different cell types and tissues,
it can elicit a broad spectrum of clinical syndromes such as
sensorineural hearing loss and mental retardation in congenitally
infected infants, retinitis in HIV/AIDS patients, and pneumonia
in transplant patients.

HCMV is the prototypical member of the Betaherpesvirinae

subfamily of herpesviruses. Resulting from millions of years

of co-evolution, cytomegaloviruses (CMVs) specifically adapted
to their corresponding host species. Although cross-species
infections may occur and contribute to the evolution of CMVs
(Murthy et al., 2019), CMV species are usually restricted to
one or few closely related host species in natura. In agreement

with the species specificity, HCMV is incapable to productively
replicate in small animals such as mice or rats. A notable
exception are humanized mice, in which HCMV replicates in

engrafted human tissues (Smith et al., 2010). The inability to
perform defined HCMV infection experiments in small animal
models constitutes a relevant hurdle for research. Therefore,
mouse cytomegalovirus (MCMV,Murid herpesvirus 1 [MuHV1],
TaxID: 10366) has been established and is commonly used
as a small animal model for studying general principles of
CMV infection and pathogenesis in vivo (Brizić et al., 2018).
Additionally, MCMV is one of the few viruses infecting Mus
musculus as genuine host species, enabling research on a natural

virus-host interaction. Thus, MCMV has become a standard
model for immunology which helped to uncover fundamental
principles of immunity such as cytotoxic CD4+ lymphocytes
(Jonjic et al., 1990), NK cell memory (Sun et al., 2009), or T
cell memory inflation (Holtappels et al., 2000; Karrer et al.,
2003). HCMV and MCMV have very large co-linear double-
stranded DNA genomes of more than 230 kb. CMV genomes
are very complex, comprising genes located on both DNA
strands, the use of alternate start codons, and alternative splicing
events, resulting in the case of HCMV in more than 750
translation products (Stern-Ginossar et al., 2012; Erhard et al.,
2018). Certain protein families are either conserved between all
Herpesvirales, Betaherpesvirinae, or CMVs (see e.g., Rawlinson
et al., 1996). Despite their importance indicated by conservation,
numerous of these proteins are far from being fully understood.
A fraction of gene products (e.g., the viral DNA polymerase or
glycoprotein B) fulfill indispensable functions during the viral
replication cycle. The corresponding genes are referred to as
essential genes. Mutant genomes lacking an essential gene cannot
be reconstituted on non-complementing cells. Additionally,
there is a class of semi-essential genes such as IE1, which
are essential under low MOI infection conditions, but can be
partially compensated by other gene products under higher
MOI conditions (Mocarski et al., 1996). While the essential
nature highlights their relevance, it also renders the investigation
of such genes particularly difficult due to the impossibility to
conduct infection experiments. One option to circumvent this
issue are conditional knock-out systems, which either induce or
ablate the protein of interest under defined conditions such as
addition of a (de-) stabilizing drug (see e.g., Glass et al., 2009).
Another approach is to study homologous proteins expressed by
related viruses.

Several groups have shown that the gene UL34 is essential
for HCMV replication (Dunn et al., 2003; Yu et al., 2003;
Rana and Biegalke, 2014). Biegalke et al. described two
predominant and a less-abundant gene product derived from
UL34 during the course of infection (Biegalke et al., 2004;
Rana and Biegalke, 2014). The pUL34 proteins are enriched
in the nucleus where they bind DNA and regulate the
expression of viral genes (e.g., US3 and US9) through
transcriptional repressor functions (LaPierre and Biegalke, 2001;
Liu and Biegalke, 2013). The HCMV genome of strain AD169
contains 14 pUL34 consensus binding sites (consensus motif
AAACACCGT[G/T]), three of which reside in the region of
the origin of lytic replication (oriLyt) (Liu and Biegalke, 2013).
Chromatin immunoprecipitation (ChIP) experiments confirmed
the binding of pUL34 to the predicted sites in the oriLyt
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and identified another binding site in the oriLyt harboring
the similar but non-identical sequence motif AAACgCCGTc
(Slayton et al., 2018). Site-directed mutagenesis of individual
pUL34 binding sites within the oriLyt significantly attenuated
HCMV replication (Slayton et al., 2018), suggesting a relevant
role of pUL34-oriLyt associations. However, a mass spectrometry
(MS)-based assessment of proteins associated with cell-free
HCMV virions did not identify pUL34 as constituent of the
HCMV particle (Varnum et al., 2004), implying that pUL34 may
be stripped of the HCMV genome before or during packaging.
Additionally, pUL34 physically interacts with pIE2, pUL44, and
pUL84 (Slayton et al., 2018).

MCMV encodes the homologous protein pM34 (34%
identity and 55% similarity). M34 mRNA expression has been
documented in infected NIH/3T3 cells by an MCMVmicroarray
(Tang et al., 2006). To our knowledge, the function of pM34
has not been addressed so far. Similar to pUL34, pM34 was
not detected in the MCMV virion (Kattenhorn et al., 2004).
Comprehensive analyses failed to identify pM34-specific CD8+
and CD4+ lymphocytes (Munks et al., 2006; Walton et al.,
2008). Our MS-based analysis showed that pM34 is expressed
and that its abundance is significantly reduced upon treatment
withMLN4924 (Le-Trilling et al., 2016). Baluchova et al. reported
that an M34-deficient MCMV could not be reconstituted from a
bacterial artificial chromosome (BAC) (Baluchova et al., 2008).
This was interpreted as an indication that M34, similar to
UL34, is essential for viral replication. In contrast, an M34
transposon insertion mutant as well as a truncation mutant,
both expressing a C-terminally truncated pM34 form containing
the most conserved region, were reported to be in principle
replication competent in vitro, albeit with reduced replication
efficiency (Baluchova et al., 2008).

Here, we constructed an MCMV mutant expressing an HA-
epitope-tagged pM34 to characterize pM34-HA during viral
infection. Additionally, we generated M34-deficient (“1M34”)
MCMV-BACs. Contradicting previous reports, we successfully
reconstituted replicating 1M34-MCMV in non-complementing
cells, documenting that MCMV is attenuated, yet replication
competent in vitro despite the absence ofM34.

MATERIALS AND METHODS

Cells, Culture Media, and Inhibitors
Primary mouse embryonic fibroblasts (MEF) from C57BL/6
mice and mouse newborn cells (MNCs) from BALB/c mice
were isolated as described before (Le-Trilling and Trilling,
2017). For all experiments, MEF and MNC were used in
passage 3. A stable MEF cell line derived from C57BL/6
embryos (CIM [“C57BL/6 immortalized MEF”]) had been
generated by crisis immortalization (Rattay et al., 2015). All
cells were cultured in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% (v/v) FCS, 100µg/ml
streptomycin, 100 U/ml penicillin, and 2mM glutamine
(Gibco/Life technologies). Cycloheximide, Actinomycin D, and
phosphonoacetic acid were purchased from Roth, AppliChem,
and Sigma-Aldrich, respectively.

Viruses and Infections
Generation of Virus Mutants by BAC Mutagenesis
For the generation of recombinant MCMV mutants, the
mck2-repaired MCMV-BAC (Jordan et al., 2011) was used.
For the addition of a C-terminal HA-tag to the M34 ORF
by en passant mutagenesis (Tischer et al., 2006), a PCR
fragment was generated using the primer C3X-M34HA-1
(CCGCCCAGAAACATTCTGAGTGCATCAACATCCTGC
TCTACCCATACGATGTTCCAGATTACGCTTAAGGGGGG
CGCGGGACGaggatgacgacgataagtaggg), the universal Kana S
primer (CAACCAATTAACCAATTCTGA), and the Kana S
plasmid as the template DNA. The amplified fragment served as
template for a second PCR, applying the primers C3X-M34HA-2
(CGTGTCTCGACCGTTCCCCTCGTCCCGCGCCCCCCT
TAAGCGTAATCTGGAACATCGTATGGGTAGAGCAGGAT
GTTGATGCAcaaccaattaaccaattctgattag) and C3X-M34HA-3
(CCGCCCAGAAACATTCTGAG). The resulting amplificate
containing the kanamycin resistance gene was inserted into the
MCMV-BAC by Redαβ-mediated homologous recombination in
GS1783 E. coli cells (Tischer et al., 2010), followed by the deletion
of the resistance marker by a I-SceI-mediated cleavage and a
homologous recombination event. 1M34-MCMV harboring a
deletion of the entire M34 ORF was generated by amplifying an
frt-site-flanked kanamycin cassette using the plasmid pFRT1 as
the template DNA and the primers 1M34-Kana1 (CAGCGG
TGCTACGCATCACCTCAGACGCCGCGCCGCCGCCAC
TAACAGTTTGCTCGCTCGCCAGTGAATTCGAGCTCG
GTAC) and 1M34-Kana2 (GTGAGGGAGACGGTGTCGCGG
ACGCCGTGTCTCGACCGTTCCCCTCGTCCCGCGCCC
CCCGACCATGATTACGCCAAGCTCC). The PCR fragment
was introduced into the MCMV-BAC by Redαβ-mediated
homologous recombination in GS1783 E. coli cells, replacing
the M34 ORF by the kanamycin resistance gene. Afterwards,
the frt-site-flanked kanamycin cassette was deleted from the
BAC by Flp-mediated recombination in DH10B E. coli cells.
To verify the mutations, the altered sequences were amplified
by PCR using the 1M34KanaR−-MCMV-BAC and the M34HA
MCMV-BAC as template (see Figure 2). The PCR products
were send for sequencing by LGC Genomics (Berlin, Germany).
The sequencing results confirmed that the deletion/insertion
occurred as intended (data not shown).

M34HA-MCMV and 1M34-MCMV were reconstituted by
transfection of BAC DNA into CIM using Superfect (Qiagen).
Transfected cells were cultured until plaque formation was
observed and passaged until sufficient viral yields were reached
for preparation of seeding stocks. MCMV stocks were prepared
on CIM. Cells were infected with centrifugal enhancement (900 g,
two times for 15min), and passaged until all cells showed
cytopathic effects (CPE). Infected cells and supernatants were
harvested, and crude stocks or purified stocks were prepared
as described elsewhere (Brune et al., 2001). Virus titers were
determined by standard plaque titration assay as described
previously (Brune et al., 2001).

Infections and Plaque Titration Assay
All infections were performed with centrifugal enhancement
(900 g, two times for 15min). Viral DNA replication was
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inhibited with 250µg/ml phosphonoacetic acid (PAA; Sigma-
Aldrich). PAA was administered 25min prior to infection and
retained until the end of the experiment (48 h p. i.). For
replication analysis, infected cells were frozen at 1, 3, and 4 or
5 days post infection. Viral titers were determined by standard
plaque titration (Brune et al., 2001) on MEF or MNC. MCMV
replication experiments were independently conducted at least
three times. All titrations were performed in triplicate.

Southern Blotting and PCR
BAC DNA was cleaved using EcoRI (New England Biolabs).
DNA fragments were separated by gel electrophoresis and
transferred to nylon membranes by capillary blotting. Probes
were generated by PCR using the following primer sets: (I)
1M34-ctrl1 (CAGAGACGCTACTCTGATCGC) and 1M34-
ctrl2 (GAGGTCTCGGTTCTTCTCCAC), (II) M33-1 (GAC
GGATCCATGGACGTCCTTTTGGGCCGG) and M33-2 (GCA
TCTCGAGTCAAGCGTAATCTGGAACATCGTATGGGT
ACTGGGGCGGAGGAGCGC), (III) m157-1 (GTCATCGTC
CCCCTAGTAAAATTAC) and m157-2 (GTCGAACTGACA
TCCGGACAG), and (IV) M27-forw (AGCCCTTTAATCACA
TCGAA) and M27-rev (TGAAGTAGACGTTGTTGGCC).
The hybridization and detection were performed following
manufacturer’s (Roche) instructions.

For PCR controls, DNA of infected CIM served as template
for PCRs using the following primers: 1M34-ctrl1 (CAG
AGACGCTACTCTGATCGC), 1M34-ctrl2 (GAGGTCTCG
GTTCTTCTCCAC), MCMV IE1-1a (GAGCCCGCCGCA
CCCAGGG), MCMV IE1HA-2 (CGGAATTCTCAAGCGTA
ATCTGGAACATCGTATGGGTACTTCTTGCTCTTCTTCTT
GGGC), Kana-ctrl1 (CAACAAAGCCACGTTGTGTCTC), and
Kana-ctrl2 (CCATAGGATGGCAAGATCCTGG).

Western Blotting
For immunoblotting, cells were lysed as described before
(Trilling et al., 2009) and protein concentrations were adjusted
according to Bradford protein assays. Whole cell lysates were
subjected to SDS polyacrylamid gel electrophoresis (SDS-PAGE)
and subsequently transferred onto nitrocellulose membranes.
Immunoblot analysis was performed using mouse antibodies
anti-Actin (A2228, Sigma-Aldrich), anti-pp89 (CROMA101,
Center for Proteomics, Rijeka, Croatia), anti-M55/gB MCMV
(15A12-H9, Center for Proteomics, Rijeka, Croatia), and
rabbit antibodies anti-HA (H6908, Sigma-Aldrich) and anti-
GAPDH (sc-24778, Santa Cruz). Proteins were visualized
using peroxidase-coupled secondary antibodies (115-035-062,
ImmunoResearch, and A6154, Sigma-Aldrich) and the substrate
SignalFire ECL reagent (Cell Signaling Technology).

Cloning of Expression Vectors
For cloning of pcDNA3.1-UL34HA, UL34HA was amplified
by use of the primers UL34-1 (CCGCTCGAGATGAACTTC
ATCATCACCACCC) and UL34HA-2 (CGCGGATCCTTAAGC
GTAATCTGGAACATCGTATGGGTAAATACACAACGG
GGTTATG). The product was introduced into pMiniT and
subcloned into pcDNA3.1. The CDS of M34HA was cloned
into the pcDNA3.1 vector using the In Fusion HD Cloning Kit

(Takara) according to manufacturer’s instructions. BamHI and
EcoRI restriction sites and a C-terminal HA epitope tag were
introduced by specific primers M34-For (TACCGAGCTCGG
ATCCATGGAAACCGCGTCGGCTTCT) and M34HA-Rev
(GATATCTGCAGAATTCTTAAGCGTAATCTGGAACAT
CGTATGGGTAGAGCAGGATGTTGATGCACTCAG). The
inserts were sequenced at LGC Genomics (Berlin, Germany).

Immunofluorescence Microscopy
HeLa cells were transfected with pcDNA3.1-UL34HA or
pcDNA3.1-M34HA using Superfect (Qiagen) according to
manufacturer’s instructions. CIM cells were infected with wt-
MCMV or M34HA-MCMV (MOI 0.7) or left uninfected.
Twenty-four h post transfection or infection, cells were fixed with
4% paraformaldehyde and permeabilized with 0.02 % Triton X-
100. Blocking was conducted with 2% FCS for transfected cells
and 2% mouse serum for infected cells. Subcellular localization
of M34HA and UL34HA was visualized by immunostaining
using rabbit primary antibody anti-HA (H6908, Sigma-Aldrich)
and secondary antibody anti-rabbit-Cy2 (115-225-146, Dianova).
DNA was stained with DAPI (Sigma-Aldrich). Microscopy was
conducted with a Leica DM IL LEDMicroscope and the LASV4.0
software (Leica).

BLAST
The pM34 amino acid sequence of the MCMV reference strain
(MuHV1 YP_214047.1) was blasted against Herpesviridae
(Herpesviridae, TaxID:10292, reference proteins) using NCBI
Blastp. Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/) was used for pairwise and multiple alignments.

Statistical Analysis
The significance of differences among the replication of two virus
mutants was analyzed by two-tailed heteroscedastic t-test. For
replication analysis of three virus mutants, two-way ANOVA
with multiple comparisons was applied.

RESULTS

pM34, the MCMV-Encoded Homolog of
pUL34, Is Expressed With Early/Late

Kinetics and Is Localized in the Nucleus
Proteins exhibiting significant homology to the HCMV-encoded
pUL34 can be identified in several cytomegaloviruses infecting
primates, rodents, and other genera. We failed to identify
proteins with significant homology to pUL34 beyond the clades
of Cytomegaloviruses and Muromegaloviruses, e.g., in Alpha- or
Gammaherpesvirinae (data not shown). An amino acid sequence
alignment revealed that pUL34 and its homolog pM34 share a
conserved central domain (see schematic overview in Figure 1A).
In addition to the canonical M34 predicted by Rawlinson
et al. (1996), a truncated internal in-frame ORF (iORF) was
suggested by Brocchieri et al. (2005) (Figure 1B). The highly
conserved region present in pM34 and pM34.iORF overlaps with
the domains described to confer DNA binding, transcriptional
regulatory capacity, nuclear localization, and nuclear retention
of pUL34 (Biegalke et al., 2004; Biegalke, 2013), suggesting
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functional homologies of this protein family. The MCMV-
encoded protein pM34 is 34% identical and 55% similar to pUL34
(Figure 1C). In contrast to primate CMVs, Muromegaloviruses
such as MCMV, Murid herpesvirus 2 (Rat cytomegalovirus
“Maastricht”), and Murid herpesvirus 8 (Rat cytomegalovirus
“England”) possess N-terminally extended sequences, suggesting
additional lineage-specific adaptations (Figure 1D).

To study the protein expression of pM34 in the viral context,
we inserted a sequence coding for an HA-epitope tag directly
between the end of the coding sequence (CDS) and the Stop
codon of M34 into the MCMV genome by en passant BAC
mutagenesis (Figure 2). The correct insertion of the HA-epitope
sequence was confirmed by sequencing of the PCR-amplified
M34ORF (data not shown) and by immunoblotting of whole cell
lysates of infected cells using HA-specific antibodies (Figure 3A).
One prominent pM34HA protein of approximately 90-100 kDa
was detectable at 4 h post infection and the abundance further
increased until 24 h post infection (Figure 3A). The molecular
weight of the detected pM34HA protein was consistent with the
prediction of 94.5 kDa by Rawlinson et al. (1996). When the
infection was conducted in the presence of Cycloheximide (CHX)
and Actinomycin D (ActD) to prevent viral gene expression,
pM34HA was undetectable (Figure 3B), consistent with the
notion that it is not part of the incoming virion. This finding is
consistent with previous data (Kattenhorn et al., 2004). Under
selective IE expression conditions [by infection in the presence
of CHX which was washed out at 4 h p. i. in the presence of ActD
followed by 4 h in presence of ActD; see (Rattay et al., 2015)],
pp89/IE1 was detectable, while pM34HA was not (Figure 3C).
Upon addition of the antiviral drug phosphonoacetic acid (PAA),
which prevents viral genome replication and impairs viral late
gene expression, pM34HA expression was diminished but not
abrogated (Figure 3D). The latter result is in agreement with
previously published mRNA data (Chapa et al., 2014). Together
these findings indicate that pM34 is expressed inMCMV-infected
cells with early/late kinetics.

In order to compare the subcellular localization of pM34 with
pUL34, cells were transfected with expression plasmids encoding
HA-epitope tagged versions of these proteins and analyzed
by immunofluorescence staining. In agreement with previous
publications (Rana and Biegalke, 2014), pUL34 was detected in
the nucleus (Figure 3E). A similar localization was observed for
pM34HA upon transfection (Figure 3E) as well as upon MCMV
infection (Figure 3F).

Generation of 1M34-MCMV by BAC
Mutagenesis
To generate an MCMV-BAC harboring a deletion ofM34, a PCR
fragment containing a kanamycin resistance gene was introduced
into an mck2-repaired MCMV-BAC replacing the entire M34
ORF (Figure 2B). Consistent with an in silico prediction (2797
bp), a restriction fragment analysis of the mutated BAC using
EcoRI revealed an additional fragment of approximately 3 kbp
compared to a parental BAC control (Figure 4A; highlighted
by white arrowhead). The correct replacement of the M34 ORF
by the kanamycin resistance gene was further confirmed by

Southern blotting. The specific signal recognized by an M34-
specific probe was lost in 1M34-MCMV BAC DNA (Figure 4B),
while m157 remained detectable (Figure 4C). Furthermore, an
M33-specific probe confirmed that the insertion of the resistance
cassette did not inadvertently delete the neighboring M33 ORF
(Figure 4D), but changed the size of the corresponding EcoRI
restriction fragment (Figures 4A,D).

Contrary to our expectations based upon previous reports
(Baluchova et al., 2008), plaque formation was observed after
transfection of the 1M34-MCMV BAC into CIM cells and a
couple of ‘blind passages’, in which no CPE or plaque formation
was apparent. First plaques were observed after 17 days. A
crude seeding stock of 1M34-MCMV was harvested at day 24
after reconstitution. To exclude contaminations, the deletion
of M34 from the genome of replicating 1M34-MCMV was
controlled by PCR using DNA extracted from infected cells as
template (Figure 4E). To formally rule out that the insertion of
the kanamycin resistance gene affects for example neighboring
genes, the cassette was deleted by Flp-mediated recombination
(Figure 2C). Correct deletion of the entireM34 coding sequence
and excision of the kanamycin cassette were confirmed by
sequencing of the specific region of the 1M34KanaR−-MCMV-
BAC (data not shown). Reconstitution of 1M34KanaR−-MCMV
in CIM cells was successful (data not shown). The absence of
M34 and the deletion of the kanamycin cassette were confirmed
by PCR using DNA extracted from infected cells used for
stock preparation as template (Figures 4F,G). The successful
reconstitution of replicating virus from BAC DNA harboring a
complete deletion of the M34 coding sequence, irrespective of
the presence or absence of the kanamycin cassette, demonstrates
that M34 as well the overlapping genes m33.1 and m34.1 (see
Figure 1B) are not essential for MCMV replication.

1M34-MCMV Is Replication Competent
but Attenuated in vitro
To determine the role of the M34 ORF for MCMV replication,
CIM cells were infected with wt-MCMVor1M34-MCMV at low
MOI (0.05 PFU/cell). At 1, 3, and 5 days post infection, aliquots
were collected and cryo-conserved. MCMV titers were quantified
by standard plaque titration on MEFs. In several independent
experiments, the replication of 1M34-MCMV was 10- to 100-
fold reduced as compared to wt-MCMV (see Figure 5A and data
not shown). The replication of 1M34-MCMV was also impaired
in primary mouse newborn cells (MNC; MOI 0.01) isolated
from BALB/c mice, indicating a cell type and mouse strain
independent replication phenotype in vitro (Figure 5B). The
attenuation was evident irrespective of the presence or absence
of the kanamycin resistance cassette used to delete the M34
ORF (Figure 5C). These data demonstrate that 1M34-MCMV is
significantly attenuated in vitro but clearly replication competent.

The Analysis of 1M34HA-MCMV
Independently Confirmed the Absence of
pM34 and Its Dispensability
We are not aware of the availability of pM34-specific antibodies.
To formally exclude the presence of pM34 protein, the
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FIGURE 1 | Alignment of HCMV- and MCMV-encoded homologous proteins pUL34 and pM34. (A) Schematic overview of the conserved regions (dark gray) of

pUL34 (HHV5/HCMV) and pM34 (Murid betaherpesvirus [MuHV] 1/MCMV). M: methionine. (B) Schema of the MCMV ORF M34 (black) and the neighboring ORFs

M33 and M35 (white) according to the annotation of Rawlinson et al. (1996). The more recently predicted ORFs m33.1, m34.1 (Brocchieri et al., 2005) and m34.2

(Tang et al., 2006) are depicted in light gray. A truncated internal in-frame ORF, M34.iORF, predicted by Brocchieri et al. is depicted in dark gray (Brocchieri et al.,

2005). (C) Alignment of pM34 (MuHV1/MCMV) and pUL34 (HHV5/HCMV) using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). (D) The pM34 protein

(Continued)
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FIGURE 1 | sequence of the MCMV reference strain (pM34 MuHV1 YP214047.1) was blasted against Herpesviridae (Herpesviridae [TaxID: 10292] reference proteins)

using NCBI Blastp. A multiple alignment of the most conserved proteins in cytomegaloviruses is shown (Clustal Omega). Sequences are ordered in decreasing identity

(%) as obtained by Blastp. pM34 and pUL34 are marked in bold. pM34_MuHV1, pE34_MuHV8: Murid betaherpesvirus 8 (TaxID 1261657), pR34_MuHV2: Murid

betaherpesvirus 2 (TaxID 28304), T34_TuHV1: Tupaiid betaherpesvirus 1 (TaxID 10397), GP34_CaHV2: Caviid betaherpesvirus 2 (TaxID 33706), pUL34_SaHV4:

Saimiriine betaherpesvirus 4 (TaxID 1535247), pUL34_AoHV1: Aotine betaherpesvirus 1 (TaxID 50290), pUL34_CeHV5: Cercopithecine betaherpesvirus 5 (TaxID

50292), rh57_McHV3: Macacine betaherpesvirus 3 (TaxID 47929), pUL34_HHV5, pUL34_PnHV2: Panine betaherpesvirus 2 (TaxID 188763), pUL34_EIHV1:

Elephantid betaherpesvirus 1 (TaxID 146015).

FIGURE 2 | Schematic overview of MCMV-BAC mutagenesis. (A) Generation of M34HA-MCMV by insertion of an HA-epitope tag by en passant mutagenesis (see

methods section for details). (B) Generation of a virus mutant harboring a deletion of the M34 ORF (1M34-MCMV) by replacement with a kanamycin cassette. (C)

Excision of the kanamycin cassette from the 1M34-MCMV BAC (1M34KanaR−) by frt/Flp-mediated recombination. (D) Generation of a virus mutant harboring a

deletion of the M34HA ORF (1M34HA) by replacement of M34HA with a kanamycin cassette. M34, M34 ORF (gray); KanaR, kanamycin resistance gene (white);

black boxes, 5′ homologous region; white boxes, 3′ homologous region; HA, HA-epitope tag (light gray); I-SceI, I-SceI restriction site; frt, flippase recognition target;

Flp, flippase; Red, Red recombinase derived from the λ bacteriophage. Black arrow heads: sequencing primers, gray arrow heads: M34 PCR control primers, white

arrow heads: KanaR PCR control primers, dotted line: M34 southern blot control probe, dashed line: M33 southern blot control probe.

M34 deletion was repeated on the background of M34HA-
MCMV. The insertion of the kanamycin deletion cassette
was directed to replace the entire M34 coding sequence
including the previously inserted HA epitope (Figure 2D).
Southern blotting of BAC DNA confirmed the deletion of
M34 (Figure 6A). After virus reconstitution, the absence of
M34 from the genome of replicating 1M34HA-MCMV was
confirmed by PCR (Figure 6B). As shown by immunoblotting,
the pM34HA expression was completely abrogated in 1M34HA-
MCMV-infected cells, confirming the successful deletion of
M34 on DNA and protein level as well as in a second and

independently generated MCMV mutant (Figure 6C). Upon
infection of MNCs, 1M34HA-MCMV was highly attenuated
as compared to wt-MCMV in replication experiments starting
with 0.01 (Figure 7A) or 0.05 PFU per cell (Figure 7B). A direct
comparison of 1M34-MCMV and 1M34HA-MCMV revealed
identical replication kinetics of both mutants (Figures 7A,B).
The infections were repeated with 0.025 PFU per cell and
1M34HA-MCMV, 1M34-MCMV, and M34HA-MCMV as
wildtype-like control (Figure 7C). Immunoblotting of lysates
prepared from infected cells of this experiment confirmed
the absence of pM34HA throughout the attenuated replication
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FIGURE 3 | pM34HA is expressed with early/late kinetics and is localized in the nucleus. (A) CIM cells were infected with M34HA-MCMV (MOI 10) or left uninfected

(mock). At indicated time points post infection, cells were lysed and immunoblot analysis of indicated proteins was performed. (B) CIM were briefly pre-incubated and

then infected with M34HA-MCMV (MOI 10) in the presence and absence of 50µg/ml Cycloheximid (CHX) and 5µg/ml Actinomycin D (Act D) or left untreated and

uninfected. Lysates were prepared after 4 h and analyzed by immunoblot. (C) CIM were infected with M34HA-MCMV (MOI 10) in the presence and absence of CHX or

left untreated and uninfected. After 4 h, CHX was replaced by Act D and incubated for 4 h. Lysates were analyzed by immunoblot using antibodies specific for

(Continued)
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FIGURE 3 | indicated proteins. (D) CIM cells were treated with 250µg/ml phosphonoacetic acid (PAA) for 25min prior to infection or left untreated. Cells were infected

with M34HA-MCMV (MOI 10) for 48 h in the absence or presence of PAA or left uninfected (mock) and analyzed by immunoblot using antibodies specific for indicated

proteins. (E) HeLa cells were transfected with pcDNA3.1-UL34HA or pcDNA3.1-M34HA. Twenty-four hour post transfection, cells were fixed and immunofluorescence

staining was conducted using rabbit anti-HA and anti-rabbit-Cy2. DAPI staining was included for visualization of nuclei. (F) CIM cells were infected with wt-MCMV,

M34HA-MCMV (MOI 0.7), or left uninfected. Cells were fixed at 24 h post infection. Immunofluorescence staining was performed as described above.

FIGURE 4 | Validation of 1M34-MCMV. (A–D) BAC DNA of wt and 1M34 was used for validation of the M34 deletion. (A) BAC DNA was digested with EcoRI. The

restriction fragments were separated by gel electrophoresis. The white arrow marks the additional fragment at 3 kbp of 1M34-MCMV BAC. The specific deletion of

the M34 ORF from the BAC was confirmed by Southern blot using probes specific for (B) M34, (C) m157, and (D) M33. (E) The absence of M34 from the genome of

1M34-MCMV was confirmed by PCR using DNA extracted from infected cells used for virus stock preparation as template. (F,G) The deletion of M34 and the

kanamycin cassette from the genome of 1M34KanaR−-MCMV was confirmed by PCR of DNA extracted from infected cells used for virus stock preparation.

(Figure 7D). These data verify that the M34 gene locus is not
essential for MCMV replication.

DISCUSSION

We provide compelling evidence thatM34, the MCMV homolog
of UL34, is not essential for MCMV replication. Replication
competence was observed in primary and immortalized MEFs
as well as MNCs derived from C57BL/6 and BALB/c mice.
This finding was verified by reconstitution of replicating 1M34-
MCMV either harboring or lacking a kanamycin cassette
which was used to replace the entire M34 CDS. Additionally,
we generated an M34HA-MCMV expressing an HA-epitope-
tagged version of pM34. Using M34HA-MCMV, we showed

that pM34HA is expressed with early-late kinetics and localizes
in the nucleus. M34HA-MCMV will enable future studies on
protein-protein interactions and protein-DNA interactions in
the infection context in vitro and in vivo. To corroborate the
dispensability of pM34 and to formally prove the absence of
pM34 protein, the directed deletion was recapitulated using
M34HA-MCMV BAC as parental BAC which yielded 1M34HA-
MCMV in which pM34HA protein expression was abrogated.

Successful deletion of M34 was confirmed by restriction
digest, Southern blot, PCR, sequencing, and immunoblot analysis
either for the MCMV-BAC or the replicating MCMV mutant.
Additionally, we observed a 10- to 100-fold impaired replication
of different MCMV mutants lacking M34. The independently
constructed and reconstituted mutant viruses as well as the
respective controls ruled out contaminations with wt-MCMV or
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FIGURE 5 | 1M34-MCMV is replication competent but highly attenuated in vitro. (A) CIM cells were infected with wt-MCMV or 1M34-MCMV (MOI 0.05). At indicated

time points post infection, virus titers were quantified by standard plaque assay. *p < 0.05 (two-tailed t-test, unpaired). (B) Primary MNC were infected with wt-MCMV

or 1M34-MCMV (MOI 0.01). Virus titers were quantified by standard plaque assay. *p < 0.05 (two-tailed t-test, unpaired). (C) CIM were infected with wt-MCMV,

1M34-MCMV, or 1M34KanaR−-MCMV (MOI 0.01). Virus titers were quantified after indicated time points post infection. *p < 0.05. ****p < 0.0001. Significance was

calculated by two-way ANOVA with multiple comparisons. Each titration was performed in triplicate and depicted as mean values ± standard deviation (SD).

FIGURE 6 | The analysis of 1M34HA-MCMV independently confirmed the absence of pM34 and its dispensability. (A) Generation of a virus mutant harboring a

deletion of the M34HA ORF (1M34HA-MCMV) by replacement with a kanamycin cassette. The specific deletion of the M34HA ORF from the BAC was confirmed by

Southern blot using probes specific for indicated MCMV genes. (B) The absence of M34HA from the genome of 1M34HA-MCMV was confirmed by PCR using DNA

extracted from infected cells used for viral stock preparation as template. (C) CIM cells were infected with wt-MCMV, M34HA-MCMV, 1M34HA-MCMV (MOI 0.05), or

left uninfected (mock). At 4 d p. i, cells were lysed and immunoblot analysis was performed.

the presence of residual parental BAC-derived MCMV. Taken
together, we propose to categorize M34 as highly relevant,
protein-coding, non-essential gene.

Previous studies showed that a transposon insertionmutant of
M34 (in which the transposon inserted at position 44,827 of the
MCMV genome corresponding to codon 582 of M34) as well as
a truncation mutant lacking the coding sequence corresponding
to the C-terminal amino acids 548-854 of pM34 were replication
competent, while “following transfection of NIH/3T3 cells with
this BAC construct no virus was recovered, despite many repeated
attempts the full M34 knock-out BAC could not be reconstituted”
(Baluchova et al., 2008). Intriguingly, the authors stated that
“although characteristic virus CPE was evident in mutant BAC-
infected cells BAC-containing virus of sufficient yield to titrate,
grow stocks or passage was not achieved” (Baluchova et al., 2008),

suggesting that residual virus replication may have occurred even
at that time — a bit like a viable but nonculturable (VBNC) state
well-known for certain bacteria.

We infer that the choice of the cell line used for reconstitution
may have contributed to the different outcome. We successfully
reconstituted 1M34-MCMV in the immortalized MEF cell line
CIM which is highly MCMV permissive. We passaged the
BAC-transfected cells until replicating virus became evident
by CPE and plaque formation. Individual attempts of ours to
reconstitute 1M34-MCMV in NIH/3T3 and primary MEF cells
also failed (data not shown). The 1M34-MCMV replication
is reduced 10- to 100-fold as compared to the parental wt-
MCMV. This attenuation affects the propagation time necessary
to reach sufficient yields for stock preparation following
1M34-MCMV BAC transfection. Accordingly, we consider our
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FIGURE 7 | Analysis of 1M34HA-MCMV verifies that the M34 gene locus is not essential for MCMV replication. (A,B) Primary MNC derived from BALB/c mice were

infected with wt-MCMV, 1M34-MCMV, or 1M34HA-MCMV with MOI 0.01 (A) or MOI 0.05 (B). At indicated time points post infection, virus titers were quantified by

standard plaque assay. Each titration was performed in triplicate and depicted as mean values ±SD. ***p < 0.001. ****p < 0.0001. (C) MNC were infected with

M34HA-MCMV, 1M34-MCMV, or 1M34HA-MCMV with MOI 0.025. Virus titers were quantified as described above. *p < 0.05. ****p < 0.0001. Significance was

calculated by two-way ANOVA with multiple comparisons. (D) Infected cells from D were lysed at 4 d p. i. and analyzed by immunoblotting for indicated proteins.

approach to continuously passage the BAC-transfected cells
during reconstitution as a main reason for our successful
recovery of 1M34-MCMV. Such a procedure is unfeasible when
applying cells which either do not adhere well to surfaces
and tend to detach during prolonged culturing especially at
higher confluency (such as NIH/3T3) or become senescent
(such as non-immortalized primary cells). Although we have
not carefully compared the reconstitution efficacy of our
CIM cell line with NIH/3T3 cells and primary MEFs in
side-by-side experiments, the herein described method and
cell line may be worthwhile to try in the future, especially
in case MCMV mutants are expected to exhibit severe
replication impairments.

As reported, Baluchova et al. tried to reconstitute the 1M34-
MCMV mutant in NIH/3T3 (ATCC R© CRL-1658TM) cells which
is a commonly used stable mouse fibroblast cell line derived
from NIH/Swiss mice (Jainchill et al., 1969). Although we do not
consider this very likely, we cannot formally rule out that genetic
differences between mouse strains (e.g., BALB/c and C57BL/6 vs.
the outbred strain NIH/Swiss) may renderM34 indispensable for
reconstitution from a transfected BAC.

According to Brocchieri et al. and Tang et al., the coding
sequence of M34 overlaps with the genes m33.1, m34.1,
and m34.2 (Brocchieri et al., 2005; Tang et al., 2006).
Ectopic expression of a Flag-epitope-tagged pm34.2 localizes to
mitochondria, while “a deletion in m34.2 resulted in small plaques
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and a decrease in virus production of nearly 2 orders of magnitude”
(Tang et al., 2006). The full deletion ofM34 as done by Baluchova
et al. and by us necessarily also eliminatesm33.1 andm34.1.Thus,
our data also indicate that neither m33.1 nor m34.1 are essential
for MCMV replication. As result of the M34 deletion, only the
first 66 codons of pm34.2 are retained followed by an artificial
C-terminus comprising 14 amino acids before a Stop codon is
reached. Thus, the impaired replication of 1M34-MCMV may
in part result from the C-terminal truncation and alteration of
pm34.2 and/or the deletion ofm33.1 andm34.1.

The gene UL34 is essential for HCMV replication, while its
homolog M34 is non-essential for MCMV replication. During
HCMV infection, pUL34 acts as transcriptional repressor for
viral genes such as US3 and US9. Additionally, pUL34 binds the
oriLyt region (LaPierre and Biegalke, 2001; Liu and Biegalke,
2013) and enhances the efficiency of oriLyt-dependent DNA
replication of plasmids (Slayton et al., 2018). Site-directed
mutagenesis of the pUL34 binding sites in the oriLyt of HCMV
reduced HCMV replication (Slayton et al., 2018). Since the
minimal functional domain for transcriptional repression maps
to amino acids 22 to 243, which constitute the most conserved
region of pUL34-like proteins, it is tempting to speculate
that the impaired replication of 1M34-MCMV mutants may
also result from the lack of pM34 DNA-binding and gene
repression and/or its effect on the oriLyt. The genome of MCMV
Smith (GenBank: GU305914) harbors 4 fully conserved pUL34
binding sites (consensus sequence AAACACCGTK). Taking the
previously described binding of pUL34 to related DNA motifs
(Slayton et al., 2018) into account, we identified 10 potential
pUL34 binding sites (consensus sequence AAACRCCGTB) in
the MCMV genome. However, none of those resides within or
is localized very close (<1 kb) to the MCMV major IE promoter
(MIEP) [identified in Dorsch-Häsler et al. (1985) or the MCMV
oriLyt; identified inMasse et al. (1997)], suggesting that either the
DNA motif recognized by pM34 differs from the pUL34 DNA
binding motif, or that other genes are affected.

Taken together, our findings indicate that M34 (and the
overlapping ORFs m33.1, and m34.1) are not essential for
MCMV replication, enabling future studies on the function of
the pUL34 homolog pM34 in the context of infection in vitro
and in vivo.
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While CD8+ T cells specific for human cytomegalovirus (HCMV) have been

extensively studied in both healthy HCMV seropositive carriers and patients undergoing

immunosuppression, studies on the CD4+ T cell response to HCMV had lagged

behind. However, over the last few years there has been a significant advance in our

understanding of the importance and contribution that CMV-specific CD4+ T cells make,

not only to anti-viral immunity but also in the potential maintenance of latently infected

cells. During primary infection with HCMV in adults, CD4+ T cells are important for

the resolution of symptomatic disease, while persistent shedding of HCMV into urine

and saliva is associated with a lack of HCMV specific CD4+ T cell response in young

children. In immunosuppressed solid organ transplant recipients, a delayed appearance

of HCMV-specific CD4+ T cells is associated with prolonged viremia and more severe

clinical disease, while in haematopoietic stem cell transplant recipients, it has been

suggested that HCMV-specific CD4+ T cells are required for HCMV-specific CD8+

T cells to exert their anti-viral effects. In addition, adoptive T-cell immunotherapy in

transplant patients has shown that the presence of HCMV-specific CD4+ T cells is

required for the maintenance of HCMV-specific CD8+ T cells. HCMV is a paradigm

for immune evasion. The presence of viral genes that down-regulate MHC class II

molecules and the expression of viral IL-10 both limit antigen presentation to CD4+ T

cells, underlining the important role that this T cell subset has in antiviral immunity. This

reviewwill discuss the antigen specificity, effector function, phenotype and direct anti-viral

properties of HCMV specific CD4+ T cells, as well as reviewing our understanding of

the importance of this T cell subset in primary infection and long-term carriage in healthy

individuals. In addition, their role and importance in congenital HCMV infection and during

immunosuppression in both solid organ and haemopoietic stem cell transplantation

is considered.

Keywords: human cytomegalovirus (HCMV), CD4+ T cell, solid organ transplant (SOT), hematopoietic stem cell

transplant (HSCT), congenital CMV (cCMV)

INTRODUCTION

Over the last few decades research in both humans and murine models has clearly demonstrated
that both the innate and adaptive branches of the immune response play a role in resolving
both primary, reactivating and super-infections with cytomegalovirus (CMV). In particular,
studies in transplantation patients (Sester et al., 2001; Einsele et al., 2002; Peggs et al.,
2003; Gratama et al., 2008) and in adults with primary human CMV (HCMV) infections
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(Rentenaar et al., 2000; Gamadia et al., 2003; Lilleri et al.,
2008b) have confirmed the vital role that HCMV specific
CD4+ T cells play in controlling symptomatic disease.
Here, we present a detailed overview of the evidence from
many studies of the specific and direct anti-viral role that
CD4+ T cells play in HCMV infections in the healthy and
immunocompromised patients. In particular, we focus on
the importance of both understanding and assessing the full
functionality of CMV specific CD4+ T cells responses in patients
to minimize the burden of CMV infection in transplantation and
congenital infections.

CD4+ T Cells, Their Activation and Role in
Adaptive Immunity
CD4+ T cells are an important and multifaceted component of
the adaptive immune response to viruses and other pathogens. In
healthy adults, CD4+ T cells typically comprise the majority of
T cells present. However, cytomegalovirus infection can lead to
perturbation of the composition of circulating T cell populations
(Chidrawar et al., 2009; Wertheimer et al., 2014). CD4 is a
co-receptor that binds the Major Histocompatibility Complex
(MHC) Class II molecules on antigen presenting cells (APC) that
present peptides to the TCR present on the T cell (Glatzova and
Cebecauer, 2019). MHC class II molecules comprise an α and
β chain heterodimer which, when assembled, provide a peptide-
binding cleft in which antigen is presented. In humans three gene
loci encode the MHC class II molecules—HLA-DR, -DQ, and
DP (Blum et al., 2013)—allowing for a wide diversity of peptides
to be presented. MHC class II molecules are synthesized in the
endoplasmic reticulum (ER) and transported to endosomes with
an invariant chain present to stabilize the structure via the Golgi
apparatus. Peptides generated by proteolysis of endocytosed
proteins are exchanged for the fragment, Class II–associated
Invariant Peptide (CLIP), which remains in the peptide binding
cleft of the assembled MHC class II molecule within late
endosomes. The loaded complex is then transported to the cell
surface (Blum et al., 2013), hence allowing CD4+ T cells to
recognize exogenously-derived proteins.

Interaction of CD4+ T cells with MHC class II complexes
on APCs results in formation of a complex known as an
immunological synapse which precedes T cell activation. The
formation of the synapse allows the clustering of various co-
stimulatory molecules, including CD28 and CD40L, which
are expressed by the T cell and are required for successful
intracellular signaling and subsequent activation of the CD4+
T cell (Glatzova and Cebecauer, 2019). Following activation, the
CD4+ T cell population expands and then typically contracts
before establishing a memory population. The generation of
long lived antigen specific memory CD4+ T cells involves the
integration of multiple cellular and cytokine processes (Kara
et al., 2014; Nguyen et al., 2019). CD4+ memory T cells can
be subdivided into a number of different functional subsets
(Figure 1), which includes T helper 1 (Th1) and T regulatory
(Treg) cellular types. The generation of the different subsets is
a result of the location of the CD4+ T cell, the local cytokine
environment, and expression of cellular transcription factors.

For example, differentiation into the Th1 subset, which is
characterized by production of anti-viral cytokines such as IFN-
γ, is as a result of exposure to IL-12, IFN-γ, and expression of
the transcription factor T-bet (Zhu et al., 2010; Nguyen et al.,
2019). CD4+ T cell memory and effector populations can also
be defined according to their differentiation status, which is
indicated by the expression or loss of expression of various
cell surface markers. Common memory subsets include central
memory (TCM), effector memory (TEM), CD45RA re-expressing
effector memory cells (TEMRA) and Tissue resident memory
(TRM) subsets (Nguyen et al., 2019). CMV-specific CD4+ T
memory recall cell responses have typically been shown to be of
a differentiated memory cell phenotype, where downregulation
of co-stimulatory molecules CD27 and CD28 and expression of
CD57 and re-expression of CD45RA are observed (van Leeuwen
et al., 2004; Weekes et al., 2004; Fletcher et al., 2005; Casazza
et al., 2006; Lilleri et al., 2008b; Libri et al., 2011; Dirks et al.,
2013). Memory CD4+ T cell populations also express chemokine
receptors and integrin-related proteins, which allow homing to
specific tissue sites (Nguyen et al., 2019). For instance, CMV-
specific memory CD4+ T cells have been shown to express
CX3CR1, enabling homing of these cells to activated vascular
endothelium (Pachnio et al., 2016).

CD4+ T Cells and Anti-viral Immunity
The roles that CD4+ T cells fulfill in anti-viral immune responses
can broadly be divided into 3 categories: recruitment of lymphoid
cells to sites of infection, mediating expansion or function of
other effector cells, or providing direct anti-viral effects through
cytokine production or cell-mediated cytotoxicity. The classic
view of CD4+ T cells is as a helper cell. In anti-viral responses
they help recruit CD8+ T cells to sites of infection by promoting
engagement of CD8+ T cells with dendritic cells via chemokines
such as CCL3 and CCL4. They can also facilitate entry of naïve
CD8+ T and B cells to draining lymph nodes and recruit
innate or antigen-specific effectors to sites of viral replication
via production of IFN-γ and local chemokine secretion. CD4+
T cells can also mediate expansion and function of both B
cells and CD8+ T cells. Binding of antigen on CD4+ T cells
initiates expression of CD40L, which engages CD40 on B cells
and induces proliferation and differentiation of B cells, initially
in extra-follicular foci and then in germinal centers of lymph
nodes, resulting in production of antibody-producing plasma
cells and memory B cells. With CD8+ T cells, CD4+ T cells
have been shown to facilitate development of memory CD8+ T
cells via various mechanisms, such as through downregulation
of TNF-related apoptosis-inducing ligand (TRAIL) expression,
generation of cytokines such as IL-2, or direct ligation of CD40
on naïve CD8+ T cells by CD40L on CD4+ T cells (Sant and
McMichael, 2012; Swain et al., 2012).

Finally, there has been increasing evidence of a role of
CD4+ T cells in antiviral immunity that is independent of their
helper function through two distinct mechanisms: production of
cytokines IFN-γ and TNF, and through direct cytolytic actions
via perforin- and Fas-dependent killing (Juno et al., 2017).
In particular, these cytotoxic T cells have been described to
emerge after CMV infection (van Leeuwen et al., 2004) and
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FIGURE 1 | CD4+ T cell subsets and associated transcription factors and cytokines. Following activation of the CD4+ T cell cytokines present in the

microenvironment (indicated on arrows) determine the type of effector cell that is induced by triggering expression of particular transcription factors (labeled in each

cell subset). The typical cytokines secreted by each CD4+ T cell subset are also shown. Mature Th1 cells produce IFN-γ which can upregulate MHC Class I and II

molecules on cells in the local microenvironment and the cells are anti-viral and protective against intracellular bacteria and fungi. Whereas, Th2 cells typically secrete

IL-4, IL-5, and IL-13 and are active against extracellular parasites and implicated in allergy responses. Th9 cells are important in mediating anti-parasite immune

responses, secreted IL-9 activates mast cells and increases basophil and eosinophil functions. T follicular helper cells (Tfh) are specialized to provide B cell help and

assist in germinal center formation, mature Th17 cells aid in protection against extracellular bacteria and fungi. Treg cells are characterized by the expression of the

transcription factor Foxp3 and help to control activation of the immune response, however Th22 cells have been shown to play a role in mediating immune responses

in the skin.

have demonstrated a capability to lyse CMV antigen-expressing
target cells in vitro (van Leeuwen et al., 2006). The majority
of CD4+ T cells produced in response to viral infection are
of the T-helper 1 subtype, producing IFN-γ and expressing the
transcription factor T-bet (Caza and Landas, 2015). This has
also been observed following primary CMV infection (Rentenaar
et al., 2000). However, other functional subsets are also involved
in anti-viral immunity. T follicular helper cells, characterized
by their expression of the chemokine receptor CXCR5 and
transcriptional repressor Bcl6, produce IL-21 which facilitates
germinal center B cell selection and differentiation of activated
B cells that provide long-term antibody-mediated protection
against viral pathogens (Hale et al., 2013; Hale and Ahmed, 2015).
Regulatory T cells (Tregs), identified by expression of Foxp3 and
CD25 on their cell surface, limit immunopathology in chronic
viral infections (Karkhah et al., 2018). Tregs that develop in the
thymus are termed natural Tregs, while those that develop in
peripheral lymphoid organs are termed inducible Tregs (iTregs).
In the context of anti-viral responses to CMV, CMV-specific
iTregs were found to be increased in older women and may
attenuate the chronic vascular injury caused by CMV (Terrazzini
et al., 2014).

The Role of CD4+ T Cells Against HCMV
Infection in the Healthy
Primary HCMV infection in the immunocompetent host is
usually asymptomatic and may manifest as a viral syndrome,

occasionally accompanied by end-organ involvement—
commonly hepatomegaly, splenomegaly and lymphadenopathy.
In immunocompetent individuals, the innate and adaptive
arms of the immune system are capable of limiting lytic
viral replication and preventing end-organ disease (Crough
and Khanna, 2009) resulting in a largely self-resolving
mononucleosis-like illness, although the virus then establishes
a lifelong persistent infection through latency with periods of
reactivation, during which productive lytic infection occurs
(Sinclair and Poole, 2014). Rarely, HCMV infection in adults
with effective immune responses does cause severe disease. The
immune response in these individuals are typically characterized
by large expansions of NK cell and T cell populations, particularly
CMV-specific CD8+ T cells (Riou et al., 2017). CMV-specific
CD8+ T cell populations have been studied extensively and are
an essential component of effective immune control of CMV
infection, as studies in transplant patients have clearly shown
that recovery of the CMV specific CD8+ T cell response is
crucial to successful protection against CMV disease (Tormo
et al., 2010a,b, 2011). Indeed, the earliest studies investigating
the effectiveness of adoptive T cell transfer therapy revealed
that patients receiving ex vivo expanded CMV specific CD8+ T
cells are protected from both primary and reactivating infection
(Riddell et al., 1992; Walter et al., 1995; Einsele et al., 2002; Peggs
et al., 2003). In healthy HCMV sero-positive adults there has
been found to be a high frequency of CMV-specific memory
T cell populations, with epitopes derived from pp65 and IE1
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regularly reaching 5–10% of total CD8+ T cells in peripheral
blood (Khan et al., 2002a,b; Sylwester et al., 2005). Another
characteristic of the expanded CMV specific memory CD8+
T cell populations is their highly differentiated phenotype,
including a large proportion of cytotoxic effector memory cells
which have re-expressed CD45RA (Jackson et al., 2011, 2014).

Originally the role of CD4+ T cells in mounting anti-CMV
responses was presumed to be a supportive one, enhancing
CD8+T cell responses to the virus (Tormo et al., 2011). However,
multiple studies in transplant settings and infants infected with
CMV show that poorer CD4+ T cell responses result in a
prolonged course of viral shedding and more severe disease
(Sester et al., 2001; Einsele et al., 2002; Peggs et al., 2003; Tu
et al., 2004; Gratama et al., 2008). Studies of the role of CMV-
specific CD4+ T cells during acute CMV infection in healthy
adults have mainly been conducted in pregnant women cohorts,
these have revealed that at early time points post infection
responses to gB and pp65 CMV proteins are the dominant
responses (Mele et al., 2017). However, the frequency of CMV
specific CD4+ T cells to primary infection are lower compared
to memory responses (Antoine et al., 2012; Fornara et al., 2016,
2017; Mele et al., 2017), responding CD4+ T cells have lower
functional avidity (Antoine et al., 2012) and express higher
levels of immune checkpoint proteins such as PD-1 compared
to CMV specific CD4+ T cell memory responses (Antoine
et al., 2012; Mele et al., 2017; Riou et al., 2017). Whereas, recall
memory CD4+ T cell populations in CMV seropositive donors
are characterized by expanded highly specific effector memory
populations (Bitmansour et al., 2002) with multiple functions
(Casazza et al., 2006). Although the frequency of CMV specific
CD4+ T cell memory responses are expanded compared to those
established at the time of infection, there is very little evidence
of continual accumulation, so called “memory inflation,” of
CMV specific CD4+ T cells over time in humans (reviewed in
Jackson et al., 2019).

HCMV Antigen Specificity of CD4+ T Cells
Initially, studies to identify HCMV-specific CD4+ T cells used
lysate derived from HCMV infected fibroblast cells to stimulate
the antigen-specific response (Lindsley et al., 1986; Sester et al.,
2002; Pourgheysari et al., 2007, 2009). Subsequently, studies of
the CD8+ T cell repertoire identified multiple peptides that
were most frequently recognized by HCMV-specific CD8+ T
cells (Kern et al., 1999; Wills et al., 2002; Elkington et al., 2003;
Gibson et al., 2004). Among themost commonly recognized were
pp65 and IE-1, although some structural, early/late antigens, and
HCMV-encoded immunomodulators were also identified (such
as pp28, pp50, gH, gB, US2, US3, US6, and UL18) (Elkington
et al., 2003). This was also used to guide studies identifying CD4+
T cells that were HCMV-specific (Weekes et al., 2004). An in
depth study of T cell responses to 213 HCMV open reading
frames (ORFs) found that CD4+ T cells recognize proteins
from up to 125 different ORFs. In particular, CD4+ T cells
recognized immediate-early (IE) gene products by 2.3-fold over
their representation in the HCMV genome, and there was also
preferential recognition of primary immune evasion proteins
and viral tegument and glycoproteins (Sylwester et al., 2005).
Recognition of HCMV glycoproteins by CD4+ T cells has also

been reported in a number of other studies (Crompton et al.,
2008; Pachnio et al., 2015, 2016).

Measurement of the functional capability of these cells has
also evolved. Most studies have measured intracellular cytokine
production, predominantly IFN-γ, to determine if the CD4+ T
cells were specific for HCMV (reviewed in Jackson et al., 2011).
More recently, work has demonstrated a functional capability of
these cells in vitro, where autologous HCMV-specific CD4+ T
cells (identified by upregulation of activationmarkers CD40L and
4-1BB above the background response) were shown to be able to
restrict viral dissemination in monocyte-derived dendritic cells
(Jackson et al., 2017). In addition, CD4+ T cells from a cohort of
healthy seropositive donors were also found to recognize latency-
associated viral genes UL138 and LUNA (latency-associated
unidentified nuclear antigen), and the T-cell response to these
antigens included secretion of cIL-10, an immunosuppressive
cytokine that may function to suppress anti-viral immune
responses (Mason et al., 2013). Suppressive CMV-specific CD4+
T cells that secrete IL-10 or have a phenotype of a regulatory
cell (Treg) have been identified in other studies (Tovar-Salazar
et al., 2010; Schwele et al., 2012; Terrazzini et al., 2014; Clement
et al., 2016) and these cells likely play an important role in
controlling the immune response to CMV in reactivating disease
in particular. Follicular helper T cells (Tfh) that are CMV-specific
for the glycoprotein pentameric complex (gH/gL/pUL128L)
increase in numbers during the early phase of infection resulting
in a rise in neutralizing antibodies, once the virus is cleared Tfh
numbers decrease but glycoprotein specific Tfh CD4+ T cells
are maintained over time (Bruno et al., 2016). CMV-specific
CD4+ T cells, identified either by upregulation of activation
markers or usingMHC class II tetramers, have also been shown to
have cytotoxic capacity, measured via surrogate markers such as
expression of CD107a (a marker of degranulation), detection of
intracellular perforin and granzyme molecules or via cytotoxicity
assays including chromium release assays (Gamadia et al., 2004;
van Leeuwen et al., 2004, 2006; Crompton et al., 2008; Mason
et al., 2013; Pachnio et al., 2015, 2016; Jackson et al., 2017). This
suggests that CMV-specific CD4+ T cells have the ability to kill
CMV infected cells.

HCMV Immune Evasion of CD4+ T Cell
Responses
The HCMV genome encodes multiple evasion proteins during
the course of infection that allows the virus to modulate
intrinsic, innate and adaptive immune responses (Wills et al.,
2015), the end result of this being the persistence of active
primary infection viremia even in the immunocompetent host,
which is accompanied by virus excretion for months (in adults)
or even years (in children). Of particular relevance to this
review of CD4+ T cell responses to HCMV is the observation
that persistent shedding of virus into urine and saliva is
associated with a lack of CD4+ T cell response in healthy
children (Tu et al., 2004).

Evasion via Downregulation of MHC Class II Proteins

by US2 and US3
Early work characterizing essential and non-essential genes of
HCMV found that infection led to downregulation of MHC
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class I molecules on the surface of infected cells (Barnes and
Grundy, 1992; del Val et al., 1992; Beersma et al., 1993; Gilbert
et al., 1993; Yamashita et al., 1993). The US1-US11 region of
the HCMV genome encodes at least 4 proteins, US2, US3, US6,
and US11 that can independently interfere with the stability,
assembly or export of MHC class I and II molecules (Johnson
and Hill, 1998; Ploegh, 1998). US2 has been shown to affect
the MHC class II processing pathway, specifically by binding
to MHC class II-α chains and assembled MHC class II-α/β/Ii
complexes, leading to their degradation (Tomazin et al., 1999).
US3 alters assembly of MHC class II complexes by binding
HLA-DR (but not HLA-DM) proteins before or during assembly
of α/β complexes in the ER, preventing the binding of the
invariant chain. This leads to mislocalization of these complexes
to other post-Golgi compartments and results in the reduction of
antigen presentation in US3-expressing cells (Hegde et al., 2002)
(Figure 2).

Evasion via Downregulation of Class II Transcriptional

Activator and Modulating the Effects of IFN-γ
Interferon-γ (IFN-γ) upregulates MHC class II molecules in cells
constitutively expressing MHC class II, such as B cells, dendritic
cells, and professional antigen presenting cells (APCs). However,
it is also able to induce MHC class II expression in cells that do
not constitutively express MHC class II, such as epithelial cells
and fibroblasts, via the MHC class II transactivator gene (CIITA)
(Steimle et al., 1994). The mechanism of how this occurs is not
fully elucidated, however it involves regulation of a number of
signaling pathways and transcription factors in a cell specific
manner. Binding of IFN-γ to its cell-surface receptor activates
the protein tyrosine kinases Jak1 and Jak2, and activation of
these Jak kinases phosphorylates the tyrosines of the cytoplasmic
transcription factor Stat1, and translocates it to the nucleus. Stat1
then binds directly to the IFN-γ-activation site (GAS) element of
CIITA. The CIITA promoter region also includes an interferon
regulatory factor (IRF)-1 binding site and binding of both these
regions are essential for activation by IFN-γ (Muhlethaler-Mottet
et al., 1998). Activation of CIITA leads to the assembly of a
MHC class II enhanceosome, triggering a cascade of events that
ends in autophosphorylation of CIITA and allows transcription
of MHC class II genes to initiate (Devaiah and Singer, 2013).
In macrophages the transcription factor NFAT5 is required for
expression of the CIITA and MHC class II molecules, but this is
not the case for dendritic cells and B cells (Buxade et al., 2018).

The HCMV genome encodes for a number of proteins that
assist in modulation of the effects of IFN-γ (Goodwin et al., 2018)
and directly modulate CIITA transcription. In Langerhans cells,
a dendritic cell subset, HCMV infection results in a decrease
in constitutive expression of CIITA (Lee et al., 2011). Further
evidence in a transfected cell line model system showed that
CMV downregulates MHC class II expression on the cell surface
via regulation of CIITA and independently of known CMV Class
II modulators US2 and US3 (Cebulla et al., 2002). Recently,
it has also been shown in kasumi-3 cells, a myeloid lineage
tumor cell line, that reduction in endogenous expression of
MHC class II is as a result of decreased CIITA transcription
(Sandhu and Buchkovich, 2020). UL23 binds to the Stat effector

molecule N-myc, preventing proper activation and translocation
of the Stat1 homodimers required for IFN-γ signaling (Feng
et al., 2018), while UL31 preferentially binds the cytosolic
DNA sensor cGAS in a manner that results in inhibition of
interferon-associated gene transcription (Huang et al., 2018). The
tegument protein pp71 binds Daxx, a Death-domain associated
protein, and targets it for degradation, resulting in an inhibitory
effect on induction of downstream antiviral genes (Cantrell
and Bresnahan, 2006; Hwang and Kalejta, 2007; Lukashchuk
et al., 2008). It has also been demonstrated that pp71 can
negatively regulate the signaling role of STING (Stimulator of
Interferon Genes) by inhibiting its translocation to the nucleus
and preventing recruitment of accessory proteins to the complex
(Fu et al., 2017) (illustrated in Figure 2). The end result of all
these modulations is a decrease in transcription of downstream
interferon-γ-associated genes, which, among other effects, results
in decreased expression ofMHC class II on the surface of infected
cells and a decreased ability to present antigen via the MHC class
II antigen presentation pathway.

HCMV SPECIFIC CD4+ T CELLS
RESPONSES IN IMMUNOCOMPROMISED
AND IMMUNONAÏVE PATIENTS

As already discussed, studies in transplant patients have shown
the essential role that the CMV-specific CD4+ T cell response
plays in successful resolution of active CMV infection in this
setting. Many of these studies were performed due to the
significant morbidity and mortality caused by opportunistic
CMV infection and reactivation in immunocompromised and
immunonaïve patients. Therefore, as well as informing our
understanding of how the immune response to CMV works,
these studies have revealed much about the role of CD4+
T cell responses in specific transplantation and congenital
environments and the possible manipulation of these responses
to improve clinical outcomes.

CD4+ T Cell Responses to HCMV in Solid
Organ Transplant Recipients
Cytomegalovirus is the most common viral opportunistic
infection in solid organ transplant (SOT) recipients, with the risk
of infection or reactivation being stratified according to the CMV
sero-status of the donor and recipient. An organ donation from a
sero-positive donor to a sero-negative recipient (D+/R–) carries
the highest risk, a sero-positive recipient (R+) is at intermediate
risk, and D-/R- transplants are at lowest risk (Kowalsky et al.,
2013). Other factors affecting risk of CMV reactivation or disease
include the type of organ transplanted, with lung and small
intestine transplant recipients having the highest risk, while liver
and heart recipients are at an intermediate risk and kidney
recipients are at the lowest risk of CMV infection (Humar et al.,
2009). The reasons for this stratification are likely related to the
amount of immunosuppression required, and the latent viral
load present in these organs (Meesing and Razonable, 2018). In
addition, use of antilymphocyte antibody induction agents also
increase risk of reactivation (Preiksaitis et al., 2005).
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FIGURE 2 | HCMV encoded proteins which help to evade CD4+ T cell mediated immune responses. Illustrating the impact of US2 and US3 on the MHC Class II

protein presentation pathway and the effect of various HCMV encoded proteins on Class II Transcriptional activator (CIITA) and interferon gamma (IFN-γ) signaling

pathways and IFN-γ stimulated gene (ISG) transcription.

In 2001, it was demonstrated that in the first months after
kidney transplantation clinical symptoms of CMV disease were
preceded by a decrease in CMV-specific CD4+ T cell frequencies
(Sester et al., 2001). Subsequently it was found that significantly
lower CD4+ T cell responses (measured by IFN-γ production)
to pp65 were associated with concurrent CMV replication in
sero-positive recipients, suggesting that CMV-pp65 CD4+ T
cell responses above 0.03% in PBMCs of kidney transplant
patients under stable immunosuppression were associated with
lower risk of concurrent and future CMV replication for the
following 8 weeks (Egli et al., 2008). In liver transplant recipients,
the data is more heterogenous. A study of 17 high-risk liver
transplant patients (D+/R–) found IFN-γ production by CD4+
T cells following CMV lysate stimulation in all patients, but
no significant association between the presence of these CMV-
specific IFN-γ-producing CD4+ T cells and development of
CMV viremia in this cohort (La Rosa et al., 2007). However,
another study involving 29 liver transplant patients found that
CD4+ T cells producing IFN-γ, IL-2 or both cytokines in
response to a peptide mix containing pp65, IE1, and CMV lysate
occurred at a lower frequency in recipients who subsequently
develop viremia (Nebbia et al., 2008).

In studies involving SOT where the recipient is CMV sero-
positive the results are more consistent. A study involving 38
SOT CMV sero-positive recipients showed that patients with
a higher number of HCMV-specific CD4+ T cells detected

prior to transplantation were more likely to have earlier
immune restoration and less likely to have HCMV infections
requiring anti-viral treatment (Gerna et al., 2006). Subsequent
studies involving larger cohorts of SOT recipients have
corroborated these observations, showing that reconstitution
of HCMV–specific CD4+ and CD8+ T cell responses were
required to control infection, whereas patients who only
regained CD8+ T cell responses were not (Gerna et al.,
2011; Lilleri et al., 2018). Recently it has been shown
that a reduction in the size of CMV specific CD4+ T
cell responses measured using a diagnostic flow cytometry
test is more predictive of CMV events occurring than
the reduction in CD8+ T cells in transplantation patients
(Rogers et al., 2020).

The protective nature of the CMV specific CD4+ T cell
responses to multiple CMV proteins was tested by using CMV-
infected autologous in vitro derived dendritic cells as stimulation.
This was found to be more effective at predicting protection from
disease than using only pp65 or IE proteins as stimulus in a small
cohort of SOT patients (Lilleri et al., 2007b). This observation
is supported by more recent work in a cohort of D+/R- liver
transplant patients which compared the use of prophylactic vs.
pre-emptive anti-viral therapy. Both patients groups had similar
CD4+ T cell responses to CMV proteins pp65 and IE-1 despite
40% of the anti-viral prophylaxis group developing late stage
CMV disease (Limaye et al., 2019).
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In summary, the presence of CMV-specific CD4+ T cells is
associated with lower risk of CMV disease. However, studies
regarding the role of CD4+ T cells in SOT recipients have largely
focused on using this as a predictive tool (San-Juan et al., 2015;
Burton et al., 2018, 2019; Lilleri et al., 2018), and it is important to
consider that these studies have relied on the production of IFN-γ
by CD4+ T cells in response to peptide stimulation or virally
infected dendritic cells as predicting the effectiveness of CMV
specific CD4+ T cell responses. This disregards other potential
anti-viral functions of the CD4+ T cells, such as cytotoxic
capacity or other secreted anti-viral factors, as a predictive tool
of the likelihood of CMV disease in solid organ transplantation.

CD4+ T Cells and Haematopoietic Stem
Cell Transplantation
In haematopoietic stem cell transplant (HSCT) recipients,
the highest risk of CMV viremia and disease occurs in the
reactivation of latent infection in R+ patients due to the ablation
of their existing CMV specific T cell response. In particular, D-
/R+ recipients are at a higher risk than D+/R+ patients, as
reactivation of latent disease in the sero-positive recipient will
appear as a primary CMV infection to the naïve lymphocytes
transplanted from the sero-negative donor (Hebart and Einsele,
2004; van der Heiden et al., 2018b).

Use of CD4+ T Cell Response to Predict Risk of

HCMV Viremia or Disease and the Relationship to

End-Organ Disease
Early observational studies of haematopoietic stem cell transplant
patients focused on examining the association of absolute CD4+
T cell recovery in these patients with the risk of development of
HCMVviremia and end-organ disease, with the aim of predicting
those at risk for CMV reactivation and disease. A study of
allogeneic bone marrow transplant (BMTs) patients showed that
a decrease in the lymphocyte count to <300 cells/µl occurred
among patients who developed CMV disease, and that a decrease
of CD4+ T cells numbers to <100/µl, 49 days following BMT
was 100% predictive for the development of CMV disease in
patients. In addition, persistent CD4 lymphopenia was only
observed in patients who died of CMV disease (Einsele et al.,
1993). A subsequent study of a cohort of 71 recipients of T-
cell-depleted BMTs showed that life-threatening opportunistic
infections occurred exclusively in patients whose CD4+ counts
were <200 cells/µl and were fatal in all patients except those
receiving donor leukocyte infusions (Small et al., 1999). These
findings are also applicable for end-organ disease—a comparison
of 2 BMT recipients who developed CMV retinitis with 14
patients who did not showed that the retinitis patients had
significantly lower CD4+ T cell counts (Kuriyama et al., 2001).

Whilst the recovery of CD4+ T cell numbers post HSCT
is an important measure in understanding the role they play
in CMV disease in these patients, it is also important to
track and measure the development of HCMV-specific CD4+
T cell responses and this association with the risk of HCMV
reactivation and overt disease occurring. A study of 48 allogeneic
HSCT recipients found that patients who had developed a
CMV-specific CD4+ T cell response by 4 weeks post-transplant,

measured by IFN-γ production following stimulation with CMV
antigens, had lower peak CMV viral loads compared to patients
with negative stimulation results (Avetisyan et al., 2006). In a
pediatric allogeneic HSCT recipient cohort, the presence of 1
HCMV-specific CD4+ T-cell/µl of blood was protective against
recurrent episodes of HCMV viremia (Lilleri et al., 2006). The
same group also examined an adult allogeneic HSCT patient
cohort, finding that the same cut-off level of 1 HCMV-specific
CD4+ T-cell/µl of blood was able to identify patients who
could spontaneously control HCMV infection in the absence of
treatment (Lilleri et al., 2008a). Studies from other transplant
centers have also seen similar results in minimum numbers
of CMV-specific CD4+ T cells predictive of preventing CMV
viremia or disease (Solano et al., 2008; Pourgheysari et al., 2009;
Tormo et al., 2011).

Most studies examining the role of CD4+ T cells in HCMV
reactivation or disease in haematopoietic stem cell recipients have
not differentiated between the risk of developing HCMV viremia
vs. the development of late-stage end-organ disease. Taking this
into account, it was found that if patients were stratified into
3 groups: (i) those that could self-resolve infection, (ii) those
that responded to treatment, and (iii) those that had recurrent
infections and end-organ disease, this third group of patients had
high levels of HCMV-specific CD8+ T cells, with persistently
low levels of total CD4+ T cells and <1 cell/µl of blood of
HCMV-specific CD4+ T cells 6 months post-transplant (Gabanti
et al., 2015). However, in patients who developed late-stage
HCMV gastro-intestinal disease, 6 out of 8 patients had levels
of HCMV-specific CD4+ T cells above 1 cell/µl and had been
viral DNA negative or at very low levels for 3 to 9 months before
developing disease. This suggests that HCMV-specific CD4+ T
cells numbers did not protect against the development of late-
stage end-organ disease. It is important to note that all these
patients were receiving immunosuppressive treatment, including
low-dose steroids (methylprednisolone), at the time of diagnosis,
and 6 out of 8 had received a transplant from a seronegative
donor, which are known risk factors for CMV viremia (Gabanti
et al., 2015).

Kinetics of Recovery of HCMV-Specific CD4+ T Cell

Numbers and the Impact of Prophylaxis and Use of

G-CSF on CD4+ T Cell Recovery
It has been theorized that HCMV reactivation causes activation
of T cells, and this leads to an early expansion of T cells and
faster reconstitution of T lymphocytes. In a study of 34 pediatric
patients who underwent allogeneic BMT, the authors found that
children with HCMV reactivation had a higher probability of
reaching the 5th percentile of total CD4+ T cells of an age-
matched healthy population (de Vries et al., 2000). This was
also seen in a study of 201 adult R+ allogeneic non-T cell-
depleted peripheral blood stem cell or bone marrow transplants
(Hakki et al., 2003). CMV-specific CD4+ T cell responses, as
measured by a lymphoproliferative response to CMV lysate,
were significantly better in patients who developed breakthrough
CMV antigenemia despite ganciclovir prophylaxis, vs. those who
did not. However, a complicating factor is the use of high-dose
steroids for treatment of graft- vs.-host disease (GVHD). When
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the subgroup of patients who developed breakthrough CMV
antigenemia were analyzed, 100% of patients without GVHD
had better recovery of the CMV-specific CD4+ T cell response
compared to patients who received high-dose steroids. They thus
concluded that high-dose steroids can override this inducing
effect of breakthrough CMV antigenemia on the CMV-specific
CD4+ T cell recovery (Hakki et al., 2003).

Emergence of CMV specific CD4+ T cell responses prior
to the CD8+ T cell response has been shown, in a primary
model of infection in solid organ transplant patients, to be
associated with a lack of overt CMV disease (Rentenaar et al.,
2000, 2001; Gamadia et al., 2003, 2004). In HSCT patients
there is evidence that recovery of CD4+ T cells before CD8+
T cells may assist with priming the CD8+ T cell response
via “licensing” of dendritic cells. Dendritic cell licensing refers
to the phenomenon of upregulation of MHC class I and co-
stimulators CD80/86 on dendritic cells after antigen presentation
to CD4+ T cells via MHC class II and CD40-CD40L interactions
have occurred. In this way, dendritic cells are able to present
antigen to, and activate, CD8+ T cells, and this allows for tighter
regulation of CD8+ T cell activation (Thaiss et al., 2011). In a
study of 6 seropositive recipients of cord blood transplants, the
appearance of CMV-pp65-specific CD4+ T-helper cells preceded
an expansion of CMV-specific CD8+ T cells. When co-cultured
with CD8+ T cells alone, these pp65-specific CD4+ T cells did
not induce cytokine production by CD8+ memory T cells, but
when done so in the presence of dendritic cells loaded with pp65,
there was activation of these CD8+memory T cells (Flinsenberg
et al., 2015).

There has also been the suggestion that ganciclovir
prophylaxis delays recovery of CMV-specific CD4+ (and
CD8+) T cell responses possibly due to a decrease in viral
replication, resulting in late-onset CMV disease (Li et al., 1994).
This observation has led to the development of pre-emptive
instead of prophylactic use of anti-viral drugs in patients.
However, in a large study of 201 R+ allogeneic HSCTs (Hakki
et al., 2003), there was no significant difference on CMV-specific
CD4+ T cell recovery between patients who received prophylaxis
vs. pre-emptive treatment with ganciclovir, the authors suggest
this may be driven by subclinical reactivation of the virus
despite ganciclovir treatment. The impact of anti-viral treatment
resulting in decreased T-cell responses to HCMV stimulation
has also been observed in pediatric allogeneic-HSCT patients. A
study of 30 allogeneic-HSCT patients showed that the patients
who received anti-CMV chemotherapy because of prolonged
viremia had lower HCMV-specific CD4+ T cell numbers and
delayed and depressed lymphoproliferative responses to HCMV
stimulation (Guerin et al., 2010).

The use of peripheral blood stem cells (PBSCs) for
transplantation improves survival in patients with high-risk
hematological malignancies compared with the use of bone
marrow (BM) as a stem cell source, because PBSC products from
donors who have received G-CSF contain higher numbers of T
cells and monocytes. However, PBSC recipients saw an increased
incidence of early HCMV reactivation and delayed recovery
of HCMV-specific immune responses, with a corresponding
lower number of HCMV-specific CD4+ T cells (as measured by

limiting dilution assay and CMV-specific cell lysis) in the stem
cell product (Guerrero et al., 2012). This may be as a result of
G-CSF administration to the donor, which is given in order to
mobilize stem cells to migrate to the peripheral blood, but can
also cause the reactivation of HCMV from latency. However, a
subsequent study showed that although a reduced diversity of
the TCRβ repertoire of CD4+ T cells was significantly correlated
with HCMV (and EBV) reactivation, administration of G-CSF
did not change this repertoire (Ritter et al., 2015). A recent study
that measured the frequency of CD4+ T cells in recipients of
PBSC grafts that produced IL-2, IFN-γ, or TNF-α in response
to incubation with a HCMV lysate also did not find a deficiency
in these cell responses compared to BM recipients (Waller et al.,
2019). In fact, these recipients of PBSC grafts had faster T cell
reconstitution, including more naïve CD4+ T cells. Therefore,
more studies are required to determine if the apparent increased
risk of HCMV reactivation with G-CSF use warrants a more
cautionary use of this product.

Investigations of the recovery of CMV specific CD4+ T cells
in HSCT patients demonstrated that there are different kinetic
patterns that result in the recovery of the CD4+ T cell response:
(i) rapid expansion of IFN-γ secreting T cells within the first
week after initiation of pre-emptive therapy concomitant with
rapid clearance, (ii) early expansion of a lower magnitude than
that seen in rapidly cleared episodes, and (iii) an inconsistent
or lack of expansion associated with persistent CMV DNAemia
(Tormo et al., 2010b). The reconstitution of HCMV-specific
CD4+ T cells can also be stratified by donor and recipient
serostatus—recovery is fastest in D+/R+, followed by D–/R+,
and is slowest in D+/R– populations (Lilleri et al., 2008a).
In fact, in D+/R+ patients, it appears that the reconstitution
kinetics of HCMV-specific CD4+ T cells are the same as HCMV-
specific CD8+ T cells (Foster et al., 2002). It is important
when interpreting these results to remember that reconstitution
of CMV specific CD4+ T cells is not equivalent to recovery
of a fully functional CMV specific CD4+ T cell response.
Measuring whether there is a lymphoproliferative response to
CMV antigens is possibly more reflective of the actual ability
of the T cells to prevent HCMV reactivation and disease. Early
studies in allogeneic bone marrow transplant patients showed
that up to 30% of recipients with a lack of a CMV-specific
CD4+ lymphoproliferative responses by day 120 post-transplant
develop CMVdisease (Krause et al., 1997).WhenHCMV-specific
CD4+ T cells in pediatric allogeneic HSCT recipients were
examined for both IFN-γ and proliferative responses, there was
first a recovery of the IFN-γ response before the proliferative
response (Guerin et al., 2010). This is also seen in primary
HCMV infection, where development of the lymphoproliferative
response to HCMV is delayed compared to the development of
CD4+ and CD8+ IFN-γ-producing T cells (Fornara et al., 2016).

Surface Markers of HCMV-Specific CD4+ T Cells in

HSCT Recipients
Alongside measuring HCMV T-cell reconstitution in HSCT
recipients, some studies have assessed whether HCMV-specific
CD4+ T cells which are polyfunctional, measured by an ability
to produce both IFN-γ and IL-2 in response to HCMV, are

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 May 2020 | Volume 10 | Article 20292

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lim et al. CD4+ T Cell Response to HCMV

more likely to be protected from HCMV reactivation (Lilleri
et al., 2008a). IL-2 is a cytokine which can have multiple effects
on CD4+ T cell immune responses, including modulating the
development of T cells into memory subsets. It signals to the
T cell via binding to the IL-2 receptor, a complex consisting of
three chains, termed α (CD25), β (CD122), and γ (CD132) (Liao
et al., 2011). Increased risk of HCMV reactivation is associated
with reduced numbers of CD4+CD25high cells, and a study
of 99 HSCT recipients found that numbers of CD4+CD25high

but not CD4+ T cells was an independent factor for risk
of CMV reactivation (Jaskula et al., 2015). The expression of
other functional markers on HCMV specific CD4+ T cells
have also been studied in HSCT and SOT patients. Patients
with PCR-positive reactivations after HSCT were found to have
more frequent occurrences of CD4+ T cells with degranulation
markers CD107a and co-stimulatory molecule CD40L (Krol
et al., 2011). The frequencies of appearance of these markers
corresponded with a higher antigen load. This subpopulation
of CD4+ T cells was previously described to be MHC class II-
restricted cytotoxic T cells in primary disease in SOT patients
(Gamadia et al., 2004; van Leeuwen et al., 2004; van de Berg
et al., 2008). The typical phenotype of CMV specific CD4+ T
cells in healthy people has been described in the introduction
of this review and include the loss of co-stimulatory molecules
CD28 andCD27. This phenotype is also observed in SOT patients
(van Leeuwen et al., 2004, 2006; Dirks et al., 2013; Burton et al.,
2018, 2019) and is now used to predict CMV infection history
in transplant patients where the use of serology is unreliable
(Burton et al., 2018, 2019). The loss of PD-1 is also observed in
these patients (Dirks et al., 2013). These HCMV-specific CD4+
T cells tended to show impaired production of IL-2 for first 6
months following HSCT, but the ratio of IL-2/IFN-γ production
then increases with time post-transplant (Pourgheysari et al.,
2009), suggesting a conversion from an effector memory to a
central memory phenotype. HCMV reactivation has also been
demonstrated to cause a contraction of the TCRβ diversity.
An investigation of the CD4+ T naïve population from 7
HSCT recipients that had HCMV reactivation showed that these
patients had a progressive loss of CD31+CD4+ Tnaïve cells.
CD31+CD4+ T cells are enriched in new thymic emigrants,
and a loss of this population suggests that there is thymic
compromise in patients that reactivate HCMV (Suessmuth et al.,
2015). HCMV reactivation was also associated with significant
expansion of CD8+ T cells, resulting in an inversion of the
CD4:CD8 ratio in HCMV reactivating patients (Suessmuth et al.,
2015). The authors cited previous studies which show that
HCMV can infect thymic epithelium and activated and effector
T cells can directly infiltrate and damage the thymus (Mocarski
et al., 1993).

CD4+ T Cells and Adoptive Transfer
Therapies for HCMV Disease in Transplant
Patients
Since the initial trial of donor T cell infusion in 1995 (Walter
et al., 1995), multiple phase 1 and 2 clinical trials of adoptive
T cell therapies in HSCT recipients have been performed

(reviewed in Meesing and Razonable, 2018; van der Heiden
et al., 2018a; Girmenia et al., 2019). In SOT recipients, the
challenge of autologous adoptive T cell therapy is to be able to
generate a sufficient number of CMV-specific T cells from the
immunosuppressed recipients. Multiple case reports performed
in mostly lung transplant recipients appear to have shown
potential (Brestrich et al., 2009; Holmes-Liew et al., 2015; Pierucci
et al., 2016), though there has been just one clinical trial of
autologous CMV-specific T-cell therapy in SOT recipients so far
(Smith et al., 2018).

In the initial published trial of adoptive immunotherapy
(Walter et al., 1995), clones of CMV-specific CD8+ cytotoxic
T cells were infused into 14 allogeneic bone marrow transplant
recipients. There was reconstitution of CMV-specific T cell
cytotoxicity in all patients, but this activity subsequently declined
in patients that were deficient in CMV-specific CD4+ T cells,
suggesting that CD4+ T cells were crucial in the maintenance
of the CMV-specific T cell response. There was a change
of approach in subsequent trials of adoptive immunotherapy,
and preparation of the T-cell infusions involved pulsing donor
dendritic cells with CMV antigen, then co-culturing with PBMCs
and subsequently selecting for CMV-specific T cells, resulting
in infusions containing CD8+ and CD4+ CMV-specific T cells.
Though not all the trials evaluated if the infusions consisted
of more CD8+ or CD4+ T cells, in those that did, there
appears to be a predominance of CD4+ T cells. As the use of
adoptive immunotherapy was pursued, subsequent clinical trials
modified the protocol to stimulate mononuclear cells isolated
from peripheral blood of the donors up to 4 times with CMV
antigen, and the resultant proliferation of CMV-specific T cells
was mostly CD4+ dominant. Following infusion, clinically there
was clearance of viremia in 5 out of 7 patients, although it should
be noted that these patients had only low to moderate levels of
viremia (Einsele et al., 2002). This is supported by a few later
studies (Leibold et al., 2012; Albiero et al., 2016) that looked
at the CD4+/CD8+ ratio within T-cell lines isolated for IFN-γ
production in response to pp65 stimulation—in one study, up
to 90% of the T cells were found to be CD4+ (Leibold et al.,
2012). The CMV specific CD4+ T cells that are infused perform
better when they replicate the phenotype and functionality
of effective CD4+ T cell responses against CMV disease in
transplant patients. More recently the functional and phenotypic
characteristics of HCMV peptide pool-generated antigen-specific
CD4+ T cells used for CMV T cell therapy has been assessed
(Hammoud et al., 2013). This study proposes that it is important
to generate polyfunctional CMV specific CD4+ T cells that are
both directly anti-viral but can also support CMV specific CD8+
T cell responses to improve the efficacy of adoptive CMV specific
T cell therapy in patients. In the majority of these T cell therapy
trials, the CMV antigens used to generate the CMV-specific T cell
lines were derived from the tegument protein pp65. Interestingly,
one study compared using pp65 vs. IE1 antigens as stimulant
(Albiero et al., 2016), and found that there was a much higher
degree of expansion with IE1 (1- to 961-fold) than pp65 (1-to 33-
fold), and that there was a greater expansion of CD4+ T cells
exhibiting a Tnaïve stem cell phenotype (CD62L+CD45RA+) on
stimulation with IE1 as compared to pp65. This demonstrates
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that when developing adoptive T cell therapy for CMV disease it
is important to consider generating polyfunctional CD4+ T cells
specific to multiple CMV antigens.

Of recent interest has also been the use of stored CMV-specific
T cells from third-party donors for T cell therapy. This involves
generating virus-specific T cell lines (VST) from pre-selected
donors and expanding these VSTs ex vivo. These T cells are then
cryopreserved, and, when needed for patients with refractory
viremia, a VST from a HLA-matched donor can be used “off-the-
shelf.” The advantage of such an approach over using VSTs from
a specific donor is that it eliminates the usual 2–3 week waiting
period needed to generate a VST. A multi-center trial involving
23 patients with refractory CMV infection showed that 17 of
these patients responded to VST infusion, although the authors
of this study could not identify a correlation between CD4+ T
cell numbers or percentage in the infused line with the strength
of clinical response (Leen et al., 2013). A later study involving 30
allogeneic HSCT recipients with persistent or recurrent HCMV,
EBV or adenovirus infections tracked the subpopulations of T-
lymphocytes in these patients up to 1 year post-infusion, and
found that within the CD4+ T cell memory subset, effector
memory T cells were dominant throughout follow-up (Withers
et al., 2017). The percentage of CD4+ T cells in these infusions
ranged from 15 to 85%, but the authors made no comment
on an association of CD4+ T cell proportion with successful
treatment. A third study consisted of 8 HSCT recipients who
received third party donor infusions of HCMV-specific CD8+
T cells. In this study it was thought that HCMV-specific CD4+
T cells were not essential for the activity of these CD8+ T cells.
However, 3 of the 8 patients died, and only one treated donor
successfully expanded the transferred CD8+ T cell population
(Neuenhahn et al., 2017). Thus, more studies are required to
determine if HCMV-specific CD4+ T cells are essential for
successful treatment of persistent or recurrent HCMV disease by
third party donor lymphocyte infusions.

CD4+ T Cells and Congenital HCMV
The risk of transmission of CMV from mother to fetus, resulting
in congenital CMV infection, is highest in primary infection in
the mother, with reported ranges of approximately 40% (Fowler
et al., 1992). However, transmission of CMV to the fetus can
also occur in mothers who are seropositive, albeit at much lower
rates (Kenneson and Cannon, 2007; Britt, 2015). These were
initially thought to occur as a result of reactivation of latent virus,
although more recent studies have suggested that infection with
a serologically distinct strain of HCMV may be a cause as well
(Ross et al., 2010; Yamamoto et al., 2010).

The kinetics of the development of an antibody response
during primary HCMV infection in pregnant vs. non-pregnant
women appear to be comparable (Revello et al., 2006), but
pregnant women having a primary infection appear to have a
decreased CD4+ lymphoproliferative response to CMV lysate
and IL-2 production for at least 9 months after infection (Fornara
et al., 2011). Mothers that do not transmit CMV to the fetus
are more likely to have an earlier and higher lymphoproliferative
response of CD4+ T cells to HCMV (Revello et al., 2006; Fornara
et al., 2016), with some observations that the CD4+ response
develops earlier than the CD8+ lymphoproliferative response

(Lilleri et al., 2007a). The CMV-specific CD4+ T cells of these
non-transmitting mothers also had higher percentages of IL-
7Rpos (Mele et al., 2017), CD45RA+ (Fornara et al., 2011,
2016), and IL-2 (Fornara et al., 2016). When compared with
healthy sero-negative pregnant mothers, the CD4+ T cells of
sero-positive pregnant women had higher levels of IFN-γ and
TNF-α production in response to exposure to CMV antigen, but
this response was less than in healthy, non-pregnant seropositive
females (Fujikawa et al., 2003). In fact, an examination of 44
pregnant women with primary HCMV infection showed that
most of these IFN-γ-producing T cells were CD4+ (Fornara
et al., 2017).

Decreased cytokine production following stimulation with
CMV antigens is also seen in infants with congenital CMV. An
analysis of seven infants with congenital CMV infection showed
a lack of production of IFN-γ, IL-2, and IL-4 from CD4+ T cells
on exposure to pp65-derived peptide (Hayashi et al., 2003). Other
early studies made the observation that symptomatic children
with congenital CMV had higher percentages of CD4+ T cells
that produced IFN-γ and TNF-α in response to CMV antigen,
though there was a limitation of small sample sizes (Numazaki
et al., 2002; Fujikawa et al., 2003), and a later study of the response
of CD4+ T cells from congenitally infected infants showed they
had a reduced polyfunctional response (defined as ≥2 out of
CD107, MIP1β, IFN-γ, and/or IL-2) to pp65 antigen (Gibson
et al., 2015).

A comparison of congenitally infected neonates and their
mothers showed that neonatal sera contained significantly higher
levels of IL-8 when compared with their mothers, and also had
increased levels of IL-2, IL-12, and IFN-γ with a corresponding
lack of IL-4, suggesting a predominantly T helper 1 response
(Hassan et al., 2007). There may also be extrapolations that
can be made from studies of HIV-positive mothers co-infected
with HCMV. A maternal CD4+ T cell count of <200 cells/ul is
associated with higher risk of transmission to the fetus (Gantt
et al., 2016). Retrospective studies of infants born to HIV-
positive mothers showed that, if their mothers received full anti-
retroviral prophylaxis, they had higher CD4+ T cell counts
(Mania et al., 2013) and were less likely to have congenital CMV
(Guibert et al., 2009).

A large Swedish study of infants up to 2 years of age with
congenital CMV infection found that they had CMV-specific
CD4+ T cell responses (measured by IFN-γ) that were inferior
compared to adults during the first 3 months of age, though this
difference was not significant by the age of 24 months (Lidehall
et al., 2013). This was in contrast to the CD4+ T cell responses
in 8 adults with primary CMV infection, which was high initially
and then subsequently decreased. This increase in CMV-specific
CD4+ T cells appears to be approximately linear (Chen et al.,
2016). The slower increase of CD4+ T cell function may explain
the longer duration of viral shedding seen in neonates and
children (Tu et al., 2004; Cannon et al., 2011), and illustrates the
important role CD4+ T cells play in controlling CMV disease. In
addition to causing a slower increase of fetal CD4+ T cells, CMV
infection in utero also appears to cause an oligoclonal expansion
of CD4+ T cells in the infected newborn. Higher frequencies
of CD27-CD28-CD4+ T cells were detected in newborns with
congenital CMV, with decreased expression of CCR7, IL-7R
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and increased expression of CD57 and the transcription factor
T-bet and chemokine receptor CCR5, indicating Th1 and Tc1
phenotypes. They also had a higher expression of the PD-1
inhibitory receptor, a similar profile to that seen in exhausted T
lymphocytes (Huygens et al., 2015).

The importance of CD4+ T cells to generate a sustained
and protective response to CMV is also seen in vaccine studies.
In the rhesus model of CMV, rhesus macaques that received
CD4+ T-cell-depleting antibody had fetal loss or infant rhCMV-
associated sequelae (Bialas et al., 2015). A phase 2 clinical trial
for a gB-based vaccine with MF59 adjuvant showed an efficacy of
50% (Pass et al., 2009), and subsequent analysis of the immune
response showed that there was not only an increase in antibody
production but there also an increase in gB-specific CD4+ T
cell proliferation and IFN-γ production after vaccination (Sabbaj
et al., 2011), suggesting that, just like in primary infection
(Gamadia et al., 2003), the formation of effector memory CD4+
T cells was needed for an effective and sustained immune
response to CMV.

CD4+ T Cell Lessons From Murine Models
Whilst the many human studies described in this review have
illustrated the essential role CD4+ T cells play in resolving CMV
disease, there are limitations to these studies. The use of mouse
models can help to inform our understanding of the mechanisms
and function of CD4+ T cells in CMV disease. During acute
MCMV infection in mice, the CD4+ T cell response peaks early
and then contracts sharply to very low levels, and is dominated by
high frequencies of IFN-γ and TNF-α double-producing CD4+
T cells (Arens et al., 2008; Walton et al., 2008). These MCMV-
specific CD4+ T cells accumulate in the spleen and lungs and
produce multiple cytokines—IFNγ, TNF, IL-2, IL-10, and IL-
17 (Arens et al., 2008). In the lungs of infected mice, nodular
inflammatory foci form around infected cells, which contain
CD8+ and CD4+ T cells and exert viral control via IFN-γ
and perforin (Lueder et al., 2018). However, in the context of
suppressing viral reactivation, CD4+ T cells are not as essential,
as experiments in a B-cell deficient mouse model have established
a hierarchy of CD8+ T cells being more crucial to suppressing
viral reactivation compared to CD4+ T cells (Polic et al., 1998),
with viral control and expansion of these MCMV-specific CD4+
T cells being dependent on CD27-CD70 co-stimulation (Welten
et al., 2013). There is also evidence for cytolytic activity of CD4+
T cells in MCMV model. MCMV-specific CD4+ T cells that had
high levels of granzyme B expression were able to lyse infected
target cells in the BALB/c mouse liver. In addition, CD4+ T cell
epitope vaccination of immunocompetent mice reduced MCMV
replication in the same organs where this cytotoxic activity was
seen (Verma et al., 2015).

Approaches to Examining the Role of CD4+ T Cells in

MCMV Infection
There have been multiple approaches to interrogating the
role of CD4+ T cells in the control of MCMV infection.
The first approach involves depletion of CD4+ T cells. This
was initially achieved through injecting mice with anti-CD4+
(L3T4) antibodies. Early studies using anti-CD4+ monoclonal

antibodies to deplete CD4+ T cells showed that these BALB/c
strain of mice had delayed clearance of replicating virus, but were
still able to generate protective CD8+ effector T cells and restrict
viral replication to the acinar cells of the salivary glands (Jonjic
et al., 1989). This finding was repeated in a later experiment
using a different mouse strain, C57BL/6, where mice depleted of
CD4+ T cells were unable to control chronic viral replication in
the liver and salivary glands (Walton et al., 2008). Subsequently,
it was demonstrated that MHC class I and II expression was
detectable only at low levels in salivary gland cells and that
antigen-presenting cells in the salivary gland were deficient in
cross-presentation to CD8+ T cells, thus control of MCMV
replication in the salivary gland was likely to be due to CD4+
T cells that had been selectively induced by antigen-presenting
cells in the salivary glands (Walton et al., 2011a). These MCMV-
specific CD4+ T cells produce IL-10, which in turn is induced by
IL-27, and these cytokines promote persistence of MCMV in the
salivary glands (Humphreys et al., 2007; Wehrens et al., 2018).

Another approach involved generating knockout mouse
models—CD4−/− and MHC II−/−. One major difference
between these two lines is that CD4−/− mice are able to generate
isotype-switched antibody responses. This is achieved via a
population of CD8- CD4- T cells that are capable of adopting
some of the function of Thelper cells, such as mediating antibody
class switching (Locksley et al., 1993; Rahemtulla et al., 1994) and
supporting somatic hyper-mutation and affinity maturation of
germinal center B cells (Zheng et al., 2002). There also exists a
population of MHCII-restricted T cells that are misdirected into
the CD8 lineage (Matechak et al., 1996; Tyznik et al., 2004). In
contrast to the mice depleted with anti-CD4+ T cell antibodies,
when CD4−/− mice were infected with MCMV, these mice were
able to clear viral infection in all organs, albeit at a slower rate (of
200 to 400 days post-infection) than wildtype controls (Walton
et al., 2011a). A possible reason for this difference is that the
viral loads in the organs of the CD4−/− mice were observed
for much longer periods than the earlier studies. When MHC
II−/− mice were infected with MCMV, they were not able to
eliminate viral replication. As MCMV-specific antibodies were
previously shown to inhibit viral dissemination during MCMV
infection, the authors surmised that the inability to generate
isotype-switched antibody responses was the likely reason that
CD4−/− but not MHC II−/− mice were able to halt active
MCMV replication (Jonjic et al., 1994; Wirtz et al., 2008).

It thus appears that CD4+ T cells are not essential to
elimination of actively replicating MCMV. To examine if CD4+
T cells provide assistance to CD8+ T cells in clearance of
replicating virus, CD4−/− mice were infected with MCMV,
and the percentage of CD8+ T cells that recognized various
MCMV epitopes were measured at multiple time points post-
infection. The results showed that only accumulation of the late-
appearing IE3-specific CD8+ T cells was substantially impaired,
suggesting that the help that CD4+ T cells provide to CD8+ T
cells is limited to assisting in the expansion of only a limited
subset of MCMV-specific CD8+ T cells (Snyder et al., 2009).
A caveat of interpreting this result was that only very limited
epitopes (M45, M38, m139, and IE3) were tested, and with the
knowledge that a large repertoire of epitopes are recognized
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by T cells, perhaps more extensive testing needs to occur.
The CD4+ T cell help provided via MHC II expression is
also needed to maintain a stable CD8+ T cell memory pool,
although ongoing lytic viral replication is partially able to
provide this assistance as well. When splenic CD8+ T cells
from CD4-deficient MHC II−/− mice that had been chronically
infected with MCMV were transferred into mice that were then
infected with MCMV, the CD8+ T cells from MHC II−/−

mice proliferated much less vigorously than CD8+ T cells from
wildtype mice (Walton et al., 2011b).

A third approach involves using adoptive transfer techniques,
which can help to inform the equivalent adoptive transfer T
cell therapies employed in transplant patients. Early studies
of transfer of CD4+ T cells into irradiated Balb/c mice that
were subsequently infected with MCMV showed that CD4+
T cells were not able to prevent viral replication in the
lungs (Reddehase et al., 1985, 1987), spleen or adrenal glands
(Reddehase et al., 1988). Later studies using the same murine
system also demonstrated that controlling CMV mediated lung
disease in treated mice required CD8+ T cells rather than CD4+
T cells (Steffens et al., 1998; Podlech et al., 2000). However,
when adoptive transfer was performed in severe combined
immunodeficiency (SCID) mice, CD4+ T cells were able to
prevent viral dissemination in the brain (Reuter et al., 2005).
Overall, therefore, CD4+ T cells appear to be essential only
for control of viral replication in the specific organs in the
mouse model.

Caveats to Interpreting MCMV Models
Limitations exist in extrapolating the findings in murine models
of cytomegalovirus infection, due to the underlying differences
between murine CMV infection and HCMV (Lemmermann
and Reddehase, 2016). In an early mouse model of adoptive
immunotherapy, transfer of CD4+ T cells into irradiated and
MCMV-infected mice did not reduce viral titers in the lungs,
spleen nor adrenal glands of these mice. In contrast, transfer of
CD8+ T cells had significant reductions in viral titers (Reddehase
et al., 1988). When graded numbers of CD4+ T cells were
transferred with a constant number of CD8+ T cells, there was
no difference to viral titers either (suggesting no helper effect).
However, as already discussed it is clear that in the case of HCMV
infection CD4+ T cells are a necessary component of CMV T
cell therapy.

There have thus been attempts to create a “humanized” mouse
model of CMV infection, by generating an immune deficient
mouse with a mutation in IL-2 receptor γ-chain locus (IL-
2γc −/−) that is severely impaired in generating mouse B, T
and NK cell lines (reviewed in Shultz et al., 2012; Crawford
et al., 2015). When these mice were engrafted with human
haematopoietic progenitor cells, they were able to reconstitute
monocytes, macrophages and limited T-cells. This model was
further refined by reconstituting these mice with human fetal
bone marrow, liver and thymus tissue (Covassin et al., 2013).
Latent infection of these mice were able to induce generation of
central and effector memory HCMV-specific T-cells and produce
HCMV-specific IgM and IgG neutralizing antibodies (Crawford
et al., 2017). Adoptive transfer of CD4+ T cells in such a model

has shown that these CD4+ T cells did not have an anti-viral
effect on their own, but when co-administered with CD8+ T
cells, they appeared to enhance the anti-viral efficacy of CD8+
T cells and significantly decreased viral titers in the spleen and
lungs (Thomas et al., 2015).

CONCLUSIONS

It is clear that there is increasing evidence to show that CD4+
T cells play a significant role in anti-viral immunity to HCMV.
The virus has evolved immune evasion mechanisms to target
the MHC class II antigen presentation pathway, the method by
which CD4+ T cells TCR recognize presented viral peptides
triggering cell activation and anti-viral functions. Following
primary infection, there is development of a CMV-specific CD4+
T cell population that persists in the T cell repertoire of healthy
adults, suggesting that this population of T cells is required for
a healthy immune response to control periodic episodes of viral
reactivation over a life time of the infected host. In both SOT and
HSCT recipients, the presence of CMV-specific CD4+ T cells are
highly associated with lower risks of developing CMV disease
by reactivation of latent virus, and conversely, the lack of this
population of T cells herald a higher likelihood of developing
recurrent CMV viremia and end-organ disease.

However, many questions still remain unanswered. The
majority of studies referenced in this review show an association
of the presence of CMV-specific CD4+ T cells with protection
from disease, but few have attempted to explain the mechanism
of how this occurs. Attempts to interrogate how they exert
their effects have mostly been limited to demonstrating presence
of cytokines and activation markers on these CD4+ T cells
as a response to exposure to CMV antigens. More work has
been done in the murine model on attempting to elucidate this
mechanism by generating various knockout mouse models, but
interpretations from these models are limited by the apparent
greater dispensability of CD4+ T cells in control of MCMV
disease. As such, more work needs to be done to investigate
this, with the possibility of using this knowledge to further
refine techniques for adoptive therapies or vaccine studies. In
addition, it is also clear that current techniques of measuring
CD4+ T cell responses do not provide a complete picture of
the contribution of CD4+ T cells to the immunological response
to CMV. Methods that assess effector function more accurately,
such as anti-viral assays, may provide a more nuanced prediction
of developing CMV-related disease, and allow clinicians to tailor
anti-viral therapies better.
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Hematoablative treatment followed by hematopoietic cell transplantation (HCT) for

reconstituting the co-ablated immune system is a therapeutic option to cure aggressive

forms of hematopoietic malignancies. In cases of family donors or unrelated donors,

immunogenetic mismatches in major histocompatibility complex (MHC) and/or minor

histocompatibility (minor-H) loci are unavoidable and bear a risk of graft-vs.-host reaction

and disease (GvHR/D). Transient immunodeficiency inherent to the HCT protocol favors

a productive reactivation of latent cytomegalovirus (CMV) that can result in multiple-organ

CMV disease. In addition, there exists evidence from a mouse model of MHC

class-I-mismatched GvH-HCT to propose that mismatches interfere with an efficient

reconstitution of antiviral immunity. Here we used a mouse model of MHC-matched

HCT with C57BL/6 donors and MHC-congenic BALB.B recipients that only differ in

polymorphic autosomal background genes, including minor-H loci coding for minor-H

antigens (minor-HAg). Minor-HAg mismatch is found to promote lethal CMV disease in

absence of a detectable GvH response to an immunodominant minor-HAg, the H60

locus-encoded antigenic peptide LYL8. Lethality of infection correlates with inefficient

reconstitution of viral epitope-specific CD8+ T cells. Notably, lethality is prevented

and control of cytopathogenic infection is restored when viral antigen presentation is

enhanced by deletion of immune evasion genes from the infecting virus. We hypothesize

that any kind of mismatch in GvH-HCT can induce “non-cognate transplantation

tolerance” that dampens not only a mismatch-specific GvH response, which is beneficial,

but adversely affects also responses to mismatch-unrelated antigens, such as CMV

antigens in the specific case, with the consequence of lethal CMV disease.

Keywords: bone marrow transplantation, CD8T cells, graft-vs.-host disease (GvHD), hematopoietic

reconstitution, minor histocompatibility antigens, murine cytomegalovirus, nodular inflammatory focus

(NIF), transplantation tolerance
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INTRODUCTION

Hematopoietic cell transplantation (HCT) is the treatment of
choice for hematopoietic malignancies that are resistant to
standard therapies. In essence, leukemic cells are wiped out by
hematoablative procedures, and co-ablated cells of the immune
system become reconstituted by HCT. This therapy is inherently
associated with a transient immunocompromised state in HCT
recipients that lasts until transplanted hematopoietic stem cells
have restored mature cells of all hematopoietic differentiation
lineages. This opens a “window of opportunity” for latent
cytomegalovirus (CMV) to reactivate to productive infection,
which is a “window of risk” in medical view. If left untreated,
CMV reactivation can result in an unrestrained lytic CMV
replication that leads to lethal multiple organ failure, with
interstitial pneumonia representing the most feared organ
manifestation. Accordingly, follow-up monitoring of HCT
recipients for CMV reactivation is routine in all transplantation
centers worldwide to initiate pre-emptive antiviral therapy upon
first detection (Hebart and Einsele, 2004; Seo and Boeckh,
2013; Stern et al., 2019). In HCT, risk is highest in CMV-
antibody seropositive recipients receiving hematopoietic stem
and progenitor cells (HC) from CMV-antibody seronegative
donors (risk in D−R+

> risk in D+R− constellation), which
indicates that CMV reactivates mainly from latently infected
tissue cells already present pre-transplantation in recipients’
organs (Emery, 1998; for a recent review on latently infected cell
types, see Reddehase and Lemmermann, 2019).

The outcome of HCT in general as well as with respect to
CMV reactivation is largely influenced by the immunogenetics
of donor and recipient. In autologous HCT, HC isolated pre-
transplantation from the recipient are re-infused after the
hematoablative leukemia therapy, so that missing difference
in histocompatibility antigens in all likelihood excludes any
complication by graft-vs.-host (GvH) reaction. In syngeneic
HCT with identical twins, donor and recipient are genetically
identical but epigenetically disparate. So, if gene desilencing
in the recipient twin affects a histocompatibility antigen for
which the encoding gene remained silenced in the donor twin,
a GvH reaction might be triggered. Indeed, cases of GvH disease
(GvHD) were reported for recipients of HC from identical twin
donors (Rappeport et al., 1979), although in this early report
epigenetics was not considered as an explanation.

In allogeneic HCT with family donors or unrelated
donors, differences in HLA/MHC antigens and/or minor
histocompatibility antigens (minor-HAg) are unavoidable and
bear a risk of GvHD. HLA/MHC matching between recipients
and unrelated donors is used to minimize disparity in MHC
class-I and avoid disparity in MHC class-II, but mismatches in
non-MHC polymorphic autosomal background genes, including
minor histocompatibility (minor-H) loci coding for minor-HAg,
is unavoidable. Specifically, HLA-identical sibling donor and
recipient pairs differ in minor-HAg (Bleakley et al., 2004). A
pathogenetic link between donor-recipient mismatch in major
and/or minor histocompatibility antigens is suggested by early
reports showing a higher incidence of CMV organ disease
after allogeneic HCT compared to syngeneic (Applebaum

et al., 1982; Meyers et al., 1982) or to autologous HCT
(Wingard et al., 1988).

As clinical investigation in patients cannot address
mechanisms by experimental approaches involving genetically
modified viruses with targeted mutations (Lemmermann
et al., 2011), tailored mouse models based on murine CMV
(mCMV) have been established for studying general principles of
pathogenesis and immune control of a CMV in its natural host
(reviewed in Reddehase and Lemmermann, 2018). Our previous
work was focused on a mouse model of experimental syngeneic
HCT and mCMV infection with BALB/c mice as donors
and recipients to understand this basal HCT setting before
considering the complicating consequences of immunogenetic
mismatches (reviewed in Holtappels et al., 2013; Reddehase,
2016). As a key finding, control of mCMV infection in HCT
recipients was found to rest upon a timely and also quantitatively
efficient hematopoietic reconstitution of antiviral CD8+ T cells
(Holtappels et al., 1998; Podlech et al., 1998, 2000). Adoptive
transfer of mature antiviral CD8+ T cells was found to bridge the
“window of risk” between the time of HCT and completion of
hematopoietic reconstitution. Combining HCT and CD8+ T-cell
transfer prevented viral pathogenesis in the recipients (Steffens
et al., 1998a), including a CMV-associated graft failure caused by
inhibition of bone marrow repopulation due to infection of the
bone marrow stroma (Mayer et al., 1997; Steffens et al., 1998b;
Renzaho et al., 2020).

In recent work (Holtappels et al., 2020), we extended this
basal model by introducing a singular MHC class-I disparity
between HCT donors and recipients. This disparity is based on
a spontaneous deletion of a region encompassing the MHC class-
I gene Ld in BALB/c mice, resulting in the congenic mutant
mouse strain BALB/c-H-2dm2. This special case of a mismatch
opened the chance to separate GvH reactivity from host-vs.-
graft (HvG) reactivity. Using the mutant strain as donor and the
parent strain as recipient defines GvH-HCT, whereas the inverse
transplantation direction defines HvG-HCT. The comparison
between these two types of HCT revealed a high lethality after
mCMV infection selectively in the GvH setting. Notably, lethality
could not be attributed to a GvH reaction against the MHC class-
I molecule Ld expressed in the BALB/c recipients. Thus, the cause
of death was not GvHD. Instead, lethal viral pathogenesis resulted
from a failure in controlling the infection due to an insufficient
reconstitution of high-avidity viral epitope-specific CD8+ T cells
capable of recognizing infected cells.

Although this model was academically elegant by separating
potential GvH and HvG complications of allogeneic HCT, one
can see a limitation in the fact that mismatch by genetic deletion
of an MHC antigen has no obvious correlate in clinical HCT, as
far as we know. As a step bringing the model closer to clinical
HCT, we have here avoided this limitation by studying GvH-HCT
with MHC-matched unrelated HCT donors and recipients that
differ only in polymorphic autosomal minor-H loci.

A well-defined minor-HAg mismatch was introduced into
the HCT model by using C57BL/6 (H-2b) mice as donors and
MHC congenic BALB.B mice as recipients in a GvH-HCT. Based
on their BALB/c genetic background, BALB.B mice express the
minor-HAg H60 from the H60 locus on chromosome 10. This
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minor-HAg contains the immunodominant naturally processed
octapeptide LTFNYRNL (H60-LYL8), which is presented by
the MHC class-I molecule Kb as a peptide MHC-I (pMHC-I)
complex (Malarkannan et al., 1998; Choi et al., 2002a,b). H60 is
a gene family coding for proteins H60a, H60b, and H60c, all of
which yield the LYL8 peptide by antigen processing. They differ
in their tissue distribution, all sparing the lungs and being poorly
expressed in the liver, whereas H60a is highly expressed in the
central lymphoid organs thymus and spleen (Takada et al., 2008).
As H60 proteins are not expressed from the genetic background
of C57BL/6 mice, H60-specific reactivity between the two mouse
strains is unidirectional, so that an H60-specific HvG reverse
reaction does not occur in this particular minor-HAg GvH-HCT
model. Notably, native H60 proteins are ligands of NKG2D, a
costimulatory receptor expressed on activated CD8+ T cells, so
that native H60 proteins and presented H60-LYL8 peptide might
synergize in GvH-reactivity (Cerwenka et al., 2002; Takada et al.,
2008). To sum this up, from the universe of potential minor-
HAg mismatches in this MHC-matched “unrelated donor” GvH-
HCTmodel, H60 stands out because C57BL/6 donors develop an
exceedingly high T-cell repertoire dedicated to it (for a review, see
Roopenian et al., 2002).

Such an experimental setting does have a correlate in clinical
HCT with unrelated donors, where MHC matching is the gold
standard. This new model reproduced enhanced lethality of
mCMV infection in GvH-HCT compared to syngeneic HCT, and
again, lethality was caused by uncontrolled virus replication and
consequent histopathology due to an insufficient reconstitution
of antiviral CD8+ T cells.

MATERIALS AND METHODS

Mouse Strains
Breeding pairs of mouse strain BALB.B (MHC class-I genes
H-2 Kb, -Db; Freedman and Lilly, 1975) were purchased from
the Jackson laboratory (JAX stock #001952). BALB.B and the
MHC congenic C57BL/6 (H-2 Kb, -Db) mice were bred and
housed under specified-pathogen-free conditions at the Central
Laboratory Animal Facility of the Johannes Gutenberg University
Mainz,Mainz, Germany.Mice were used in experiments at an age
of 8–10 weeks.

Viruses and Cells
Cell culture-derived BAC-free high-titer virus stocks of mCMV-
SIINFEKL (here referred to as wild-type virus, WT) and mCMV-
1vRAP-SIINFEKL (Lemmermann et al., 2010a), briefly 1vRAP
virus, were generated by standard protocol (for method book
chapters, see Podlech et al., 2002; Lemmermann et al., 2010b).
Murine embryonic fibroblasts (MEF) were prepared from
C57BL/6 mice and cultivated as described (Podlech et al., 2002).
EL-4 cells (ATCCTIB-39) were cultivated in Dulbecco’sModified
Eagle’s Medium (DMEM) containing 10% fetal calf serum.

Generation of Recombinant Virus
The bacterial artificial chromosome (BAC)–derived recombinant
virus mCMV-1m157-SIINFEKL (briefly 1m157 virus) was
generated with methods essentially as described previously

(Lemmermann et al., 2010a). In brief, two-step BACmutagenesis
was performed by standard protocol (Borst et al., 2004) using
shuttle plasmid pST76K-m164_SIINFEKL (Lemmermann et al.,
2010a) and BAC plasmid pSM3fr1m157 (Bubic et al., 2004).

Experimental HCT
HCT was performed as described in greater detail previously
(Podlech et al., 2002). In essence, HCT recipient mice were
subjected to total-body γ-irradiation with a single dose of 7Gy.
Donor-derived femoral and tibial bone marrow cells (BMC) were
immunomagnetically depleted of mature CD4+ and CD8+ T
cells to restrict the immunological analyses in HCT recipients
to T cells derived by hematopoietic reconstitution in the T-cell
differentiation lineage. Note that undepleted BMCwould include
1–2% mature T cells, derived mainly from the BM vasculature.
HCT was performed by infusion of 5 × 106 BMC into the tail
vein of the recipients. Subsequently, the recipients were infected
in the left hind footpad with 1× 105 plaque-forming units (PFU)
of the indicated recombinant mCMVs.

Antigenic Peptides
Synthetic peptides corresponding to viral epitopes presented by
MHC class-I molecules Kb and Db are derived from sequences of
the mCMV open reading frames (ORFs)M38, M45, M57, m139,
and M122/IE3 (for peptide sequences, see Munks et al., 2006).
The Kb-presented octapeptides SIINFEKL (Carbone and Bevan,
1989; Falk et al., 1991; Rötzschke et al., 1991) and LTFNYRNL
(LYL8) (Malarkannan et al., 1998) are derived from the sequences
of ovalbumin and of the minor-HAg H60, respectively. Custom
peptide synthesis with a purity of > 80% was performed by JPT
Peptide Technologies (Berlin, Germany).

Assays of CD8+ T-Cell Effector Functions
IFNγ-based enzyme-linked immunospot (ELISpot) assays were
used to detect sensitization of CD8+ T cells by MHC class-
I-presented synthetic antigenic peptides (Pahl-Seibert et al.,
2005; Böhm et al., 2008b, and references therein). In brief,
graded numbers of immunomagnetically purified CD8+ T cells
were sensitized in triplicate assay cultures by incubation with
EL-4 (H-2b) target cells exogenously loaded with synthetic
antigenic peptides at a saturating concentration of 10−6 M.
Frequencies of IFNγ-secreting cells and the corresponding 95%
confidence intervals were calculated by intercept-free linear
regression analysis.

Quantitating in vivo Infection and Tissue
Infiltration of Reconstituted T Cells
At indicated times post-HCT and infection, the load of infectious
virus in spleen, lungs, liver, and salivary glands was determined
for the respective organ homogenates by virus plaque assay
performed under conditions of “centrifugal enhancement of
infectivity” increasing detection sensitivity by a factor of ca. 20
(Kurz et al., 1997; Podlech et al., 2002, and references therein).
Infected cells and T cells in liver tissue sections were detected
and quantified by two-color immunohistochemistry (2C-IHC)
specific for the intranuclear viral IE1 protein (red staining) and
the cell membrane T-cell receptor (TCR) complex molecule
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CD3ε (black staining) as described in greater detail previously
(Podlech et al., 2002; Lemmermann et al., 2010b).

Statistical Analyses
To evaluate statistical significance of differences between two
independent sets of log-transformed, log-normally distributed
data, the two-sided unpaired t-test with Welch’s correction of
unequal variances was used. In case of data sets that include
data below detection limit, which excludes log-transformation,
the distribution-free Wilcoxon Mann Whitney test was applied.
Differences were considered as statistically significant for P-
values of <0.05 (∗), <0.01 (∗∗), and <0.001 (∗∗∗). Kaplan-Meier
survival plots were used for documenting survival in independent
cohorts. Statistical significance of differences between groups was
calculated with log-rank and Gehan-Wilcoxon test. Calculations
were performed with GraphPad Prism 6.07 (GraphPad Software,
San Diego, CA, USA).

Frequencies of IFNγ-secreting cells responding in the ELISpot
assay and the corresponding 95% confidence intervals were
calculated by intercept-free linear regression analysis based on
spot counts from triplicate assay cultures for each of the graded
cell numbers seeded, as described previously (Pahl-Seibert et al.,
2005; Böhm et al., 2008b). Calculations were performed with
Mathematica, 8.0.4 (Wolfram Research, Champaign, Il, USA).

RESULTS AND DISCUSSION

Viral Immune Evasion Gene-Dependent
Lethality of CMV Infection in Minor
Histocompatibility Antigen-Mismatched
GvH-HCT
In HCT with unrelated donors, MHC/HLA matching between
donor and recipient is performed to minimize and ideally avoid
MHC/HLA mismatches, in particular MHC class-II mismatches
that could induce GvHD mediated by CD4+ T cells through
a “cytokine storm” without requirement of cognate T-cell
interaction with MHC class-II antigen that is anyway not
constitutively expressed by tissue cells (for a review, see Reddy
et al., 2008). Even after complete MHC antigen match, however,
a risk for GvHD results from unavoidable mismatches in
polymorphic autosomal loci coding for minor-HAg.

Previous work in the mouse model of GvH-HCT with an
MHC class-I gene deletion mismatch has attributed unrestrained
viral spread and lethal histopathology to an insufficient
reconstitution of high-avidity antiviral CD8+ T cells needed for
recognizing and attacking infected tissue cells. Notably, GvH-
HCT recipients survived infection with a recombinant mCMV in
which immune evasion genes were deleted to prevent inhibition
of the MHC class-I pathway of antigen presentation in infected
tissue cells (Holtappels et al., 2020).

Here we modeled the clinically relevant case of MHC match
and minor-HAg mismatch. Two pairs of two HCTs, each pair
tested in one experiment for a direct and unbiased comparison,
were performed to study the impact of minor-HAg, including
the well-defined H60 antigen, on lethality from mCMV infection

(Figure 1). All HCTs share C57BL/6 (MHC class-I and class-
II molecules of haplotype H-2b) as donors, so that bone
marrow repopulation efficacies of donor hematopoietic stem and
progenitor cells as well as the donor T-cell specificity repertoire
and donor natural killer (NK) cell subsets are no variables in these
HCT settings. Accordingly, all differences in the outcome can be
attributed to recipients’ immunogenetics and to virus genetics.

In the first pair of HCTs (Figure 1A), syngeneic HCT with
C57BL/6 mice as donors and recipients (group A1) was tested
as a reference system with identity in genetically determined
MHC antigens as well as minor-HAg, while not excluding
epigenetic mismatches. Epigenetic differences are leveled out by
using pools of donor HC, but may nevertheless contribute to
the variance seen between individually tested recipient mice.
This “positive control” setting was compared to minor-HAg
mismatched GvH-HCT performed with MHC-congenic BALB.B
recipients (group A2). A third parameter, however, complicates
a direct comparison between the two types of recipients. From
their B6 genetic background, C57BL/6 mice express Ly49H,
an NK cell receptor that defines an NK cell subset present in
C57BL/6mice butmissing in BALB.Bmice. This is of relevance in
the control of mCMV infection, as mCMV encodes the activatory
Ly49H ligand m157 that induces a particularly strong NK cell
response (Bubic et al., 2004). To exclude a putative contribution
of residual Ly49H+ NK cells to the control of infection in
C57BL/6 recipients, the deletion mutant mCMV-1m157 was
used to infect both types of recipients. The survival rates revealed
a dramatic difference: all infected recipients of syngeneic HCT
survived, whereas most infected recipients of H60 mismatched
GvH-HCT died with a median survival time of 29 days.

In a second pair of HCTs (Figure 1B), we studied the impact
of viral immune evasion on the clinical outcome of minor-
HAg mismatched GvH-HCT. Immune evasion molecules, which
are also referred to as “viral regulators of antigen presentation”
(vRAPs; Holtappels et al., 2006), are m06/gp48 (Reusch et al.,
1999; Fink et al., 2019) and m152 glycosylation isoforms p36 and
gp40 (Ziegler et al., 1997; Fink et al., 2013). These vRAPs limit
the presentation of antigenic peptides by interfering with cell
surface trafficking of pMHC-I complexes (Lemmermann et al.,
2010a, 2012). BALB.B recipients of GvH-HCT were infected with
either WT mCMV expressing vRAPs (group B1) or with a virus
mutant mCMV-1vRAP in which immune evasion genes m06
and m152 are deleted to enhance the cell surface presentation
of pMHC-I complexes to CD8+ T cells (group B2). Notably,
while significant lethality was observed after infection with WT
virus, all recipients that were infected with the 1vRAP mutant
survived. Based on the somewhat reduced lethality from WT
virus (group B1, Figure 1B) compared to 1m157 virus (group
A2, Figure 1A) one might suppose that donor-derived Ly49H+

NK cells mediate some protection.
In conclusion so far, minor-HAg-mismatched GvH-HCT

was associated with significant lethality that was prevented by
enhancement of antigen presentation based on the deletion of
vRAPs. Thus, in essence, this model reproduced key findings
reported for the model of MHC class-I mismatched GvH-HCT
(Holtappels et al., 2020). This is important as it indicates a more
general mechanism that is not limited to MHC mismatch.
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FIGURE 1 | Lethality of infection after syngeneic and minor-HAg H60-mismatched GvH-HCTs. Sketches of the transplantation protocols define in (A) the HCT groups

A1 and A2 (n = 35 recipients each), and in (B) the HCT groups B1 and B2 (n = 45 recipients each). These groups are studied throughout the manuscript. The flash

symbol indicates hematoablative conditioning of the HCT recipients by total-body γ-irradiation. All HCTs were performed with T cell-depleted donor bone marrow cells

to exclude GvHD induced by transplanted mature T cells. Viruses used for infection in the different HCT groups are indicated. (A) Kaplan-Meyer survival plots

comparing group A1 (n = 23 recipients, all survived) with group A2 (n = 23 recipients, 5 survived). The dotted lines indicate the 50% median survival time, which was

29 days. (B) Kaplan-Meyer survival plots comparing group B1 (n = 21 recipients, 12 survived) with group B2 (n = 21 recipients, all survived). 50% lethality was not

reached for calculation of a 50% median survival time.

Inquiry Into the Cause of Death in Infected
Recipients of Minor-HAg-Mismatched
GvH-HCT
Our work on MHC class-I-mismatched GvH-HCT has shown
that lethal infection resulted from viral histopathology caused by
an uncontrolled virus spread rather than fromGvHD (Holtappels
et al., 2020). It was therefore not far to seek that cytopathogenic
infection of recipients’ organs would also explain the lethality
observed herein after H60-mismatched GvH-HCT.

On day 21 after GvH-HCT and infection with 1m157 virus,
that is at a time shortly before progression of disease leads to
cases of death (recall Figure 1A), titers of infectious virus as well
as viral genome loads were significantly elevated in GvH-HCT
recipients (group A2) compared to recipients of syngeneic HCT
(group A1) in all organs tested (Figure 2A). This finding clearly
revealed a fundamental impact of minor-HAg mismatch on the
control of virus spread in host tissues.

In the independent experiment for the second pair of HCTs
(recall Figure 1B), day-21 titers of infectious virus as well as
viral genome loads after infection with m157+ WT virus (group
B1, Figure 2B) were as high as with the 1m157 mutant in all
organs tested (group A2, Figure 2A). This finding argues against
a notable role of donor-derived Ly49H+ NK cells in the control of
virus spread. Accordingly, unlike we supposed above, they cannot

account for the reduced lethality in group B1 compared to group
A2 (recall Figure 1).

Notably, day-21 titers of infectious virus and viral genome
loads were lower in GvH-HCT recipients infected with immune
evasion gene deletion mutant 1vRAP (group B2) compared to
recipients infected with vRAP-expressing WT virus (group B1),
although the difference was less pronounced and did not reach

statistical significance in liver and salivary glands (Figure 2B). As
a first ingenuous interpretation one may take this as evidence
against the importance of liver infection for survival. One has
to consider, however, that day-21 data already reflect an onset of

immune control that may have come too late for the fraction of

mice with later lethal outcome but obviously just in time for the
fraction of survivors. We therefore quantitated infected cells in

liver and lung tissue sections from recipients in groups B1 and B2
in the time course (Figure 2B, lower panels). These data clearly

revealed a significantly better control of the immune evasion
gene deletion mutant on day 14 at both of these pathogenetically
most relevant organ sites, whereas the difference was increasingly

leveled at later times. We thus conclude that an early control of
liver and lung infection is critical for survival.

To relate virus spread or control to histopathological
consequences, we show 2C-IHC images of tissue infection (red-
stained intranuclear viral IE1 protein) and T-cell infiltration
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FIGURE 2 | Control of organ infection in HCT recipients. (A) Quantitation of infectious virus (PFU, plaque-forming units; left panel) and viral DNA load (right panel) in

organs of recipients of syngeneic HCT (group A1) and GvH-HCT (group A2) on day 21 after infection with 1m157 virus. SG, salivary glands. (B) Upper panels,

quantitation of infectious virus and of viral DNA load on day 21 after GvH-HCT and infection with WT virus (group B1) or 1vRAP virus (group B2). Lower panels, time

course of infection control in liver (left panel) and lungs (right panel) determined by quantitation of infected tissue cells identified by IHC specific for the intranuclear viral

protein IE1. Numbers of infected tissue cells refer to representative 10-mm2 areas of tissue sections. Note that data for day 28 are biased by unavoidable selection of

survivors. Throughout, symbols represent mice analyzed individually. Median values are marked. DL, detection limit of the assay. Differences between two

experimental groups were determined by Student’s t test based on log-transformed log-normally distributed data. #Distribution-free Wilcoxon-Mann-Whitney test for

comparing groups with some values below DL. Significance levels: P-values of <0.05 (*), <0.01 (**), and <0.001 (***). n.s., not significant. §, significance estimation

not allowed and not reasonable, because one of the groups consists only of values below DL.

(black-stained CD3ε molecule) in liver and lung tissue sections
(Figure 3, liver; Figure S1, lungs). As discussed in greater detail
previously (Podlech et al., 2000; Böhm et al., 2008a; Holtappels

et al., 2020; Renzaho et al., 2020), antiviral protection in tissues
has a microanatomical correlate in the formation of nodular
inflammatory foci (NIF). When virus-specific tissue-infiltrating
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FIGURE 3 | Immunohistological images of liver tissue infection and infiltration

by T cells. (A) Comparison between syngeneic HCT (group A1) and minor-HAg

mismatched GvH-HCT (group A2) on day 21 after infection with 1m157 virus.

(B) Comparison of minor-HAg mismatched GvH-HCTs on day 14 after

infection with WT virus (group B1) or 1vRAP virus (group B2). Shown are

representative 2C-IHC images with red staining of viral IE1 protein in nuclei of

infected liver cells, which are mostly hepatocytes, and black staining of CD3ε

protein expressed by T cells. Light counter-staining was done with

hematoxylin. (A1, A2 and B1, B2), low magnification overview images. Frames

in these overview images demarcate regions resolved to greater detail by

higher magnification in images A1*, A2* and B1*, B2*, respectively. iHc,

examples of infected IE1+ hepatocytes. Bar markers: 100µm.

CD8+ T cells recognize infected cells that display pMHC-I
complexes at their cell surface (Böhm et al., 2008a; Lemmermann
and Reddehase, 2016), they do not remain randomly distributed
in tissue but congregate at infected tissue cells by forming NIF.
By recognizing infected cells and by delivering effector functions,
the NIF-localizing CD8+ T cells prevent further virus spread in
tissue and eventually resolve productive infection.

Here, after syngeneic HCT and infection with 1m157 virus
(group A1), CD3ε+ T-cell infiltrates, primarily consisting of

CD8+ T cells as revealed by cytofluorometric analysis of
isolated non-parenchymal liver cells, massively congregated at
few remaining infected hepatocytes on day 21 shortly before
onset of death in group A2 (recall Figure 1A). In contrast, after
minor-HAg mismatched GvH-HCT and infection with 1m157
virus (group A2) clusters of tissue infiltrating CD3ε+ T cells
also existed but seem to “ignore” the more frequent infected
cells as they did not congregate there (Figure 3A). This indicates
lack of antiviral control, likely because infected cells do not
present antigen sufficient for recognition by the infiltrating cells.
In accordance with this interpretation, on day 14 after GvH-
HCT and infection with WT virus (group B1), at a time when
differences were still prominent (recall Figure 2B), few liver-
infiltrating T cells failed to form NIF and thus did not prevent
virus spread that led to extended foci consisting of infected cells
(Figure 3B, group B1). At the same time in the lungs, primordial
NIF were formed but productive infection was not cleared yet
(Figure S1, group B1). In contrast, in the absence of immune
evasion after infection of GvH-HCT recipients with 1vRAP
virus, NIF were formed and had essentially cleared productive
infection in the liver (Figure 3B, group B2) as well as in the lungs
(Figure S1, group B2).

Interestingly, in an obvious discrepancy to our work on
MHC class-I mismatched GvH-HCT (Holtappels et al., 2020),
randomly distributed GvH-specific T cells recognizing the
alloantigen on tissue cells were absent in liver and lungs (Figure 3
and Figure S1). This discrepancy is easily explained by the fact
that MHC class-I molecules are expressed by all tissue cells,
whereas the minor-HAg H60 is poorly expressed in the liver and
not expressed at all in the lungs (Takada et al., 2008).

Finally, we determined the frequencies of viral and minor-
HAg H60 epitope-specific CD8+ T cells in the spleen, comparing
syngeneic HCT (group A1) with minor-HAg-mismatched GvH-
HCT (group A2) (Figure 4A) as well as comparing minor-HAg-
mismatchedGvH-HCTs after infection withWT virus (group B1)
and1vRAP virus (group B2) (Figure 4B). The spleen was chosen
as a central lymphoid organ in which H60a is expressed, so that
the epitope LYL8 should be presented at this site (Takada et al.,
2008). The results clearly revealed a very poor reconstitution of
epitope-specific functional IFNγ-secreting CD8+ T cells in GvH-
HCT compared to efficient reconstitution after syngeneic HCT
(Figure 4A). The comparison of GvH-HCTs after infection with
WT virus (group B1) and1vRAP virus (group B2) confirmed the
poor CD8+ T-cell response in the presence of immune evasion
and added the information that the frequencies of responding
cells were not substantially higher after infection with 1vRAP
virus (Figure 4B). They were actually not higher for viral epitopes
M45, m139, M57, and IE3, though they were slightly elevated
for the viral epitope M38 and the transgenic epitope SIINFEKL
expressed by all 3 viruses used in this study. This suggests that
the observed antiviral control in liver and lungs after vRAP
deletion (Figure 2B and Figure 3B; Figure S1) was not based on
higher numbers of primed virus-specific CD8+ T cells present in
the spleen but on an improved antigen presentation by infected
tissue cells.

At first glance, this finding of similar frequencies of
epitope-specific CD8+ T cells in presence and absence of
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FIGURE 4 | Quantitation of viral epitope-specific and minor-HAg H60-LYL8-specific responses. CD8+ T cells were isolated by immunomagnetic purification from

spleens (yield from 5 pooled spleens in each group). (A) Comparison of syngeneic HCT (group A1) and minor-HAg mismatched GvH-HCT (group A2) on day 21 before

onset of death cases in group A2 after infection with 1m157 virus. (B) Comparison of minor-HAg mismatched GvH-HCTs after infection with WT virus (group B1) or

1vRAP virus (group B2) on day 21 before onset of death cases in group B1. Epitope-specific frequencies were determined by an ELISpot assay based on IFNγ

secretion in response to stimulation with EL-4 (H-2b) target cells that were exogenously loaded with the indicated synthetic antigenic peptides at a saturating

concentration of 10−6 M. Bars represent most probable numbers and error bars indicate the 95% confidence intervals determined by intercept-free linear

regression analysis.

vRAPs appeared to contradict our previous finding of a
much higher frequency of CD8+ T cells recognizing infected
cells after infection of MHC class-I mismatched GvH-HCT
recipients with 1vRAP virus compared to WT virus (Holtappels
et al., 2020). This, however, was found for liver-infiltrating
CD8+ T cells and it was then left open if the observed
increased frequency reflected a more efficient CD8+ T cell
priming in lymphoid organs due to enhanced direct antigen
presentation in the absence of vRAPs or reflected a more
efficient recruitment of primed cells to non-lymphoid target
organs of viral pathogenesis. In addition, we discussed a possible
on-site proliferation after improved recognition of liver cells
infected with 1vRAP virus. Our current finding of similar
frequencies in the spleen after infection with WT or 1vRAP
virus argues for the explanation that absence of vRAPs results in
an enhanced tissue infiltration and possible on-site proliferation
within protective NIF, eventually resulting in clearance of
productive infection.

Although we have here not tested the functional avidity of
the CD8+ T cells, data from the MHC-I mismatched GvH-HCT
model (Holtappels et al., 2020) strongly suggest that the overall
very low frequencies of epitope-reactive CD8+ T cells inherently
imply that high-avidity cells, capable of recognizing infected
cells also when antigen presentation is limited by immune
evasion, are present at best in vanishingly low numbers. Notably,
CD8+ T cells specific for the minor-HAg epitope LYL8 were
undetectable in all three GvH-HCT groups (Figure 4, groups A2,
B1, and B2), even though H60a, from which the LYL8 epitope
can be processed, is expressed in the spleen. So, missing LYL8
presentation is unlikely the explanation for the missing response.
We currently can only speculate that a GvH response, and
accordingly GvHD, is prevented by transplantation tolerance,
possibly involving regulatory T cells (Wood and Sakaguchi, 2003;
Kang et al., 2007; Sykes, 2009).

Altogether, these findings for minor-HAg-mismatched
GvH-HCT largely concur with the findings reported for

MHC class-I-mismatched GvH-HCT (Holtappels et al., 2020),
collectively arriving at the conclusion that lethal disease after
GvH-HCT and mCMV infection does not represent GvHD but
is caused by viral histopathology that results from inefficient
reconstitution of functional antiviral CD8+ T cells.

As an outlook relevant for medical translation, our finding
that lethality in GvH-HCT results from viral pathogenesis,
rather than from GvHD, predicts that supplementing inefficient
reconstitution of antiviral CD8+ T cells with transfer of mature,
high-avidity virus-specific CD8+ effector T cells will protect
against lethal infection in GvH-HCT recipients. In contrast,
such an antiviral cytoimmunotherapy (Steffens et al., 1998a;
Holtappels et al., 2008, 2013; Ebert et al., 2012; Renzaho et al.,
2020) would obviously be no option to prevent histopathology
from GvHD.

The question remains why an immunogenetic mismatch
between donor and recipient leads to lethal viral disease despite a
low (Holtappels et al., 2020) or absent (this report) mismatch-
specific GvH response. Our previous discussion for the MHC
class-I Ld-mismatched GvH-HCTmodel (Holtappels et al., 2020)
regardingmissing presentation of antigenic peptides by Ld is now
made pointless. Apparently, mismatch as such, rather than the
type of the mismatch, determines the outcome of CMV infection
in GvH-HCT recipients. As a perspective for future work, we put
forward the hypothesis that any mismatches in transplantation
antigens, be they MHC or minor-HAg mismatches, induce a
“non-cognate transplantation tolerance” that dampens not only a
mismatch-specific CD8+ T cell-mediated GvH-reaction, which is
beneficial from a medical point of view, but fatefully also inhibits
a protective response against pathogens like CMV.

The concordant finding of lethality from viral pathogenesis
rather than from GvHD in the MHC-mismatched and minor-
HAg-mismatched GvH-HCT mouse models of CMV infection
predicts for clinical HCT that antiviral therapy is promising,
whereas immunosuppressive therapy of GvHD may even
be contraindicated.
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Figure S1 | Immunohistological images of lung tissue infection and infiltration by T

cells depending on the expression of immune evasion genes. Representative

2C-IHC images of lung tissue sections are shown corresponding to the

quantitation of infected lung cells on day 14 as shown in Figure 2B for

minor-HAg-mismatched GvH-HCT groups B1 (infection with WT virus) and B2

(infection with 1vRAP virus). (Red IHC staining) IE1 protein in nuclei of infected

lung cells. (Black IHC staining) CD3ε protein expressed by T cells. Light

counter-staining was done with hematoxylin. (B1 and B2) low magnification

overview images. Frames in these overview images demarcate regions resolved to

greater detail by higher magnification in images B1∗ and B2∗, respectively. Note

that B1;B1∗ show a peribrochiolar NIF. B2;B2∗ show an interstitial NIF in the

septum between alveoli. Bar markers: 100µm.
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Human Cytomegalovirus (HCMV) can cause a variety of health disorders that can lead to

death in immunocompromised individuals and neonates. The HCMV lifecycle comprises

both a lytic (productive) and a latent (non-productive) phase. HCMV lytic infection occurs

in a wide range of terminally differentiated cell types. HCMV latency has been less

well-studied, but one characterized site of latency is in precursor cells of the myeloid

lineage. All known viral genes are expressed during a lytic infection and a subset of

these are also transcribed during latency. The UL111A gene which encodes the viral

IL-10, a homolog of the human IL-10, is one of these genes. During infection, different

transcript isoforms of UL111A are generated by alternative splicing. The most studied

of the UL111A isoforms are cmvIL-10 (also termed the “A” transcript) and LAcmvIL-10

(also termed the “B” transcript), the latter being a well-characterized latency associated

transcript. Both isoforms can downregulate MHC class II, however they differ in a number

of other immunomodulatory properties, such as the ability to bind the IL10 receptor and

induce signaling through STAT3. There are also a number of other isoforms which have

been identified which are expressed by differential splicing during lytic infection termed C,

D, E, F, and G, although these have been less extensively studied. HCMV uses the viral IL-

10 proteins to manipulate the immune system during lytic and latent phases of infection.

In this review, we will discuss the literature on the viral IL-10 transcripts identified to date,

their encoded proteins and the structures of these proteins as well as the functional

properties of all the different isoforms of viral IL-10.

Keywords: human cytomegalovirus, HCMV, HCMV interleukin 10 homolog, UL111A, IL-10 signaling

INTRODUCTION

Viruses have to face many challenges to become established in the host population. Herpesviruses
are extremely successful in overcoming such challenges as evidenced by their ability to establish
lifelong infection (Sinclair and Poole, 2014; Collins-McMillen et al., 2018). Cytomegalovirus is the
largest of the herpesviruses, belonging to the β-herpesvirinae subfamily and is characterized by slow
growth and species specificity (Mocarski et al., 2007).
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During primary HCMV infection there is a robust activation
of both innate and acquired immune responses which control
virus replication in immunocompetent hosts, generally resulting
in asymptomatic infection or mild disease. However, infection is
not cleared and, as with all herpesviruses, HCMV is maintained
for the life time of the host in equilibrium with the host
immune system as a latent infection, in certain cell types,
with spontaneous subclinical reactivation events which are well-
controlled by a normal host immune response (Sinclair and
Poole, 2014; Collins-McMillen et al., 2018; Elder and Sinclair,
2019). It is also likely that, in vivo, sites of low level persistent lytic
infection exist (Goodrum et al., 2012). However, dysregulation
of the host immune system can result in clinical reactivation
leading to a variety of diseases, highlighting the importance of
a competent immune system in the control of the virus (Varani
and Landini, 2011; Griffiths et al., 2015). This capacity of HCMV
to remain in balance with the immune system is the result of
over 200 million years of coevolution with its host where, in
order to survive, the virus has acquired a number of molecular
mechanisms which allow it to evade anti-viral immune responses
(McGeoch et al., 1995; Jackson et al., 2011; Noriega et al., 2012;
Wills et al., 2015; Patro, 2019).

During lytic infection all classes of viral genes are expressed,
viral DNA is replicated and new infectious viral particles are
produced. In contrast, during latency the viral genome is
maintained as an episome in the cell nucleus in the absence of
viral DNA replication and production of viral particles (Taylor-
Wiedeman et al., 1991; Mendelson et al., 1996; Hahn et al.,
1998; Reeves and Sinclair, 2013; Elder and Sinclair, 2019).
Robust lytic infection can occur in many differentiated cell types,
such as smooth muscle cells and fibroblasts, while low level
persistence is thought to occur some epithelial and endothelial
cells (Sinzger et al., 2008). In contrast, latency is restricted to a
few undifferentiated cells. One of the most highly characterized
latency and reactivation systems is in the hematopoietic lineage,
where latency is maintained in CD34+ progenitors and their
derivative CD14+ monocytes. Latency is then broken upon
terminal differentiation of these undifferentiated myeloid cells
to macrophages or dendritic cells (Taylor-Wiedeman et al., 1991,
1994; Mendelson et al., 1996; Hahn et al., 1998; Slobedman and
Mocarski, 1999; Reeves et al., 2005).

During latency, expression of key viral genes required for
efficient lytic infection, such as the viral major immediate early
(IE) genes, are repressed. The latency-associated transcriptome
is currently under intense investigation (Cheng et al., 2017;
Shnayder et al., 2018) and single cell RNAseq analyses have
recently shown that during latency, far from being silenced, viral
gene expression is much more extensive than first thought. A
number of latency-associated viral genes, which are all known
to also be expressed during lytic infection, have been well-
characterized; these include LUNA (latent undefined nuclear
antigen; UL81-82as), US28, UL138 (comprising a number of
transcripts), and the viral homolog of the interleukin 10 (IL10).
RNAs for all these genes have all been identified in natural latency
studies and analyses of roles for these genes in experimental
latency settings have identified a number of functions for these
latency-associated genes (Kondo et al., 1996; Beisser et al., 2001;

Goodrum et al., 2002, 2007; Jenkins et al., 2004; Cheung et al.,
2006; Hargett and Shenk, 2010; Poole et al., 2013; Humby and
O’Connor, 2015; Cheng et al., 2017; Shnayder et al., 2018).

With the expression of viral antigens during both lytic
and latent infection, it is clear that the virus must have
to continually evade host immune surveillance in vivo and,
in fact, HCMV is able to perform this task very efficiently
through multiple mechanisms (Jackson et al., 2011; Stack et al.,
2012). One of the main battles that the virus has to face
is to avoid the production of proinflammatory cytokines by
immune cells that function to activate the immune system and
eliminate the virus (Nordøy et al., 2000; Compton et al., 2003;
Clement and Humphreys, 2019). One of the strategies used
by HCMV to disable the immune system is to manipulate
the immunoregulatory functions of cellular anti-inflammatory
interleukin 10 (cIL-10) (Redpath et al., 2001). As part of this
strategy, and similar to other herpesviruses, during coevolution
with its host, HCMV has ‘captured’ a cIL-10 viral gene (UL111A)
which expresses different IL-10 protein isoforms (Kotenko et al.,
2000; Lockridge et al., 2000; Jenkins et al., 2004; Lin et al., 2008),
which help manipulate the immune response to HCMV.

In this article we review and discuss the transcripts, protein
structure and immune subversive mechanisms of the HCMV
viral IL10 (vIL-10) isoforms during productive lytic and latent
HCMV infections concentrating on its role in modulating
infection in the myeloid lineage and comparing it to the structure
and functions of human IL10 and other IL-10 homologs encoded
by other herperviruses.

HCMV INFECTION UPREGULATES LEVELS
OF cIL-10

cIL-10 is one of the most critical immunoregulatory cytokines of
the immune system that acts during inflammatory processes to
suppress and control the magnitude of the response in order to
avoid excessive immune activation and its consequences (Brooks
et al., 2006; Ouyang et al., 2011; Rojas et al., 2017). The human
IL10 encoding gene located on chromosome 1 is 5.1 Kb pairs in
length and gives rise to a primary transcript containing five exons
and four introns. Splicing of this primary transcript generates
a 1,629 bp mRNA, including the untranslated regions (UTRs),
which produces a protein of 178 aa which is secreted after
cleavage of a signal peptide (Vieira et al., 1991; Kim et al., 1992)
(Figure 1).

cIL-10 is a homodimer composed of two non-covalently
linked monomers that bind to the IL10 receptor (IL-10R) in a
coordinated manner. First, the homodimer binds to the high
affinity IL-10R1 subunit, changing the conformation of the
cytokine, and allowing its binding to the low affinity signaling
IL-10R2 subunit (Liu et al., 1994; Kotenko et al., 1997). Binding
of cIL-10 to receptor leads to a cascade of intracellular signaling
involving the Janus kinases, Jak1 and Tyk2, culminating in
activation of the signal transducers and activator of transcription
(STATs), which translocate to the nucleus and activate the
promoters of various cIL-10 responsive genes (Sabat et al., 2010).
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FIGURE 1 | Schematic representation of the genomic intron/exon organization of human IL-10 and the HCMV IL-10s transcripts. Boxes and horizontal lines

representing exons and introns were drawn to scale. The 39- and 59-UTRs of cellular IL-10 (GenBank accession no. NP_000563) are not shown. Colored boxes

represent homologous exons. The first horizontal scale represents the position in the AD169 HCMV strain genome (GenBank accession number FJ527563.1). The

second horizontal scale represents the length in base pairs (bp). Finally, the asterisks represent the position of the stop codons.

cIL-10 is produced mainly by cells involved in innate and
adaptive immunity and acts as a feedback regulator of these cells
primarily to suppress the immune response. The main producers
of cIL-10 are T cells, in particular the CD4+ T cells, as well as
Th1, Th2, and Th17T cell subsets. cIL-10 is also expressed by T
regulatory (Treg) cells, CD8+ T cells and certain subpopulations
of B cells (B1 and B2), which are also important players
in controlling the inflammatory response. Among the innate
immune cells, antigen presenting cells (APCs), including those
of the myeloid lineage such as monocytes, activated monocytes,
macrophages and dendritic cells (DCs), produce cIL-10 and cIL-
10 expression in these cells is regulated by an autocrine feedback
to restrict their activation in response to inflammatory cytokines.
Natural killer (NK) cells, critical regulators of the innate immune
response, are also able to produce cIL-10. cIL-10 has a variety
of biological functions in different cell types, but monocytes
and macrophages appear to be the main known targets of its
anti-inflammatory properties (Sabat et al., 2010; Ouyang et al.,
2011). In APCs, cIL-10 is able to inhibit the surface expression of
stimulatory and costimulatorymolecules as well as the expression
of pro-inflammatory cytokines, such as IFNy, TNFα, IL-1b, and
IL-6, which can prevent the activation andmaintenance of CD4+
T cells. Additionally, cIL-10 has immune stimulatory activities
that lead to proliferation of B cells, mast cells and thymocytes

(Hedrich and Bream, 2010; Saraiva and O’Garra, 2010; Rojas
et al., 2017).

The immunosuppressive functions of cIL-10 are so important
that many pathogens, including viruses, regulate the expression
of cIL-10 to control the host immune responses in order
to overcome antiviral responses and establish latent/persistent
infections (Wilson and Brooks, 2011). Perhaps unsurprisingly,
HCMV also modulates the infected environment by controlling
expression of cIL-10. cIL-10 is upregulated during both latent and
lytic phases of HCMV replication, as described below.

It is well-established that increased levels of cIL-10 correlate
with viral load during virus reactivation in transplant patients
(Nordøy et al., 2000; Cervera et al., 2007; Zedtwitz-Liebenstein
et al., 2007; Sadeghi et al., 2008; Essa et al., 2009; Schaffer et al.,
2009; Zhang et al., 2009; Krishnan et al., 2010; La Rosa et al.,
2011; Limaye et al., 2016). Furthermore, elevated levels of cIL-
10 associated with high viral loads, have also been observed in
patients with sepsis (Silva et al., 2019) and coronary diseases (Sun
et al., 2005). Whilst the specific cell types secreting cIL-10 in
response to active viral replication in vivo have not been fully
elucidated, some studies shown that CD4+ T cells produce cIL-
10, in response to lytic and latent antigens in vivo (Mason et al.,
2012; Schwele et al., 2012; Jackson et al., 2017). It is possible that
the induction of cIL-10 acts in favor of the virus to minimize
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the inflammatory response and, as such, tissue damage caused
by virus infection in the immune competent. In an individual
infected with HCMV there are continual reactivation events
(Reeves and Sinclair, 2008), however, very little tissue damage and
this is, perhaps, due to the robust activation of cIL10 by the virus.
In support of these observations, studies in mouse and Rhesus
models revealed that elevated levels of cIL-10 are important to
reduce immune pathologies (Humphreys et al., 2007; Lee et al.,
2009; Chang and Barry, 2010; Jones et al., 2010; Mandaric et al.,
2012; Clement et al., 2016; Eberhardt et al., 2016).

Given the known immune suppressive functions of cIL-10,
it is perhaps not surprising that HCMV infection increases
expression of cIL-10 in order to help avoid virus clearance and
facilitate persistence. In fact, a recent study by Zischke et al.
(2017), provided the first mechanistic evidence of an HCMV
protein that can modulate expression of cIL-10 from T cells in
vitro. It was demonstrated that the extracellular domain of the
glycoprotein UL11 binds the CD45 phosphatase (Gabaev et al.,
2011), increasing TCR signal strength, and production of cIL-
10, via its control over the SRC family kinase LcK (Zischke
et al., 2017). UL11 localizes at the surface of infected fibroblasts,
therefore the protein likely functions during active replication, in
vivo, to promote cIL-10 expression (Gabaev et al., 2014). It would
be interesting to analyze UL11 variability and test whether there
is any correlation with levels of cIL-10 in infected individuals.

Clearly any increases in cIL-10 might be likely to help limit
virus clearance, thus favoring a latent infection or low levels
of persistence, and therefore the ability of HCMV to induce
cIL-10 during active infection would be advantageous to the
virus. In fact, induction of cIL-10 occurs during both lytic
and latent infection and the viral cIL-10 homologs appear to
important modulators of this induction of cIL-10, as further
discussed below.

THE UL111A GENE AND DIFFERENT
TRANSCRIPTS

HCMV encodes a cIL-10 homolog gene, which is differentially
spliced into several variants. Among them the entitled cmvIL-10
(also termed the “A” transcript) and LAcmvIL-10 (also termed the
’B’ transcript) are the most studied. The identification of a cIL-10
gene homolog in the HCMV genome resulted from the work of
two groups simultaneously (Kotenko et al., 2000; Lockridge et al.,
2000). An ORF in the RhCMV genome with homology to cIL-
10 was recognized which was also present in HCMV as well as
baboon and African green monkey CMVs (BaCMV, AGMCMV,
respectively) (Kotenko et al., 2000; Lockridge et al., 2000). The
HCMV transcript, termed cmvIL-10, was shown to contain three
exons and two introns (Figure 1), in contrast to four exons and
three introns present in the RhCMV transcript. The HCMV
cDNA had only 45% sequence identity to the cDNA of RhCMV.
The predicted IL10 proteins of HCMV and RhCMV had 27 and
25% identity to their respective host cIL-10 (Kotenko et al., 2000;
Lockridge et al., 2000).

A number of cIL-10 homologs have been identified in other
members of the herpesviridae family and many of them are

located in orthologous locations in the viral genomes, likely
indicating a gene capture event in an ancestral virus. Positional
orthology is observed in the genus Cytomegalovirus and the cIL-
10 capture event is estimated to have taken place at least 42
million ago, when the Old and New World monkeys diverged.
Viral cIL-10 homologs have been identified in other members
of the herpesviridae family. Many of them are located in
orthologous locations within the viral genomes. This likely
indicates a gene capture event in an ancestral virus after
divergence of subfamilies. The vIL-10s in the genomes of
members of the betaherpesvirinae subfamily, including HCMV,
rhesus CMV (RhCMV), African green monkey CMV, baboon
CMV and cynomolgus CMV, all have high sequence divergence
from their host cIL-10 (Marsh et al., 2011; Ouyang et al.,
2014). However, gammaherpesviruses, such as Epstein-Barr and
Macaque CMV (RhLCV), have 92 and 97% identity to cIL-10 at
the amino acid level, respectively (Arrand et al., 1981; Franken
et al., 1996; Ouyang et al., 2014). These observations indicate
a capture gene event earlier in the coevolutionary history of
the betaherpesvirinae subfamily with their hosts (Ouyang et al.,
2014).

During lytic HCMV infection in fibroblasts the cmvIL-10
transcript is expressed with late (γ) gene kinetics (Chang et al.,
2004) (also more recently classified as TP5 kinetics; Weekes et al.,
2014; Nightingale et al., 2018). The primary transcript, of 693
bp, contains two introns of 77 and 84 bp, respectively (Figure 1)
(Kotenko et al., 2000; Lockridge et al., 2000). Notably, a region
comprising part of the first exon and part of the first intron of
the HCMV UL111A is colinear with a previously identified ORF
of 79aa, the morphological transforming region (mtrII), involved
in rodent cell transformation (Muralidhar et al., 1996). Studies
such as these suggest that, under certain conditions, regions of
the HCMV genome may have oncogenic properties which needs
further research.

An additional shorter HCMV IL10 transcript was also
identified in primary human GM-Ps, latently infected with
the CMV strains Toledo, AD169 and Towne, and was named
latent associated transcript (LAcmvIL-10, also termed the “B”
transcript) (Kondo et al., 1996). LAcmvIL-10 was also detected
in mononuclear cells from healthy bone marrow and mobilized
peripheral blood allograft donors, demonstrating its expression
during natural latent infection (Jenkins et al., 2004).

The LAcmvIL-10 transcript results from a single splice event
in which only the first intron of the full length cmvIL-10
transcript is removed resulting in the presence of an in-
frame stop codon at nucleotide position 160171 in the AD169
strain, 12 amino acids after the end of the second exon
(Chee et al., 1990) (Figure 1). Primer-walking RT-PCR assays
demonstrated that the LAcmvIL-10 in AD169 starts at a site 38
bp (between nucleotide position 159577 and 159615) upstream
of the transcription start site of cmvIL-10 (position 159642)
(AD169, accession number X17403), but both LAcmvIL-10 and
cmvIL-10 transcripts terminate at the same site (position 160430)
and translation of cmvIL-10 and LAcmvIL-10 starts at the
same methionine (position 159678). LAcmvIL-10 comprises a
truncated protein of 139 aa that shares the first 127 aa residues
with the cmvlL10 protein. LAcmvIL-10 has 27% identity and 46%
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similarity to cIL-10 over a 124 amino acid region (Jenkins et al.,
2004).

Interestingly, the LAcmvIL-10 transcript was detected in only
1–12% of latently infected GM-Ps, indicating that latency may
still proceed in some cells that fail to express these transcripts
or that the limit of their detection was too low (Jenkins et al.,
2004). Sometime after the initial identification of LAcmvIL-10 in
latently infected cells, the same group showed that LAcmvIL-10
is also expressed during lytic infection of HFF cells at 72 h post-
infection. Even though the transcript was shown to be expressed
during both lytic and latent infections, the name LAcmvIL-10 is
still used (Jenkins et al., 2008a).

Intriguingly, during permissive infection, the LAcmvIL-10
transcript was shown to initiate at the same site as the cmvIL-
10 transcript. This likely indicates that the virus utilizes different
start sites for LAcmvIL-10 transcription depending on whether
the infection is latent or lytic, possibly as a result of differential
promoter usage as a result of different cellular and viral factors
present in cells at different stages of cell differentiation.

Latterly, five additional UL111A transcripts have been
detected in MRC-5 and Bud8 cells productively infected with
the AD169 strain by Lin et al. (2008). These transcripts were
detected as products of nested PCR by agarose gel electrophoresis
and were subsequently cloned and sequenced. In contrast to
lytic infection, these transcripts are not detectable to any
appreciable extent in infected myelomonocytic THP1 cells in
the same work, which are a cell type in which the virus
establishes latency (Beisser et al., 2001). In order to facilitate
nomenclature, in their work, the cmvIL-10 and LAcmvIL-10 were
named transcripts vIL10A and B, respectively, and the additional
newly found transcripts were named vIL10C, D, E, F, and G.
Donor and acceptor sites were identified in all transcripts with
exception of D. Of note, transcript D does not contain the first
intron and therefore has the intact 79 aa ORF, which upon
translation could produce a putative 79 aa oncogenic protein,
previously described.

All identified HCMV vIL10 transcripts share the first exon
(nucleotide sequence 159678–159857) at the N terminal but their
C terminal region varies in amino acid sequence and length
(Figure 1). The report by Lin et al. is the only report of the
production of additional spliced transcripts, besides cmvIL-10
and LAcmvIL-10 in HCMV infected cells. It is possible that the
absence of their previous detection could be due to the low
sensitivity of the techniques used, despite the same primer sets
being used as those used in the original identification of cmvIL-
10 (Kotenko et al., 2000). Considering the frequency in which the
smaller transcripts were found, and the presence of donor and
accepting sites in all of them (with exception of transcript D)
it would be of considerable interest to analyze these transcripts
further during lytic and latent infection.

Interestingly, HCMV UL111A is the only viral cIL-10
homolog that expresses different vIL10 proteins by alternative
splicing. Alternatively spliced vIL10 transcripts were not
identified in other herpesviruses (Ouyang et al., 2014). This
suggests that HCMVmay express different transcripts at different
phases of infection. This area of research has not been explored
and awaits further investigation.

THE HCMV IL10 PROTEINS, THEIR
STRUCTURES AND FUNCTIONS

In cell culture HCMV UL111A is not essential for viral
replication (Dunn et al., 2003; Yu et al., 2003), however the gene
conservation in HCMV strains, the lack of sequence variability
(Cunningham et al., 2010; Sijmons et al., 2014) and the functional
analysis of the encoded proteins in vitro, described below,
indicate that they have critical importance in controlling the host
immune system during active infection, persistence and latency.

Consistently, research with Rhesus macaques, the closest
CMV to HCMV in which an animal model exists, provided
evidence for the role of RhCMV UL111A during infection
in vivo. The UL111A genes from RhCMV and HCMV are
close homologs (Powers and Früh, 2008; Itell et al., 2017) and
in vitro functional analysis of RhcmvIL10 demonstrated that
it has similar properties to HCMV IL10, such as inhibition
of PBMC proliferation, inhibition of cytokine production and
downregulation of MHC in immune cells (Spencer et al., 2002).
RhCMV UL111A, like cmvIL-10 from HCMV, is also not
essential for viral growth in cell culture and this is the same
for all other viral cIL-10 homologs analyzed so far (Chang
and Barry, 2010). However, studies in macaques infected with
recombinant viruses showed that the lack of RhCMV UL111A
has profound effects in themagnitude of both innate and adaptive
host immunity and indicate that RhCMV IL10 is important for
dissemination of the virus during primary infection (Chang and
Barry, 2010).

THE cmvIL10 PROTEIN

Among the proteins encoded by the HCMV UL111A (Figure 1),
the cmvIL-10 (also termed the “A” transcript) protein is the best
structurally and functionally characterized. Although expression
of the cmvIL-10 transcript and functions of the protein have only
been extensively analyzed during the lytic virus life cycle, it has
been shown to play a role in the regulation of cIL-10 in cells
which support latent infection (Avdic et al., 2016). Indeed, the
upregulation of cIL-10 during latent infection in both CD34 and
CD14monocytes has been proposed to play an antiapoptotic role
in latently infected cells (Poole and Sinclair, 2015; Poole et al.,
2015).

The cmvIL-10 protein is glycosylated, likely at an N linked
glycosylation site Asn-151-X-Thr-153. Upon cleavage of the 25
aa leader peptide, the protein is secreted from infected cells
(Kotenko et al., 2000; Spencer et al., 2002; Chang et al., 2004)
and binds to the IL10 receptor (IL10R) (Kotenko et al., 2000;
Spencer et al., 2002), with identical affinity to cIL-10 (Jones
et al., 2002), despite their low amino acid sequence identity
(27%). In fact, cmvIL-10 is able to compete with cIL-10 for
receptor binding (Kotenko et al., 2000). Jones et al. (2002) have
reported the crystal structure of cmvIL-10 in complex with the
extracellular domain of the IL-10R1, demonstrating that it binds
to the receptor in the same intertwined dimer topology as cIL-10.
However, while in the cIL-10 dimer, the 2-fold related domains
comprise four helices (A–D) from one chain and two helices
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from the other chain (E and F) (Walter and Nagabhushan, 1995;
Zdanov et al., 1995), the cmvIL-10 dimer consists of five alpha
helices, comprising helices A, B and D donated from one peptide
chain and helices E and F donated from the 2-fold related chain.
In addition, the 2-fold related domains of the cmvIL10 dimer
adopt a 130◦ interdomain angle, compared with 90◦ for cIL-10
(and EbvIL-10), as a result IL-10R1 bound to cmvIL-10 moves
25◦, relative to the cIL-10/IL-10R1 complex, toward the putative
position of the cell membrane. Despite this peculiar engagement
with the receptor, cmvIL-10 uses essentially the same structural
epitope as cIL-10, comprised of helix A, the AB loop, and helix F,
to contact the IL-10R1 (Jones et al., 2002).

Interestingly, the structural studies of cmvIL-10 and EbvIL10
revealed that even though bothmimic the structure of cIL10 their
particular engagements with the receptor occur in specific ways,
resulting in different receptor affinities and distinct activation of
signaling pathways (Liu et al., 1997; Jones et al., 2002).

BIOLOGICAL ACTIVITIES OF cmvIL-10 IN
MONOCYTE DERIVED DENDRITIC CELLS

In a particularly high affinity interaction with the IL-10 receptor,
cmvIL-10 activates the Jak-STAT pathway and, therefore, its
immunosuppressive effects can be mediated by phosphorylation
of STAT3 (Kotenko et al., 2000; Spencer et al., 2002; Jenkins et al.,
2008b). cmvIL-10 has several immunomodulatory properties,
particularly in immune cells of the myeloid lineage which
are biologically relevant sites of HCMV infection not least
because monocytes and their derivatives, macrophages and
dendritic cells, are sites of latency and reactivation, respectively
(Mendelson et al., 1996; Hahn et al., 1998; Sinclair and Poole,
2014).

DCs play a central role in the orchestration of the immune
response and are mainly present in peripheral sites as immature
cells, where capture and process antigens are loaded in MHC
class I and MHC class II molecules for presentation to effector
immune cells. Upon stimuli, such as recognition of PAMPs
by pattern-recognition receptors, DCs undergo maturation and
migrate to secondary lymphoid organs, becoming the most
potent professional APCs and activators of the T cell response
(Steinman, 1991; Reis e Sousa, 2001). Substantial work has been
carried out to uncover the functions of cmvIL-10 in dendritic
cells. cmvIL10 present in the supernatants from HCMV-
infected cultures inhibits lipopolysaccharide (LPS)-induced DC
maturation, as observed by the reduced levels of maturation
markers (including CD83 and HLA-DR as well as CD40, CD80,
and CD86), and production of the pro-inflammatory cytokines
IL-12, IL-6, and TNF-α. These inhibitory effects are specifically
mediated through the IL-10 receptor and are only observed
in immature DCs (iDCs) cultured with supernatants from
WT virus but not with supernatants from a UL111A deleted
virus (Chang et al., 2004). Furthermore, in LPS treated iDCs,
recombinant cmvIL-10 blocks expression of IL6, IL-12, TNF
alpha (Chang et al., 2004), MHC class I and II, as well as

other costimulatory molecules such as CD40, CD80, CD86, B7-
H1, B7-DC (Raftery et al., 2004). cmvIL-10 also inhibits cell
surface exposure of CD1a, CD1b, and CD1c in DCs (Raftery
et al., 2008). Additionally, members of a family of non-classical
class I (MHC-I) (which have a role in the presentation of
hydrophobic antigens, such as lipids to natural killer T (NKT)
cells, a specialized cell type that expresses both NK markers and
T-cell receptors on their surface) are also downregulated (Major
et al., 2006).

Interestingly, cell adhesion molecules are upregulated (CD44,
DC-SIGN) or downregulated (CD11, CD18, and ICAM-1)
by cmvIL10 in DCs, suggesting its role in modulation of
cell adhesion (Raftery et al., 2004). Furthermore, cmvIL10
upregulates HLA-DM, a non-classical HLA molecule which
is part of an unusual extracellular presentation pathway that
allows Ag processing and peptide loading outside immature DCs
(Santambrogio et al., 1999; Arndt et al., 2000), and IDO, a
regulator of T cell proliferation and survival (Raftery et al., 2004).
cmvIL10 also plays a role in increasing infectivity of the virus in
DCs by increasing expression of DC-SIGN (Raftery et al., 2004),
a lectin expressed on the surface of DCs which has been shown to
be used by the virus to enter DCs (due to the ability of gB to bind
DC-SIGN) (Halary et al., 2002).

Intriguingly, recombinant cmvIL-10 increases apoptosis in
activated immature DCs, by blocking the antiapoptotic c-
FLIPL and Bcl-xL, which are normally upregulated during
LPS activation (Raftery et al., 2004). Therefore it is, perhaps,
unsurprising that during a lytic infection the virus has evolved
ways of counteracting the induction of apoptosis (McCormick
et al., 2003). It is also true that during a latent infection in
undifferentiated myeloid precursor cells the cellular apoptome is
modulated (Poole and Sinclair, 2015), although cIL10 plays an
anti-apoptotic role in these cells via the regulation of PEA-15
(Poole et al., 2015). Further effects of viral IL10 during latency
are discussed in the myeloid progenitor sections below.

Importantly, cmvIL10 enhances cIL10 expression in DCs
(Chang et al., 2004), potentiating the anti-inflammatory effects of
cIL-10 (Corinti et al., 2001). Notably, various effects of cmvIL10
on immature DCs, are properties shared with cIL10 and not
observed, or observed to a lesser extent, in cells treated with
ebvIL10 (Raftery et al., 2004), likely due to the low affinity of
ebvIL10 to the cIL10 receptor (Jones et al., 2002).

Together, these studies demonstrate that cmvIL-10 shares a
number of known properties of cIL-10 on DCs and these are
summarized in Figure 2.

BIOLOGICAL EFFECTS OF cmvIL-10 IN
MYELOID PROGENITORS

Significant work has also been carried out to evaluate the
effects of cmvIL-10 in myeloid progenitors, cell types that
supports latent HCMV infection (Sinclair and Poole, 2014).
Recombinant cmvIL-10 inhibits IFN-γ, IL-1α, IL-6, GM-CSF,
and TNFalpha (Spencer et al., 2002), by preventing NF-κB
signaling in monocytes via inhibition of IKK (Nachtwey and
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FIGURE 2 | Biological properties of cmvIL10 in dendritic cells (lytic infection). On the left hand side cmvIL10 secreted by infected iDC or by bystander infected cells

binds to the cIL10 receptor in iDCs inducing STAT3 phosphorylation and downstream signaling. Green vertical arrows indicate molecules up or downregulated upon

signaling and red point to pathways induced or inhibited by cmvIL10. On the right hand side cmvIL10 secreted by infected cells acts though the cIL10R and inhibits

production of IFN-α and IFN-β in pDCs.

Spencer, 2008), as well as cell surface expression of MHC I and
II in stimulated PBMCs, monocytes and GM-Ps (Spencer et al.,
2002; Jenkins et al., 2008b). Furthermore, cmvIL-10 suppresses
proliferation of PBMCs (Spencer et al., 2002). At least in part, the
cmvIL-10 effect in reduction of MHC II protein in monocytes
results from downregulation of CIITA, a transcription factor that
activates transcription of α, β, and invariant MHC II chains
genes leading to the accumulation of MHC-II molecules within
cytoplasmic vesicles (Jenkins et al., 2008b). cmvIL-10 also induces
upregulation of HLA-G on monocytes (Spencer et al., 2002), a
molecule able to confer cell protection from natural killer cell
mediated lysis (Rouas-Freiss et al., 1997).

Although it is established that canonical IL-10 signaling
in monocytes requires the IL10R and activates STAT3
phosphorylation (Tyr 705) (Jenkins et al., 2008b), JAK1
activity and STAT3 phosphorylation on tyrosine 705 are not
required for the inhibition of TNF-α levels by cmvIL-10. Instead,
it was shown that TNF-α production requires the PI3K signaling
pathway, which culminates with STAT3 phosphorylation on S727
(Spencer, 2007). In fact, as further discussed below, both PI3K
and STAT3 are required for cmvIL10 signaling in monocytes
(Avdic et al., 2016). The PI3K-mediated activation by cIL10 is

well-established and this pathway was thought to be involved
in the proliferative effects of the cytokine (Crawley et al., 1996),
however recent evidence indicates that PI3K signaling is also
required for the immunosuppressive functions of cIL10 (Antoniv
and Ivashkiv, 2011).

cmvIL10 is an inducer of cIL10 transcription and protein
secretion in CD14+monocytes, monocyte-derived macrophages
(MDMs), and immature monocyte-derived dendritic cells
(MDDCs). In monocytes it has been shown that cmvIL10
also induces mRNA expression of tumor progression locus
2 (TPL2) (Avdic et al., 2016), which acts as a regulator of
positive and negative feedback loops for cIL-10 production
(Saraiva and O’Garra, 2010). It was also reported that cmvIL10
signaling, through the receptor, leads to upregulation of
HO-1, a heme-degrading enzyme with immunosuppressive
functions (Otterbein et al., 2003), which in turn induces
cIL10 in monocytes (Avdic et al., 2016). Since both PI3K
and STAT3 are required for cIL10 induction in monocytes
(Avdic et al., 2016), the most likely scenario is that these
pathways may converge, likely at STAT3 phosphorylation
on different residues, leading to activation of STAT3-
inducible genes.
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FIGURE 3 | Biological properties of cmvIL10 in myeloid progenitors (during lytic infection). cmvIL10 secreted by bystander infected cells binds to the cIL10 receptor in

myeloid progenitors inducing phosphorylation of STAT3 on Tyr 705. cmvIL10 also activates the PI3K pathway leading to phosphorylation of STAT3 on S727.

Phosphorylated STAT3 activates downstream signaling. Green vertical arrows indicate molecules up or downregulated upon signaling and red arrows point to

pathways induced or inhibited by LAcmvIL10.

FIGURE 4 | Biological properties of LAcmvIL10 in myeloid progenitors (during latent infection). Infected myeloid cells produce LAcmvIL10. Green vertical arrows

indicate molecules up or downregulated upon LAcmvIL10 by an undefined mechanism. Blue arrows point to pathways induced or inhibited by cIL10. The question

mark indicates the possibility that LAcmvIL10 can act through the cIL10R.

Importantly, cmvIL10 appears to have no effect on cIL10
secretion in CD4+, CD8+ T cells or primary human foreskin
fibroblasts (HFFs), supporting the fact that myeloid cells

are the main targets of cmvIL10 (Avdic et al., 2016). It
has also been shown that recombinant cmvIL-10, acting
through the cIL10R and STAT3 phosphorylation, can
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increase CXCR4 signaling mediated by its ligand CXCL12
leading to calcium flux and cell migration in epithelial and
monocytic cell lines, in an autocrine and paracrine manner on
bystander cells (Tu et al., 2018). These effects are summarized
in Figure 3.

BIOLOGICAL EFFECTS OF cmvIL-10 IN
NON-MYELOID CELLS

The effects of cmvIL-10 have also been evaluated in plasmacytoid
dendritic cells (pDCs), so called natural interferon-producing
cells, a specialized cell population that produces high amounts
of type I interferon in response to virus infection cells (Colonna
et al., 2004). In pDCs, cmvIL-10, similar to cIL-10, suppresses
transcription of IFN-α and IFN-β genes and also affects their
steady mRNA levels causing a reduction of IFN-α and IFN-β
levels by ∼75% (Chang et al., 2009). Also, like cIL10 (Bruchhage
et al., 2018), cmvIL-10 is not able to inhibit expression of CD83,
CD86, and MHC class II and consequently pDC maturation in
response to CpG (Chang et al., 2009).

cmvIL10 has also been shown to stimulate cIL10 and to
increase cell survival and proliferation of B cells (Spencer
et al., 2008) as well as to decrease metalloproteinase levels in
endothelial cells and cytotrophoblasts (a cell type present in
the uterine-placental interface) leading to impaired invasion
and migration capacities and consequently dysregulation of
the cell-cell and/or cell-matrix interactions between these cells
(Yamamoto-Tabata et al., 2004).

In some cancer cell types cmvIL10 has been shown to
stimulate proliferation and migration (Bishop et al., 2015) and
to promote invasiveness (Valle Oseguera and Spencer, 2014,
2017).

THE LAcmvIL10 PROTEIN AND ITS
BIOLOGICAL EFFECTS IN MYELOID
PROGENITORS

The LAcmvIL10 protein is produced with β kinetics in lytic
infection (Jenkins et al., 2008a) and contrary to cmvIL10 is
not glycosylated due to absence of the Asn151-Gly152-Thr153-
glycosylation site present in the C terminus of cmvIL10 (Jenkins
et al., 2008a; Lin et al., 2008).

LAcmvIL10 has been less extensively studied than cmvIL10
and most studies have focused on the properties of the protein in
cell models of latency in vitro, since it was the originally detected
in latent HCMV infected cells (Jenkins et al., 2004). Similar to
cmvIL10, recombinant LAcmvIL10 causes a decrease in total
MHC-II protein and transcription of components of the MHC
class II biosynthesis pathway in GM-Ps and monocytes (Jenkins
et al., 2008b).

In the context of viral infection, LAcmvIL10 inhibits IFN-γ
production in CD4+ T cells and their capacity to proliferate, as
well as to recognize CD34+ cells latently infected with HCMV
(Cheung et al., 2009). However, MHC class II downregulation by
LAcmvIL10 is not blocked by neutralizing antibodies to cIL10R

TABLE 1 | Biological properties of cIL-10 and HCMV vIL-10.

Gene

expression

(kinetics)

STAT3

activation

Cytokine

inhibition

MHC

inhibition

cmvIL-10 (A) Lytic infection

(γ)

Yes Yes Yes

LAcmvIL-10 (B) Lytic infection

(β)

Latent infection

No No Yes

C ? No ? ?

D ? No ? ?

E ? No ? ?

F ? No ? ?

G ? No ? ?

cIL-10 NA## Yes Yes Yes

?, not known; ##NA, not applicable.

and does not trigger STAT3 phosphorylation of Tyrosine 705
(Jenkins et al., 2008b). Additionally, LAcmvIL10 does not inhibit
the expression of costimulatory molecules CD40, CD80, and
CD86 and the maturation marker CD83 on DCs, nor does it
inhibit proinflammatory cytokine expression (IL-1, IL-6, and
tumor necrosis factor alpha) (Jenkins et al., 2008b). Also, in
comparison to cmvIL10, it is not able to affect expression of
Fcγ receptors or increase receptor mediated phagocytosis in
monocytes (Jaworowski et al., 2009). Additionally, in contrast
to cmvIL10, LAcmvIL10 does not stimulate B cell proliferation,
Stat3 activation or cIL-10 production in B cells a non-myeloid
cell type (Spencer et al., 2008).

It is already established that the restricted signaling abilities of
LAcmvIL10 are likely due to the lack of the C-terminal helices
E and F (Jenkins et al., 2008b), which are present in cmvIL10
and cIL10 and are required for binding to the IL10R (Walter
and Nagabhushan, 1995; Zdanov et al., 1995; Jones et al., 2002).
Furthermore it is suggested that LAcmvIL10 engages the receptor
in a different manner, utilizes a different receptor or uses a
receptor-independent mechanism for downregulation of MHC
class II (Jenkins et al., 2008b). Therefore, further studies are
required to understand if LAcmvIL10 is still able to engage the
receptor, how it downregulates MHC class II in latent cells and
whether it has additional properties in both lytic and latent
HCMV infection.

Analyses of recombinant HCMV vIL10 proteins (LAcmvIL10
and cmvIL10) as well as comparative studies using supernatant
from HFFs infected with the AD169 and Merlin with and
without UL111A, showed that the viral IL10 proteins cause
polarization of CD14+ monocytes toward an M2c alternatively
activated phenotype, as determined by increase of cell surface
expression of CD14 and CD163 and decreased of MHC
class II (Avdic et al., 2013), markers characteristic of M2c
activated monocytes (Gordon, 2003; Mantovani et al., 2004;
Zizzo et al., 2012). Furthermore, in polarized monocytes, vIL10
proteins cause a reduction of TNF-α and IL-1β, by upregulation
of HO-1 (Avdic et al., 2013), although it remains to be
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established which of the viral IL10 proteins predominantly
mediate these effects.

In addition, studies using the clinical isolate stain of HCMV
Merlin, showed that the lack of UL111A led to a decrease in the
establishment of latent infection of CD14+ monocytes, as well
as in latently infected CD34+cells (Poole et al., 2014), suggesting
that LAcmvIL10 may play a role in the establishment and/or
maintenance of latency. LAcmvIL10 has also been shown to cause
downregulation of the cellular miRNA hsa-miR-92a leading to
increase of secreted cIL10 and CCL8, which are direct targets of
this miRNA (Poole et al., 2014). CCL8 acts to subvert the immune
response and, thus, is likely to be important for the establishment
of latency in vivo (Mason et al., 2012). The effects of LAcmvIL10
are summarized in Figure 4.

The LAcmvIL-10-induced increase in cIL10 appears to have
an important role in survival of CD14+ monocytes and CD34+
precursor cells, and consequently in the establishment of viral
latency in the cells, as shown by a decrease in latent carriage of
genome CD14+ monocytes and CD34+ precursor cells in the
absence of cIL10, suggesting a role for IL10 in the maintenance
of HCMV latency (Poole et al., 2011). Enhanced cell survival in
myeloid progenitors during HCMV latency is also a property of
cIL10 (Poole and Sinclair, 2015; Poole et al., 2015).

PROTEINS ENCODED BY THE
ADDITIONAL HCMV IL10 TRANSCRIPTS

The proteins encoded by the UL111A transcripts C, D, E, F,
and G share the first 60N terminal aa, with cmvIL10 (A) and
LAcmvIl10 (B), containing a signal peptide of 19 aa, but with C
terminal region varying in amino acid sequence and length. The
sizes of the transcripts and aa length of the proteins are shown in
Figure 1. These proteins were first identified in lytically infected
MRC-5 cells by western blotting (Lin et al., 2008). Isoforms vIL-
10A, E, and F were found to be glycosylated, but not B, C,
and D, consistent with the presence or absence of the N-linked
glycosylation site, Asn-151-X-Thr-153, in their sequences. As
in the case of LAcmvIL10 (B transcript) none of the isoforms
identified were able to induce STAT3 phosphorylation in THP1
cells (Lin et al., 2008).

Further work is necessary to verify presence of these
additional isoforms in other cell types and if they have any

immunosuppressive or biological properties that influence viral
carriage and propagation.

CONCLUDING REMARKS

The HCMV vIL10 proteins have a variety of immunosuppressive
properties in different cell types. The two most studied
isoforms, cmvIL10 and LAcmvIL10 (transcripts A and
B) appear to be differentially expressed in lytic and latent
infected cells. LAcmvIL10 has restricted functions compared
to cmvIL10, and one of its properties is downregulation
of MHC II, aiding immune evasion of the virus by
inhibiting presentation of viral antigens expressed during
latency (Table 1).

The production of different vIL10 isoforms by HCMV, with
different structures and specific biological properties indicate that
the virus evolved to use these cIL10 homologs in different phases
of infection.

Since their original identification, a great deal of work
which we have detailed in this review, has been carried out to
analyze the expression of viral IL-10 transcripts, the proteins
encoded by these RNAs and the biological functions of these
proteins. As much of this has depended on the analysis of
purified recombinant proteins, further studies, ideally using
clinical isolate recombinant viruses, are necessary to fully
understand the biological properties of the all the viral IL10
proteins in different cell types and at stages of the virus
life cycle.
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Human Cytomegalovirus (HCMV) is a highly prevalent herpesvirus, persistently infecting

between 30 and 100% of the population, depending on socio-economic status (Fields

et al., 2013). HCMV remains an important clinical pathogen accounting for more than

60% of complications associated with solid organ transplant patients (Kotton, 2013;

Kowalsky et al., 2013; Bruminhent and Razonable, 2014). It is also the leading cause

of infectious congenital birth defects and has been linked to chronic inflammation and

immune aging (Ballard et al., 1979; Griffith et al., 2016; Jergovic et al., 2019). There is

currently no effective vaccine and HCMV antivirals have significant side effects. As current

antivirals target viral genes, the virus can develop resistance, reducing drug efficacy.

There is therefore an urgent need for new antiviral agents that are effective against HCMV,

have better toxicity profiles and are less vulnerable to the emergence of resistant strains.

Targeting of host factors that are critical to virus replication is a potential strategy for

the development of novel antivirals that circumvent the development of viral resistance.

Systematic high throughput approaches provide powerful methods for the identification

of novel host-virus interactions. As well as contributing to our basic understanding of

virus and cell biology, such studies provide potential targets for the development of novel

antiviral agents. High-throughput studies, such as RNA sequencing, proteomics, and

RNA interference screens, are useful tools to identify HCMV-induced global changes in

host mRNA and protein expression levels and host factors important for virus replication.

Here, we summarize new findings on HCMV lytic infection from high-throughput studies

since 2014 and how screening approaches have evolved.

Keywords: human cytomegalovirus, high-throughput, HTS, RNAi, siRNA screen

INTRODUCTION

Human cytomegalovirus (HCMV) is a ubiquitous human pathogen that belongs to the
β-herpesvirus subfamily. It has the largest DNA genome among the human herpesviruses with
∼235 kb pairs, and encodes at least 173 annotated genes based on the low-passage strain
Merlin, the current reference strain for wild-type HCMV (Dunn et al., 2003; Fields et al., 2007;
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Sijmons et al., 2014; Marti-Carreras and Maes, 2019). HCMV
can infect a broad range of cell types, including endothelial
and epithelial cells, fibroblast cells and cells derived from the
myeloid lineages (Rice et al., 1984; Sinzger et al., 2008). It has
a relatively long lytic replication cycle which can take up to
72 h to start releasing infectious virions into the extracellular
compartment (Landolfo et al., 2003). A lifelong latent infection
can be established in primitive bone-marrow-resident CD34+
hematopoietic stem cells and CD33+ myeloid progenitor cells
which retain the latent viral genome as they differentiate into
peripheral blood CD14+ monocytes and myeloid dendritic cells
(mDCs) (Collins-McMillen et al., 2018; Arcangeletti et al., 2016;
Stern et al., 2019). Reactivation of the latent viral genome occurs

Abbreviations: 3′UTR, 3′ untranslated regions; AGO2, Argonaute 2; AGO-

CLIP-seq, Argonaute-crosslinking and immunoprecipitation sequencing; AMPK,

5′ AMP-activated protein kinase; ANAPC1, Anaphase-promoting complex

subunit 1; ANKRD52, Ankyrin repeat domain 52; APA, Alternative cleavage

and polyadenylation; ARPE-19, Adult retinal pigment epithelial cell line 19;

AS, Alternative splicing; ASNS, Asparagine synthetase; ATP6V0C, ATPase

H+ transporting V0 Subunit C; BRD2, Bromodomain-containing protein

2; CD4, Cluster of differentiation 4; CDK6, Cyclin dependent kinase 6;

CFL2, Cofilin 2; CHEK1, Checkpoint kinase 1; CLIP-seq, Cross-linking

immunoprecipitation-sequencing; COPA, Coatomer protein complex subunit

alpha; COPB2, Coatomer protein complex subunit beta 2; CPEB1, Cytoplasmic

polyadenylation element binding protein 1; CRISPR, Clustered regularly

interspaced short palindromic repeats; crRNA, CRISPR RNA; CUL4, Cullin 4;

CXCL2, Chemokine (C-X-C motif) ligand 2; DKK1, Dickkopf WNT signaling

pathway inhibitor 1; DPI, Days post-infection; DSB, Double-strand break; ECs,

Endothelial cells; eGFP, Enhanced green fluorescent protein; ERAD, Endoplasmic

reticulum associated protein degradation; ERC1, ELKS/RAB6-interacting/CAST

family member 1; ERK/MAPK, Extracellular signal-regulated kinase/mitogen-

activated protein kinase; EXOSC10, Exosome component 10; FACS, Fluorescent

activated cell sorting; GeCKO, Genome-wide CRISPR knockout; HCMV, Human

cytomegalovirus; HDR, Homology directed repair; HEL, Human embryonic

lung fibroblast cells; HFFs, Human foreskin fibroblast cells; HLTF, Helicase-like

transcription factor; HPI, Hours post-infection; HSV-1, Herpes simplex virus 1;

HTVs, Human targets of the viral miRNAs; IFN-, Interferon-; IL-, Interleukin-

; IRF1, Interferon regulatory factor 1; IRF2BPL, Interferon regulatory factor

2 binding protein like; IRF9, Interferon regulatory factor 9; ISGs, Interferon

stimulated genes; Jak1, Janus kinase 1; kb, Kilobases; mDCs, Myeloid dendritic

cells; MELK, Maternal embryonic leucine zipper kinase; miRNA, MicroRNA;

mRNA, Messenger RNA; mTOR, Mammalian target of rapamycin; MYO18A,

Myosin XVIIIA; NEDD4, Neural precursor cell expressed, developmentally

downregulated protein 4; NGS, Next generation sequencing; NHDF, Normal

human dermal fibroblast cells; NHEJ, Non-homologous end-joining; NPCs,

Neural progenitor cells; OR14I1, Olfactory receptor family 14 subfamily I member

1; PDGFRα, Platelet-derived growth factor receptor alpha; PHLDA1, Pleckstrin

homology like domain family A member 1; PI3K-C2A, Phosphatidylinositol

3-kinase, Class 2, Alpha; PI4K2B, Phosphatidylinositol 4-kinase type 2-beta;

PIK3C3, Phosphatidylinositol 3-kinase catalytic subunit type 3; pri-miRNA,

Primary miRNA; pSILAC, Pulsed stable isotope labeling with amino acids in

cell culture; PSMC2, Proteasome 26S subunit, ATPase 2; PSMD1, Proteasome

26S subunit, non-ATPase 1; RAB4B, Ras-related GTP-binding protein 4B; RISC,

RNA-induced silencing complex; RISC-IP, RNA-induced silencing complex-

immunoprecipitation; RNAi, RNA interference; RNA-seq, RNA-sequencing;

rRNA, Ribosomal RNA; RT-qPCR, Reverse transcription-quantitative polymerase

chain reaction; sgRNA, Single-guide RNA; shRNA, Short hairpin RNA; siRNA,

Small interfering RNA; STAT2, Signal transducer and activator of transcription 2;

TGFBR1, Transforming growth factor beta receptor 1; TLRs, Toll-like receptors;

TMEM129, Transmembrane protein 129; TMT, Tandem mass tags; TSC2,

Tuberous sclerosis subunit complex 2; TXNIP, Thioredoxin interacting protein;

UAE1, Ubiquitin-activating enzyme E1; UBE2J2, Ubiquitin conjugating enzyme

E2 J2; VAC, Virion assembly compartment; VCP, Valosin containing protein;

WNK4, WNK lysine deficient protein kinase 4.

when latently infected cells reach terminal differentiation to
mDCs andmacrophages, accompanied by chromatin remodeling
of the HCMV major immediate-early promoter (Reeves et al.,
2005). Other factors such as allogeneic stimulation and pro-
inflammatory cytokines such as interferon gamma (IFN-γ) have
also been implicated in driving the maturation of myeloid cells
and reactivation of latently infected cells (Stern et al., 2019).

Viruses are obligate intracellular pathogens which rely on host
cell machinery to infiltrate, replicate in, and egress target cells.
HCMV has complex interactions with various host factors, and
host-virus interactions vary among permissive cell types as well as
between lytic and latent stages of virus infection. Characterizing
changes in host RNA expression and proteomes upon infection
can help dissect these complex host-virus interactions, as the
virus is likely to induce host factors required for efficient virus
replication and to suppress factors that would otherwise inhibit
virus replication. Studying how the virus interacts with the host
can contribute to a better understanding of virus biology as well
as functions of host factors. Furthermore, host factors that are
identified as critical for virus replication can be targeted by small
molecule inhibitors, thereby leading to potentially novel HCMV
antiviral therapies.

High-throughput studies are powerful tools to systematically
study host-virus interactions. There are many strategies to
dissect the complex interactions between a virus and host cells.
RNA sequencing and mass spectrometry allow the temporal
and spatial expression of viral and host factors to be monitored
during the course of infection, subsequently discovering the
mechanism of viral manipulation of host machinery and the
host factors important for virus replication (Weekes et al.,
2014; Jean Beltran et al., 2016). In addition, the expression
of host genes can be systematically silenced through the
RNA-induced silencing complex (RISC) or disrupted via
clustered regularly interspaced short palindromic repeats
(CRISPR) technology (Polachek et al., 2016; McCormick
et al., 2018). The resulting effects of individual gene depletion
or disruption on virus replication can be examined using
a reporter system such as luminescence, enhanced green
fluorescence protein (eGFP), or immunofluorescence staining
for viral proteins. Finally, instead of silencing gene expression,
host genes, such as interferon stimulated genes (ISGs) can
be overexpressed using arrayed lentivirus libraries and
host restriction factors against the virus can be identified
(Schoggins et al., 2011).

Previously, a thorough review was published in 2014,
discussing how HCMV manipulates host metabolism and gene
expression using RNA sequencing (RNA-seq), proteomics
and high-throughput RNAi screens (Cohen and Stern-
Ginossar, 2014). However, studies using high throughput
or systematic approaches have made major contributions to
our understanding of HCMV biology, both in the lytic and
latent aspects, in the last 5 years. Therefore, in this review,
we summarize high-throughput studies in HCMV, focusing
on lytic infection, from 2014 to current. The review will be in
two major parts: (i) how the virus changes cellular RNA and
protein expression, and (ii) how changes to host cells impact
virus replication.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2 June 2020 | Volume 10 | Article 280129

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lee and Grey Systems Virology and Human Cytomegalovirus

GLOBAL ANALYSIS OF HCMV-INDUCED
CHANGES IN HOST GENE EXPRESSION
BY RNA-SEQ AND PROTEOMICS

Upon infection, HCMV induces global changes in host protein
expression to overcome host innate immune defenses and divert
normal cellular processes away from the host to the virus
to facilitate efficient virus replication. These changes may be
observed at RNA levels where viral proteins directly interact with
the host DNA or chromatin or indirectly to increase or decrease
specific host gene expression, thereby creating an environment
conducive to efficient replication and spread. However, mRNA
transcripts are subject to post-transcriptional regulation and
degradation, and the levels of transcripts and proteins do not
always correlate. Therefore, analyzing changes in protein levels
upon infection can demonstrate whether alterations in mRNA
level correspond to changes in protein levels and whether
the changes in protein expression have roles and functions in
HCMV replication.

RNA-seq Studies in HCMV
RNA-sequencing (RNA-seq) has revolutionized our ability to
monitor gene expression levels on a genome wide basis.
Techniques such as purification of poly-A transcripts or
depletion of ribosomal RNA (rRNA) have improved the
sensitivity and accuracy of RNA-seq (Zhao et al., 2018). In
addition to using RNA-seq to quantify RNA levels, novel
strategies have been developed to investigate post-transcriptional
events including alternative splicing (AS) and alternative cleavage
and polyadenylation (APA), as these events determine the coding
potentials of mRNA transcripts and regulate gene expression.
AS is a tightly regulated process that generates multiple mRNA
isoforms by using different combinations of splice sites and
exons. Several classes of splicing patterns include exon skipping,
alternative 5′ splice site selection, and retention of introns
(Movassat et al., 2016). Meanwhile, APA involves the use of
alternative poly(A) sites located in internal introns or exons to
form multiple mRNA isoforms.

Polyadenylation is a two-step process involving specific
endonucleolytic cleavage and polymerisation of the adenosine tail
of which length is host-specific and is often about 200 residues
in higher eukaryotes (Lutz and Moreira, 2011). Poly(A) tails are
found on the 3′ end of nearly every eukaryotic mRNA transcript
and a particular poly(A) site is chosen depending on the strength
of the poly(A) signal and surrounding cis-elements (Millevoi and
Vagner, 2010; Fu and Ares, 2014). APA can also occur in the
3′ untranslated regions (3′UTR) resulting in transcription with
different 3′UTR lengths, which has been suggested to affect the
stability, localization, transport and translation of the mRNA
(Movassat et al., 2016).

AS has been identified in around 95% of human genes
whilst APA in about 70% of human genes (Pan et al., 2008;
Derti et al., 2012). AS and APA can affect many cellular
processes including RNA stability, translation, miRNA targeting,
development, and disease (Lutz and Moreira, 2011). RNA-seq
was used to study how AS and APA alters the host transcriptomes
at the post-transcription level following infection with HCMV.

Batra et al. (2016) assessed mRNA expression patterns in three
HCMV-permissive cell types using splicing-sensitive Affymetrix
microarrays and poly-A selected RNA-seq. RNAs were extracted
from primary human foreskin fibroblast cells (HFFs), human
aortic endothelial cells (ECs), and human embryonic stem cell
derived neural progenitor cells (NPCs) at 48 and 96 h post-
infection (HPI) with HCMV strain TB40/E. Changes in APA
and AS resulted in over 2,000 alterations in host transcripts
following infection with HCMV. Using Mixture of isoforms
(MISO) algorithm, it was found that the majority of APA events
resulted in shortened 3′UTRs post-infection in all three cell
types tested, with 3′UTRs shorten by up to 5 kilobases (kb)
at 96 HPI. To evaluate the regulation of APA at the 3′UTR,
RNA-seq analysis revealed a drastic upregulation of cytoplasmic
polyadenylation element binding protein 1 (CPEB1) mRNA
levels, which corresponded to increased protein expression.
Depletion of CPEB1 by small interfering RNA (siRNA) during
infection partially or completely reversed 41% of APA changes
in infected HFFs, whilst overexpression of CPEB1 resulted in
a significant shift toward utilization of proximal poly(A) sites
in genes found to be affected during infection. Furthermore,
depletion of CPEB1 also shortened poly(A) tails in HCMV genes,
such as UL18 and UL99, and decreased productive HCMV
infection in HFFs, although the magnitude of decrease was
more substantial at 96 HPI (around 10-fold) and the titer
recovered partially by 144 HPI. This study demonstrates the
power of systematic approaches for understanding how viruses
can manipulate gene expression levels on a global scale.

Proteomics Studies in HCMV
mRNA levels don’t always correspond to protein levels due
to various factors, including post-transcriptional modification,
mRNA stability, and regulation by miRNAs (Valencia-Sanchez
et al., 2006; Nachtergaele and He, 2017; Nouaille et al., 2017;
Mauger et al., 2019). Therefore, measuring protein levels during
infection can provide a more direct functional relationship
between the virus and the host (Koussounadis et al., 2015; Liu
et al., 2016). A seminal and quantitative proteomic study on the
precise temporal expression of plasma membrane proteins and
intracellular proteins was conducted by Weekes et al. (2014).
Tandem mass tags (TMT) were used to quantify 1,184 cell-
surface proteins and 7,491 cellular proteins from up to 10
time points in HFFs. Several cell-surface and cellular proteins
in the interferon (IFN) signaling pathway were found to be
downregulated by HCMV strain Merlin, including Jak1, STAT2,
and IRF9. More recently, a similar strategy was adapted to
focus on host proteins with innate immune function that are
actively degraded by the proteasome or lysosome during early-
stage HCMV infection (Nightingale et al., 2018). Using the
proteasome inhibitor MG132, or leupeptin, an inhibitor against
lysosome function, HFFs were infected with Merlin strain and
analyzed at 12, 18, and 24 HPI by MS3 mass spectrometry. Eight
thousand six hundred and seventy-eight proteins were assessed
between infected cells treated with or without the proteasomal
or lysosomal inhibitor. Overall, 131 proteins, including E3
ubiquitin ligase ANAPC1 and HCMV restriction factor Sp100,
were rescued by application of MG132 within 24 HPI, with 46
proteins rescued at 12 HPI. Meanwhile, 28 proteins, including
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E3 ligase NEDD4, were rescued by application of leupeptin.
Fifty percentage of proteins rescued by leupeptin were also
rescued by MG132. To address protein stability and turnover
during HCMV infection, an unbiased pulsed stable isotope
labeling with amino acids in cell culture (pSILAC) with the
chemical tag TMT was used. In comparison to conventional
pSILAC approach, the combination of pSILAC with TMT allows
better time efficiency in mass spectrometry and higher accuracy
of protein measurement of each protein at every time point.
The multiplexed pSILAC/TMT approach involves labeling cells
with “medium” lysine (2H4 L-lysine; Lys4), providing cells with
“heavy” lysine (13C6

15N2 L-lysine; Lys8) at the time of infection
to identify newly synthesized peptides, and labeling peptides
with TMT for mass spectrometry. pSILAC results showed that
24 of 46 proteins rescued at 12 HPI with MG132 exhibited
increased degradation in HCMV-infected cells compared to
mock infection, whilst 12 proteins did not exhibit instability
or degradation. Some of these proteins had extremely high
turnover rate, making it difficult to observe a difference between
mock and HCMV infection (e.g., TXNIP), whereas some of
these proteins were also rescued by the application of MG132
during mock infection (e.g., PHLDA1). In summary, proteins
that were rescued by MG132 but did not exhibit instability
by pSILAC may still be degraded, and post-transcriptional and
post-translational regulations may have worked in combination
to regulate the gene expression. In addition, RNA-seq analysis
was performed to identify proteins for which expression was
determined primarily by post-transcriptional regulation rather
than mRNA transcription. Several candidates were shown to
have upregulated transcription but downregulation of protein
expression, including the HCMV restriction factor Sp100, an
E3 ubiquitin ligase ANAPC1 and the helicase-like transcription
factor HLTF. The authors further characterized HLTF, which
was not previously reported to be targeted for proteasomal
degradation by HCMV, and found that UL145 is necessary and
sufficient to degrade HLTF. UL145 was also found to recruit the
Cullin 4 (CUL4) E3 ligase complex to target HLTF to proteasomal
degradation. Finally, HLTF was shown to act as a restriction
factor similar to Sp100, at an early stage of virus replication.

Another proteomic study conducted by Jean Beltran et al.
(2016) investigated both temporal and spatial changes in cellular
protein expression during HCMV infection using subcellular
fractionation and TMT-based mass spectrometry. The HCMV
infection cycle was separated into five time points (24, 48, 72,
96, and 120 HPI) and six spatial fractions by density gradient
ultracentrifugation. The study revealed that nearly 4,000 host
proteins in HFFs had undergone subcellular reorganization
during HCMV infection and the lysosomes were remodeled
into two distinct subpopulations during infection. The authors
followed up on one of the hits, myosin XVIIIA (MYO18A), and
showed that MYO18A translocated from the plasma membrane
to lysosomes during infection. Knockdown of MYO18A by
siRNA also showed a modest reduction in virus replication,
measured by IE1 positive infectious units. MYO18A is involved
in actin retrograde flow at the cell lamella and vesicle trafficking.
A model was thus proposed suggesting MYO18A is translocated
from the plasma membrane to the virus assembly compartment
to tether viral loaded vesicles and motor proteins. The same

group further investigated the global changes in peroxisome
biogenesis during HCMV infection using targeted quantitative
proteomics (Jean Beltran et al., 2018). Sixty peroxisomal proteins
that were found suitable for quantification by mass spectrometry
in HFFs were analyzed at 0, 6, 24, 48, 72, and 120 HPI with
HCMV strain AD169 using high-resolution parallel reaction
monitoring assay for high resolution and high mass accuracy.
Overall, the abundance of most peroxisomal proteins (52 of
60) increased from 24 HPI. The authors subsequently showed
that the induction of peroxisomal protein expression does not
require the expression of late genes and peroxisome biogenesis
are required for efficient HCMV replication.

In addition to studies that explore the global changes of
proteomes, a study by Arend et al. focused on the changes in
activity and expression level of host kinases using a multiplexed
kinase inhibitor bead-mass spectrometry (MIB-MS) (Arend
et al., 2017). Using beads that contain immobilized pan kinase
inhibitors for kinase capture, the study identified temporal
changes in the complement of host protein kinases (i.e., the
kinome) during HCMV infection. The laboratory adapted strain
AD169 and the clinical relevant strain TB40/E were used to
infect MRC-5 fibroblast cells in order to compare the changes
in kinome induced by two different strains. Interestingly, both
AD169 and TB40/E modify host kinome in a similar manner.
The results showed that 53 kinases including cyclin-dependent
kinases (e.g., CDK1, CDK7) and lipid kinases (e.g., PIK3C3,
PI4K2B) had increased expression during infection. Meanwhile,
51 kinases, such as platelet-derived growth factor receptor alpha
and beta (PDGFRα and PDGFRβ) and transforming growth
factor beta receptor 1 and 2 (TGFBR1 and TGFBR2), had
reduced expressing following infection. The study confirmed
the importance of previously reported AMPK, mTOR and
ERK/MAPK signaling pathways during HCMV infection, as well
as identifying ephrin (Eph) receptor kinases as novel pathways
affected by HCMV. Based on the MIB-MS kinome profiling data,
the authors tested 13 kinase specific inhibitors that are currently
in clinical use or trials for their potential to inhibit HCMV
infection. An AD169 virus expressing pp28 protein fused to the
GFP on its C-terminus (pp28-GFP) was used to monitor the
level of virus infection following drug treatment. It was found
that four inhibitors significantly decreased pp28-GFP expression.
These are OTSSP167 [targeting maternal embryonic leucine
zipper kinase (MELK)], dinaciclib (targeting CDK1, 2, 5, and 9),
OTX015 (targeting bromodomain-containing proteins BRD2, 3,
and 4), and LY2603618 [targeting checkpoint kinase 1 (CHEK1)].
Detailed characterization was performed on OTSSP167 and
virus infection was shown to decrease by 1 log following drug
treatment. This study demonstrates the potential of identifying
antiviral targets using kinome profiling.

SYSTEMATIC IDENTIFICATION OF NOVEL
HOST-VIRUS INTERACTIONS USING RNA
INTERFERENCE AND CRISPR/CAS9

Global analysis of RNA and protein levels during HCMV
infection can help understand how the virus manipulates
cellular gene expression as well as how cells respond to
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infection. However, certain host factors may not have differential
expression before and after infection, but their functions are
important for efficient virus replication.With the development of
RNA interference (RNAi) using small interfering RNA (siRNA)
and short hairpin RNA (shRNA), expression of host factors
can be systematically silenced and the effect of individual gene
depletion on virus replication can be investigated. In addition,
the recently developed and advanced CRISPR genome editing
technology allows mutations to be introduced to target genes and
disrupt protein expression of host factors that are important for
virus replication.

siRNA screens are usually performed in arrayed fashion where
each well in a microplate has a unique RNAi reagent targeting
one gene. On the other hand, shRNA screens are often performed
as pooled screens where all RNAi reagents are pooled together
and introduced randomly to cells, where shRNAs can be detected
by next generation sequencing (NGS) or barcode microarray
following phenotypic selection. High-throughput RNAi screens
have contributed greatly to our understanding of basic cell
biology as well as complex host-virus interactions which can lead
to development of novel therapeutics.

siRNA Studies in HCMV
siRNAs are regulatory RNA duplexes, usually 21–23 nucleotides
long, with 2 nucleotide overhangs on the 3′ ends. They bind
to complementary mRNA transcripts, causing degradation (Rao
et al., 2009). siRNAs usually have one mRNA target, and
the guide strand of an siRNA is incorporated into the RNA-
induced silencing complex (RISC) which uses the guide sequence
to recognize a target transcript for degradation (Lam et al.,
2015). Because of its simplicity and specificity, siRNA has been
adapted in high-throughput screens to perform systematic loss-
of-function studies in order to identify genes important for
normal cellular functions or virus replication.

Important aspects to consider when attempting high
throughput virus siRNA screens is whether the chosen readout
will generate a broad dynamic range and accurately reflect virus
replication and, ultimately, virus production. The dynamic range
of a screen describes the signal to noise ratio. If the chosen
readout for virus replication generates a maximal signal of 2-fold
over background, the sensitivity of the screen will be poor as
the largest phenotype possible would be a 2-fold reduction.
In contrast, a screen that generates a 100-fold dynamic range
provides far greater scope for defining phenotypic effects and
increases the sensitivity of the screen. In addition, if the readout
does not accurately reflect virus replication and, arguably the
more critical measurement, virus production, the false discovery
rate will be substantially higher. Conventional siRNA screens
often use reporter constructs incorporated into the viral genome
to generate a signal that reflects virus replication. While this
approach allows for rapid, efficient and real-time measurement
of signal, any effects on virus replication are biased toward early
events such as entry and genome replication and may be less
effective at measuring late events such as assembly and egress.
Previously we showed that measuring viral replication based on
expression of fluorescence cassette incorporated into the virus
genome alone, was a poor predictor of effects on late aspects

of virus replication (McCormick et al., 2018). Furthermore,
basing the readout directly on a fluorescent reporter can result
in the identification of genes that have a direct effect on the
fluorescent signal rather than through inhibition or promotion
of virus replication.

Another aspect to consider is the potential for off-target
effects, where the observed phenotype is caused by inhibition
of a gene other than the intended target. The use of pooled
siRNAs has reduced problems of off-target effects. By using
three to four independent siRNAs that target different regions
of a transcript, concentrations of each siRNA can be reduced,
thereby diminishing the risk of off target effects, while generating
synergistic RNAi activity, improving efficiency and specificity of
knockdown. However, careful validation is still required for any
potential hit and pooled siRNAs can be deconvoluted during
hit validation and individual siRNAs examined to confirm the
specificity of knockdown.

In this section we describe a number of HCMV siRNA
screens that have used alternative approaches to measure virus
replication, enabling improved measurement of early and late
aspects of HCMV virus replication.

Polachek et al. (2016) performed an siRNA screen to
determine the role of cellular kinases and phosphatases on
HMCV replication. In this study, 789 human kinases and
phosphatases were targeted in HFFs using siRNA pools and
the HCMV laboratory strain AD169. The immunofluorescence
staining of viral antigen pp28 (UL99-encoded) at 72 HPI was
employed as an indication of the level of viral replication.
A high-throughput high-content confocal microscopy with an
ImageXpress Micro microscope was used to quantify the level
of pp28 expression, allowing image capturing in microplate
systems. As pp28 is a late gene, visualization of this protein
would more accurately reflect all stages of virus replication. The
results showed that 25 siRNAs had enhancing effects on HCMV
replication with Z-scores above 1 whilst 30 siRNAs had inhibitory
effects with Z-scores below −1. Z-score describes how many
standard deviations a given measurement lies above or below
a population mean (Curtis et al., 2016). Only 4 siRNA pools
targeting phosphatidylinositol 3-kinase class II alpha (PI3K-
C2A), cluster of differentiation 4 (CD4), exosome component
10 (EXOSC10) and WNK lysine deficient protein kinase 4
(WNK4) were found to have strong inhibitory effects (Z-scores
below −2) on HCMV replication. However, CD4 and WNK4
were not found to be expressed in HFFs infected with HCMV;
thus, they were excluded from further analysis. PI3K-C2A was
further characterized since it had not been previously linked to
HCMV replication at the time of the study. The PI3K family is
important for nearly all aspects of cell biology, acting at nearly
all cellular membranes to regulate a wide range of signaling,
membrane trafficking and metabolic processes (Jean and Kiger,
2014). The authors demonstrated that all 4 siRNAs from the
siRNA pool against PI3K-C2A significantly reduced the number
of pp28 positive cells; however, western blot analysis showed that
knockdown of PI3K-C2A resulted in a modest decrease of pp28.
Therefore, it was suggested that PI3K-C2A depletion is more
likely to affect the production of viral or cellular factors important
for productive replication rather than pp28 expression. Using
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electron microscopy, the authors also showed that knockdown
of PI3K-C2A leads to an accumulation of capsids that had
undergone secondary envelopment but was not released from
the cell. Interestingly, both PI3K class I and class III have been
shown to be involved in the intracellular signaling and secondary
envelopment during HCMV infection, respectively, thus, the
identification of PI3K class II as an important host factor for
HCMV replication illustrates the involvement of all three classes
of PI3K in HCMV replication and functional differences among
classes of the same protein family (Johnson et al., 2001; Sharon-
Friling and Shenk, 2014).

A virus expressing a fluorescence reporter can also be used as
an indirect indication of infection and replication. For example,
a GFP-expressing TB40/E virus (TB40/E-GFP) was developed
by inserting an SV40 promoter-driven GFP cassette into the
intragenic region between TRS1 and US34 (Umashankar et al.,
2011). The use of a GFP-expressing virus can significantly reduce
the time for the measurement of infection level, as long as the
GFP expression represents or correlates with virus replication.
Conventionally, siRNA screens were performed in one cycle of
replication, where cells were transfected with siRNA, infected
with virus and viral gene expression or viral genome copies
were measured as an indication of virus replication. However,
this approach can miss host factors that are involved in the
later stages of the virus life cycle, such as virion assembly and
egress. The approach of collecting supernatant following the first
round of replication and assaying the supernatant for infectious
virions on cells can address this issue. The aforementioned
TB40/E-GFP virus was used in a medium-throughput siRNA
screen, undertaken in our laboratory, using a library against
160 host genes involved in membrane organization (Lin et al.,
2017; McCormick et al., 2018). The readout of GFP is a direct
measure of infection but only an indirect measure of virus
production. In contrast to conventional single-step screens, a
two-step screening approach was used in this study. This involves
the collection of supernatant at the end of the primary replication
screen at 7 days post-infection (DPI), and the transfer of the
supernatant to fresh untransfected cells, to measure production
of infectious virus progeny by GFP expression. This approach
independently measures virus replication and production using
GFP readout which can be measured by plate cytometry. We
showed a striking lack of correlation between the results from
primary replication and virus production screens. For example,
knockdown of some candidates reduced the level of GFP
expression in primary replication but the level of infectious
virus progeny was unaffected. Some of these factors may be
involved in the regulation of GFP expression, instead of HCMV
replication. Meanwhile, knockdown of other candidates had
limited impact on primary replication, but virus production
was substantially inhibited. These factors would represent false
negative candidates in the conventional single-step screens. This
analysis highlighted the advantages of the two-step screening
approach in identifying host factors involved in both early
(such as entry and early gene expression) and late (such as late
gene expression and virion assembly/egress) stages of the virus
life cycle. The screen successfully identified valosin containing
protein, VCP, as an essential host factor for HCMV primary

replication (Lin et al., 2017). VCP is a member of the hexameric
AAA ATPase family and it plays a role in ubiquitin mediated
signaling through remodeling target proteins, which are often
degraded by proteasomes. It was found that VCP is involved
in regulating expression of two viral major immediate-early
genes, IE1 and IE2, and VCP knockdown resulted in loss of
IE2 expression and subsequent loss of early and late gene
expression. VCP was also shown to colocalised with the viral
replication compartments in the nucleus and a small molecule
inhibitor of VCP, NMS-873, was shown to be a potent HCMV
antiviral. The same screen also identified novel host factors
involved in virus assembly and egress, including ERC1, RAB4B,
COPA, and COPB2 (McCormick et al., 2018). Knockdown of
these candidates resulted in little or no reduction in primary
replication but significantly reduced virus production. Further
characterization studies showed distinct functions of these four
host genes in the regulation of virus gene expression, DNA
amplification, assembly and egress.

More recently we reported a high-throughput siRNA screen
using a library targeting 6,881 host genes that are considered to be
druggable and have high therapeutic potential (Lee et al., 2019).
Using normal human dermal fibroblast cells (NHDF, similar to
HFFs) and TB40/E-GFP, the screen identified 47 proviral and 68
antiviral factors involved in a broad range of cellular functions,
such as transcription regulation by the mediator complex and
proteasomal degradation. Asparagine synthetase (ASNS) was
shown to be a previously unreported proviral factor for HCMV. It
was found that knockdown of ASNS inhibited HCMV replication
at an early stage and further analyses by western blotting showed
that IE2 expression was inhibited in ASNS depleted cells. There
are a number of studies demonstrating that amino acids function
more than just in protein biosynthesis; instead, they are involved
in a number of cellular pathways including cell cycle, apoptosis,
and protein translation (Gong and Basilico, 1990; Kimball and
Jefferson, 2006; Jewell et al., 2013; Meijer et al., 2015). The main
function of ASNS is to produce the non-essential amino acid
asparagine via glutamine and aspartate in an ATP-dependent
manner. Asparagine has been shown to affect the cell cycle as
a depletion of intracellular asparagine levels induces cell cycle
arrest at the G1 phase (Gong and Basilico, 1990). However, since
HCMV induces cell cycle arrest at the G1/S phase, the induction
of cell cycle arrest by asparagine depletion does not explain an
early inhibition of virus replication. Asparagine has also been
shown to regulate uptake of amino acids in cancer cells and
indirectly, as an amino acid exchange factor, regulates the mTOR
pathway which controls protein synthesis (Krall et al., 2016).
Previously, a series of studies showed that HCMV maintains
mTOR activation during deprivation of essential amino acids
through the binding and antagonizing of a major mTOR
suppressor, tuberous sclerosis subunit complex 2 (TSC2), by the
viral UL38 protein (Moorman et al., 2008; Terhune et al., 2010;
Clippinger et al., 2011; Rodriguez-Sanchez et al., 2019). As with
essential amino acid deprivation,mTOR activity, measured by the
phosphorylation of S6 kinase, was also maintained by the virus
following ASNS knockdown. Furthermore, knockdown of ASNS
did not affect virus replication of another human herpesvirus,
herpes simplex virus-1 (HSV-1), nor influenza A virus, suggesting

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 June 2020 | Volume 10 | Article 280133

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lee and Grey Systems Virology and Human Cytomegalovirus

ASNS depleted cells are still capable of continuing protein
synthesis and supporting virus replication. These data suggest
that there may be an unknown pathway regulated by intracellular
asparagine levels impacting HCMV replication. To demonstrate
that the effect of ASNS knockdown is due to decreased asparagine
levels, we demonstrated that virus replication is fully rescued
by adding exogenous asparagine at the time of infection in
ASNS-depleted cells. Remarkably, upon ASNS depletion, virus
replication can be completely rescued by supplying exogenous
asparagine up to 7 days post-infection. This suggests that in ASNS
depleted cells, HCMV is able to enter the cell and expresses IE1
but not IE2; thus, the virus remains dormant within the cell but
retains the capacity for full replication days after initial infection
and requires only asparagine to resume its replication.

There are studies in cancer cells showing the requirement of
asparagine for cellular adaptation during glutamine starvation
and for nucleotide biosynthesis (Zhang et al., 2014; Zhu et al.,
2017). Furthermore, asparaginase, an enzyme that catalyzes
asparagine into aspartate and ammonia, has been used to treat
cancers including acute lymphoblastic leukemia, acute myeloid
leukemia and non-Hodgkin’s lymphoma (Hettmer et al., 2015; Bu
et al., 2016; Egler et al., 2016). However, asparaginase resistance
is reported in some cases of cancers and the use of ASNS
inhibitors has been proposed and is currently in the development
process (Gutierrez et al., 2006). Therefore, there is a possibility to
repurpose anti-cancer drugs to treat HCMV based on the similar
dependency upon asparagine between cancers and HCMV, or
perhaps a simple dietary restriction in patients with high risk of
HCMV infection may prevent the spread of the virus. The ability
to “resume” virus replication by adding exogenous asparagine
in ASNS-depleted cells also suggests the potential impact of
asparagine levels and ASNS expression on the establishment and
maintenance of HCMV latency. At this stage, it is unclear why
HCMV requires asparagine to replicate efficiently whilst other
herpesviruses such as HSV-1, does not.

Another way to measure virus infection in a high-throughput
siRNA screen is to quantify levels of key viral transcripts
by RNA-seq or reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) (Song et al., 2019). Recently, a high-
throughput siRNA screen was reported which examined the
role of cellular RNA-processing factors in immune regulation
during HCMV lytic infection. Targeting 687 genes involved in
cellular RNA processing, including RNA-binding proteins and
ribonucleases using pooled siRNAs (4 siRNAs per gene), HFF
cells were infected with HCMV low-passage strain Toledo and
infection efficiency was quantified by measuring the mRNA
levels of IE1 (immediate-early), UL44 (early), and UL99 (late)
genes at 48 HPI (Song et al., 2019). Knockdown of 36 genes
showed at least 3-fold decrease in mRNA levels of viral
late gene UL99 expression. The authors followed up on one
of the candidates, an RNA-binding protein Roquin encoded
by the RC3H1 gene, and showed that the expression of
Roquin is induced by HCMV and is required for efficient
productive infection. Roquin plays important roles in both the
innate and adaptive immune systems and promotes mRNA
decay of transcripts with roles in immunity (Athanasopoulos
et al., 2016). RNA-seq analysis performed in HCMV-infected

and mock-infected Roquin depleted cells revealed increased
production of pro-inflammatory cytokines such as interleukin-
6 (IL-6) and IL-1B. However, the increased production of
pro-inflammatory cytokines, chemokines, interferons (IFN) and
interferon-stimulated genes (ISGs) was more drastic in infected
cells, with cytokine levels being induced over 200-fold at 72 HPI.
IFN and ISGs showed robust induction at 24 HPI in Roquin
depleted cells. Cross-linking immunoprecipitation (CLIP)-seq
analysis was performed to identify mRNA sequences targeted
by Roquin during HCMV infection and found an enrichment
of previously known Roquin targets such as pro-inflammatory
cytokine IL-6 and chemokine CXCL2, as well as novel
targets including dickkopf WNT signaling pathway inhibitor 1
(DKK1) and interferon regulatory factor 2 binding protein like
(IRF2BPL). The mRNA targets identified in CLIP-seq analysis
were also found enriched in Roquin depleted cells, suggesting
that Roquin selectively targets these genes for downregulation
during HCMV infection. Finally, in order to determine the
specific Roquin targets involved in HCMV gene expression,
109 genes that showed increased expression upon Roquin
depletion were selected for siRNA knockdown, along with
Roquin depletion and infection monitored by quantifying the
mRNA level of HCMV late gene UL146. Upon knockdown in
HCMV-infected Roquin depleted cells, ANKRD52, CDK6, CFL2,
and IRF1 showed a >50% rescue of UL146 gene expression. The
authors suggested that Roquin may downregulate the expression
of ANKRD52 to inhibit cellular miRNA-dependent regulation
that may be involved in innate antiviral responses. Furthermore,
suppression of CDK6 and CFL2 via Roquin can establish the
cellular environment by controlling cell cycle and cytoskeleton,
respectively. Since IRF1 is a well-characterized transcriptional
activator of various cytokines, its role as a target by Roquin
during HCMV replication was further studied. It was concluded
that Roquin-mediated down-regulation of IRF1 is important for
HCMV replication by mediating cytokine levels.

shRNA Studies of HCMV
In addition to siRNA screens with individual gene knockdown
in microwell plate formats, large-scale pooled shRNA expression
lentiviral vector libraries provide another application for
identification of host-virus interactions. shRNAs are about 80
nucleotides in length with a stem-loop structure similar to
pre-miRNA (Fennell et al., 2014). They require processing
by the Dicer protein before being incorporated into RISC.
Unlike siRNAs which are usually transfected into cells as
duplex RNAs, shRNAs are usually engineered into lentivirus
vectors and integrated into genomic DNA for longer and more
stable expression.

A high-throughput shRNA screen was employed to identify
host factors involved in HCMV US11-mediated HLA class I
degradation via the endoplasmic reticulum associated protein
degradation (ERAD) pathway. A high-coverage shRNA library
consisting of around 55,000 sequences (around 30 individual
shRNAs per gene) that target all known human protein-
encoding genes was generated (van de Weijer et al., 2014).
Each shRNA lentivirus vector expresses mCherry. A U937
monocytic cell line co-expressing HCMV US11 and a chimeric

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 June 2020 | Volume 10 | Article 280134

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lee and Grey Systems Virology and Human Cytomegalovirus

HLA-A2 molecules with N-terminally tagged eGFP and Myc-
epitope were used. Using the chimeric HLA-A2 molecules as
an indication of US11-mediated degradation, the level of HLA
class I molecule expression can be monitored by measuring
GFP signal on the cell surface by flow cytometry or using a
Myc specific antibody. Prior to shRNA transduction, it was
confirmed that HCMV US11 expression significantly reduces
the GFP expression from the chimeric HLA-A2 molecules.
Following shRNA transduction, cells were sorted via GFP
signal into GFP-bright and GFP-dim populations, and the GFP-
bright population is further sorted for purity through selecting
mCherry positive cells (cells transducedwith an shRNA lentivirus
vector) and GFP-bright cells. Around 2.8 million mCherry
positive, GFP-bright cells per screen were selected for deep
sequencing, along with 115 million mCherry positive, GFP-
dim cells as control. GFP-bright populations are considered to
have disrupted US11-mediated HLA class I downregulation. Two
independent screens were performed and overlapping genes in
the top 100 of two screens include coatomer subunits (e.g.,
COPA and COPB2) and proteasome subunits (e.g., PSMD1
and PSMC2). VCP was also identified as a clear hit, and this
gene was identified in our medium-throughput siRNA screen
(Lin et al., 2017). Several proteins involved in the ubiquitin
pathway were identified in the GFP-bright populations but did
not meet the strict cut-off requirements, including ubiquitin
B, ubiquitin C, ubiquitin-activating enzyme E1 (UAE1) and
the E2-conjugating enzyme UBE2J2. The authors focused on
transmembrane protein 129 (TMEM129), and showed that
TMEM129 is a novel E3 ubiquitin ligase and is important
for HCMV US11-mediated HLA class I downregulation. The
authors also demonstrated the involvement of UBE2J2, an E2
ubiquitin-conjugating enzyme, in the US11-mediated HLA class
I downregulation, using shRNA and CRISPR/Cas9 techniques.
A few years later, the same research groups further explored
their study and performed a CRISPR/Cas9 screen to identify
E2 ubiquitin-conjugating enzymes that are involved in the
regulation of HCMVUS2-mediated HLA class I downregulation.
Thirty-six known human E2 enzymes were targeted, and 112
single guide RNAs (sgRNAs) were generated (van de Weijer
et al., 2017). The same U937 monocytic cell line expressing
an HLA-A2 molecule with an N-terminal eGFP tag was used
to detect HLA class I expression mediated by HCMV US2. A
similar screening strategy to the shRNA screen was employed,
and UBE2G2 and UBE2D3 were identified as essential factors for
US2-mediated HLA class I downregulation as sgRNAs targeting
these two proteins led to an increased expression of GFP-tagged
HLA-A2molecules. However, sgRNAs targeting UBE2J2 resulted
in further downregulation of HLA-A2 expression, suggesting
that UBE2J2 counteracts the downregulation of HLA class I by
US2 during HCMV infection. Interestingly, UBE2J2 was also
identified in the shRNA screen, but it showed opposite functions
for US11-mediated and US2-mediated HLA class I degradation.
Unfortunately, the explanation on this was not given in the latter
report; however, it is possible that UBE2J2 is involved in the
regulation of HLA class I degradation between two viral proteins
in an unknown mechanism.

CRISPR/Cas9 Studies in HCMV
Cell-based RNAi has been the primary system for high-
throughput gene perturbation, but some challenges and
limitations persist, including toxicity and off-target effects
(Mashalidis et al., 2013; Jadhav, 2014). siRNA off-target effects
are common and can occur when unintended transcripts are
silenced by siRNA through partial sequence complementarity
or when passenger strands of the siRNA are loaded into RISC
(Jackson and Linsley, 2010; Lam et al., 2015). siRNAs and/or
their delivery vehicles can also trigger an inflammatory response
through activation of Toll-like receptors (TLRs), causing an
indirect inhibition of virus replication. However, pooling of
multiple siRNAs to the same target transcript can help reduce
off-target silencing, due to competition among the siRNAs in the
pool (Kittler et al., 2007).

Unlike RNAi, CRISPR/Cas9 technology directly targets
DNA for complete gene knockout and has been adapted
in high-throughput screens as it overcomes some limitations
of RNAi screens, including incomplete suppression of target
genes and off-target effects (Pickar-Oliver and Gersbach, 2019).
CRISPR/Cas9 allows specific manipulation of genomes based on
the expression of modified Cas9 protein and single guide RNAs
(sgRNAs). In nature, CRISPR is a prokaryotic immune response
to invading DNAs such as bacteriophages and transposons.
Specialized endonucleases called Cas proteins use CRISPR RNA
(crRNA) to recognize and cleave target sequence. Depending on
the Cas proteins, DNA can be nicked on one strand or cleaved
on both strands. Cas9 protein was first found in Streptococcus
pyogenes and reprogrammed for genome editing in mammalian
cells (Pickar-Oliver and Gersbach, 2019). Containing two distinct
nuclease domains, RuvC and HNH, Cas9 typically cleaves each
strand with each nuclease domain, generating a DNA double-
strand break (DSB) which is repaired by either homology directed
repair (HDR) pathway or non-homologous end-joining (NHEJ)
pathway. NHEJ repair is more common because the efficiency
of HDR depends on the concentration of a homologous DNA
template at the time of repair, the length of the homology, and
the activity of the endogenous repair system (Lin et al., 2014;
Maruyama et al., 2015). Due to the error-prone nature of the
NHEJ repair pathway, mutations by insertion or deletion at the
target site are often introduced, subsequently causing potential
frameshift and downstream premature stop codons.

A human genome-wide CRISPR knockout (GeCKO) library
has been used in a screen to identify host factors required
for HCMV replication. The library targeted 19,050 human
genes with over 120,000 sgRNA sequences (Wu et al., 2018).
Two HCMV strains that only express viral trimer glycoprotein
complex (gH/gL/gO), AD169 with a frame-shift insertion in
UL131A and Merlin with a nonsense mutation in UL128, were
used to infect HFFs. The surviving cells following infection
were collected for sequence analysis of sgRNA enrichment,
and sgRNAs targeting platelet-derived growth factor receptor
alpha (PDGFRα) were enriched in cells infected with both
trimer-only viruses. It was shown that the immunoglobulin-like
domain 3 of PDGFRα, but not the kinase domain, is required
for HCMV entry via trimeric complex. However, PDGFRα
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TABLE 1 | Summary of high-throughput studies.

References Experimental techniques+ Cell type* HCMV strains

for screens

Detection method of

infection

Number of “hits”

RNA-seq Batra et al. (2016) Affymetrix microarrays; poly-A

selected RNA-seq; TAIL-seq

NPCs, HFFs, Ecs TB40/E and

Towne

HCMV mRNA

expression pattern

Over 2,000 altered host

RNA splicing events in

infected HFFs and NPCs

Proteomics Weekes et al.

(2014)

TMT proteomics of 1,184

surface proteins and 7,491

cellular proteins

HFFFs (HFFs) Merlin HCMV protein

expression profile

Not specified

Jean Beltran et al.

(2016)

Subcellular fractionation,

TMT-based and label-free mass

spectrometry and confocal

microscopy

HFFs AD169-GFP GFP expression from

the virus

796 proteins downregulated

and 593 upregulated up to

96 HPI; 374 proteins

showed translocation upon

infection

Arend et al. (2017) Multiplexed kinase inhibitor

bead-mass spectrometry

(MIB-MS) quantitatively

measure perturbations in 244

cellular kinases

MRC-5 AD169 and

TB40/E

Infection not

measured

53 kinases upregulated and

51 downregulated at

multiple timepoints

post-infection

Nightingale et al.

(2018)

TMT proteomics with

proteasomal (MG132) and

lysosomal (leupeptin) inhibitors;

SILAC; RNA-seq

Immortalized HFFs

(HFFF-TERTs)

Merlin HCMV protein

expression profile

131 proteins were rescued

by MG132 and 28 proteins

by leupeptin within 24 h of

infection

Jean Beltran et al.

(2018)

Targeted mass spectrometry

against peroxisome proteins

HFFs AD169 Viral protein

expression profile of

IE1, pUL26 and pp65

52 peroxisome proteins

showed increased

expression from 24 HPI

siRNA

screens

Polachek et al.

(2016)

An siRNA library, in a pool of 4

siRNAs, targeting 789 human

kinases and phosphatases

HFFs AD169 Immunoflurescencely

labeling pp28

26 proviral and 25 antiviral

hits

Lin et al. (2017) An siRNA library, in a pool of 4

siRNAs, targeting 140

membrane trafficking genes and

20 other selected genes

NHDF (HFFs) TB40/E-GFP SV40 promoter driven

GFP expression from

the virus

Not specified

McCormick et al.

(2018)

An siRNA library, in a pool of 4

siRNAs, targeting 156 host

genes

NHDF (HFFs) TB40/E-GFP SV40 promoter driven

GFP expression from

the virus

11 proviral and 31 antiviral

hits from the virus

production screen

Lee et al. (2019) An siRNA library, in a pool of 4

siRNAs, targeting 6,881 host

genes with high therapeutic

potential

NHDF (HFFs) TB40/E-GFP SV40 promoter driven

GFP expression from

the virus

47 proviral and 68 antiviral

hits

Song et al. (2019) An siRNA library, in a pool of 4

siRNAs, targeting 687 host

genes involved in cellular RNA

processing

HFFs Toledo RT-qPCR of IE1,

UL44, UL99 at 48 HPI

36 proviral genes based on

UL99 expression

shRNA

screens

van de Weijer et al.

(2014)

A high-coverage shRNA library

of around 55,000 sequences

(30 shRNAs per gene)

U937 N/A; Cells

expressing

HCMV US11

proteins

Cells engineered to

express chimeric

HLA-A2 molecules

with eGFP and Myc

tags; cell sorting by

FACS

Not specified; top 100

enriched sgRNAs/genes

from both screens shown

CRISPR

screens

van de Weijer et al.

(2017)

A CRISPR library of 112

sgRNAs targeting 36 known

human E2 enzymes

U937 N/A; Cells

expressing

HCMV US2

proteins

Cells engineered to

express

eGFP-HLA-A2

molecules; cell sorting

by FACS

Knockout of 2 genes

showed rescue expression

of eGFP-HLA-A2 and

knockout of 1 gene showed

further downregulation of

eGFP-HLA-A2

Wu et al. (2018) A human genome-wide GeCKO

library targeting 19,050 human

genes with over 120,000

sgRNAs

HFFs AD169 with

UL131A

insertion and

Merlin with

UL128 nonsense

mutation

Sequence analysis of

sgRNA enrichment in

surviving cells

Not specified; top 10

enriched sgRNAs shown

(Continued)
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TABLE 1 | Continued

References Experimental techniques+ Cell type* HCMV strains

for screens

Detection method of

infection

Number of “hits”

Xiaofei et al. (2019) A human genome-wide GeCKO

library targeting 19,050 human

genes with over 120,000

sgRNAs

ARPE-19, HEL TB40/E and

AD169

Sequence analysis of

sgRNA enrichment in

surviving cells

312 candidates (≥3

sgRNAs, each with ≥20

reads) in ARPE-19 screen

miRNA

screens

Pavelin et al.

(2013)

RISC-IP using an AGO2 specific

antibody

NHDF (HFFs) AD169 and TR N/A 686 transcripts were

enriched over 2-fold in

AD169-infected cells; 442

transcripts enriched in

TR-infected cells

Kim et al. (2015) AGO-CLIP-seq using a

pan-AGO antibody

HFFs TowneLONG N/A 3,909 HTVs** from data

collected at 24, 48, and 72

HPI

+TMT, tandem mass tag; RISC-IP, RNA-induced silencing complex immunoprecipitation.

*NPCs, neural progenitor cells; HFFs, human foreskin fibroblasts; ECs, endothelial cells; HFFFs, human fetal foreskin fibroblast; HFFF-TERTs, HFFF immortalized with human telomerase;

NHDF, normal human dermal fibroblast; HEL, human embryonic lung fibroblast.

**HTVs, human targets of the viral miRNAs.

N/A, not applicable.

knockout fibroblast cells remain susceptible to HCMV that
propagates in epithelial cells expressing pentameric complex
(gH/gL/pUL128-pUL130-pUL131A).

A recent CRISPR/Cas9 screen identified an olfactory receptor
family member, OR14I1, as an essential receptor for attachment,
entry and infection of epithelial cells by pentameric complex
expressing HCMV (Xiaofei et al., 2019). Using the same
human GeCKO library (19,050 human genes, 6 sgRNAs per
gene), two parallel screens were performed in either adult
retinal pigment epithelial cell line 19 (ARPE-19) infected with
epithelial-tropic TB40/E (expressing both trimeric gH/gL/gO
and petameric gH/gL/pUL128-pUL130-pUL131A complexes) or
human embryonic lung (HEL) fibroblast cells infected with
fibroblast-tropic AD169 (expressing only trimeric gH/gL/gO
complexes). Following CRISPR knockout, cells were repeatedly
exposed to HCMV infection over 3 months at an MOI of
5. When 95% of respective cells had died, the surviving
cells were expanded and subjected to a second round of
infection. The surviving cells with sgRNA-induced resistance
to HCMV were subjected to next-generation sequencing to
identify enriched sgRNAs. sgRNAs against either OR14I1 or
PDGFRαwere found enriched in pentamaric complex expressing
TB40/E infected cells. However, only sgRNAs against PDGFRα

were enriched in trimeric complex expressing AD169 infected
fibroblast cells, suggesting OR14I1 is not required for entry via
trimeric complexes. OR14I1 is a G protein coupled receptor
belonging to the olfactory receptor family, which is traditionally
thought of as chemosensors for olfaction. However, it has been
demonstrated previously that infectious agents exploit olfaction-
related receptors for transmission and infection, such as murine
CMV (MCMV) (Farrell et al., 2016). Therefore, it was intriguing
that HCMV also requires an olfactory receptor for entry. Using
a membrane flotation assay and immunoblots, it was shown
that TB40/E, which expresses both trimeric and pentameric
complexes, requires both OR14I1 and PDGFRα for optimal
binding to epithelial cells. OR14I1 is predicted to have 4 peptide

regions exposed on the cell surface and the first region, amino
acid 1–26, was found to have the capability to interact with the
pentameric complex, thereby limiting the binding and replication
of TB40/E in epithelial cells. The authors also demonstrated
that OR14I1 is required for the activation of adenylate cyclase
(AC)/protein kinase A signaling pathway and the combination
of OR14I1 binding and AC activity is required for TB40/E entry.

CRISPR/Cas9 offers a complete gene knockout by introducing
mutations in target sites, instead of silencing gene expression by
inducing mRNA degradation or disrupting translation. Loss-of-
function CRISPR/Cas9 screens can be performed using sgRNAs
against exons, non-coding regions or transcription factor motifs
(Pickar-Oliver and Gersbach, 2019). There are several factors
that can affect the efficacy of the CRISPR/Cas9 screen, including
off-target cutting, incidence and efficiency of HDR vs. NHEJ,
and Cas9 activity (Lino et al., 2018). However, one of the major
challenges of the two screens discussed in this review is bias
toward the enrichment of sgRNAs targeting surface receptors for
virus entry. Although the importance of PDGFRα for trimeric
complex expressing HCMV entry was successfully validated and
OR14I1 as a novel receptor for pentameric complex expressing
HCMV was identified, the enrichment of sgRNAs against other
cellular factors that may be involved in viral gene expression or
other processes is less substantial. There are potential approaches
to circumvent the bias of currently published CRISPR. For
example, instead of using pooled lentiviral vectors and survival
assays, high-throughput microplate systems, similar to siRNA
screens, with each well containing sgRNAs targeting the same
gene can be used. Furthermore, fluorescent activated cell sorting
(FACS) can also be adapted to measure virus infection and sort
cells based on the level of virus replication prior to sequencing
for sgRNA enrichment. There is also a future revenue in single
cell sequencing following a CRISPR screen as it helps to dissect
cellular differences at higher resolution and understanding how
individual cells respond to infection. Adaptation of other high-
throughput techniques such as liquid handling automation for
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liquid dispensation and collection in microplates and high-
content microscopy and improvement on design of sgRNA
libraries may lead to a new generation of CRISPR/Cas9 screens
with higher rates of hit identification.

miRNA Studies in HCMV
A more indirect, but potentially powerful approach for the
identification of novel host-virus interactions is through miRNA
target discovery. Herpesviruses express their own viral miRNAs
that can target both viral and cellular transcripts. Viruses also
modulate the expression of cellular miRNAs, thereby indirectly
affecting host gene expression. By identifying targets of viral
miRNAs, novel host factors important for virus replication can
be discovered; in essence, using the virus to indicating which host
genes are important for its replication cycle.

miRNAs are initially transcribed as long primary miRNA
(pri-miRNA) with one or more sequences that can hybridize
and form hairpin structures (Fennell et al., 2014). The pri-
miRNA is processed by RNase Drosha/Pasha in the nucleus to
produce pre-miRNAs which have individual stem-loop hairpin
structures. Pre-miRNAs are exported to the cytoplasmwhere they
are processed by the Dicer protein to form short double-stranded
siRNA-like miRNA duplexes, which are 19–25 nucleotide long
(Tomari and Zamore, 2005; Lam et al., 2015). A single-stranded
mature miRNA is then incorporated into the RNA-induced
silencing complex (RISC) which uses the miRNA sequence as
a guide to recognize complementary mRNA transcripts and
cleaves the mRNA via Argonaute protein which is within
RISC. miRNAs modulate gene expression primarily through
targeting the 3′ untranslated region (3′UTR) of genes, and

FIGURE 1 | Host factors identified in high-throughput studies and their role in HCMV infection. The life cycle of HCMV is summarized in the figure and candidates

identified in each type of high-throughput studies were shown in their approximate functional location. Candidates identified in each type of high-throughput studies

are in: red (RNA-seq), blue (proteomics), green (siRNA), purple (shRNA), brown (CRISPR), pink (miRNA).
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often have multiple targets through partial complementarity
(Fennell et al., 2014).

Previously, our lab performed a systematic RISC
immunoprecipitation (RISC-IP) analysis to identify host factors
targeted by HCMV-encoded miRNAs (Pavelin et al., 2013).
By pulling down RISC using an argonaute 2 (AGO2) specific
antibody and analyzing mRNA transcripts by microarray,
ATP6V0C, a vacuolar ATPase complex involved in acidification
of endosomal compartments, was identified as a novel target
of viral mir-US25-1. Interestingly, further characterization
studies using siRNA against ATP6V0C showed that depletion
of ATP6V0C resulted in almost complete loss of infectious
virus production, suggesting that HCMV targets a crucial host
factor required for productive virus replication. ATP6V0C
was also found to be required for the formation of virion
assembly compartment (VAC) during HCMV infection (Pavelin
et al., 2017). Currently, it is still not completely understood
why HCMV targets ATP6V0C. We suggested that it may be
related to the establishment of latency or immune evasion
as endosomal acidification is required for efficient MHC
class II antigen presentation, but a mechanism remains to
be established.

Subsequently, argonaute-crosslinking and immuno
precipitation followed by high-throughput screening (AGO-
CLIP-seq, also known as Ago HITS-CLIP) was performed in
HCMV strain Townelong infected HFFs in order to identify
miRNA-target interaction sites (Kim et al., 2015). Compared
to the RISC-IP analysis, the AGO-CLIP-seq involves UV-
crosslinking of RNA with argonaute (AGO) proteins and
sequencing of mRNAs and small RNAs. Furthermore, a pan-
AGO-specific monoclonal antibody was used instead of an
AGO2-specific antibody; thus, the results will reveal miRNAs
associated with all AGO proteins rather than specific interactions
with AGO2. In mammals, there are four AGO proteins but only
AGO2 is catalytically active and can degrade target transcripts
(Meister, 2013). The AGO-CLIP-seq identified 3,909 human
targets of the viral miRNAs (HTVs) from data collected at 24,
48, and 72 HPI, and these target gene groups contain the peak
clusters with enrichment higher in infected samples than in
uninfected samples. Thirty high-confidence candidates were
selected for validation by quantitative real-time PCR (qRT-PCR)
to examine the fold reduction in mRNA expression following
transfection with targeting viral miRNAs into HFFs. At 48 h post-
transfection, 26 of 30 were significantly downregulated. mRNA
levels of most of these targets were recovered or noticeably
higher when infected with miRNA-mutant viruses. The authors
focused on two pathways that are targeted by viral miRNAs: cell
cycle/apoptosis/autophagy and interferon JAK/STAT signaling,
and validated their results using viral miRNA mimics and
luciferase reporter assays for the 3′UTR of target mRNAs.
Finally, the targetomes of human miRNAs were also investigated
using the same dataset and it was found that increased expression
of human miRNAs usually leads to decreased overall mRNA
expression of targets; however, decreased expression of human

miRNAs does not increase the overall mRNA expression.
These experiments help dissect complex miRNA-mediated host
manipulation during HCMV lytic infection.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Systems virology, involving high-throughput molecular profiling
and bioinformatics, has highlighted the complexity of host-
virus interactions and contributed to our understanding of how
HCMV works, novel cellular functions and potential new drug
targets (Law et al., 2013). The screens discussed in this review are
summarized in Table 1. The validated candidates in each screen
are illustrated in Figure 1, with each color showing the type of
screens the candidate was identified in.

With advances in sequencing, mass spectrometry and genome
editing, high-throughput studies become more efficient and
accurate in the identification of host-virus interactions. Despite
the discovery of novel host factors important for virus replication,
the precise functions and roles of these factors remain to be fully
elucidated. The potential of these factors as antiviral targets will
also require extensive examinations in vivo prior to proceeding
to clinical trials. The development of host-oriented antivirals will
have lower rates of the emergence of drug-resistant virus, thereby
providing a better option for therapeutics. However, drug toxicity
in the host is a major challenge most novel antivirals need to
overcome because some host factors are required for normal
cellular functions.

Integrating the various high throughput approaches, from
RNA-seq to proteomics to phenotypic screens, represents an
attractive future goal of systems approaches in HCMV research
as well as systems research in general. With improving pathway
analysis, integrated systems approaches may lead to major
advances in our understanding of basic virus biology, cell biology
and the discovery of novel antiviral therapies.
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Based on cell culture data, MHC class I downregulation by HCMV on infected cells has

been suggested as ameans of immune evasion by this virus. In order to address this issue

in vivo, an immunohistochemical analysis of tissue sections from biopsy and autopsy

materials of HCMV infected organs was performed. HCMV antigens from the immediate

early, early, and late phase of viral replication, and cellular MHC class I molecules were

detected simultaneously or in serial sections by immuno-peroxidase and immuno-alkaline

phosphatase techniques. Investigated organs included lung, gastrointestinal tract, and

placenta. Colocalization of MHC molecules with sites of viral replication as well as MHC

expression in individual infected cells were analyzed. To detect immune effector cells

at sites of viral replication, leukocytes, CD8+ lymphocytes, and HCMV antigens were

stained in serial sections. While strong MHC class I expression was detected in the cells

surrounding infected cells, it appeared downregulated in the majority of infected cells

themselves, particularly in the late replication phase. Despite significantly reduced MHC

class I signals on infected cells, sites of infection were infiltrated by inflammatory cells that

consisted predominantly of CD8+ lymphocytes. The extent of inflammatory infiltrates

was negatively correlated with the extent of HCMV infected cells. Taken together, our

findings indicate that HCMV can downmodulate MHC class I expression in vivo, whereas

cytokines originating from infiltrating immune effector cells probably up regulates MHC

class I expression in noninfected bystander cells. The presence of cytotoxic lymphocytes

in close contact to infected cells may reflect control of viral spread by these cells despite

MHC class I downmodulation.

Keywords: cytomegalovirus, immune evasion, immunohistochemistry, MHC class I, antigen presentation

INTRODUCTION

Human cytomegalovirus (HCMV), also known as human betaherpesvirus 5, is distributed
worldwide with seroprevalence rates between 45 and 100% (Cannon et al., 2010). After the primary
infection, HCMV persists for the lifetime in a latent state from which it can be reactivated, shed in
body secretions and thereby transmitted to other hosts. It is remarkable that HCMV can regularly
establish a persistent infection although it expresses more than a 100 proteins that can be targeted
by B-cell and T cell responses (Hengel et al., 1998). Indeed, the virus dedicates a great part of its
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genome to counteract various effectors of the immune system
and thus escape from elimination (Loenen et al., 2001; Wilkinson
et al., 2008; Jackson et al., 2011; Trilling et al., 2012; Corrales-
Aguilar et al., 2014; Goodier et al., 2018). The result is an
intricate balance between host defense and viral immune evasion
mechanisms that allow the virus to spread successfully in the
human population while the host usually stays undamaged.

In immunocompetent hosts, symptoms during the primary
infection are typically mild, and during the latent phase the virus
is well-controlled by a humoral and cellular immune response
that specifically targets many of the viral proteins (Sylwester
et al., 2005; McCormick and Mocarski, 2015; Jackson et al.,
2019). Among cytotoxic T cell responses, cells directed against
the non-structural immediate early antigen (pUL122/123), and
the structural tegument protein pp65 (pUL83) predominate and
can account for up to 20 and 27 % of the total CD8+ T cells in a
normal host in the absence of apparent infection or reactivation
(Khan et al., 2007). Such T cells are not only numerous but
most probably effective in controlling the virus, as donor CTLs
directed against those epitopes proved to protect recipients in
a post-transplant situation when applied for adoptive immune
transfer (Riddell et al., 1992; Feuchtinger et al., 2010; Jackson
et al., 2014; Neuenhahn et al., 2017; Kaeuferle et al., 2019).

Immune evasion mechanisms have been attributed to
HCMV that can attenuate various immune effectors, including
interferons, NK cells, antibodies, and T cells (Wilkinson et al.,
2008; Jackson et al., 2011; Trilling et al., 2012; Corrales-Aguilar
et al., 2014; Goodier et al., 2018). In particular, as cytotoxic T cell
responses are regarded crucial for the control of HCMV (Portela
et al., 1995; Kaeuferle et al., 2019), viral proteins directed against
MHC class I restricted antigen presentation have been extensively
studied. One of these proteins is already expressed immediately
after viral entry into the host cell (Ahn et al., 1996; Jones et al.,
1996). This protein is encoded by the viral gene US3 and prevents
intracellular transport of MHC class I molecules toward the cell
surface. During the early phase of replication this function is
further corroborated by two proteins, encoded by the viral genes
US2 and US11, that dislocate newly synthesized MHC class I
molecules from the ER to the cytoplasm, where they are then
targeted for degradation by the proteasome (Jones et al., 1995,
1996; Wiertz et al., 1996). And finally during the late phase of
infection, the protein encoded by US6 adds a third mechanism
by blocking the translocation of peptides to the ER via the
transporter associated with antigen presentation (TAP), thereby
preventing peptide loading onto MHC class I molecules that may
have escaped from degradation by US2 and US11 (Hengel et al.,
1996, 1997; Ahn et al., 1997; Lehner et al., 1997).

At a first glance it may appear surprising why the virus
encodes two proteins, pUS2, and pUS11, that serve the
same function, which is targeting MHC class I molecules for
degradation by dislocating them into the cytoplasm. Slight
differences in their mode of action or their efficacy in different
cell types or tissues may provide an explanation (Gewurz et al.,
2001; Rehm et al., 2002; Frascaroli et al., 2018). For US2 an effect
was also reported on MHC class II molecules (Tomazin et al.,
1999; Hegde and Johnson, 2003), but profound downmodulation
of class II molecules on the cell surface also occurs in the absence

of US2 and the genes involved are mostly unknown (Cebulla
et al., 2002; Lučin et al., 2015). Importantly, not all MHC class
I molecules are degraded by these proteins. HLA-C and HLA-
G are apparently resistant to pUS2 and pUS11 (Schust et al.,
1998), indicating that the host can counteract the effect of US22
and US11 to some extent by its polymorphism in HLA genes.
Furthermore, the action of cytokines like type I and II interferons
and tumor necrosis factor alpha, released from inflammatory
cells infiltrating into infected tissues, can also rescue some degree
of antigen presentation by a general upregulation of MHC class I
expression (Benz and Hengel, 2000).

To date, we can only speculate about the net effect of these
complex and antagonistic interactions between the viral and host
factors on MHC class I expression in organs that are relevant in
the pathogenesis of HCMV infections. While downmodulation
of MHC class II molecules has already been shown in HCMV-
infected cells in lung tissue by immunohistochemical means (Ng-
Bautista and Sedmak, 1995), similar in vivo data concerning
MHC class I downmodulation in relevant target organs of
HCMV-associated disease, like lung, and colon, are still missing.
Beside such target organs of HCMV-associated disease, placental
tissue may be particularly informative in this regard, because
it is regularly infected in cases of congenital HCMV infection
and all immune mechanisms are in principle unaffected in the
developing fetus. Therefore, the situation in the placenta may be
closer to the situation in the normal host than tissue specimens
from severely immunocompromised patients.

Taken together, a plethora of data demonstrates the capability
of HCMV to downregulate MHC class I molecules and thereby
evade the recognition by cytotoxic T cells in cell culture systems
whereas, on the other hand, HCMV infections are known to be
well-controlled in immunocompetent hosts and HCMV-specific
cytotoxic lymphocytes may contribute to this control as they
could protect recipients from HCMV infections in adoptive
transfer studies. Remarkably little data are available regarding
MHC class I modulation and the consequences for a cytotoxic T-
cell reaction in vivo in the complex situation of an infected tissue.
To address this issue, we analyzed samples from HCMV-infected
tissues by immunohistochemicalmeans concerning the questions
of whether evidence ofMHC class I downregulation can be found
in vivo in the different phases of viral replication and whether this
might allow viral escape from the cytotoxic T cell response.

MATERIALS AND METHODS

Tissue Sections
Formalin fixed, paraffin embedded tissues with light microscopic
evidence of active HCMV infection were provided by the
Cooperative Human Tissue Network, a National Cancer Institute
supported resource. Other investigators may have received
samples from these same tissue specimens. All placentas and
lung biopsies, resections, or autopsies performed at The Ohio
State University Medical Center within a three year period were
searched for the diagnosis of CMV. The histology of ∼10 cases
found by the search was reviewed and those tissues that showed
several CMV-infected cells per high power field were selected.
In order to allow for a correlative analysis of virus infection,
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MHC class I expression and lymphocytic infiltrations in serial
sections, the tissue blocks contained well-preserved tissue with
a high number of HCMV-infected cells. To represent several
typical clinical situations of HCMV replication, two lung and
two colon tissues of immunocompromised patients and two
placental tissues of congenitally infected children were chosen.
Formalin-fixed paraffin-embedded tissues were sectioned at
3µm, mounted on coated glass slides, and numbered to allow for
correlative analyses of various antigens in serial sections.

Antibodies
For detection of HCMV-infected cells in the different stages of
viral replication, monoclonal antibodies (MAbs) against various
viral proteins were used. MAb El3 (Biosoft) is directed against the
non-structural immediate early antigens (pUL123 and pUL122)
which are detectable throughout the replication cycle (Mazeron
et al., 1992). MAb CCH2 (generously provided by B. Zweygberg
Wirgart and L. Grillner, Stockholm, Sweden) is directed against
the non-structural early 52 kDa DNA-binding protein (pUL44)
and is detectable in the early and late phase of viral replication
(Plachter et al., 1992). MAb XP1 (NCNL 03; Behringwerke),
which is directed against the cytoplasmic tegument protein pp
150 (pUL32), was used to detect late-stage infected cells (Jahn
et al., 1990).

For detection of MHC class I antigens, we used MAb HC10
(kindly provided by H. Ploegh) that was raised against free class
I, HLA-B locus heavy chains (Stam et al., 1986), and reacts with
HLA-B, andHLA-C heavy chains, and someHLA-A heavy chains
(HLA-A10, HLA-A28, HLA-A29, HLA-A30, HLA-A31, HLA-
A32, HLA-A33) (Stam et al., 1990). This antibody was chosen
as it yields a clear staining pattern in formalin-fixed paraffin-
embedded tissues that correlates well with the staining pattern
of the pan-HLA-antibody W6/32 in frozen sections (Stam et al.,
1986; Mattijssen et al., 1991).

For detection of lymphocytes, a combination of antibody
clones 2B11 and PD7/26 (Dako) was used, which is directed
against leukocyte common antigen (CD45). For identification of
cytotoxic lymphocytes, antibody clone C8/144B (Dako) was used,
which is directed against CD8.

Immunohistochemical Staining
Tissue sections were deparaffinized and endogenous peroxidase
was blocked by incubation with 0.6% hydrogen peroxide in
methanol for 20min at room temperature (RT). Tissue sections
were then rehydrated with graded ethanol and digested with 0.1%
protease (Merck, Darmstadt, Germany) in phosphate-buffered
saline (PBS) for 5min at RT.

For detection of HCMV early antigen, sections were
pretreated with 0.1% protease type 24 (Sigma) in PBS for 5min
at RT. For detection of HCMV immediate early or late antigen,
MHC class I molecules or leukocyte common antigen, sections
were pretreated with antigen retrieval solution (Dako). For
detection of CD8, sections were boiled with 1 mmol/l EDTA
solution (pH= 8.0) in a pressure cooker. To prevent nonspecific
binding of antibodies, rabbit non-immune serum was added
for 20min. Non-immune serum was then removed and tissue
sections were subsequently incubated with primary antibodies,

secondary antibodies, and staining reagents to visualize the
antigen of interest.

For brown staining, tissue sections were first incubated with
the primary antibody of choice for 90min at RT, followed
by incubation with biotinylated rabbit anti-mouse Ig-antibody
(Dako) for 60min at RT and lastly incubated with streptavidin-
biotin-peroxidase complexes (Dako) for 20min at RT. Sections
were rinsed in PBS for 5min after each incubation step. Staining
was performed using 0.6% DAB in PBS.

For red staining, tissue sections were first incubated with
the primary antibody of choice for 90min at RT, followed
by incubation with biotinylated rabbit anti-mouse Ig-antibody
(Dako) for 60min at RT and lastly incubated with streptavidin-
biotin-alkaline phosphatase complexes (Dako) for 20min at RT.
Sections were rinsed in 0.05 mol/l Tris (pH = 7.6) for 5min
after each incubation step. Staining was performed using Fast Red
TR/Naphthol AS-MX Tablets (Sigma).

Finally, tissue sections were counterstained with hematoxylin,
mounted in glycerol gelatin, and analyzed with a Polyvar light
microscope (Cambridge Instruments).

Quantitative Analyses and Statistical Tests
Quantitative analyses of signal intensities were done using the
“measure” function of ImageJ software (Schneider et al., 2012).
Images of immunostained placental sections were taken with
an AxioLab.A1 microscope (Zeiss) using an Axiocam 105 color
camera. Using Fuji software (Schindelin et al., 2012), the stromal
regions of individual villi were defined as regions of interest
(ROI) and the brightness was measured as the mean gray level
per pixel on a scale of 256 gray levels. In each image, empty parts
without tissue were also measured for background correction.
Using Excel software, signal intensities were calculated as the
reduction of background brightness by the specific staining
(brightness background—brightness ROI). The signal intensities
of all “infected” villi were compared with the signal intensities
of all “uninfected” villi, using the inbuilt t-test function (two-
sample, unequal variance) of Excel.

Categorial variables were analyzed for independence by a
chi-squared test using the inbuilt CHISQ.TEST function of Excel.

RESULTS

MHC Class I Downregulation in Infected
Cells
For several gene products of HCMV a clear MHC class
I downmodulating effect has been demonstrated in cell
culture systems both after transfection of isolated genes
and in the viral context. On the other hand, inflammatory
cytokines can upregulate MHC class I molecules. To investigate
whether HCMV infection results in downmodulation of MHC
class I expression in the complex situation of an infected
tissue, we analyzed sections from formalin fixed paraffin-
embedded infected lung, colon, and placental tissue by
immunohistochemical double labeling for viral antigen and
MHC class I heavy chains.

After deparaffination, blocking of endogenous peroxidase,
rehydration, and antigen retrieval, the sections were first
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FIGURE 1 | MHC class I downregulation in infected cells. HCMV immediate early antigen (brown, nuclear) and MHC I molecules (red, cytoplasm and cell surface)

were detected by immunohistochemical staining in tissue sections from HCMV-infected colon (A), lung (B), and placenta (C). Nuclei were counterstained with

hematoxylin (blue). Examples of infected cells without detectable MHC I signals are indicated by open arrowheads. Infected cells with detectable MHC I signals are

indicated by filled arrowheads. The scale bar is valid for all panels.

stained for viral immediate early antigen by an indirect
immunoperoxidase technique resulting in brown nuclear signals.
MHC class I molecules were then detected by an indirect alkaline
phosphatase technique, resulting in a red cytoplasmic, and
surface staining pattern. In all three tissues HCMV-infected cells
were clearly distinguished from the surrounding non-infected
cells by a remarkable lack ofMHC class I signals. At least for those
HLA alleles detected by the applied HC10 antibody (all HLA-
B and HLA-C alleles and several HLA-A alleles) this indicates
a strong downmodulating effect of HCMV infection. While in
most infected cells no red signal at all could be discriminated,
a minority of infected cells showed weak to normal signals
as compared to adjacent cells, indicating that MHC class I
downmodulation occurred later than immediate early viral gene
expression and/or was not always complete (Figure 1). These
cells were typically smaller than those that lacked MHC class
I signals, suggesting that they might be in an earlier stage of
viral replication.

To differentiate the stages of HCMV replication in infected
cells, we applied antibodies directed against immediate early and
late viral proteins to serial sections of the tissues. The first section
was immunoperoxidase-stained for an early viral nuclear protein,
the second was stained by double labeling or immediate early
antigen and MHC class I as described before, and the third
section was immunoperoxidase-stained for a late viral nuclear
protein. All infected cells will display immediate early antigen,
those that have proceeded beyond the immediate early phase
will display early antigen in addition and only those that entered
the late productive phase of viral replication will display the late
antigen. This correlative analysis of adjacent sections showed
that MHC class I signals were detectable in most cells in the
immediate early phase of replication but a few of these cells lacked

MHC class I signals already at this replication phase (Figure 2).
Cells in the late stage of infection always lacked MHC class I
signals in the cytoplasm (Figure 3), but some of them showed
a red margin, indicating some residual amount of MHC class I
molecules at the surface of these cells (Figures 3C,D).

Taken together, this first set of experiments showed that clear
signs of MHC class I downmodulation can be detected in various
HCMV-infected tissues. This occurs principally in the late phase.
A subset of infected cells in each stage of infection continued to
show HLA expression, albeit at lower levels as demonstrated by a
reduction in the intensity of staining.

MHC Class I Expression and Immune
Response in the Surrounding of Infected
Cells
During the analysis of tissue sections that were double stained for
infected cells and MHC class I molecules, it became obvious that
the expression of MHC class I molecules was not homogenous
throughout the tissue sections as there were areas with higher
and lower signal intensity (Figure 4A). A closer look suggested
that increased MHC class I staining occurred at some but not
all sites of infection, which seemed to correlate with the degree
of inflammatory infiltration. In contrast, uninfected areas in the
specimen consistently showed lower intensity of the red signal
(Figures 4B,C).

To test whether this impression was true, we analyzed the
placental specimen more in detail. Placenta was chosen, because
it consists of numerous separated villi that could be easily
distinguished in the tissue sections and counted as individual
“events.” To exclude that the initial immune peroxidase staining
of viral immediate early antigen interfered with the subsequent
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FIGURE 2 | MHC class I expression during the immediate early stage of infection. Serial sections from HCMV-infected placenta tissue were analyzed by

immunohistochemical staining regarding the association of MHC class I expression with the viral replication phase. (A,C) Viral immediate early antigen (brown, nuclear)

and MHC I molecules (red, cytoplasm and cell surface) were detected by immuno-peroxidase and immuno-alkaline phosphatase techniques, respectively. (B,D) Viral

early antigen (brown, nuclear) was detected by immuno-peroxidase technique. Nuclei were counterstained with hematoxylin (blue). Examples of cells in the immediate

early phase (no early antigen detectable) with and without detectable MHC I signals are indicated by filled and open arrowheads, respectively. The scale bar is valid for

all panels.

immuno-alkaline phosphatase staining of MHC class I molecules
in a way that higher signal intensity was falsely amplified, we
reversed the order of the staining steps.

After deparaffination, blocking of endogenous peroxidase,
rehydration, and antigen retrieval, the sections were first stained
for MHC class I molecules by an indirect immunoperoxidase
technique resulting in brown cytoplasmic and surface signals.
Viral immediate early antigen was then detected by an indirect
alkaline phosphatase technique, resulting in a red nuclear
staining and nuclei were counterstained with hematoxylin.
The complete section was then systematically scanned for
villi that showed foci of infected cells and these sites were
photo-documented. The images revealed that all 17 villi which
contained foci of infected cells also showed strong MHC class
I expression in the non-infected stromal cells (Figures 5A–C).
Among the 135 villi without infection, a fraction also had strong
MHC class I expression in the stroma while in others the staining

signals were less prominent. When mean signal intensities in
the stroma of HCMV-positive villi were compared with the
surrounding HCMV-negative villi in a quantitative analysis, a
significant increase of 17 % was found in HCMV positive villi
(p = 0.004), corroborating the initial impression of elevated
MHC class I expression at sites of infection (Figure 5D).

In order to get an idea of whether HCMV infection and
inflammatory infiltrates are correlated and whether the effect
of such infiltrations promotes or inhibits HCMV infection, we
analyzed serial sections for the association between infected
cells and leukocytes. The first section was immuno-alkaline
phosphatase-stained for leucocyte common antigen (CD45),
a pan-leukocyte marker expressed in cells of the myeloid
and the lymphoid lineage (Figure 6A), the second section
was stained by immunoperoxidase staining of immediate early
antigen or by double labeling with MHC class I as described
before (Figure 6B), and the third section was immuno-alkaline
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FIGURE 3 | MHC class I expression during the late stage of infection. Serial sections from HCMV-infected lung (A,B) or placental (C,D) tissue were analyzed by

immunohistochemical staining regarding the association of MHC class I expression with the viral replication phase. (A,C) Viral immediate early antigen (brown, nuclear)

and MHC I molecules (red, cytoplasm, and cell surface) were detected by immuno-peroxidase and immuno-alkaline phosphatase techniques, respectively. (B,D) Viral

late antigen (brown, nuclear) was detected by immuno-peroxidase technique. Nuclei were counterstained with hematoxylin (blue). Examples of cells in the late phase

(both immediate early and late antigens detectable) with and without detectable MHC I signals are indicated by filled and open arrowheads, respectively. The scale bar

is valid for all panels.

phosphatase-stained for CD8 as a marker for cytotoxic
lymphocytes (Figure 6C).

All villi that contained infected cells (total 159) were
categorized for the degree of infection and the degree
of inflammatory infiltration. Concerning infection, we
distinguished single infected cells, several infected cells
dispersed in the villus or clusters of three or more infected cells
indicating focal spread. Leukocyte infiltrates were regarded weak
if there were single leukocytes in the villus, medium if there
were several leukocytes and strong if there were dense infiltrates
present (Table 1). The chi-squared test suggested that the two
variables are not independent (p = 0.045) with focal spread of
HCMV being more probable in the absence of dense leukocyte
infiltrations. An illustration of the extreme situations (unlimited
viral spread in the presence of a weak leukocyte response; virus
control in the presence of a dense leukocyte infiltrate) with
individual staining of CD45 and HCMV immediate early antigen

in serial sections is provided in Figure 7. Comparison with
the distribution of CD8-specific signals in the third section
showed that these infiltrations consisted mainly of CD8+ cells
(Figures 6A,C). At a closer look, the analysis of corresponding
sites in serial sections revealed cytotoxic T cells were often
located in close contact to HCMV infected cells (Figure 8).
Taken together these findings favored the idea that the presence
of leukocytes had an antiviral effect.

DISCUSSION

This immunohistochemical analysis of selected cases of HCMV
infection in different organs and conditions provides novel
information on the balance between the virus and the host’s
immune response on the tissue level, which may also provide
an idea of how HCMV manages to establish a lifelong
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FIGURE 4 | MHC class I expression in infected tissue. HCMV immediate early antigen (brown, nuclear) and MHC I molecules (red, cytoplasm, and cell surface) were

detected by immunohistochemical staining in tissue sections from HCMV-infected colon tissue. Nuclei were counterstained with hematoxylin (blue). (A) The overview

at low magnification shows that MHC class I expression is not homogenous throughout the tissue section. Areas with high (B) or low (C) MHC I signal intensity are

enlarged, which represent the finding that the density of HCMV-infected cells was higher in the former.

persistence despite the remarkable frequency of CD8+ T cells
that are directed against this virus. While reports on the
viral immunoevasins US2, US3, US6, and US11 highlight the
capability of HCMV to escape from cytotoxic T-cell responses,
analyses of the host’s T cell response emphasize the fact that
HCMV can be well controlled by antigen-specific CTLs. Our
findings can reconcile both notions as they show a remarkably
strongMHC class I downmodulation inHCMV-infected cells but
also infiltrates by CD8+ lymphocytes which obviously can limit
viral spread in the tissue.

The simple fact that HCMV-infected cells in the late
replication stage can be detected in tissues despite the presence
of cytotoxic T-cells strongly suggests that they escaped antiviral
responses at least for a few days, as this is the time frame
HCMV needs to proceed to the late stage. Together with the
findings that such late stage infected cells were typically mostly
negative for MHC-class I signals and that cytomegalic cells,
suggestive of being in the late stage, were often in direct contact
with CTLs, it is tempting to imagine a scenario, in which

MHC class I downmodulation actually allows late stage infected
cells to withstand detection and lysis by CTLs and to continue
producing viral progeny. On the other hand, given the finding
that uninfected cells in the adjacent tissue strongly express
MHC class I molecules, it is conceivable that transfer of virus
to these cells might result in at least some degree of antigen
presentation and control by the CTLs that have already been
attracted to such sites. While we cannot formally prove that the
CTLs in the surrounding of infected cells are HCMV-specific
this is highly probable considering similar findings in the murine
cytomegalovirus model under well-controlled conditions, where
the epitope-specificity of the infiltrating lymphocytes has been
demonstrated (Böhm et al., 2008a).

Due to its design, this study has certainly limitations and is
meant as a “proof of principle” analysis and a starting point
for future attempts that may investigate certain aspect in more
detail. First, as retrospective immunohistochemical analyses
of infected tissues are descriptive in nature, only statistical
correlations can be detected between the analyzed variables, (i.e.,
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FIGURE 5 | MHC class I expression in infected placental tissue. MHC I molecules (brown, cytoplasm and cell surface) and HCMV immediate early antigen (red,

nuclear) were detected by immunohistochemical staining in tissue sections from placental tissue. Nuclei were counterstained with hematoxylin (blue). Most of the villi

with focal infection showed stronger MHC class I signals than uninfected villi in the surrounding (A,B), whereas intensity in uninfected villi was equally strong in a

minority of sites (C). The scale bar is valid for all panels. The mean signal intensity in the stroma of villi with focal infection was elevated as compared to the mean of

HCMV-negative villi (D).

infection, MHC class I expression, and lymphocytic infiltrates),
but conclusions on a causal relationship between these factors
will remain speculative. Yet, as controlled treatment with virus
and virus-specific lymphocyte in varying concentrations and
kinetics is not possible as HCMV is restricted to the human host,
retrospective analysis of tissues from infected individuals is the
best option that is available. Second, our analysis only visualizes
the presence of MHC class I molecules but cannot evaluate their
functionality. Hence, we can only address the effects of US2 and
US11, which target MHC class I molecules for degradation, but
not US3 and US 6, which block the translocation of peptide-
loaded MHC complexes or translocation of peptides into the
ER, respectively. And third, antibody HC10 detects a subset of
MHC class I molecules including all HLA-B and HLA-C variants
and a number of HLA-A variants and these were found clearly
downmodulated. We cannot formally exclude that certain alleles
of HLA-A that are not detected by this antibody behave different
from the molecules that were visualized. However, given the
overlapping effect of US2 andUS11 on the various HLA-A alleles,
it is unlikely that an additional visualization of those alleles would

change the overall pattern found with HC10. Lastly, the low
number of tissues analyzed and the lack of information regarding
the HLA types of the respective tissues excludes any conclusions
on whether HCMV downmodulation is a regular finding and
whether the degree of downmodulation depends on the HLA
alleles. Certainly, many important questions are still open, (e.g.,
the influence of HLA types or cell types on the degree of HCMV
downmodulation and the effect ofMHCdownmodulation on the
degree of viral replication).

While the widely used MHC class I-specific antibody W6/32
is limited to use in frozen sections, antibody HC10 has the
advantage that it can also be used in sections from formalin-
fixed paraffin-embedded tissues (Stam et al., 1990; Mattijssen
et al., 1991; Zhang et al., 2013). UnlikeW6/32, which recognizes a
conformational epitope shared among products of the HLA A, B,
and C loci, HC10 has a more pronounced specificity for HLA-B
and -C heavy chains and reacts only with certain of the HLA-
A isoforms. Despite these slight differences in the specificity,
however, the staining patterns of W6/32 and HC10 in frozen and
paraffin-embedded sections, respectively, have been shown to
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FIGURE 6 | Colocalization of HCMV, MHC class I molecules and lymphocytes in placental tissue. Serial sections from HCMV-infected placenta tissue were analyzed

by immunohistochemical staining regarding the colocalization of viral infection, MHC class I expression and lymphocytic infiltrates. (A) Leucocyte common antigen

was detected by immuno-alkaline phosphatase staining to visualize lymphocytes (red, cytoplasmic). (B) HCMV immediate early antigen (brown, nuclear, indicated by

an open arrowhead) and MHC I molecules (red, cytoplasm and cell surface) were detected by immuno-peroxidase and immuno-alkaline phosphatase techniques,

respectively. (C). CD8 was detected by immuno-alkaline phosphatase staining to identify cytotoxic lymphocytes (red, cytoplasmic). Nuclei were counterstained with

hematoxylin (blue). The scale bar is valid for all panels.

TABLE 1 | Contingency table and chi-squared test for the variables “leukocyte

infiltration” and “HCMV infection” in villi of placental tissue.

Observed frequencies HCMV Total

Single Dispersed Focus

Weak 18 9 28 55

LCA Medium 40 25 24 89

Strong 8 3 4 15

Total 66 37 56 159

Expected frequencies HCMV Total

Single Dispersed Focus

Weak 23 13 19 55

LCA Medium 37 21 31 89

Strong 6 3 5 15

Total 66 37 56 159

Observed/expected HCMV p-value

Single Dispersed Focus

Weak 0,8 0,7 1,4

LCA Medium 1,1 1,2 0,8 0,045

Strong 1,3 0,9 0,8

LCA: weak, no or single cells; medium, several cells; strong, dense infiltrate. HCMV: focus,

three or more infected cells in direct contact.

correlate well (Mattijssen et al., 1991) and HC10 was successfully
applied for analyses of MHC class I expression in formalin-
fixed paraffin-embedded tissue sections. We cannot comment

on HLA-G expression in trophoblast cells as this protein is not
detected by HC10 (Gauster et al., 2007), but this does not detract
toomuch from the relevance of our findings because trophoblasts
are not a prominent target cell of HCMV in placental tissue
(Sinzger et al., 1993), which was also the case in the tissue
analyzed here. Due to these facts, the staining pattern seen with
HC10 can be regarded as relevant for the detection of MHC class
I downmodulation in HCMV-infected cells in the tissue sections
that we investigated.

Our finding that depletion of MHC class I molecules in
infected cells was most prominent beyond the immediate early
stage of infection fits with initial reports on early expression
kinetics of US2 and US11 and their mode of action, which results
in degradation of MHC class I molecules in the early and late
replication phase (Jones et al., 1995, 1996; Wiertz et al., 1996;
Chambers et al., 1999). Our finding of cells in the immediate
early stage that are lacking MHC class I signals may appear
surprising in the context. However, reevaluation of the expression
kinetics has revealed that US2 and US11 are also expressed under
experimental immediate early conditions, indicating that they
may be active at that stage under certain conditions (Hesse et al.,
2013), and this was further corroborated by a comprehensive
approach demonstrating US2, US3, and US11 at 6 h after
infection at the surface of infected cells (Weekes et al., 2014).
The complete lack of HC10 signals in many of the infected cells
may appear surprising at a first glance because HLA-C has been
reported to escape from downmodulation by HCMV (Schust
et al., 1998; Barel et al., 2003) and successfully present antigen to
HLA-C-restricted cytotoxic T cells (Ameres et al., 2013). Hence,
it is tempting to speculate that late stage infected cells that appear
empty in our HC10-staining nevertheless express some level of

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 June 2020 | Volume 10 | Article 283151

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Gabor et al. HCMV Downregulates MHC Class I in vivo

FIGURE 7 | Negative correlation of infected cells and lymphocytes in placental tissue. Serial sections from HCMV-infected placenta tissue were analyzed by

immunohistochemical staining regarding the colocalization of viral infection and lymphocytic infiltrates. (A,C) Leucocyte common antigen was detected by

immuno-alkaline phosphatase staining to visualize lymphocytes (red, cytoplasmic). (B,D) HCMV immediate early antigen (brown, nuclear, indicated by an open

arrowhead) was detected by immuno-peroxidase staining. Nuclei were counterstained with hematoxylin (blue). The scale bar is valid for all panels.

HLA-C, which may be sufficient to mediate recognition by T cells
with the respective specificity. On the other hand, US6 has been
shown to have the potential to induce degradation of HLA-C
molecules (Jun et al., 2000).

Regarding the finding of elevated MHC class I expression at
sites of HCMV infection, various explanations are conceivable.
In principle, this could reflect that MHC class I high expressing
cells aremore susceptible to infection and hence infection is more
pronounced at sites of higher MHC class I expression. However,
this is highly unlikely, as no data are available in support of
this explanation. It is more plausible to assume an immune
reaction in response to infection with infiltrating lymphocytes
(Böhm et al., 2008a) that can release interferons and other
cytokines for upregulation of MHC class I molecules at sites
of infection (Benz and Hengel, 2000). As a third explanation,
infiltration of tissue by HCMV-infected monocytes can result
in both HCMV infection and cytokines that upregulate MHC
class I expression (Yurochko and Huang, 1999; Chan et al., 2008,
2012). In both cases, upregulated levels ofMHC class I expression

would lead to an alert state in the infected tissue facilitating
recognition and control of newly infected cells by virus-specific
cytotoxic lymphocytes.

The negative statistical correlation that we found in placental
tissue between the density of infected cells and the density of
infiltrating leukocytes suggests that the immune response had an
antiviral effect in the respective tissue, as it is hard to imagine
how less infection could cause larger infiltrations. Alternatively,
a common cause could be responsible for both restriction of
infection and attraction of leukocytes but this also appears less
likely than a contribution of the infiltrates to restriction of
viral spread. This explanation for the reciprocal correlation is
supported by a previous finding in the murine CMV model that
the presence of virus-specific CTLs restricted MCMV spread in
liver tissue whereas a mutant lacking the respective epitope did
not attract lymphocytes and formed large foci of infected cells
(Böhm et al., 2008a).

Regarding the question of how specific CTLs can be
induced despite the expression of viral immunoevasins that
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FIGURE 8 | Colocalization of cytotoxic lymphocytes with infected cells. Serial sections from HCMV-infected placenta tissue were analyzed by immunohistochemical

staining regarding the colocalization of viral infection, MHC class I expression and cytotoxic lymphocytes. (A) HCMV immediate early antigen (brown, nuclear,

indicated by an open arrowhead) and MHC I molecules (red, cytoplasm and cell surface) were detected by immuno-peroxidase and immuno-alkaline phosphatase

techniques, respectively. (B) Detail enlarged from (A) as indicated by the frame. (C) CD8 was detected by immuno-alkaline phosphatase staining to identify cytotoxic

lymphocytes (red, cytoplasmic). (D) Detail enlarged from (C) as indicated by the frame. Nuclei were counterstained with hematoxylin (blue). Infected cells are indicated

by filled arrowheads. The scale bars in (C,D) are also valid for (A,B), respectively.

can block MHC class I-mediated antigen presentation, several
explanations are possible. Cross presentation by professional
antigen presenters like dendritic cells upon uptake of material
from lysed infected cells may be central for priming of a CTL
response (Arrode et al., 2000; Tabi et al., 2001; Weck et al.,
2008; Snyder et al., 2010; Busche et al., 2013) and, paradoxically,
downmodulation of MHC class I molecules in infected cells
can even promote this response by increasing the amount of
antigen in the tissues (Böhm et al., 2008b). Direct presentation
may however also be crucial, [e.g., for memory inflation during
phases of viral latency (Seckert et al., 2011)]. Importantly, escape
of HCMV from antigen presentation by downmodulation of
MHC class I molecules is probably never complete, but it can
favor viral replication to some extent by restricting the number
of effective epitopes and the time window of presentation to
cytotoxic lymphocytes (Ameres et al., 2013), thus promoting a
balance between virus and host that enables lifelong persistence
of this virus.
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Salvatore Camiolo 1, Selmir Avdic 2, Barbara Withers 2, Silvia Linnenweber-Held 8,9,

Wilfried Gwinner 8, Akshay Dhingra 7, Albert Heim 7, Thomas F. Schulz 7,10, Rory Gunson 11,
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Hannover Medical School, Hanover, Germany, 9 Public Health Agency of Lower Saxony, Hanover, Germany, 10German
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Human cytomegalovirus (HCMV) is the most frequent cause of opportunistic viral

infection following transplantation. Viral factors of potential clinical importance include the

selection of mutants resistant to antiviral drugs and the occurrence of infections involving

multiple HCMV strains. These factors are typically addressed by analyzing relevant HCMV

genes by PCR and Sanger sequencing, which involves independent assays of limited

sensitivity. To assess the dynamics of viral populations with high sensitivity, we applied

high-throughput sequencing coupled with HCMV-adapted target enrichment to samples

collected longitudinally from 11 transplant recipients (solid organ, n = 9, and allogeneic

hematopoietic stem cell, n = 2). Only the latter presented multiple-strain infections. Four

cases presented resistance mutations (n = 6), two (A594V and L595S) at high (100%)

and four (V715M, V781I, A809V, and T838A) at low (<25%) frequency. One allogeneic

hematopoietic stem cell transplant recipient presented up to four resistance mutations,

each at low frequency. The use of high-throughput sequencing to monitor mutations

and strain composition in people at risk of HCMV disease is of potential value in helping

clinicians implement the most appropriate therapy.

Keywords: human cytomegalovirus, transplantation, genome sequence, target enrichment, multiple-strain

infection, antiviral therapy, resistance mutation
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INTRODUCTION

Despite continuous advances in diagnostics and therapy,
human cytomegalovirus (HCMV) remains the most frequent
opportunistic viral infection following transplantation,
contributing significantly to patient morbidity, and mortality
(Boeckh and Ljungman, 2009). The risk of developing HCMV
disease after transplantation depends on a number of host
factors, including the HCMV serological status of the donor
and the recipient, the type of transplant and the level of
immunosuppression. In addition, viral factors are associated with
poorer outcomes, including the selection of mutants resistant
to antiviral drugs and the occurrence of infections involving
multiple HCMV strains (Wu et al., 2010; Lisboa et al., 2012).

Viral factors are usually addressed by analyzing individual
HCMV genes by polymerase chain reaction (PCR) and Sanger
sequencing. Resistance mutations can be screened in the
genes responsible for antiviral drug activity (typically UL54
encoding the viral DNA polymerase, and UL97 encoding a
phosphotransferase), whereas multiple-strain infections may be
detected by genotyping hypervariable genes (commonly UL73
encoding glycoprotein N [gN], UL74 [gO], and UL55 [gB]).
This strategy involves an independent assay for each gene
analyzed, and its sensitivity is generally limited to the detection
of subpopulations exceeding 20% of the total viral population
(Schuurman et al., 1999; Sahoo et al., 2013).

Monitoring the complexity of viral populations and the
dynamics of resistance mutations is critical to understanding the
evolutionary mechanisms operating on the virus during antiviral
selection. This is also clinically relevant because the presence of
cells infected with multiple strains provides an opportunity for
the virus to recombine (Rasmussen et al., 2003), which might
lead to an increase of viral strain pathogenicity. Moreover, the
presence of drug-resistant populations at low frequencies (<5%)
during the early stages of antiviral treatment may signal eventual
treatment failure when these populations come to predominate
at later stages (Chou et al., 2014; Houldcroft et al., 2016).

TABLE 1 | Clinical information on transplant patients.

Patient ID Type of transplant Specimen HCMV D/R serostatus Time span from first

to last sample (days)

Number of

sequential samples

Antiviral regime

SYD-1 Allogeneic hematopoietic stem cell Plasma D+/R+ 336 6 GCV, HCMV-T

SYD-2 Allogeneic hematopoietic stem cell Plasma D+/R+ 175 10 FSC, GCV, CDV

GLA-1 Renal Plasma D+/R– 31 5 GCV, vGCV

GLA-2 Renal Plasma D–/R– 16 4 GCV, vGCV

GLA-3 Renal Plasma NA/R– 31 9 GCV, vGCV

GLA-4 Cardiac Plasma D+/R– 30 8 GCV, vGCV

HAN-1 Renal Blood D+/R– 179 4 GCV, vGCV

HAN-2 Renal Blood D–/R+ 135 2 GCV, vGCV

HAN-3 Renal Blood D+/R+ 207 2 vGCV

HAN-4 Renal Blood D+/R– 123 5 vGCV

HAN-5 Renal/Pancreatic Blood D+/R– 87 7 FSC, vGCV

D, donor; R, recipient; HCMV-T, HCMV-specific T cells; CDV, cidofovir; GCV, ganciclovir; vGCV, valganciclovir; FSC, foscarnet; NA, data not available.

Indeed, continuation with the antiviral drug to which resistance
has developed can lead to the development of additional
resistance mutations (Lurain and Chou, 2010). In contrast,
therapy modification can accelerate viral clearance (Castagnola
et al., 2004). Thus, rapid, comprehensive and sensitive molecular
diagnostic approaches would be beneficial for assisting clinicians
in improving the management of HCMV infections.

The application of commercial target enrichment methods
coupled with the use of high-throughput sequencing (HTS)
has dramatically surpassed the sensitivity of PCR methods for
characterizing HCMV in clinical material (Hage et al., 2017;
Cudini et al., 2019; Suárez et al., 2019a,b). This approach has
the great advantage of allowing resistant populations and strain
numbers to be assessed across the whole viral genome in a single
assay. Studies employing analysis of individual HCMV genes by
PCR and HTS to detect antiviral resistance mutations in HCMV
infections have been reported (Sahoo et al., 2013; Chou et al.,
2014; Guermouche et al., 2020), but none has applied a whole-
genome approach. Moreover, sophisticated bioinformatic tools
have recently been developed to facilitate accurate interrogation
of HTS data for the presence of multiple HCMV strains
(Suárez et al., 2019a,b). Here, we used HTS and HCMV-
adapted bioinformatics resources to assess the dynamics of
HCMV viral populations in 11 transplant recipients undergoing
antiviral therapy.

MATERIALS AND METHODS

Sample Collection
Plasma (n = 42) and whole blood (n = 20) samples from
confirmed HCMV-infected transplant recipients (nine solid
organ transplants and two allogeneic hematopoietic stem cell
transplants) were collected longitudinally during episodes of
viremia. They were collected at times following transplantation
or after HCMV reactivation ranging from 16 to 336 days,
and had viral loads ranging from 6.94 × 102 to 8.13 ×

106 HCMV international units per ml (IU/ml) of plasma

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2 June 2020 | Volume 10 | Article 267157

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Suárez et al. HCMV Resistance Mutations Evolution

FIGURE 1 | Information on the cohort (n = 11): clinical data, level of viremia, and presence of multiple-strain infections and resistance mutations. Data on type of

transplant and HCMV serological status (positive, +; and negative, –) of the donor (D) and recipient (R) is given on the left side of each panel (NA, not available). Viral

loads (traces) are expressed in log10 [IU/ml] (left Y-axis). Dashed traces indicate lack of HTS data for the corresponding time points. Chronological data (X-axis) are

represented in days after transplant, or in days after reactivation (*) if the time between transplant and sample collection was >3 years (patients GLA-2, GLA-3, and

GLA-4). Sample collection points lacking corresponding HTS data are shown in square brackets. Sanger sequencing results and application of virus-specific T cell

(VST) infusions are indicated at the corresponding time points under the X-axis. Application and duration of antiviral therapy are represented by colored blocks (light

green, ganciclovir; dark green, valganciclovir; purple, cidofovir; and orange, foscarnet). Single-strain and multiple-strain infections are represented by single and

double traces, respectively. Red traces indicate the presence of fixed resistance mutations (frequency 100%; A594V in patient HAN-4 and L595S in patient HAN-5) in

the UL97 gene, and a blue trace indicates the presence of resistance mutations in the UL54 gene (patient SYD-2). In patients SYD-1 and SYD-2, the right Y-axis

shows the frequency of low-level resistance mutations (frequency >2%), which are represented by colored triangles embedded in the panels. The resistance

mutations detected in each of these patients are indicated on the right side of the panels.

or whole blood. All transplant patients underwent antiviral
therapy with valganciclovir, ganciclovir, foscarnet or cidofovir
alone or in combination with T cell therapy (Table 1 and
Figure 1). Samples were collected with the approval of the
University of Sydney Human Research Ethics Committee
(reference 2014/440), the National Health Service research
Scotland Greater Glasgow and Clyde Biorepository (reference
405) and the Institutional review boards of Hannover Medical
School (reference 2527-2014).

DNA Extraction, Genomic Library
Preparation, and DNA Sequencing
Total DNA was extracted from 200 µl of clinical material
using the QIAamp MinElute virus spin kit for plasma samples
and the QIAamp DNA blood mini kit for whole blood
samples (QIAGEN, Crawley, UK). An aliquot of 50 µl of
extracted DNA was sheared acoustically using an LE220
sonicator (Covaris, Woburn, MA, USA), aiming to achieve
an average fragment size of 500 bp. The fragmented DNA
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was prepared for sequencing using a library preparation kit
(KAPA Biosystems, London, UK) and following the SureSelectXT

version 1.7 target enrichment system (Agilent Technologies,
Santa Clara, CA, USA) as described previously (Hage et al., 2017;
Suárez et al., 2019b). Libraries were indexed using ultrapure
(TruGrade) oligonucleotides (Integrated DNA Technologies,
Leuven, Belgium), and loaded onto a NextSeq (Illumina, San
Diego, CA, USA) DNA sequencer to generate 2× 150 bp paired-
ended reads.

Genome Assembly and Data Analysis
Sequencing data quality was enhanced by removing low-
quality regions from the reads using Trim Galore (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/) (length =

21, quality = 10, and stringency = 3). The remaining paired-
ended reads were screened for the presence of multiple HCMV
strains using a method based on detecting signatures unique to
the individual genotypes of hypervariable genes (Suárez et al.,
2019b). Briefly, multiple strains were assigned if at least two
genotypic signatures were found for at least two of the 12
hypervariable genes tested, and if these represented ≥2% of
the total number of reads having any genotypic signature of
these genes. In the datasets reflecting the presence of a single
strain (i.e., presenting single genotypic signatures in at least ten
hypervariable genes), the paired-ended reads were assembled
de novo using SPAdes 3.5.0 (Bankevich et al., 2012) after
removing reads mapping to the Genome Reference Consortium
Human Reference 38 sequence (http://genome.ucsc.edu/) using
Bowtie2 v.2.2.6 (Langmead and Salzberg, 2012). The contigs
were then assembled into genomes using Scaffold_builder (Silva
et al., 2013) and the publicly available sequence of HCMV
reference strain Merlin (GenBank accession no. AY446894.2).
Subsequently, the reads were mapped to the respective assembled
genome using Bowtie2, and the alignments were inspected
visually using Tablet (Milne et al., 2013). Drug resistance
mutations within the antiviral target genes (UL54 and UL97)
were screened at two frequency levels: (1) at high frequency
by interrogating the UL54 and UL97 gene consensus sequences
of the assembled genomes using the online resource Mutation
Resistance Analyzer (Chevillotte et al., 2010), which employs
HCMV strain TB40/E as reference, and (2) at low frequency
by interrogating high-quality datasets (criteria are defined in
Results) mapped to corresponding assemblies using LoFreq
(Wilm et al., 2012). The latter analysis was conducted using a
conservative multi-step filtering approach aimed at minimizing
the detection of false positive variants. Briefly, read quality
was enhanced using Trim Galore with default parameters,
trimmed reads were deduplicated (i.e., duplicated reads were
removed) using FastUniq (Xu et al., 2012), and read quality
was further improved using PRINSEQ (Schmieder and Edwards,
2011) (minimum quality mean = 25, trimming quality left
= 30, trimming quality window = 5, trimming quality step
= 1, minimum length = 80, and trimming 3’ Ns = 20).
Imperfect poly-G tracts located at the 3’ ends of reads were
trimmed when a segment of 40 nucleotides contained >30G
residues. Filtered sequencing reads were mapped to their
respective assemblies using Bowtie2 in end-to-end alignment

FIGURE 2 | Scatter plot showing the effect of the number of genome copies

used to make a sequencing library on the diversity of the sequencing data

obtained. The number of genome copies (IU) is represented on the Y-axis, and

the average sequencing depth (reads/nt) of unique HCMV reads is represented

on the X-axis. Unique reads were identified as described in Methods. A

significant (p < 0.01) positive correlation (Spearman) was noted.

mode. Reads were further deduplicated on the basis of
alignment coordinates using Picard (http://broadinstitute.github.
io/picard/). Variants with a quality score of≥30 were called from
the deduplicated alignments.

Data Deposition
Datasets were purged of human reads and deposited in the
European Nucleotide Archive (ENA; project no. PRJEB36759),
and the annotated consensus genome sequences were deposited
in GenBank (accession nos. MT044476-MT044485).

RESULTS

Quality Assessment of Sequencing
Libraries and Enumeration of Strains
A total of 62 sequencing libraries from 11 transplant patients
(2–10 samples per patient) were generated, with input HCMV
values ranging from 39 to 1.6 × 106 IU per library. Sequencing
yielded 7.6 × 106 to 24.5 × 106 trimmed reads per sample,
with 0–87% mapping to the HCMV reference strain Merlin
genome (Table S1, rows 14 and 15). When reads were mapped to
the strain Merlin genome, the average sequencing depth ranged
from 5 to 12,016 reads/nucleotide (nt), covering between 35
and 100% of the Merlin reference genome (Table S1, rows 16
and 17).

To examine library fragment diversity, the average sequencing
depth of reads mapped to the strain Merlin genome was
calculated after removing duplicates. The average sequencing
depth of unique reads ranged from 0.001 (low diversity) to
4,458 (high diversity) reads/nt (Table S1, row 18), and generally
reflected the number of HCMV genome copies in the input
material (Figure 2).

Using the previously published method for distinguishing
viral strains by monitoring the genotypes of hypervariable
genes (Suárez et al., 2019b), multiple HCMV strains were
detected in 15 datasets derived from three patients (SYD-1,
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TABLE 2 | Genotyping of 12 hypervariable genes and estimation of strains numbers.

Dataset ID Genes Strains (no.)

RL5A RL6 RL12 RL13 UL1 UL9 UL11 UL73 UL74 UL120 UL146 UL139

SYD-1_T01 1 1,2 1A 1,8 1,8 1,9 1,3 2 2B,5 1B,2A 12 3 2

SYD-1_T02 1 1 1A 1 1 1 3 2,4D 2B 1B,2A 12 3 2

SYD-1_T03 1 1 1A 1 1 1 3 2 2B 1B 12 3 1

SYD-1_T04 1 1 1A 1 1 1 3 2 2B 1B 12 3 1

SYD-1_T05 1 1,2 1A,8 1 1,8 1 3 2,4D 5 1B,2A 12 4 2

SYD-1_T06 1 1,2 1A,8 1,8 1,8 1,9 1,3 2,4D 2B,5 1B,2A 12 3,4 2

SYD-2_T01 1 3 4B 4B 4 4,9 1,5 4B 4 1B,2A 7 4 2

SYD-2_T02 1 3 4B 4B 4 4,9 5 4B 4 1B,2A ——— 2,4 2

SYD-2_T03 1 3,4 4B 1,4B 4 9 5 4B 4 1B,2A ——— 4 2

SYD-2_T04 1,2 3,4 1A,4B 1,4B 1,4 4,9 1,5 4B 4 1B,2A 1,7 2,4 2

SYD-2_T05 1 3,4 1A,4B 4B 1,4 9 5 4B 4 1B 7 2,4 2

SYD-2_T06 1 3,4 4B 4B 1,4 4,9 5 4B 4 1B 7 4 2

SYD-2_T07 1,2 3 4B 4B 4 4,9 5 4B 4 1B 7 4 2

SYD-2_T08 1 3 4B 1,4B 1,4 9 1,5 3B,4B 4 1B,2A 1,7 4 2

SYD-2_T09 1 3,4 4B 4B 4 4,9 1,5 4B 4 1B,2A 7 2,4 2

SYD-2_T10 1 3,4 4B 1,4B 1,4 4,9 1,5 4B 4 1B 1,7 2,4 2

GLA-1_T01 1 3 10 10 10 8 7 3A 1B 3A 1 2 1

GLA-1_T02 1 3 10 10 10 8 7 3A 1B 3A 1 2 1

GLA-1_T03 1 3 10 10 10 8 7 3A 1B 3A 1 2 1

GLA-1_T04 1 3 10 10 10 8 7 3A 1B 3A 1 2 1

GLA-1_T05 1 3 10 10 10 8 7 3A 1B 3A 1 2 1

GLA-2_T01 2 4 2 2 2 1 3 4A 3 2A 14 4 1

GLA-2_T02 2 4 2 2 2 1 3 4A 3 2A 14 4 1

GLA-2_T03 2 4 2 2 2 1 3 4A 3 2A 14 4 1

GLA-2_T04 2 4 2 2 2 1 3 4A 3 2A 14 4 1

GLA-3_T01 2 4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T02 2 4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T03 2 4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T04 2 4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T05 1,2 4 8,10 10 10 1 1,4 2 2B 1A,4B 2,11 2 2

GLA-3_T06 2 1,4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T07 2 4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T08 2 1,4 10 10 10 1 4 2 2B 1A 11 2 1

GLA-3_T09 2 ——— ——— ——— 10 ——— 4, 7 2 2B ——— ——— 2 1

GLA-4_T01 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T02 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T03 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T04 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T05 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T06 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T07 2 4 6 6 6 7 3 4B 4 3A 1 5 1

GLA-4_T08 2 4 6 6 6 7 3 4B 4 3A 1 5 1

HAN-1_T01 5 1 4A 4A 4 1 1 3B 2A 2A 13 4 1

HAN-1_T02 5 1 4A 4A 4 1 1 3B 2A 2A 13 4 1

HAN-1_T03 ——— ——— ——— ——— 10 ——— ——— ——— ——— ——— ——— ——— 1

HAN-1_T04 5 ——— ——— ——— 4 1 ——— ——— ——— ——— ——— ——— 1

HAN-2_T01 ——— 2 4A 10 3 9 ——— ——— ——— ——— ——— ——— 1

(Continued)
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TABLE 2 | Continued

Dataset ID Genes Strains (no.)

RL5A RL6 RL12 RL13 UL1 UL9 UL11 UL73 UL74 UL120 UL146 UL139

HAN-2_T02 6 ——— 4B ——— 4 6 1 ——— ——— ——— ——— 2 1

HAN-3_T01 3 5 3 3 3 2 1 4A 3 1A,3A 14 5 1

HAN-3_T02 ——— ——— 3 ——— ——— ——— ——— ——— ——— ——— ——— ——— 1

HAN-4_T01 ——— 1 ——— 2 2 ——— 3 3B,4C ——— ——— ——— ——— 1

HAN-4_T02 ——— ——— ——— ——— 2 ——— ——— 4C ——— ——— ——— ——— 1

HAN-4_T03 3 5 ——— 2 ——— 1 3 4C 1C 2A 8 4 1

HAN-4_T04 3 5 ——— ——— ——— 1 3 4C 1C 2A ——— 4 1

HAN-4_T05 3 5 2 2 2 1 3 4C 1C 2A 8 4 1

HAN-5_T01 1 3 8 8 8 1 1 4D 5 3B 1 3 1

HAN-5_T02 1 3 8 8 8 1 1 4D 5 3B 1 3 1

HAN-5_T03 1 3 8 8 8 1 1 4D 5 3B 1 3 1

HAN-5_T04 1 3 8 8 8 1 1 4D 5 3B 1 3 1

HAN-5_T05 1 3 8 8 8 ——— 1 4D 5 ——— 1 3 1

HAN-5_T06 1 3 8 8 8 1 1 4D ——— 3B 1 3 1

HAN-5_T07 1 ——— 8 8 ——— 1 1 4D 5 3B 1 ——— 1

Nomenclature for the genotype designations (G prefix omitted) follows that described by Suárez et al. (2019b). Results supporting the presence of multiple strains (i.e., detection of

>1 genotype) are in bold font. Information on the nucleotide sequences (i.e., signatures) used to identify genotypes are detailed in Table S1, column B, rows 26-134 and 137-140.

Underlined values are derived from modified signatures (see Table S1, column B, rows 137-140).

TABLE 3 | Overview of HCMV genome sequences assembled.

Patient ID Strain ID Size (bp) Status (no. of gaps) Mutations*

SYD-1 SYD-SCT1 235,917 Complete RL5A

SYD-2 SYD-SCT2 235,797 Complete RL5A

GLA-1 GLA-SOT1 236,114a Incomplete (3) RL5A, UL1, UL111A, US7

GLA-2 GLA-SOT2 235,742 Complete None

GLA-3 GLA-SOT3 235,723 Complete UL1

GLA-4 GLA-SOT4 235,508 Complete None

HAN-1 HAN-SOT1 235,636 Complete None

HAN-2 ——— ——— ——— ———

HAN-3 HAN-SOT3 234,142a Incomplete (4) RL6

HAN-4 HAN-SOT4 235,327 Complete RL6, UL1, UL9

HAN-5 HAN-SOT5 235,306 Complete RL5A, RL6

*Mutations leading to premature truncation of the protein.
aThese assemblies include gaps that might lead tomisestimates of the genome size. No genome sequence was assembled from patient HAN-2 due to poor quality of sequencing libraries.

SYD-2, and GLA-3). Multiple strains were detected in 4/6
datasets derived from patient SYD-1, 10/10 datasets derived
from patient SYD-2, and 1/9 datasets derived from patient
GLA-3 (Table 2).

Genomes Assembled
Eight complete and two incomplete HCMV genome sequences
were assembled. Complete genome sizes ranged from 235,306
to 235,917 bp. Three genomes presented the complete set
of HCMV genes. The remaining seven genomes presented
mutations leading to premature termination of at least one
gene (most frequently RL5A), a proportion that is in line with
previous reports (Sijmons et al., 2015; Suárez et al., 2019b).
One genome presented four mutated genes, including UL111A

(encoding viral interleukin-10), one genome presented three
mutated genes, one genome presented two mutated genes,
and the remaining four genomes presented a single mutated
gene (Table 3).

Minor Variants and Resistance Mutations
HTS is highly PCR-dependent, which might lead to the
incorporation of artifactual variability into sequence datasets.
Consequently, only high-quality datasets, that is those with (1)
an average sequencing depth of all reads of ≥500 reads/nt, (2) an
average sequencing depth of unique reads of ≥10 reads/nt, and
(3)≥95% coverage of the strain Merlin genome, were considered
for screening minor variants. In addition, only variants occurring
at a frequency of >2% were scored (Xu et al., 2017). Of the
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TABLE 4 | Low frequency variants (>2%) in whole genome sequences and in

antiviral target genes UL54 and UL97.

Patient

ID

Dataset

IDa

Variants in whole

genome (no.)b
Variants in

UL54 (no.)b
Variants in

UL97 (no.)b
Strains

(no.)c

SYD-1 SYD-1_T01 329 8 0 2

SYD-1_T02 875 20 10 2

SYD-1_T03 5 0 0 1

SYD-1_T04 285 4 2 1

SYD-1_T06 2,151 15 14 2

SYD-2 SYD-2_T01 130 1 0 2

SYD-2_T02 307 13 3 2

SYD-2_T03 516 2 1 2

SYD-2_T04 1,591 5 3 2

SYD-2_T05 352 2 0 2

SYD-2_T06 631 8 3 2

SYD-2_T07 75 2 0 2

SYD-2_T08 171 3 0 2

SYD-2_T09 1,312 6 0 2

SYD-2_T10 1,052 2 1 2

GLA-1 GLA-1_T01 2 0 0 1

GLA-1_T02 2 0 0 1

GLA-1_T03 4 0 0 1

GLA-1_T04 12 0 0 1

GLA-1_T05 10 0 0 1

GLA-2 GLA-2_T01 1 0 0 1

GLA-2_T02 1 0 0 1

GLA-2_T03 1 0 0 1

GLA-2_T04 12 0 0 1

GLA-3 GLA-3_T01 1 0 0 1

GLA-3_T02 0 0 0 1

GLA-3_T03 0 0 0 1

GLA-3_T04 3 0 0 1

GLA-3_T05 70 0 0 2

GLA-3_T06 36 1 0 1

GLA-3_T07 14 0 0 1

GLA-3_T08 12 0 0 1

GLA-4 GLA-4_T01 0 0 0 1

GLA-4_T02 10 0 0 1

GLA-4_T03 1 0 0 1

GLA-4_T04 4 0 0 1

GLA-4_T05 0 0 0 1

GLA-4_T06 0 0 0 1

GLA-4_T07 35 2 0 1

GLA-4_T08 247 8 0 1

HAN-1 HAN-1_T01 10 0 0 1

HAN-1_T02 3 0 0 1

HAN-4 HAN-4_T05 1 0 0 1

HAN-5 HAN-5_T01 6 0 0 1

HAN-5_T02 5 0 0 1

HAN-5_T03 2 0 0 1

HAN-5_T04 2 0 0 1

aResults are provided for high-quality datasets (see definition in Results).
bLow frequency variants, including synonymous and non-synonymous mutations, were

detected in deduplicated datasets (see Methods).
cStrain enumeration based on the genotyping method described in Suárez et al. (2019b).

FIGURE 3 | Scatter plot showing the effect of sequencing library diversity and

presence of multiple strains on the number of low frequency variants detected.

Unique HCMV reads were identified as described in Methods, and the average

sequencing depth (reads/nt) of these reads is represented on the Y-axis. The

numbers of low frequency (>2%) variants were determined from deduplicated

datasets as described in Methods, and are represented on the X-axis. A

significant (p < 0.01) negative correlation (Spearman) was noted.

FIGURE 4 | Box-and-whisker plot created using ggplot2 (https://ggplot2.

tidyverse.org) showing the number of low frequency (>2%) variants detected

by LoFreq in single-strain infections (n = 33 datasets) and multiple-strain

infections (n = 14 datasets). Datasets were classified as single-strain or

multiple-strain infections using a genotype-based method described

previously (Suárez et al., 2019b). Each box encompasses the first to third

quartiles (Q1–Q3) and shows the median as a thick line. For each box, the

horizontal line at the end of the upper dashed whisker marks the upper

extreme (defined as the smaller of Q3+1.5 [Q3–Q1] and the highest single

value), and the horizontal line at the end of the lower dashed whisker marks

indicates the lower extreme (the greater of Q1–1.5 [Q3–Q1] and the lowest

single value). A significant difference was noted between the number of low

frequency variants in libraries with multiple strains and those in libraries with

single strains (Mann-Whitney test, p < 0.01).

62 sequencing libraries generated, 46 met all quality thresholds.
One dataset (SYD-1_T03) met criteria (2) and (3) but exhibited
slightly lower average coverage depth (486). With this caveat,
this dataset was included in the analysis. The total number of
variants across the genome ranged from 0 to 2,151 (Table 4), with
low diversity libraries (Figure 3) and multiple-strain infections
(Figure 4) showing the highest values.

Mutations in the UL97 gene that are known to confer
resistance to ganciclovir and valganciclovir were fixed (i.e.,
present in 100% of the population) in the assembled genomes
and at all time points from two solid organ transplant patients,
HAN-4 (A594V) and HAN-5 (L595S) (Table 5). The remaining
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TABLE 5 | High frequency non-synonymous variants in genes UL54 and UL97 identified in assembled genomes.

Patient ID Strain ID Variants in UL54a Variants in UL97a

SYD-1 SYD-SCT1 G349S, L655S, A688V, L1018F, T1122A, V1164A T75A, Q126L

SYD-2 SYD-SCT2 G678S, G874R, T1122A, V1164A T75A, Q126L, T659I

GLA-1 GLA-SOT1 D515G, A972V, N1116H, V1164A D68N, T75A, Q126L, V244I

GLA-2 GLA-SOT2 Q541R, T1122A, N1147S, V1164A T75A

GLA-3 GLA-SOT3 L655S, S685N, S897L, D898N, V1164A T75A, Q126L, H469Y

GLA-4 GLA-SOT4 L655S, S685N, S695T, S897L, T1122A, A1158V, V1164A T75A

HAN-1 HAN-SOT1 L655S, S685N, S897L, D898N, S1128L, V1164A, P1229Q T75A

HAN-2 ———

HAN-3 HAN-SOT3 G629S, S1146G, V1164A T75A, T95S, R112C

HAN-4 HAN-SOT4 T75A, A594V

HAN-5 HAN-SOT5 F669L, T1122A, V1164A T75A, L595S

a Identified using mutation resistance analyser (MRA; Chevillotte et al., 2010). Characterized resistance mutations are depicted in bold font. MRA uses strain TB40/E as reference. No

results are provided for patient HAN-2 as low quality libraries precluded a genome assembly.

seven solid organ transplant patients did not present resistance
mutations in either the UL97 or the UL54 gene. The assembled
genomes from both allogeneic hematopoietic stem cell transplant
patients presented mutations at low levels (<25%) in the UL54
gene that are known to confer resistance to foscarnet and
ganciclovir (patient SYD-1: A809V; and patient SYD-2: V715M,
V781I, A809V, and T838A) (Table 6). However, only three of
these mutations were observed in samples collected from at least
two different time points from patient SYD-2 (V715M from day
166 to 219; V781I at days 177, 205, and 219; and A809V at days
198 and 205), whereas the rest were observed in samples taken at
a single time point (Table 6 and Figure 1).

DISCUSSION

The emergence of resistance mutations is one of the major risks
of antiviral therapy after transplantation (Emery and Griffiths,
2000). In addition, the presence of multiple-strain infections
has been linked to poorer outcomes in transplant recipients
(Coaquette et al., 2004; Manuel et al., 2009; Lisboa et al., 2012).
Therefore, recognizing the presence of resistance mutations
and multiple HCMV strains in patients, even at low levels,
would provide potentially important information to clinicians
for implementing the most appropriate antiviral therapy. Whole-
genome HTS makes it possible to screen for the presence of
minor variants (including resistance mutations) and the number
of viral strains in a single assay with an unprecedented level of
sensitivity. However, a comprehensive assessment of the data is
required, as sound interpretation is dependent on understanding
and monitoring a range of biological and technological factors
(Suárez et al., 2019b).

Here, the dynamics of HCMV genome variation were
examined in 11 transplant recipients, including solid organ
and allogeneic hematopoietic stem cell transplant recipients.
As demonstrated in recent studies (Cudini et al., 2019; Suárez
et al., 2019b), the presence of multiple strains in clinical samples
(i.e., multiple-strain infections) results in gross overestimation
of HCMV genome variability within an individual host, as

the variants detected almost entirely reflect genetic differences
between the strains present rather than intrahost evolution of
any single strain. This conclusion was supported in the present
study by the much lower level of genome variability observed
in confirmed single-strain infections. In addition, sequencing
libraries with low diversity, which were usually derived from
samples with low viral loads, also presented a high number
of variants, possible due to the prolific incorporation of PCR
errors. These findings highlight the importance of ensuring
sound interpretation of data, particularly as HTS becomes more
widely applied to genotypic resistance testing. It is notable that
far more progress in applying HTS in the clinical setting has
been achieved in the HIV field, and yet numerous quality control
issues remain (Weber et al., 2019). In this study, we opted for
a conservative approach in assessing the data, by only analyzing
datasets meeting specific quality criteria, and scoring variants at
a frequency of >2%. In this regard, further studies focused on
evaluating accurate quality thresholds, assessing detection limits,
and exploring additional sources of misinterpretation are needed
in order to allow HTS technology to be applied confidently to
HCMV in the clinical setting.

As observed in this and previous studies (Hage et al., 2017;
Cudini et al., 2019; Suárez et al., 2019a,b), the HCMV genome
is highly stable in patients over time and during different
reactivation episodes (patients HAN-1, HAN-2, and HAN-3), as
indicated by the low number of variants detected in longitudinal

samples from single-strain infections (Figure 4). This finding
is consistent with the expression of a proof-reading DNA

polymerase by HCMV (Nishiyama et al., 1983), and contrasts

with previous studies characterizing HCMV as a fast-evolving
virus that readily generates variants in an individual host at

a frequency approaching that of RNA viruses such as HIV
(Renzette et al., 2013). These discrepancies, which may have
important clinical implications, may be explained by differences
in the sequencing technologies used, the analytical approaches
taken, and the clinical conditions analyzed.

The occurrence of infections involving multiple HCMV
strains may disrupt genome stability by providing opportunities
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TABLE 6 | Non-synonymous low frequency variants (>2%) in gene UL54.

Patient ID Position in UL54a Mutation Days after transplant or after HCMV reactivation*

SYD-1 113 131 155 186 449

1045 S349G ——— 47% ——— ——— 16%

1940 A647V ——— ——— ——— 18% ———

1964 S655L 23% ——— ——— ——— ———

2426 A809V ——— ——— ——— 21% ———

2620 G874R ——— 25% ——— ——— ———

2687 G896D ——— 21% ——— ——— ———

SYD-2 44 51 159 166 173 177 184 198 205 219

50 A17V 16% ——— ——— ——— ——— ——— ——— ——— ——— ———

856 V286M ——— ——— ——— 3% ——— ——— ——— ——— ——— ———

1049 C350Y ——— ——— ——— ——— ——— ——— ——— ——— 2% ———

1814 T605M ——— ——— ——— 2% ——— ——— ——— ——— ——— ———

1901 V634A ——— ——— ——— ——— 5% ——— ——— ——— ——— ———

2143 V715M ——— ——— ——— 6% 14% 14% 13% 20% 7% 16%

2156 A719V ——— ——— ——— 3% ——— ——— ——— ——— ——— ———

2242 A748T ——— 12% ——— ——— ——— ——— ——— ——— ——— ———

2293 R765C ——— ——— ——— 3% ——— ——— ——— ——— ——— ———

2341 V781I ——— ——— ——— ——— ——— 5% ——— ——— 3% 3%

2374 R792C ——— ——— ——— ——— ——— ——— ——— 6% ——— ———

2426 A809V ——— ——— ——— ——— ——— ——— ——— 7% 4% ———

2500 A834Tb ——— 10% ——— ——— ——— ——— ——— ——— ——— ———

2512 T838A ——— ——— ——— ——— ——— ——— ——— ——— 2% ———

2620 G874R ——— 22% ——— ——— ——— ——— ——— ——— ——— ———

3251 A1084V ——— ——— ——— ——— ——— ——— 9% ——— ——— ———

3457 P1153S ——— 12% ——— ——— ——— ——— ——— ——— ——— ———

GLA-4 0* 8* 9* 10* 13* 17* 27* 30*

3364 T1122A ——— ——— ——— ——— ——— ——— 2% ———

3457 P1153S ——— ——— ——— ——— ——— ——— 2% ———

*Days after HCMV reactivation, which occurred 3 years after transplantation. Known resistance mutations are highlighted in red.
aPosition refers to that in the UL54 gene of strain Merlin.
bAlthough mutation A834T has not been characterized as a resistance mutation, the variant A834P is Scott et al. (2007).

for recombination (Rasmussen et al., 2003; Sijmons et al.,
2015; Suárez et al., 2019b). Previous studies have demonstrated
that multiple-strain infections are common in allogeneic
hematopoietic stem cell and solid organ transplant recipients
and are associated with a worse outcome, including a higher
prevalence of HCMV disease and a higher rate of graft rejection.
Both allogeneic hematopoietic stem cell transplant recipients
analyzed in the present study presented multiple-strain (n = 2)
infections that may have resulted from the positive serological
status of both donor and recipient in each case or from the
higher level of immunosuppression that such patients typically
undergo in comparison to solid organ transplant recipients.
However, in order to derive an accurate incidence of multiple-
strain infections in transplantation, further studies are warranted
that would increase the sample size and represent the various
combinations of the serological status of the donor and recipient
in both solid organ and allogeneic hematopoietic stem cell
transplant cases.

Antiviral drugs may also promote disruption of genome
stability by stimulating the selection of variants in genes that

render the virus susceptible to those drugs. Approximately
40% of the cases analyzed in the present study developed
resistance mutations at various levels in UL54 and UL97. The
HCMV genomes sequenced from two solid organ transplant
cases (patients HAN-4 and HAN-5) contained fixed mutations
in UL97 (A594V and L595S, respectively) that confer resistance
to ganciclovir and valganciclovir. This finding is in line with
a previous report that the category of solid organ transplants
involving a seropositive donor and a seronegative recipient
(D+/R–), to which these two cases belonged, account for
the highest incidence of resistance (Lurain and Chou, 2010).
These mutations were also detected in these patients by Sanger
sequencing (Figure 1), but only at specific time points following
a recommended procedure (i.e., when the viral load had persisted
or increased after 2 weeks of antiviral therapy). However, these
mutations stayed fixed in the viral population, even after a
change of therapy (patient HAN-5). No resistance mutations
were detected in the remaining seven solid organ transplant
patients, even though these included three additional D+/R-
cases. The incidence of resistance mutations obtained in the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 June 2020 | Volume 10 | Article 267164

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Suárez et al. HCMV Resistance Mutations Evolution

present study may not necessarily reflect the general situation,
as the number of cases analyzed in this study was limited
and included some cases (patients HAN-4 and HAN-5) with
previously recognized antiviral resistance mutations detected by
Sanger sequencing. In addition, our findings might also have
been influenced by the generation of a number of low quality
sequencing libraries, such as for patients HAN-2 and HAN-3,
or by a shorter time frame of sample collection, such as for
the GLA patients (maximum time frame of 31 days between
samples). The latter factor is particularly relevant because
detection of resistance mutations, except in the immunodeficient
pediatric population (Wolf et al., 1998; Houldcroft et al.,
2016), is unusual during the first 6 weeks of antiviral therapy
(Springer et al., 2005; Lurain and Chou, 2010).

In the present study, both allogeneic hematopoietic stem cell
transplant recipients presented resistance mutations (V715M,
V781I, A809V, and T838A) at a low level (<25%) in UL54.
Mutation V715M, which confers resistance to foscarnet (Baldanti
et al., 1996), was detected in patient SYD-2 by Sanger sequencing
at day 114 post-transplant after a period of 41 days receiving
this antiviral drug. However, this method failed to detect the
same mutation 52 days later, as it was present at a low level
(6%) (Figure 1 and Table 6). Indeed, this mutation was never
cleared despite the change of therapy to ganciclovir or cidofovir.
There are several possible explanations for the resilience of
this mutation, including the administration of a suboptimal
drug dosage, the presence of compensatory mutations in a
different region of the HCMV genome, and host factors
associated with the level of immunosuppression. Also, in the
same patient, mutation V781I, which confers resistance to
foscarnet (Cihlar et al., 1998) and ganciclovir (Chou, 2011),
was first detected by HTS at 205 days after transplantation at
a frequency of <5%, soon after initiation of cidofovir. This
mutation was also detected by Sanger sequencing 25 days later
(a time point at which no HTS data were available), after
completion of cidofovir treatment and initiation of ganciclovir
administration. In contrast, mutation A809V, which confers
resistance to ganciclovir and foscarnet (Chou et al., 2007),
was detected by HTS at 198 days after transplantation and
remained for 7 days until being effectively cleared with the
initiation of cidofovir. The presence of multiple resistance
mutations simultaneously in the same patient, even at low
frequency, is of particular interest, as these mutations are
unlikely to be detected by traditional non-HTS methods (i.e.,
Sanger sequencing). Multiple resistance mutations occurring
at sub-fixation levels (i.e., present in <100% of the viral
population) can lead to a drug resistant phenotype (Chou
et al., 2014), a phenomenon that has been observed in fatally
immunocompromised pediatric patients (Houldcroft et al., 2016)
and solid organ transplant patients (Guermouche et al., 2020).
In such circumstances, novel HCMV-specific cell therapies may
offer an alternative intervention for patients with clinically
resistant disease, especially those found to have clinically
resistant HCMV associated with known resistance mutations
(Withers et al., 2017). These findings highlight the importance of
monitoring resistance mutations with high sensitivity during the
course of an antiviral regime, as those present at low level may

become prevalent at later stages due to a change to a regime that
selects them.

A number of other non-synonymous mutations in UL54
and UL97 were also detected in the cohort. Their capacity
to contribute to antiviral resistance is not known and is
worthy of further investigation. Moreover, we focused on
resistance mutations in UL54 and UL97 as these are the
target genes of the antivirals used in the cases analyzed.
The application of alternative drugs (Griffiths, 2019), targeting
different loci, such as maribavir (UL27) and letermovir
(the terminase complex consisting of UL56 and UL89), the
potential release of new antiviral drugs acting at other
essential HCMV genes, and the possible development of
compensatory mutations in other genomic regions, indicates
the usefulness of an assay capable of detecting mutations
throughout the whole genome, such as the one applied in
this study.

CONCLUSIONS

Improved treatment of HCMV-infected transplant patients
would benefit from more effective monitoring of host and viral
determinants. In this regard, HTS provides an opportunity
to carry out comprehensive analyses of the evolution of
resistance mutants and other minor variants in the HCMV
populations present in transplant recipients. The stability
of the viral genome in such patients may be perturbed
by the application of antiviral drugs or the presence of
multiple strains. Monitoring the development of resistance
mutations, even at a low frequency, is potentially of use in
assisting clinicians to implement the most appropriate antiviral
therapy at a time when it is most likely to be effective.
However, it is necessary to have a firm understanding of the
data, in terms of its quality and the ways in which it is
analyzed, in order to ensure that the conclusions are sound
and meaningful.
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Herpes simplex virus-1 (HSV-1) is a significant human pathogen. Upon infection,

HSV-1 expresses its immediate early (IE) genes, and the IE transcription factor ICP4

(infectious cell protein-4) plays a pivotal role in initiating the downstream gene-expression

cascade. Using live-cell time-lapse fluorescence microscopy, flow cytometry, qPCR, and

chromatin immunoprecipitation, we quantitatively monitored the expression of ICP4 in

individual cells after infection. We find that extrinsic stimuli can accelerate ICP4 kinetics

without increasing ICP4 protein or mRNA levels. The accelerated ICP4 kinetics—despite

unchanged steady-state ICP4 protein or mRNA level—correlate with increased HSV-1

replicative fitness. Hence, the kinetics of ICP4 functionally mirror the kinetics of the human

herpesvirus cytomegalovirus IE2 “accelerator” circuit, indicating that IE accelerator

circuitry is shared among the alpha and beta herpesviruses. We speculate that this circuit

motif is a common evolutionary countermeasure to throttle IE expression and thereby

minimize the inherent cytotoxicity of these obligate viral transactivators.

Keywords: herpesvirus, single-cell time-lapse imaging, fitness advantage, accelerator circuit, autoregulation,

transcriptional feedback, HSV-1

INTRODUCTION

As one of the largest families of DNA viruses, Herpesviridae infections are prevalent among
the world’s population. The herpesvirus family is composed of three subfamilies: α, β, and
γ. Viruses within the three subfamilies share little genetic similarity, but all infect substantial
fractions of the human population, and viruses from each subfamily are associated with significant
morbidity and mortality. For example, herpes simplex virus-1 (HSV-1), a member of the α-
subfamily, infects ∼70% world population (Pellett, 2006). HSV-1 is the leading cause of infectious
blindness and a major cause of morbidity and mortality for organ transplant recipients and other
immunocompromised populations. Human cytomegalovirus (HCMV) belongs to the β-subfamily
and is a leading cause of birth defects and transplant failure in both bone-marrow and solid-organ
transplants (Pellett, 2006).

168

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.00265
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.00265&domain=pdf&date_stamp=2020-06-24
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:leor.weinberger@gladstone.ucsf.edu
https://doi.org/10.3389/fcimb.2020.00265
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00265/full
http://loop.frontiersin.org/people/904063/overview
http://loop.frontiersin.org/people/813381/overview


Chaturvedi et al. An HSV-1 ICP4 Accelerator Circuit

Upon infection of a permissive cell, α and β herpesviruses
initiate their replicative programs and must simultaneously
counteract silencing by innate cellular responses (Everett et al.,
2003; Paludan et al., 2011). The immediate early (IE) viral genes
play a crucial role in counteracting silencing and activating
expression of downstream viral gene cascades to drive replication
and propagation of the virus. However, a number of obligate IE
genes are cytotoxic, such that their expression is stochastically
silenced during infection of non-permissive cells (Cohen et al.,
2020) and is tightly regulated in permissive cells. For example,
we previously reported that HCMV encodes a transcriptional
“accelerator” circuit that autoregulates expression of its master
transcriptional regulator IE2 to prevent IE protein levels from
reaching a cytotoxic threshold (Teng et al., 2012; Vardi et al.,
2018). This accelerator circuit is in essence a highly non-
linear, self-cooperative transcriptional negative-feedback circuit
wherein IE2 protein binds as a high-order homomultimer to
a specific site on its own promoter to repress transcription
(Figure 1A). Consequently, a homeostatic level of IE2 is
maintained irrespective of promotor strength, but IE2 kinetics
can be modulated by promoter activation, [i.e., “acceleration-
without-amplification” (Figure 1B)]. This phenotype represents
a peculiar kinetic profile distinct from the more typical and
expected “amplifier” profile and can typically be generated
only by highly cooperative negative-feedback circuits (i.e., a
Hill coefficient >1), a circuitry that appears in a broad array
of biological systems (Gao and Stock, 2018). In HCMV, this
circuitry enables accelerated IE expression in response to stimuli
and confers a replicative fitness advantage to the virus by
maintaining IE2 below the cytotoxic threshold (Teng et al.,
2012). To determine whether acceleration without amplification
is a conserved regulatory mechanism across herpesviruses, we
examined if IE genes in HSV-1 exhibit similar property as IE2
in HCMV. HSV-1 encodes a similar accelerator circuitry to
control expression of its IE gene ICP4, and the ICP4 acceleration-
without-amplification phenotype similarly confers replicative
fitness advantage to HSV-1.

HSV-1, upon infecting a permissive cell, expresses five IE
genes that initiate the process of virus replication. One of the
IE gene products, ICP4, is a 175-kDa phosphoprotein consisting
of N-terminus activation domain, DNA-binding domain, linker
domain, and a c-terminal activation domain (Honess and
Roizman, 1975). ICP4 serves as the obligate transactivator
of downstream viral gene expression and HSV-1’s lytic cycle
(DeLuca and Schaffer, 1985). However, like HCMV IE2, ICP4
is cytotoxic when overexpressed (Krisky et al., 1998) and
represses its own expression by interacting with a specific 15-
bp sequence in the ICP4 promoter (Godowski and Knipe,
1986; Gu et al., 1993). However, despite these similarities to
HCMV IE2, the mechanism and kinetics of ICP4 autorepression
were undetermined.

MATERIALS AND METHODS

Cells, Virus, Replication Kinetics
ARPE-19 andMRC5 cells were obtained fromATCC. The clinical
strain of HSV-1 (17syn + ICP4-YFP) (Everett et al., 2003)

FIGURE 1 | Herpesvirus immediate-early feedback circuitry and the

accelerator-circuit assay. (A) Schematic of immediate early (IE) circuit in

herpesviruses. IE promoter activity is responsive to the cell’s transcriptional

environment and is modulated by stronger (red arrow) or weaker (gray arrow)

stimuli (input) that can generate differences in transcriptional output. IE gene

products, such as the HCMV IE2 and HSV-1 ICP4 “master” transcriptional

regulator proteins, transactivate downstream viral gene expression, but can

also bind to their own promoters in an autoregulatory (i.e., negative feedback)

fashion. (B) Overview of the assay to identify accelerator-like circuitry based on

the transcriptional input–output relationship [based on (Teng et al., 2012)]. The

assay is based on discrimination between alternate kinetic expression profiles

(i.e., phenotypes) at the single-cell level. Left: Upon increasing input stimulus

strength, amplifier circuitries generate increased output levels of steady-state

expression (red) compared to weaker input stimuli (gray), (i.e., the amplifier

phenotype). Right: In contrast, accelerator circuitries generate faster kinetics of

expression (red) when input stimulus strength is increased, but these

trajectories do not generate an increase in steady-state expression level

compared to weaker input stimuli (gray), (i.e., the accelerator phenotype).

was passaged from a clinical isolate (Brown et al., 1973) and
kindly provided by Roger Everett, MRC Virology Unit, Glasgow,
Scotland. Imaging was performed as described previously (Teng
et al., 2012). Briefly, ARPE-19 cells were passaged onto a glass-
bottom plate (Thermo Fisher Scientific) and grown to confluency
to hold cells in G0. Cells were synchronously infected on ice for
30min with HSV-1 strain 17syn + ICP4-YFP virus at MOI 1.0.
Live cells were imaged with a 20× oil objective on a spinning
disk confocal microscope (Olympus DSU) equipped with a 37◦C,
humidified 5% CO2 live-cell chamber. Image collection began
when the YFP signal was first detected, and frames were captured
every 10min for 16–24 h with an exposure time between 200 and
800ms (please see Supplementary Movie for a representative
video of single-cell imaging of ICP4-YFP in ARPE-19 cells
synchronously infected with HSV-1 strain 17syn + ICP4-YFP
virus at MOI 1.0). Single-cell tracking and segmentation were
performed with custom-written code in MatLab (MathWorks)
as previously described (Weinberger et al., 2008). Replication
kinetics of the virus were monitored at an early stage of infection
in three biological replicates by infecting ARPE-19 cells with
HSV-1-ICP4-YFP virus [MOI = 0.05] pretreated 24 h with
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HMBA (5mM) or DMSO for three biological replicates in a
48-well plate. Cells were harvested by trypsinization at various
time points post infection (0.5, 2, 8, 16, and 24 h), subjected
to multiple freeze-thaws, and centrifuged, and the supernatant
was used to calculate the virus titer by TCID-50 assay on MRC5
cells, as described previously (Nevels et al., 2004; Saykally et al.,
2017). Titering performed in parallel on Vero cells showed
almost identical trends and correlated well with ARPE andMRC5
titering but scaled by a constant value offset (i.e., quantitative,
but no qualitative, titer differences were observed between ARPE,
MRC5, and Vero).

Flow Cytometry, RNA Extraction, Reverse
Transcription, ChIP, and qPCR
For flow cytometry experiments, cells pretreated with HMBA
or DMSO for 24 h followed by synchronized infection with
HSV-1 (strain 17syn+ ICP4-YFP) [MOI = 1.0] were harvested
at 5, 9, and 13 h post infection from three biological replicates
and assayed for YFP by flow cytometry on LSRFortessa
(BD Biosciences). ChIP was performed using protocol
described previously (Silva et al., 2012) using antibody
against YFP from cells pretreated with HMBA or DMSO
for 24 h followed by infection with HSV-1 (strain 17syn+ICP4-
YFP) [MOI = 1.0] using sequence-specific primers (ICP4
promoter forward: CGCATGGCATCTCATTACCG, ICP4
promoter reverse: TAGCATGCGGAACGGAAGC; GAPDH
forward: TTCGACAGTCAGCCGCATCTT, GAPDH reverse:
CAGGCGCCCAATACGACCAAA). For RNA extraction
followed by qPCR, cells were pretreated with HMBA or
DMSO for 24 h followed by infection with HSV-1 (strain
17syn+ ICP4-YFP) [MOI = 0.05], harvested 5, 9, 13, and 17 h
post infection from three biological replicates, and reverse-
transcription qPCR was performed as described previously
(Vardi et al., 2018). Briefly, total RNA was extracted from cells
using an RNeasy RNA Isolation kit (catalog no.: 74104, Qiagen)
and RNA transcripts were made using QuantiTet Reverse
Transcription Kit (catalog no.: 205311, Qiagen) according to
the manufacturer’s protocol. Reverse-transcribed cDNA samples
were assayed by qPCR on a 7900HT Fast Real-Time PCR
System (catalog no.: 4329003, Thermo Fisher Scientific) using
Fast SYBR Green Master Mix (catalog no.: 4385612, Applied
Biosystems) using sequence-specific primers (ICP4 mRNA
forward: GCGTCGTCGAGGTCGT, ICP4 mRNA reverse:
CGCGGAGACGGAGGAG). Relative mRNA level of ICP4
expression was quantified using peptidylprolyl isomerase A
(PP1A) as a reference gene.

RESULTS AND DISCUSSION

Using time-lapse fluorescence microscopy, we followed ICP4
expression kinetics after infecting ARPE-19 cells with a
previously characterized 17syn + HSV-1 encoding an ICP4-YFP
fusion protein (Everett et al., 2003). ICP4 kinetics were quantified
in individual cells using the imaging approach we developed
previously (Teng et al., 2012; Vardi et al., 2018) in the presence or

absence of hexamethylene bisacetamide (HMBA), an established
transactivator of IE promoter expression (McFarlane et al., 1992).

In the absence of HMBA, ICP4-YFP kinetics in each cell
followed stereotyped dynamics similar to HCMV IE2 kinetics,
where the level of YFP monotonically rose to a peak at ∼8 h
post infection, generated a small overshoot, and then settled at
a steady-state level (Figure 2A). In the presence of HMBA, ICP4-
YFP levels increased far more rapidly and generated a much
larger overshoot, but at ∼9 h ICP4 levels in each cell reached
a steady state that was indistinguishable from ICP4 levels in
the absence of HMBA (Figure 2B). Overlaying the ICP4 traces
in both conditions revealed that ICP4-YFP expression kinetics
exhibit a strong acceleration-without-amplification phenotype
in response to HMBA activation (Figure 2C). The single-cell
imaging results were confirmed by flow cytometry analysis
(Figures 2D,E). Flow cytometry analysis showed that HMBA
induced a ∼4-fold increase in ICP4-YFP intensity at 5 h with no
significant difference in ICP4-YFP levels at 9 h post infection. The
flow cytometry and imaging data general fall within comparable
ranges, and the larger average fold increase in ICP4-YFP intensity
measured by flow cytometry at 5 h compared to single-cell
imaging at 5 h could be due to the smaller subset of cells analyzed
by imaging or technical differences in detection methods.

To confirm that HMBA accelerated ICP4 transcription,
ICP4 mRNA levels were assayed by RT-qPCR and a similar
acceleration-without-amplification effect was observed at
the mRNA level (Figure 2F). In agreement with protein
level imaging and flow data, HMBA increased ICP4
mRNA levels at 5 h post infection by ∼6.5-fold compared
to DMSO controls and compared to 9 h post-infection,
an increase that is slightly larger than imaging and flow
data but within the ranges measured by these protein-
level analyses. These differences in the peak level at 5 h
may reflect differences between ICP4 protein and mRNA
turnover rates.

Computational modeling (Teng et al., 2012) indicates that for
the acceleration-without-amplification phenotype to be achieved,
the IE protein must negatively auto-regulate its promoter and
theory predicts that negative-feedback strength must increase
to mediate the reduction in expression levels and maintain
unchanged steady-state levels. To test this hypothesis, we
performed chromatin immunoprecipitation (ChIP) analysis to
assay ICP4 the kinetics of binding to its own promoter over time
in the presence and absence of HMBA stimulation (Figure 3).
As predicted, ChIP results indicate that ICP4 binding to its own
promoter is indeed significantly increased at 9 h post infection
in the presence of HMBA, coincident with the decrease in ICP4
protein and mRNA levels observed (Figures 2, 3).

We next examined the replication kinetics of HSV-1 in the
presence and absence of HMBA to determine the effect of
the acceleration-without-amplification phenotype on replicative
fitness (Figure 4). Replication kinetics were calculated based on
virus titer in cells infected with HSV-1 ICP4-YFP at MOI =

0.05 of (17syn+) in the presence of HMBA or DMSO for 0.5,
2, 8, 12, 16, and 24 h post infection (hpi). Similar to HCMV,
acceleration of HSV-1 replication by HMBA treatment increased
viral replicative fitness by∼4-fold.
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FIGURE 2 | HSV-1 ICP4 single-cell, protein, and mRNA kinetics indicate the presence of an IE accelerator circuit. (A,B) Single-cell time-lapse microscopy traces of

ICP4-YFP in ARPE-19 cells after infection with HSV-1 (strain 17syn + ICP4-YFP) at MOI = 1.0 in the presence of DMSO (A) or 5mM HMBA (B). (C) Overlay of the

mean ICP4-YFP expression in the presence of DMSO and HMBA. (D) Flow cytometry analysis of ARPE-19 cells infected with HSV-1 (strain 17syn + ICP4-YFP) in the

presence of DMSO (top) or HMBA (bottom). (E) Mean and standard deviation of ICP4-YFP geometric mean of three biological replicates (13 hpi value normalized to

one) from the flow cytometry data for different time points post infection (5, 9, and 13 h). (F) Quantification of ICP4 transcripts. ARPE-19 cells were infected with

HSV-1 (strain 17syn + ICP4-YFP) at MOI of 0.05 in the presence of DMSO or HMBA, cells were harvested in triplicate at various time points, total RNA was extracted

and reverse transcribed, and qPCR was performed to quantify ICP4 transcripts (ICP4 mRNA for DMSO sample was normalized to one). (p-value <0.05 was

considered statistically significant: *** < 0.001, **** < 0.0001, two-tailed t test).

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 June 2020 | Volume 10 | Article 265171

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Chaturvedi et al. An HSV-1 ICP4 Accelerator Circuit

FIGURE 3 | Chromatin immunoprecipitation (ChIP) analysis shows increased ICP4 binding to its own promoter coincident with decrease in ICP4 levels. ARPE-19 cells

pretreated with DMSO (A) or HMBA (B) were infected with HSV-1 (strain 17syn + ICP4-YFP) [MOI = 1] followed by ChIP analysis of ICP4 protein and quantification of

enriched DNA using qPCR primers specific for ICP4 promoter. Values were normalized to GAPDH to determine fold enrichment (p < 0.05 was considered statistically

significant: ** < 0.01).

FIGURE 4 | The ICP4 accelerator effect confers enhanced replicative fitness.

ARPE-19 cells were infected with HSV-1 (strain 17syn + ICP4-YFP) at MOI of

0.05 in the presence of DMSO or HMBA before cells were harvested in

triplicate at various time points (0.5–24 h) post-infection and virus titer analyzed

on MRC5 cells. Fold change of DMSO to HMBA samples are shown (p < 0.05

was considered statistically significant: * < 0.05 and ** < 0.01).

Comparing the single-cell ICP4 trajectories to the virus
infectious output (Figure 4), it is striking to note that although
HMBA induced ICP4 accumulation between 5 and 8 hpi, HMBA
had little effect on virus output at 8 hpi. In contrast, HMBA
had little effect on ICP4 level at 12 and 16 h, but HSV-1 titers
were significantly increased at those time points. Hence, despite
identical levels of ICP4 (at 9 hpi and later), HSV-1 viral output is
significantly higher, and the accelerated ICP4 expression kinetics
early in infection correlate with this replicative fitness advantage
for HSV-1.

Theoretical predictions (Teng et al., 2012) indicate that the
accelerator phenotype requires binding of the IE protein to
its promoter as a high-order homomultimer, likely consisting
of five or more monomers. The results herein argue that the
HSV-1 ICP4 auto-repression circuit is highly non-linear and
self-cooperative—the criteria required for the accelerator circuit
motif—and predicts that ICP4 likely binds to its promoter as
a high-order homomultimer. In HCMV, ablation of the IE2

accelerator circuit drives IE2 levels above a cytotoxic threshold
and leads to >2-log reductions in HCMV titers (Teng et al.,
2012). Subsequent genetic studies are necessary to determine if
ablation of the HSV-1 ICP4 accelerator circuitry would have a
similar effect.

Overall, these data demonstrate that ICP4, which regulates
the expression of downstream genes in HSV-1, encodes an
accelerator circuit, which may play an important role in viral
replication. Because overexpression of some IE genes can lead
to cytotoxicity, the accelerator circuits that control IE2 and
ICP4 expression may be examples of convergent evolution
arriving at a shared mechanism to maintain IE2 and ICP4 levels
below a cytotoxic threshold, in HCMV and HSV-1, respectively.
Furthermore, the presence of this accelerator circuit motif in
both α and β herpesviruses suggests that other family members
may also have evolved such a circuit to limit cytotoxic IE
proteins and that this circuitry could represent a broad-spectrum
antiviral target.
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HCMV infection, reinfection or reactivation occurs in 60% of untreated solid organ

transplant (SOT) recipients. Current clinical approaches to HCMV management include

pre-emptive and prophylactic antiviral treatment strategies. The introduction of immune

monitoring to better stratify patients at risk of viraemia and HCMVmediated disease could

improve clinical management. Current approaches quantify T cell IFNγ responses specific

for predominantly IE and pp65 proteins ex vivo, as a proxy for functional control of HCMV

in vivo. However, these approaches have only a limited predictive ability. We measured

the IFNγ T cell responses to an expanded panel of overlapping peptide pools specific for

immunodominant HCMV proteins IE1/2, pp65, pp71, gB, UL144, and US3 in a cohort

of D+R– kidney transplant recipients in a longitudinal analysis. Even with this increased

antigen diversity, the results show that while all patients had detectable T cell responses,

this did not correlate with control of HCMV replication in some. We wished to develop

an assay that could directly measure anti-HCMV cell-mediated immunity. We evaluated

three approaches, stimulation of PBMCwith (i) whole HCMV lysate or (ii) a defined panel of

immunodominant HCMV peptides, or (iii) fully autologous infected cells co-cultured with

PBMCor isolated CD8+ T cells or NK cells. Stimulation with HCMV lysate often generated

non-specific antiviral responses while stimulation with immunodominant HCMV peptide

pools produced responses which were not necessarily antiviral despite strong IFNγ

production. We demonstrated that IFNγ was only a minor component of secreted

antiviral activity. Finally, we used an antiviral assay system to measure the effect of

whole PBMC, and isolated CD8+ T cells and NK cells to control HCMV in infected

autologous dermal fibroblasts. The results show that both PBMC and especially CD8+ T

cells from HCMV seropositive donors have highly specific antiviral activity against HCMV.
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In addition, we were able to show that NK cells were also antiviral, but the level of this

control was highly variable between donors and not dependant on HCMV seropositivity.

Using this approach, we show that non-viraemic D+R+ SOT recipients had significant

and specific antiviral activity against HCMV.

Keywords: herpesvirus, host-pathogen interactions, secreted immunity, T cells, transplantation, cell-mediated

immunity, antiviral, cytomegalovirus

INTRODUCTION

Human cytomegalovirus (HCMV) remains a significant cause
of mortality and morbidity in adult and pediatric solid organ
(Razonable, 2005) and hematopoietic stem cell (Hiwarkar et al.,
2013) transplant recipients. Viraemia in solid organ transplant
(SOT) recipients can result from a primary infection, reinfection,
superinfection with multiple strains (Görzer et al., 2010; Cudini
et al., 2019), or from reactivation of the host’s own HCMV
strain(s) (Atabani et al., 2012). HCMV viraemia and disease
in SOT recipients is associated with a number of risk factors,
including organ type (with larger transfers of lymphoid tissue
conveying higher risk, due to the larger latent virus load
present) (Razonable and Humar, 2013), the degree of immune
suppression (required to prevent organ rejection) the SOT
recipient is receiving, as well as other co-infections and co-
morbidities and relative HCMV serostatus (Razonable, 2005;
Atabani et al., 2012).

Relative HCMV serostatus can be used to divide solid organ
donors and recipients into four groups with distinct HCMV
viraemia and disease risk profiles. Donor seronegative, recipient
seronegative (D–R–) solid organ transplants have the lowest
likelihood of HCMV infection or disease. Donor seronegative,
recipient seropositive (D–R+) transplants have a low risk of
viraemia, as the recipient has pre-existing cellular immunity
to HCMV and no exogenous HCMV strains are introduced
by the donor organ; HCMV viraemia comes from reactivation
of the recipient’s own virus(es). Donor seropositive, recipient
seropositive transplants (D+R+) have an intermediate risk of
viraemia, because while the recipient has pre-existing immunity,
HCMV re-infection or superinfection by donor strains may
occur, as well as reactivation of the recipient’s own HCMV.
The highest risk of HCMV viraemia and disease is seen in
donor seropositive, recipient seronegative (D+R–) transplants.
In this situation, the donor organ can transmit HCMV to
the immunologically HCMV-naïve recipient, causing primary
infection with one or more HCMV strains (Atabani et al., 2012).

Antiviral prophylaxis and pre-emptive treatment are
important tools for the prevention and management of HCMV
disease in immune suppressed populations (Lumley et al.,
2019). Using a prophylactic treatment strategy, all patients
considered at risk of HCMV viraemia and disease receive
antiviral treatment for a defined period of time immediately
post-transplant. In contrast, pre-emptive treatment monitors
asymptomatic patients for evidence of HCMV replication
[DNAemia measured by quantitative nucleic acid testing
(QNAT)] and treats with antivirals once a threshold is reached

(Razonable and Humar, 2019). In clinical practice, this means
that pre-emptive treatment requires frequent (e.g., twice-weekly)
monitoring of HCMV DNA in blood, and commencing antiviral
treatment at a defined DNAemia threshold, for example 2,520
IU/ml (Griffiths et al., 2016). Recent data suggest that the
prophylactic strategy requires less intensive patient monitoring
in SOT, and is associated with lower viraemia and a lower risk
of HCMV reactivation/reinfection compared to pre-emptive
treatment (Griffiths, 2019). However prophylactic treatment also
leads to an increased risk of late-onset disease due to poorer cell-
mediated immunity in D+R– transplants (Limaye et al., 2019);
and poorer patient outcomes, including reduced kidney function
and increased risk of graft rejection (Blazquez-Navarro et al.,
2019). There is conflicting evidence as to whether prophylaxis
significantly increases the risk of drug resistance (Hakki and
Chou, 2011; López-Aladid et al., 2017). However, it is notable
that HCMV viraemia and disease only seems to occur in a subset
of these “at-risk” individuals.

The occurrence of HCMV viraemia and disease in patient
groups with T cell immune deficiencies (untreated HIV/AIDS,
inborn errors of immunity) or suppression (SOT recipients)
highlights the importance of cell-mediated immunity (CMI)
in the control of HCMV (Fiala et al., 1986; Bowen et al.,
1997; Bunde et al., 2005; Gerna et al., 2006; McLaughlin et al.,
2017). The practice of clinical monitoring for development
of HCMV-specific immunity using HCMV-specific interferon
gamma (IFNγ) production has been studied in both solid organ
and hematopoietic stem cell transplant recipients and has gained
traction in recent years. In solid organ transplant recipients,
the utility of such an approach is in assessing the risk of late-
onset HCMV disease after cessation of prophylaxis in high-
risk (D+R–) transplant recipients, predicting seropositive (R+)
patients who may spontaneously clear HCMV infection (Kumar
et al., 2018), and predicting risk of relapse of HCMV viraemia
or disease (Haidar et al., 2020). In contrast, the predictive
power of CMI assays was much lower in high-risk seronegative
(R–) SOT recipients (Kumar et al., 2018; Haidar et al., 2020),
where an effective assay might yield the greatest benefit. In
the hematopoietic stem cell transplant population, immune
monitoring is used with pre-emptive treatment strategies and
can be used to predict early or recurrent reactivation, to shorten
duration of anti-HCMV therapy, and to predict individuals
likely to clear HCMV infection spontaneously (Yong et al.,
2018). The main advantage offered with immune monitoring
is to allow clinicians to tailor the use of antiviral therapies,
thereby reducing the attendant therapeutic complications,
such as myelosuppression with ganciclovir/valganciclovir, and
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electrolyte imbalances with foscarnet. Better immunemonitoring
would also allow for the preparation of e.g., HCMV-specific
therapeutic T cells in patients thought highly likely to fail
antiviral therapy (Neuenhahn et al., 2017). This group would
include patients with pre-existing antiviral resistance mutations
or patients infected withmore than oneHCMV strain (Coaquette
et al., 2004; Lisboa et al., 2011). These factors may overlap with
and be exacerbated by poor cell-mediated antiviral immunity.
However, the limitations of immune monitoring, such as high
costs, slow turnaround times, and lack of standardization remain
to be addressed (Haidar et al., 2020).

There are a number of assays currently used to provide an
ex vivo measure of HCMV-specific cellular immunity. Immune
monitoring assays can be broadly placed in to four groups.
EliSpot-based assays, such as T-Spot (Kumar et al., 2018) and
T-Track (Banas et al., 2017), use peptides from pp65 and IE1/2
and enumerate CD4+ and CD8+ T cell responses. However,
individuals responding to epitopes from other HCMV proteins
would not be covered by these assays, although the assay
is HLA-agnostic. While EliSpot-based assays can be adapted
to analyse a wider range of antigens (whether with HCMV
lysate or peptide pools), this approach is more often used for
research than clinical assays (e.g., Mohty et al., 2004; Goodell
et al., 2007; Jackson et al., 2017b). There are also ELISA-based
assays, such as QuantiFERON-CMV (Qiagen) (Walker et al.,
2007). QuantiFERON-CMV measures CD8+ T cell responses
to 22 defined epitopes from IE1 and 2, pp28, pp50, pp65,
and gB with restricted HLA coverage, and may be confounded
by lymphopenia (Giulieri and Manuel, 2011). MHC class I
HCMV tetramer/multimer peptide complex staining (Yong et al.,
2018) allows the detection and quantification of HCMV-specific
cytotoxic CD8+ T cells, covering known epitopes in pp50,
pp65, and IE1 (Borchers et al., 2011). These HCMV-specific
CTLs are associated with protection from viraemia in some
patient populations, although not currently considered predictive
(Kotton et al., 2018). Flow cytometry-based intracellular cytokine
staining is also used for research applications, but is not as
widely used for diagnostic purposes (Fernández-Ruiz et al., 2018)
because of the requirement for flow cytometry equipment and
expertise (Rogers et al., 2020), despite its potential to predict
both viraemia and disease (Kotton et al., 2018). Most non-flow
cytometry-based approaches are restricted to peptides recognized
specifically by HLA types more common in populations of
European descent. More generally, these assays aremeasuring the
ability of a T cell to respond to an antigen and using that as a
correlate of inferred antiviral activity.

The majority of these HCMV-immune monitoring assays,
and particularly the EliSpot/FluoroSpot and ELISA-based assays,
focus on production of a single cytokine in response to
HCMV—IFNγ. There are problems with both the negative
and positive predictive value of these assays (Chanouzas et al.,
2018; Deborska-Materkowska et al., 2018; Jarque et al., 2018;
Fernández-Ruiz et al., 2020); while other prospective studies
have found positive IFNγ EliSpot responses to be predictive
of protection against HCMV viraemia or disease necessitating
a change in treatment strategy (Kumar et al., 2019). IFNγ

responses to HCMV as measured by ELISA and EliSpot are

clearly measuring part—but not all—of HCMV CMI, because
viraemia can occur in the presence of IFNγ responses to HCMV;
and viraemia does not necessarily occur in the absence of IFNγ

responses to HCMV. As such it is likely that other secreted and
cell-mediated factors are involved, including CMI responses to
epitopes not included in most commercial assays; other cytokines
with antiviral activity; the responses of other arms of the immune
system beyond CD8+ T cells [e.g., CD4+ T cells (Watkins
et al., 2012); NK cells (Venema et al., 1994); monocyte-derived
macrophages (Becker et al., 2018); γδ T cells (Knight et al., 2010;
Kaminski et al., 2016); antibodies (Baraniak et al., 2018)]; and
host and viral genetic variation (Sezgin et al., 2019; Suárez et al.,
2019).

In this study we have examined by FluoroSpot the IFNγ

response to overlapping peptides from a much broader range of
immunodominant HCMV proteins in D+R– kidney transplant
recipients experiencing primary HCMV infection, correlated
with patient DNAemia over a time course post-transplantation.
These results show that detection of HCMV-specific T cells
at frequencies similar to normal healthy controls was not
predictive of the ability to control episodes of viraemia. We
have also studied the antiviral activity of supernatants derived
from PBMC stimulated with HCMV-infected cell lysate as well
as immunodominant peptide pools in a virus dissemination
assay system. Using this system, we demonstrated that lysate and
peptide stimulation of PBMC are imperfect ways to measure
HCMV secreted antiviral immunity, as many donors reacted
non-specifically to lysate stimulation or did not produce antiviral
responses to peptide stimulation. Finally, we utilized a fully
autologous virus dissemination assay co-cultured with whole
PBMC, CD8+ T cells, or NK cells to determine the antiviral
capacity of these immune effectors against HCMV-infected
fibroblasts. In healthy donors both whole PBMC and isolated
CD8+ T cells were highly effective in the control of HCMV
replication. The results of the NK cell co-cultures show that
while some donors were able to control HCMV replication,
other donors had much poorer antiviral activity. We then
demonstrate that PBMC and CD8+ T cells derived from D+R+
kidney transplant recipients who control their viraemia post-
transplant, could control HCMV dissemination similarly to an
immunocompetent, healthy HCMV seropositive individual. Our
data lead us to conclude that autologous cell-mediated assays
are the most powerful way to characterize the functionality
of the antiviral immune response to HCMV. Importantly, this
approach will allow us to stratify patients based on the ability
of their CMI to control HCMV ex vivo and, furthermore, could
have important implications for our understanding of the key
elements of the immune response which are important for the
control of HCMV.

MATERIALS AND METHODS

Recruitment: Kidney Transplant Recipients
Seven seropositive donor to seronegative recipient (D+R–)
kidney transplant patients were recruited by Academisch
Medisch Centrum (AMC), Amsterdam, who experienced
primary HCMV infection post-transplantation. Transplants took
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place between 2003 and 2009. Ethical permission was granted
by the Medical Ethics Committee of the AMC, Amsterdam and
all patients gave informed written consent in accordance with
the Declaration of Helsinki. Donor and recipient serostatus
were defined using a microparticle enzyme immunoassay
as previously described (Remmerswaal et al., 2012). PBMC
were collected at multiple time points after transplantation,
with subsequent samples collected at varying time points up
to a maximum of 158 weeks post-transplantation, isolated
by density centrifugation and cryopreserved (Remmerswaal
et al., 2012). Virus load monitoring was performed by
quantitative PCR (qPCR) as previously described (Boom
et al., 1999). PBMC were a kind gift from Professors I. J.
M. ten Berge and R. A. W. van Lier (Amsterdam Renal
Transplant Unit).

Four seropositive donor to seropositive recipient (D+R+)
kidney transplant patients were recruited by the Royal Free
Hospital, London. Ethical permission for “UCL17-0008 Analysis
of Cytomegalovirus Pathogenesis in Solid Organ Transplant
Patients Study” was granted by the London—Queen Square
Research Ethics Committee (REC reference 17/LO/0916).
Informedwritten consent was obtained from all patients included
in this study prior to providing pseudo-anonymised research
samples (blood, urine, saliva, skin, and bile). No patients in the
UCL cohort received antiviral therapy as they did not develop
detectable DNAemia, following previously published treatment
guidelines (Griffiths et al., 2016). Virus load (DNAemia)
monitoring was performed by qPCR as previously described
(Mattes et al., 2005; Atabani et al., 2012).

For all donors used in this study, PBMC derived from blood
samples were collected and stored in a cell bank for subsequent
analysis. The study was designed in this way for two reasons,
firstly because of the time required to grow out a human dermal
fibroblast line (weeks) which are required for the autologous viral
dissemination assays. Secondly, the assays developed in these
studies are to be used in a longitudinal analysis of D+R– patients
post-transplantation to understand which immune responses
confer protection from viraemia. Blood samples collected for
PBMC isolation and determination of viraemia will be taken
at regular time points post-transplantation so that PBMC from
time points with and without viraemia could be assayed at
multiple time points in parallel. T cell responses from normal
healthy volunteers were thus treated in same way. Our freezing
and thawing protocols are defined and consistent, and where
appropriate an anti CD3/CD28 positive control is included, such
that donors that failure to respond to polyclonal stimulation are
excluded from analysis.

Patients are summarized in Table 1 and Supplementary

Table 1 (D+R–) and Supplementary Table 2 (D+R+).

Recruitment: Healthy Volunteers
HCMV seronegative and seropositive individuals were recruited
in younger (<40 years of age) and older (65> years of age)
groups, donating either PBMC (ARIA study; Jackson et al.,
2017b) or PBMC and autologous primary dermal fibroblasts
(AQUARIA study).

TABLE 1 | Participant characteristics.

Donor N Study Experiment Age

range

HCMV

serostatus

Healthy 10 Local

volunteers

Assessment of antiviral

activity of lysate/peptide

stimulated supernatants in

VDA

Autologous VDA

30–63 6 seropositive

4 seronegative

Healthy 11 ARIA Assessment of antiviral

activity of lysate/peptide

stimulated supernatants in

VDA

23–76 9 seropositive

2 unknown

Healthy 16 AQUARIA Autologous VDA 31–76 10 seropositive

6 seronegative

Kidney

Tx

(D+R–)

7 AMC FluoroSpot analysis of

IFNγ-producing CD3+ T

cells

21–66 7 seronegative

Kidney

Tx

(D+R+)

4 Royal Free Autologous VDA

FluoroSpot analysis of

IFNγ-producing CD3+

T cells

29–54 4 seropositive

HCMV seropositive and seronegative donors were recruited
in three stages. Ten donors were recruited locally with
ethical approval from the Cambridge Central Research Ethics
Committee (97/092). Eleven donors were previously recruited
by the NIHR BioResource Centre Cambridge through the
ARIA study (Jackson et al., 2017b), with ethical approval from
the Cambridge Human Biology Research Ethics Committee
(HBREC.2014.07). Sixteen donors were recruited by the NIHR
BioResource Centre Cambridge through the AQUARIA study,
with ethical approval from the North of Scotland Research
Ethics Committee 1 (NS/17/0110). Donors were excluded if they
were receiving immunosuppressive therapy, e.g., cyclosporins
or methotrexate.

In each case, informed written consent was obtained from all
volunteers in accordance with the Declaration of Helsinki.

Healthy volunteers are summarized in Table 1.

Isolation of Human Dermal Fibroblasts
Primary human dermal fibroblasts (HDFs) were obtained from
individual donors in the AQUARIA study and the D+R+ kidney
transplant cohort. A 2-mm punch biopsy was obtained from
each donor. HDFs were grown out from this biopsy following a
previously published protocol (Poole et al., 2014), modified to use
DMEM (Poole et al., 2020).

Peripheral Blood Mononuclear Cell (PBMC)
Isolation
Peripheral blood mononuclear cells were isolated from
heparinized blood samples using Histopaque R©-1077 (Sigma-
Aldrich, Poole, UK) or Lymphoprep (Axis-shield, Oslo,
Norway) density gradient centrifugation. HCMV serostatus was
assessed using an IgG enzyme-linked immunosorbent assay
(Trinity Biotech Plc, Co., Wicklow, Ireland). Patient, ARIA and
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local donor PBMC were frozen in liquid nitrogen in a 10%
dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and 90% SeraPlus
fetal bovine serum (PAN Biotech, Wimborne, UK) solution;
AQUARIA PBMC were frozen in a serum-free freezing media
composed of 60% IMDM (Iscove’s Modified Dulbecco’s Medium,
Sigma), 10% DMSO, and 30% Panexin serum replacement (PAN
Biotech). Frozen PBMC were rapidly thawed, and the freezing
medium was diluted into 10ml of fresh X-Vivo 15 (Lonza,
Slough, UK). PBMC were incubated at 37◦C with 10 U/ml
DNase (Benzonase, Merck-Millipore via Sigma-Aldrich) for
1 h, followed by resuspension in fresh media and an overnight
incubation at 37◦C.

Specific Cell Subtype Isolation
PBMC were enriched for CD8+ T cells or NK cells by
magnetically activated cell sorting (MACS) using CD8+ T
cell (130-096-495) or NK cell (130-092-657) isolation kits
(Miltenyi Biotech,Woking, UK), according to the manufacturer’s
instructions. Cells were separated by use of an autoMACS Pro
separator (Miltenyi Biotech). The efficiency of depletion was
determined by staining cells as described in the phenotyping
method below. Depletions performed in this manner resulted in
0–0.3% residual CD4+ T cell content of CD8+ cell fractions, and
0.4–3.7% CD3+ T cell contamination of NK cell fractions.

Fluorescently Labeled Merlin
(mCherry-P2A-UL36 [vICA], GFP-UL32
[pp150])
The virus used in this study was based on a BAC cloned version
of HCMV strain Merlin (Wilkinson et al., 2015). This contains
the complete wildtype HCMV genome, with the exception of
point mutations in RL13 and UL128, which enhance growth
in fibroblasts (Stanton et al., 2010). Two genes were tagged
with fluorescent markers. UL36 was linked to mCherry via a
P2A linker. This arrangement results in expression of mCherry
at immediate early times (Nightingale et al., 2018). UL32 was
linked directly to GFP via a six amino-acid linker, and results
in GFP expression at late times (Weekes et al., 2014). Both
constructs were generated by recombineering as previously
described (Stanton et al., 2008). In both cases, a recombineering
cassette expressing kanR, lacZa, and rpsL was first inserted at the
site of modification, following PCR amplification using primers
in Supplementary Table 3. For GFP fusions to UL32, the primers
listed in Supplementary Table 3 were used to amplify GFP and
switch the recombineering cassette for the linker-GFP sequence.
For insertion of P2A-mCherry after UL36, the insertion was gene
synthesized by Geneart, digested to release it from its original
vector, gel purified, and used to replace the recombineering
cassette. All constructs were sequenced by Sanger sequencing
across the site of modification, including any inserted sequence.

Virus Propagation
HCMV strainMerlin mCherry-P2A-UL36 GFP-UL32 was grown
in human foreskin fibroblasts (HFF), following the protocol in
Wills et al. (2005). The infectious titer and PFU were calculated
using the method in Jackson et al. (2017a).

HCMV-Infected Cell Lysate and Control
Fibroblast Lysate
One T175 flask of MRC-5 fibroblasts was maintained in
DMEM [Sigma, Poole, UK] with 10% FCS [PAA, Linz,
Austria] and pen-strep [105 IU penicillin/L, and 100mg
streptomycin/L (Invitrogen Life Technologies)]. When cells were
80% confluent, they were infected with dual-color Merlin and
the virus was propagated for 14 days at 37◦C in a 5% CO2

humified atmosphere. When 80% of cells were mCherry+ or
mCherry+GFP+ by fluorescent microscopy, the infected cells
were harvested using trypsin. A second T175 flask of MRC-5
fibroblasts was used as control fibroblast lysate and was harvested
when cells were 95% confluent. Cells were resuspended in 10ml
DMEM with 10% FBS and placed in a 50ml Falcon. Cells were
subjected to three freeze-thaw cycles to lyse the cells, alternating
between a dry-ice/ethanol bath and 37◦C water bath. The lysed
cell suspension was then centrifuged for 7min at 700RPM and
the supernatant (the lysate) drawn off and frozen in 1ml aliquots
were stored at−80◦C until further use. Lysates were heat-treated
at 56◦C for 30min before subsequent application (Nokta et al.,
1996; Hodinka, 2007).

HCMV ORF Peptide Pools
Seven HCMV proteins were selected based on previously
demonstrated immunogenicity (Jackson et al., 2014, 2017a)
and peptide libraries comprising consecutive 15mer peptides
overlapping by 10 amino acid were synthesized by ProImmune
PEPScreen (Oxford, UK) and JPT Peptide Technologies
GmbH (Berlin, Germany). Individual lyophilized peptides were
reconstituted and used as previously described (Jackson et al.,
2014) in peptide pools at a concentration of 5 µg/ml/peptide.
The peptide pools covered the following ORFs: gB (UL55); pp65
(UL83) and UL144; IE1 (UL123) and IE2 (UL122); pp71 (UL82)
and US3.

Cytokine Quantification by Enzyme-Linked
Immunosorbent Assay (ELISA)
The Human IFNγ ELISA MAX Standard Set (Biolegend,
London, UK) was used to quantify IFNγ concentrations
in supernatants. ELISAs were performed according to the
manufacturer’s recommended protocol.

Detection of Cytokine Production by
FluoroSpot
To maximize available cell numbers, 1 × 105 total PBMC were
suspended in X-VIVO 15 (Lonza, Slough, UK) supplemented
with 5% Human AB serum (Sigma Aldrich). PBMC were
incubated in pre-coated human IFNγ and IL-10, or IFNγ, IL-
10, and TNFα FluoroSpot plates (Mabtech AB, Nacka Strand,
Sweden) in triplicate with ORF peptide pools (final peptide
concentration 2µg/ml following dilution with X-Vivo-15) and
an unstimulated and positive control mix [containing anti-CD3
and anti-CD28 (Mabtech AB) or colloidal anti-CD3 and anti-
CD28 (Human T cell TransAct, Miltenyi Biotech), at 37◦C
for 48 h]. Cells and media were decanted from the plate and
the assay developed following the manufacturer’s protocol.
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Developed plates were read using an AID iSpot reader (Oxford
Biosystems, Oxford, UK) and counted using AID EliSpot v7
software (Autoimmun Diagnostika GmbH, Strasberg, Germany).

Donor results were discounted from further analysis if there
was >1,000 spot forming units (sfu) per well. The sfu response
in the positive control (mitogen stimulation) wells had to be at
least 100 sfu/well greater than the background sfu/well, otherwise
the sample failed quality control and was excluded. The mean sfu
of triplicate wells were converted to sfu per 106 cells, the mean
background response (sfu/106 cells) was deducted from the mean
responding wells. The cut off to define a positive IFNγ response
was responses >100 sfu/106 cells, negative responses were below
this. The cut off was determined by comparing the distribution of
the responses from HCMV seropositive and seronegative donors
to HCMV protein stimulation and the positive control in our
previous ARIA study results (Jackson et al., 2017b).

Generation of Supernatants Following
Lysate Stimulation
3 × 105 total PBMC were suspended in X-VIVO 15 (Lonza,
Slough, UK) in a 5ml polypropylene tube and stimulated with
heat inactivated HCMV [Merlin]-infected fibroblast lysate or
uninfected fibroblast lysate, and positive control mixes (anti-
CD3 and anti-CD28, as above). They were incubated at 37◦C,
in a 5% CO2 atmosphere for 48 h. Tubes were spun for
10min at 2000RPM to pellet the PBMC. Two milliliters media
(the supernatant) was then removed from each tube without
dislodging the cell pellet and frozen at−80◦C.

Generation of Supernatants Following
Peptide Stimulation
3 × 105 total PBMC were suspended in X-VIVO 15 (Lonza,
Slough, UK) in a 5ml polypropylene tube and stimulated with
ORF peptide pools and unstimulated (X-VIVO 15) and positive
control mixes. They were incubated at 37◦C in a 5% CO2

atmosphere for 48 h and supernatants harvested as above.

Virus Dissemination Assay:
Non-autologous
Human fetal foreskin fibroblasts (HFFFs) were maintained in
DMEM [Sigma, Poole, UK] with 10% FCS [PAA, Linz, Austria]
and pen-strep [105 IU penicillin/L, and 100mg streptomycin/L
(Invitrogen Life Technologies)]. HFFFs were seeded at 2.5 ×

104 cells/well in a 96-well plate. After 48 h, cells were confluent
and were infected at a low MOI (0.01) with mCherry-GFP-
Merlin. After a further 24 h, 75 µl of lysate or peptide-stimulated
supernatant was added to each well. After 9–11 days, cells were
harvested with trypsin and fixed in a 2% PFA solution for flow
cytometry analysis of viral dissemination.

Viral spread in each well was determined as a percentage
of control wells lacking supernatants using the following
equation ([Experimental % of infected cells – background %
of HFFF-only control]/[% of infected HFFF control without
effector cells/supernatants – background % of HFFF-only
control])× 100.

Virus Dissemination Assay: Autologous
Human primary dermal fibroblasts (HDFs) were maintained in
DMEM [Sigma, Poole, UK] with 20% FCS [PAA, Linz, Austria]
and pen-strep [105 IU penicillin/L, and 100mg streptomycin/L
(Invitrogen Life Technologies)].Where paired HDFs and effector
cells (PBMC; CD8+; NK) were available from healthy volunteers,
1 × 104 HDFs were seeded in each well of a half-area 96-well
plate (Greiner Bio-One, Stroudwater, UK). After 48 h, cells were
confluent and were infected at a low MOI (0.01) with mCherry-
GFP-Merlin HCMV. After a further 24 h, cells were seeded at a
range of effector to target ratios in X-Vivo 15 (Lonza, Slough,
UK). After 10–14 days, PBMC or effector cells were washed off
and HDFs were harvested with trypsin and fixed in a 2% PFA
solution for flow cytometry analysis of viral spread.

Viral spread in each well was determined as
described previously.

Phenotyping
105 total PBMC was stained in separate tubes with two
phenotyping cocktails containing 2 µl of each antibody:

T cell antibody mix: anti-CD3—fluorescein isothiocyanate
(FITC), clone UCHT1; anti-CD4—phycoerythrin (PE), clone
RPA-T4; anti-CD8a-peridinin-chlorophyll protein—cyanine 5.5
(PerCP Cy5.5), clone RPA-8a (all BioLegend, London, UK),
LIVE/DEAD Fixable Far Red Dead Cell Stain Kit (Thermo
Fisher Scientific).

NK cell antibody mix: anti-CD3-FITC; anti-CD8-PerCP
Cy5.5 (both as before); anti-CD56-PE, clone B159 (BD
Pharmingen); LIVE/DEAD Fixable Far Red Dead Cell Stain Kit.

Flow Cytometry
Flow cytometry analysis of dual-color virus dissemination was
performed on the BD Fortessa2 or Thermo Fisher Attune NxT
flow cytometers. PBMC phenotyping was performed on the BD
Accuri C6 flow cytometer. Data were analyzed with FlowJo v10
(Becton Dickinson, Wokingham, UK).

Statistical and Graphical Analysis
Data presentation and statistical analyses was performed using
GraphPad Prism v8. Statistical significance for one-tailed T-
tests was determined with an alpha = 0.05, without assuming a
consistent standard deviation between populations.

RESULTS

Longitudinal Detection of HCMV-Specific
IFNγ CD3+ T Cell Responses in D+R–
Kidney Transplant Recipients Did Not
Predict Resolution of Viraemia
IFNγ T cell responses to HCMV in vitro have previously
been used as a surrogate measure of the level of cell-
mediated immunity to HCMV in vivo. To begin testing
this assumption, we characterized the development of IFNγ

T cell responses following primary HCMV infection. To
do this, CD3+ T cell IFNγ responses to HCMV peptide
pools were measured by Fluorospot on a cohort of D+R–
kidney transplant patients, all of whom experienced
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primary HCMV infection following transplantation. In
the seven patients studied, all developed robust IFNγ

responses to a range of HCMV peptide pools, covering
lytic proteins gB, IE1, IE2, US3, pp65, UL144, and
pp71, responses enumerated by FluoroSpot (Figure 1 and
Supplementary Figure 1).

However, these longitudinal analyses revealed examples
of two broadly distinct patterns of response in this cohort
(Figure 1). In some patients (3/7 e.g., Pt365) (Figure 1A), we
observed the generation of a HCMV-specific IFNy CD3+ T
cell response which was sustained over time and correlated
with the resolution of initial viraemia. Subsequent episodes
of viraemia where not observed after this response became
detectable. In other patients, viraemia recurred once (3/7
e.g., Pt574; Supplementary Figure 1) or several times (1/7
e.g., Pt352; Figure 1B), despite detectable HCMV-specific IFNy
CD3+ T cell responses of similar magnitude being present
at the times of recrudescence. As such, the results show
that in this group of patients, CD3+ T cell IFNγ responses
as measured by FluoroSpot were not necessarily predictive
of the resolution of CMV viraemia, even when a broad
selection of highly immunogenic HCMV peptide pools was
used. Importantly, a comparison of the magnitude of these
responses with a previously studied cohort of healthy seropositive
donors in the same age range as each transplant recipient
(Jackson et al., 2017b) revealed the CD3+ T cell IFNγ

FluoroSpot responses of these seven D+R– patients were of
a similar magnitude and breadth arguing that these patients
can generate substantial T cell responses when measured by
IFNy Fluorospot.

Determination of Antiviral Efficacy of
HCMV Antigen Stimulated PBMC and Its
Correlation to IFNγ Detection-Based
Assays
We speculated that one explanation for the inconsistent
predictive power of simply measuring CD3+ HCMV-specific T
cell IFNγ responses as a correlate with in vivo HCMV control
could be that other cytokines and secreted factors may also
play an important role in antiviral T cell immunity to HCMV
(Nachtwey and Spencer, 2008; Mason et al., 2013; Siewiera et al.,
2013).

In order to address this the capacity of the CD3+ T cells
to control viral replication we adapted a viral dissemination
assay (VDA) previously used by our group to quantify the
spread of virus through indicator fibroblasts co-cultured
with NK cells or CD8+ T cells (Jackson et al., 2014; Chen
et al., 2016). Using a dual mCherry-GFP expressing strain of
HCMV (Merlin), the progression of infection can be assayed.
Infected cells express mCherry from immediate-early times
post-infection (linked to UL36-P2A-mCherry) and are both
mCherry and GFP+ (fused to UL32 [pp150 – tegument
protein]) at late times post-infection. Following a low MOI
infection, the virus spreads through fibroblasts over time.
The infected mCherry+ and mCherry+ GFP+ cells can be
visualized using fluorescent microscopy and enumerated

by two color flow cytometry (Figure 2A), quantifying
viral dissemination kinetics over a series of time points
(Figure 2B).

Prior to the specific analysis of the supernatants derived
from T cells stimulated by HCMV antigens, we first determined
whether supernatant from PBMC incubated with anti-CD3 and
anti-CD28 antibodies to polyclonally activate the T cells (Trickett
and Kwan, 2003) was antiviral compared to unstimulated PBMC
control from the same donor. To test for any antiviral activity,
supernatants were added to cultures of HFF fibroblasts that
had been previously infected with HCMV overnight at low
MOI (0.01). The data show that supernatants taken from
antibody-stimulated T cells reduced the percentage of both
mCherry+ fibroblasts and mCherry+ GFP+ fibroblasts in a
titratable manner (Figure 2C). Although some antiviral activity
was evident using supernatants from unstimulated PBMC
(particularly when fibroblasts were analyzed for GFP expression),
this activity was considerably lower than following polyclonal
T cell activation. An analysis of supernatants from activated T
cells from multiple donors (n = 10) revealed that the level of
antiviral activity induced varied considerably between donors
(Figure 2D).

It was noted that following overnight infection, and addition
of PBMC derived supernatants, that the initial infected cells
(identified as mCherry+) proceeded to late gene expression
(i.e., became GFP+) after a further 48 h incubation, even
in the presence of a supernatant identified as antiviral. We
hypothesized, therefore, that the antiviral effects observed were
due to inhibition of the secondary infections that occur in our
VDA rather than an inhibition of the first round of infected cells.
These subsequent rounds of infection (spread) can be measured
if immediate early gene expression occurs (mCherry+ cells)
and/or subsequent progression to late viral gene expression by
GFP expression is impacted. As such, two scenarios are possible:
uninfected cells incubated with these supernatants might become
refractory to HCMV infection or induced into an antiviral state
which disrupts normal temporal viral gene expression between
immediate early and late viral gene expression. We therefore
subsequently define a reduction in the relative percentage of
cells which are mCherry+GFP– as a reduction in virus spread
in the culture. If a reduction in the relative percentage of
cells which are mCherry+ and GFP+ is observed (and thus
a reduction in progression to late gene expression), we can
use this as a proxy for a reduction in the number of new
infections in the VDA capable of producing new infectious
virus particles.

Having established that we could generate and define
antiviral supernatants by polyclonal T cell stimulation of
PBMC, we then wished to study the HCMV-specific secreted
antiviral immune response of PBMC from healthy seropositive
volunteers. Healthy donor PBMC was stimulated with heat-
treated HCMV-infected fibroblast lysate (“lysate”), and harvested
supernatants tested for antiviral activity in our VDA. The
results show that the outcome of PBMC stimulation is variable.
Some seropositive donors (e.g., ARIA219) generated HCMV-
specific antiviral supernatants, as they reduced the number
of mCherry+GFP+ fibroblasts. In contrast, supernatants from
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FIGURE 1 | Analysis of longitudinal HCMV virus load and HCMV specific CD3+ T cell IFNγ responses of D+R– Kidney transplant patients. Two example D+R– kidney

transplant patients with primary HCMV infection, T cell responses (spot forming units per 106 CD3+ T cells) were measured by IFNγ FluoroSpot (green triangles

connected by a solid line) to HCMV peptide pools covering pp65 and UL144, IE1 and IE2, pp71 and US3, and gB, as well as a polyclonal T cell stimulation as a

positive control (“POS”). Virus load (copies/ml blood) was measured by QNAT of HCMV DNA (pink hexagons connected by a dashed line). Cyan lines show the mean

magnitude of response (±standard error) of CD3+ T cell IFNγ responses seen in healthy seropositive individuals in the same age decade as the transplant recipient for

each peptide pool (Jackson et al., 2017b). (A) Patient 365 is an example of a D+R– patient with resolution of DNAemia following the emergence of detectable CD3+

IFNγ responses to four HCMV lytic peptide pools. (B) Patient 352, in contrast, had DNAemia which recurred several times, despite also developing detectable HCMV

specific CD3+ T cell IFNγ responses which are comparable in frequency to those seen age-matched in healthy seropositives.

PBMC taken from donor ARIA177 show comparable inhibition
of virus by both the uninfected control fibroblast lysate and the
HCMV-infected lysate stimulation. Other donors had a weak
antiviral response to HCMV, such as ARIA211 (Figure 3A).
ARIA177 supported the hypothesis that non-self-antigens from

the fibroblasts used to produce the lysate may have stimulated
a non-specific antiviral response from some donors—which
would be consistent with our observations with supernatants
from polyclonally stimulated T cells. We therefore adapted
this assay to use the gB, IE1, IE2, US3, pp65, UL144, and
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FIGURE 2 | Quantification of HCMV dissemination and antiviral effect of polyclonally stimulated T cells. (A) Viral dissemination assay using a dual-fluorescently tagged

HCMV strain (Merlin mCherry-P2A-UL36 [vICA], GFP-UL32 [pp150]). Following a low MOI (0.01) infection of indicator fibroblasts, infected cells become mCherry+ as

the virus enters the immediate-early life cycle, and later become mCherry+ GFP+ as the virus enters the late life cycle. The percentage of cells infected can be

visualized by fluorescent microscopy and quantified by two color flow cytometry. (B) Kinetics of virus dissemination in HFFF cells. Virus dissemination has been

quantified by flow cytometry at various time points post-infection based on mCherry+ GFP– cells and on mCherry+ GFP+ cells. (C) Analysis of antiviral activity of

supernatant from anti-CD3/CD28 stimulated T cells in PBMC (supernatant donor ARIA060). Fibroblasts were infected at 0.01 MOI and co-cultured with dilutions of

supernatant, following 10 days of incubation fibroblasts were harvested and analyzed for mCherry and GFP expression by flow cytometry. (D) Analysis of antiviral

activity of supernatant from anti-CD3/CD28 stimulated T cells in PBMC from 10 independent donors, diluted 1:4. Fibroblasts were infected at 0.01 MOI and

co-cultured with dilutions of supernatant, following 9–11 days of incubation fibroblasts were harvested and analyzed for mCherry and GFP expression by

flow cytometry.

pp71 pools of immunodominant HCMV peptides, recognized
by both CD8+ and CD4+ T cells for PBMC stimulation
(Sylwester et al., 2005; Jackson et al., 2017b).

Healthy seropositive donor PBMC was thus stimulated with
these HCMV peptide pools for 48 h and the supernatant
harvested and added to the VDA at 24 hpi. Here supernatants
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FIGURE 3 | Analysis of the antiviral activity of PBMC stimulated with HCMV-infected fibroblast lysates and pools of HCMV synthetic peptides specific for pp65,

UL144,Gb, IE1,IE2, pp71, and US3. (A) Antiviral activity of supernatants derived from PBMC from three different donors stimulated with HCMV infected or uninfected

fibroblast lysates. PBMC were also stimulated with anti-CD3/CD28 antibodies to generate a positive control antiviral supernatant. Fibroblasts were infected at 0.01

MOI and co-cultured with 1:4 dilution of supernatant, following 9–11 days of incubation fibroblasts were harvested and analyzed for mCherry and GFP expression by

flow cytometry. Significance determined was by one-tailed T-test, p < 0.05. (B) Antiviral activity of HCMV peptide pools covering pp65 and UL144, IE1 and IE2, pp71

and US3, and gB, as well as a polyclonal anti-CD3/CD28 antibody T cell stimulation as a positive control on five independent HCMV seropositive donors. Significance

determined by one-tailed T-test. Key: *p < 0.05; **p < 0.005; ***p < 0.0005.

from unstimulated PBMC were used as a negative control and
polyclonal stimulation was used as a positive control for antiviral
activity. The results show that two of the four donors tested
produced HCMV-specific antiviral supernatants in response
to stimulation with one or more of the peptide pools, while
two other donors (CMV319 and CMV332) did not produce
an antiviral response following peptide stimulation of PBMC

(Figure 3B). Hypothetically, the supernatants harvested from
donors CMV319 and CMV332 may not have been antiviral
in a VDA because these donors did not have memory T
cells to any of the HCMV peptides used to stimulate the T
cells. To investigate this, we quantified the HCMV peptide
specific IFNγ CD3+ T cell responses FluoroSpot of PBMC
from CMV319 and CMV332, alongside CMV1801. The results
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show that CMV1801 had positive FluoroSpot responses to pools
containing peptides covering pp71/US3 (Figure 4A), CMV332
had positive FluoroSpot responses to pools containing peptides
covering pp65/UL144 and IE1&2 (Figure 4B) and CMV319 had
positive IFNγ FluoroSpot responses to peptides from IE2 and
pp65 (data not shown).

This approach revealed a disconnect between the detection of
HCMV specific IFNγ responses (by FluoroSpot) and the ability
of these supernatants to exert antiviral activity. Both CMV1801
and CMV332 had positive IFNγ CD3+ T cell responses to
multiple HCMV peptide pools and in some cases at higher
frequency (e.g., pp65/UL144 and IE1/2), yet the supernatant from
CMV332 was not antiviral in the VDA (Figures 3B, 4A,B). We
therefore speculated that IFNγ was not the key cytokine that
determines antiviral activity in the supernatants. To address this,
HCMV peptide pools were used to stimulate PBMC from donor
CMV1801 for analysis in parallel. Specifically, one in an IFNγ

FluoroSpot plate (this would enumerate the T cell response and
deplete free IFNγ) and one in a non-antibody coated microtitre
plate so that IFNγ was present in the supernatant. Depletion of
IFNγ was verified by ELISA (Figure 4C) and also analyzed for
antiviral activity by VDA (Figure 4D).

The results show that despite CMV1801 having IFNγ-
producing T cells specific for pp65/UL144 and IE1&2 as well as
pp71/US3, only supernatants from pp71/US3-stimulated T cells
exhibited antiviral activity. Furthermore, this activity remained
following depletion of IFNγ from those supernatants. Taken
together, these data support our hypothesis that other factors,
beyond IFNγ, are important to the secreted antiviral immune
response to HCMV. Additionally, their identification may reveal
biomarkers of HCMV immunity.

PBMC and CD8+ T Cells Control HCMV in
an Autologous in vitro Co-culture Viral
Dissemination Assay
Thus, far our studies have focused on the anti-viral activity
of cytokines produced by stimulated T cells. However, direct
T cell-mediated cytotoxicity is an important mechanism of
control of viral infection. We previously developed an assay to
quantify CD8+ T cell and NK cell-mediated antiviral immunity,
measuring the lymphocyte-mediated inhibition of dissemination
of HCMV through a permissive autologous primary human
fibroblast monolayer (Jackson et al., 2014, 2019; Chen et al.,
2016). Similar assays used in other laboratories have utilized
partially HLA-matched fibroblasts and cytotoxic T lymphocytes
(Sinzger et al., 2007) or measured lysis of HCMV-infected
autologous fibroblasts with various NK cell clones derived from
independent donors (Carr et al., 2002). We therefore wanted to
assess the ability of whole PBMC, CD8+ T cells, and NK cells
from a cohort of seropositive and seronegative donors to control
HCMV in a fully autologous experimental system, and to assess
the relative contributions of these cell subsets (and their secreted
antiviral factors) to that control. This approach also allows us
to directly compare the antiviral efficacy of different cell subsets
from the same donor in the same experiment.

Primary autologous dermal fibroblasts were infected at a low
MOI (0.01), 24 h later these were co-cultured with either total
PBMC or purified CD8+ T cells or NK cells, across a range of
effector to target (E:T) cell ratios. After incubation for 10–14
days, fibroblasts were analyzed by flow cytometry for mCherry
and GFP expression. This comparison enabled us to determine
the HCMV specificity of this approach when purified CD8+ T
cells were used from both HCMV seropositive and seronegative
donors. The use of whole PBMC enables an assessment of
the antiviral capacity of innate immune cells (NK cells and
monocytes) as well as adaptive immune cells [CD8+ T cells and
gamma-delta (γδ) T cells].

The results are depicted using violin plots which show both
the frequency distribution of the VDA by population (e.g.,
seropositive donor PBMC control of virus spread), and the
individual data points for each donor. All data are normalized
such that the infected controls for each donor were set as
100% infection, and the uninfected controls were set at 0%
infection. At an E:T ratio of 2.5:1, HDFs co-cultured with
PBMC from seropositive donors inhibited virus infected cells
to between 0.6 and 15.4% of the normalized viral spread
(as evidenced by mCherry+ cells) of the infection control.
At the same E:T ratio, HDFs co-cultured with PBMC from
seronegative donors inhibited virus infected cells to between
34.9 and 100% of the normalized viral spread (mCherry+
cells) of the infection control. The data show PBMC from
HCMV seropositive donors (n = 8) were significantly better
at controlling viral spread (mCherry+ cells) than PBMC from
the HCMV seronegative cohort (n = 8) at E:T ratios of 5–
0.63:1. Similarly, the number of cells that progressed to late
stage infection (GFP+) was significantly decreased in the HCMV
seropositives vs. the HCMV seronegative cohort at E:T ratios of
2.5–0.63:1 (Figure 5).

We next analyzed the antiviral capacity and specificity of
purified CD8+ T cells from both HCMV seropositive and
seronegative individuals (Figure 6). The data show that CD8+

T cells from HCMV seropositive donors were significantly
more effective over a range of E:T ratios at inhibiting viral
spread (mCherry+) and infectious virus production (GFP+)
compared to CD8+ T cells from HCMV seronegative donors.
We also noted that at the higher E:T ratios CD8+ T cells
from HCMV seronegative donors were capable of exerting a
level of control, but this was lost rapidly, with only HCMV-
specific responses observed at E:T ratios of 2.5:1 and lower.
At an E:T ratio of 2.5:1, HDFs co-cultured with CD8+

T cells from seropositive donors inhibited virus infected
cells to between 0.5 and 54.1% of the normalized viral
spread (mCherry+ cells) of the infection control. At the
same E:T ratio, HDFs co-cultured with CD8+ T cells from
seronegative donors inhibited virus infected cells to between
70 and 125% of the viral spread (mCherry+ cells) of the
infection control.

Finally, we analyzed NK cells purified from PBMC. In contrast
to the results observed with PBMC and CD8+ T cells, the ability
of NK cells to control HCMV did not vary significantly by donor
serostatus (seropositive n = 8, seronegative n = 5) (Figure 7). It
was also notable that NK cell control of virus spread (mCherry+
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FIGURE 4 | Analysis of HCMV specific IFNγ FluoroSpot responses and antiviral activity of HCMV peptide stimulated supernatants with and without IFNγ depletion.

(A) IFNγ FluoroSpot responses to HCMV peptide pools covering pp65 and UL144, IE1 and IE2, pp71 and US3, and gB, as well as a polyclonal anti-CD3/CD28

antibody T cell stimulation as a positive control of PBMC from donor CMV1801, calculated as spot-forming units (SFU) per 106 PBMC (background corrected). (B)

IFNγ FluoroSpot responses to HCMV peptide pools covering pp65 and UL144, IE1 and IE2, pp71 and US3, and gB, as well as a polyclonal anti-CD3/CD28 antibody

T cell stimulation as a positive control of PBMC from donor CMV332, calculated as spot-forming units (SFU) per 106 PBMC (background corrected). (C) The IFNγ

concentration of supernatants following peptide stimulation (black) or after IFNγ depletion by anti-IFNγ-coated FluoroSpot (cyan), measured by ELISA. (D) The effect of

IFNγ depletion on the antiviral activity of PBMC from donor CMV1801 stimulated with HCMV peptide pools for pp65/UL144, IE1&2, and pp71/US3 or anti-CD3/CD28

antibody. Bars labeled “IFNγ deplete” were harvested from anti-IFNγ antibody-coated FluoroSpot plates and added to a VDA in parallel with supernatants generated

with the same stimulants and PBMC cell number. Significance determined by one-tailed T-test. Key: *p < 0.05; **p < 0.005; ***p < 0.0005; ns, Not significant.

only cells) was poor compared to the control exerted by CD8+

T cells from HCMV seropositive donors over the same range of
E:T ratios. At an E:T ratio of 2.5:1, seropositive donors reduced
the normalized viral spread (mCherry+ cells) to 24.8–114.8%
compared to the infection control, while seronegative donors
reduced the normalized viral spread to 40.9–79.2% compared
to the infection control. It could also be seen from the violin
plots that some donors’ NK cells exerted better viral control than
others. In order to further illustrate this, we directly compared
the data from two HCMV seropositive donors in more detail
(Supplementary Figure 2). NK cells from donor AQU002 had
high level virus control (controlling virus spread and late gene
expression), while NK cells from AQU003 were unable to control
virus spread and had significantly less ability to control late virus
gene expression.

HCMV-Seropositive Solid Organ Transplant
Recipients (D+R+) Showed Comparable in

vitro Control of Viral Dissemination to
Healthy Controls
In our original analysis of HCMV-specific CD3+ T cell IFNγ

responses toHCMV lytic peptides, we show that the development

of these T cells was not predictive of resolution/recrudescence
of viraemia in a number (n = 7) of individuals in the D+R–

kidney transplant cohort (Figure 1). Approximately half of

D+R+ transplant recipients develop viraemia post-kidney or
liver transplant, but have shorter duration of viraemia than

D+R– patients suggesting pre-existing mature HCMV immune

responses are better able to control viraemia (Atabani et al.,
2012). In light of our analysis of cell-mediated immunity by
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FIGURE 5 | Antiviral activity of whole PBMC from HCMV seropositive and seronegative donors co-cultured with HCMV infected autologous fibroblasts. Violin plots

showing results from viral dissemination assays of PBMC co-cultured with HCMV infected fibroblasts for 10–14 days over a range of E:T ratios, fibroblasts were

harvested and analyzed for mCherry and GFP expression by flow cytometry. (A) Virus spread determined by mCherry+ fibroblasts and (B) by mCherry+ GFP+

fibroblasts. Cyan points show the range of control at each E:T for seropositive donors; magenta points are seronegative donors. Significance was determined by

one-tailed T-test. Key: *p < 0.05; **p < 0.005; ***p < 0.0005.

FIGURE 6 | Antiviral activity of purified CD8+ T cells from HCMV seropositive and seronegative donors co-cultured with HCMV infected autologous fibroblasts. Violin

plots showing results from Viral dissemination assays of PBMC co-cultured with HCMV infected fibroblasts for 10–14 days over a range of E:T ratios, fibroblasts were

harvested and analyzed for mCherry and GFP expression by flow cytometry. (A) Virus spread determined by mCherry+ fibroblasts and (B) by mCherry+ GFP+

fibroblasts. Cyan points show the range of control at each E:T for seropositive donors; magenta points are seronegative donors. Significance was determined by

one-tailed T-test. Key: *p < 0.05; **p < 0.005; ***p < 0.0005.

IFNγ Fluorospot and VDA in both HCMV seropositive and
seronegative healthy individuals, we tested the hypothesis that
seropositive transplant recipients who do not develop viraemia
have in vitro CMI more similar to healthy seropositives than
healthy seronegatives in our assays.

To investigate this, we identified four R+ patients who
received a D+ organ who were not on antiviral prophylaxis
and did not experience detectable viraemia post-transplantation.
In this R+ cohort, the HCMV-specific CD3+ T cell IFNγ

responses as well as total PBMC, CD8+ T cells and NK cells
by autologous VDA were analyzed. Total PBMC from each

R+ individual, collected ∼3 months (72–110 days) post-kidney
transplant, were stimulated with a panel of HCMV peptide pools
as before, and the responses enumerated by IFNγ FluoroSpot
(Supplementary Figure 3). The results show all the recipients
had a detectable T cell response to at least one of the peptide
pools. Recipient R02-00079 made IFNγ T cell responses to all the
pools tested, R02-00005 to all but one pool, and R02-00058 and
R02-00109 to a single pool each.

We next determined the anti-HCMV activity of the PBMC,
CD8+, and NK cells derived from the same R+ kidney transplant
recipients. The results demonstrate that PBMC derived from
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FIGURE 7 | Antiviral activity of purified NK cells from HCMV seropositive and seronegative donors co-cultured with HCMV infected autologous fibroblasts. Violin plots

showing results from Viral dissemination assays of PBMC co-cultured with HCMV infected fibroblasts for 10–14 days over a range of E:T ratios, fibroblasts were

harvested and analyzed for mCherry and GFP expression by flow cytometry. (A) Virus spread determined by mCherry+ fibroblasts and (B) by mCherry+ GFP+

fibroblasts. Cyan points show the range of control at each E:T for seropositive donors; magenta points are seronegative donors. Significance was determined by

one-tailed T-test. Key: *p < 0.05; **p < 0.005; ***p < 0.0005.

the seropositive kidney transplant recipients 3 months post-
transplant were just as effective at controlling HCMV as healthy
seropositive PBMC and clearly different from the response in
seronegatives (Figure 8A). At an E:T ratio of 1.25, D+R+ PBMC
from time point T3 (∼3 months post-transplant) controlled
the spread of HCMV with a range 0.7–24.5% of the infected
control (mCherry+ cells), compared to a range of 1.3–55.6%
in healthy seropositives and 33–92.7% in healthy seronegatives.
This was also recapitulated in CD8+ T cells analyses where
again R+ patient cells had a similar pattern of control to
CD8+ T cells derived from healthy seropositives (Figure 8B).
Correspondingly, NK cells from the R+ kidney transplant
recipients had a similar range of virus control to both HCMV
seropositive and seronegative healthy donors (Figure 8C).

DISCUSSION

Quantification of the magnitude of the immune response against
HCMV has long been investigated as a method for predicting
individuals better able to control viral replication in clinical
settings. In the context of CMI this has centered on measuring
the frequency of IFNy CD3+ T cells that recognize HCMV
antigens, with the assumption that a direct correlation between
frequency and control exists. In this study, we investigated
CMI to HCMV in both SOT recipients and healthy controls.
These in vitro CMI assays suggest that the use of IFNγ as a
proxy for HCMV-specific control in vivo may not represent
the best measure of the antiviral activity of immune cells from
immune suppressed SOT recipients. Our view that measurement
of IFNγ is not a robust biomarker is supported by two pieces
of evidence: firstly, a clear lack of correlation between CD3+ T
cell IFNγ responses and DNAemia resolution in a small cohort

of D+R– kidney transplant patients undergoing primary HCMV
infection was observed. Secondly, no correlation between IFNγ

production from HCMV peptide stimulated PBMC and the
ability of these supernatants to inhibit virus dissemination was
observed. Instead, we established that a fully autologous HCMV
infection and immune cell co-culture system, incorporating both
direct cell-cell and secreted antiviral immunity, was much more
effective in distinguishing between HCMV-specific immunity
in healthy seropositive and seronegative donors. Using this
approach, we demonstrated potent antiviral activity of CD8+

T cells and correlated this with control of viraemia in D+R+
transplant recipients.

An important aspect of our study was the increased choice
of antigens used to stimulate PBMC. This allowed us to test
whether the variable predictive power of IFNγ-focused CMI
assays was due to the limited choice of HCMV antigens used for
stimulation of T cells. Many commercial assays which enumerate
IFNγ responses to HCMV (e.g., T.Track CMV and T.SPOT-
CMV) focus on a narrow range of lytic antigens, such as IE1
and pp65. However a number of studies have now demonstrated
that the CD4+ and CD8+ T cell responses to HCMV are
broader than this, and that not all seropositive donors will
respond to IE1/pp65 (Sylwester et al., 2005; Jackson et al., 2014,
2017a). Some studies have suggested that serology alone may
over-estimate the proportion of healthy individuals who are
HCMV seropositive compared to testing for HCMV serostatus
by Western blot (Sukdolak et al., 2013). We do not believe that
false-positive HCMV serology explains all cases of individuals
who fail to make a detectable IFNγ response to pp65, as we
and others have noted that serostatus cannot be accurately
predicted by the CD4+ or CD8+ T cell response to a single
ORF, but rather by the combination of detectable responses
to several ORFs (Sylwester et al., 2005; Jackson et al., 2017b).
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FIGURE 8 | Antiviral activity of PBMC, CD8+ T cells, and NK cells from HCMV seropositive and seronegative donors and from non-viraemic D+R+ kidney transplant

recipients co-cultured with HCMV infected autologous fibroblasts. Violin plots showing results from Viral dissemination assays of (A) PBMC, (B) CD8+ T cells, and (C)

NK cells. Cells were co-cultured with HCMV infected fibroblasts for 10–14 days over a range of E:T ratios, fibroblasts were harvested and analyzed for mCherry and

GFP expression by flow cytometry. Virus spread determined by mCherry+ fibroblasts and by mCherry+ GFP+ fibroblasts. D+R+ kidney transplant recipients were

tested in a VDA from samples collected immediately pre-transplant (T1), at 1–2 months (T2), and 2 months post-transplant. At T3 (post-transplant), PBMC, CD8+ T

cells, and NK cells were not statistically significantly different from healthy seropositives in their control of virus dissemination. Cyan points show the range of control at

each E:T for seropositive donors; magenta points are seronegative donors. Purple points are samples taken immediately pre-transplant. Blue points are samples

taken 1–2 months post-transplant. Gray points are samples taken 3 months post-transplant. Significance was determined by one-tailed T-test. Key:

*p < 0.05; **p < 0.005; ***p < 0.0005.
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By increasing the range of immunodominant peptides used
for CD3+ T cell stimulation beyond that used in commercial
assays, we could better enumerate IFNγ FluoroSpot responses
in seven D+R– SOT recipients. Importantly, this approach
still did not identify any obvious differences in the immune
responses of these patients to provide an explanation for why
some recipients had resolution of viraemia, and others recurrent
viraemia despite a broad T cell response. We considered delayed
immune reconstitution and immune suppression as factors in the
occurrence and recurrence of viraemia, as HCMV-specific CMI
is known to reconstitute more quickly in R+ than R– transplant
recipients (Eid et al., 2010) and to reconstitute at different rates
in different patients (Abate et al., 2010). However, that does
not seem to explain the differences between patients who did
and did not control viraemia, as all patients mounted T cell
responses similar in magnitude and breadth to those seen in
healthy seropositive donors. Additionally, all patients received
similar immunosuppressive regimes, suggesting other factors
might explain the variable efficacy of their T cells.

A major aim of this study was to develop a robust method to
identify and assess antiviral CMI responses in vitro to empower
our ongoing work aimed at understanding the key aspects of
the immune response that provide protection in some, but not
all, transplant patients. It is well-established that HCMV-infected
cell lysates or peptide stimulation can be used to generate IFNγ

responses from PBMC and CD4/8+ T cells (e.g., Sinclair et al.,
2004; Jackson et al., 2017b; Chanouzas et al., 2018). However,
it became clear that this form of stimulation did not always
translate directly into effective control of viral replication in our
assays. Furthermore, they again confirmed that antiviral activity
did not correlate with ability of T cells to produce IFNγ. An
obvious interpretation is that other cytokines play an important
role in the control of viral replication. It is interesting to note
that anti-HCMV activity of monocyte derived macrophages has
been observed and that this was not mediated by IFNγ nor
primary IFNα or IFNβ although the identity of the secreted factor
responsible for the activity was not determined (Becker et al.,
2018). Other studies have shown that even in the presence of
IFNγ or IFNα or IFNβ neutralizing antibodies, HCMV infection
can still be controlled by lymphocytes in a non-cytotoxic manner,
with granzymes implicated in control (Shan et al., 2020). A non-
biased mass spectrometry-based approach is likely to be required
to elucidate the key antiviral components of effective secretomes.
Taken together we feel that an antiviral assay system based on
stimulation of PBMC with HCMV antigens did not provide
sufficient specificity and sensitivity as a viable technique to better
measure effective CMI in the transplant setting.

To address this, we developed a fully autologous co-culture
system to determine anti-HCMV activity of PBMC and/or
isolated lymphocyte subsets. Without the need to use individual
cytokines as proxies for potential in vivo control we reasoned it
could provide a much more direct measure of anti-HCMV status
of a transplant patient’s immune response. One important aspect
of our approach is that these responses can be characterized
in aggregate (PBMC) and studied at the individual lymphocyte
population level (NK or CD8+ T cells). As such the approach
could potentially inform us about the relative importance of

individual lymphocyte subsets and the interplay between these
(as seen when PBMC is utilized) in order to mediate effective
antiviral responses. Whole PBMC include innate, adaptive and
so-called “innately adaptive” immune cells (Ferreira, 2013),
which have both individual and potentially synergistic antiviral
activity. The antiviral capabilities of PBMC would include
directly cytotoxic effector function, and secretion of antiviral
soluble factors. In addition, the use of a dual-color fluorescent
HCMV strain allows the differential quantification of whether
control acts on virus spread or late viral gene expression, or both.
As such, the inhibition of viral dissemination demonstrated by
PBMC from healthy seronegatives at higher E:T ratios was to
be expected, as innate immune cells are present. However, the
antiviral activity is rapidly diluted, and this is consistent with
a degree of innate cell-mediated (NK cell) control of HCMV
spread in both HCMV seropositives and seronegatives that we
tested. It was however interesting to observe that NK cells derived
from HCMV seropositive donors were no better or worse at
controlling HCMV and that individuals with NK cells with good
or poor antiviral control could be observed in both groups. We
have previously shown that HCMV-specific memory T cells are
not present in HCMV seronegative PBMC (Sylwester et al., 2005;
Jackson et al., 2017b), which also explains why antiviral activity of
PBMC from seronegative donors dilutes rapidly. Consequently,
it is not surprising that very clear differences in the antiviral
activity of CD8+ T cells can be seen between HCMV seropositive
and seronegative donors reflecting the fundamental difference in
efficacy of primary and memory T cell responses.

Another major advantage of determining antiviral capacity
in this viral dissemination co-culture system, is the use of a
low passage strain of HCMV that expresses the full complement
of immune evasion genes. As such viral derived antigens,
both incoming from initial virus infection and produced de
novo, are processed and presented in the correct temporal and
immune evasion contexts. This being the case, it is clear that
CD8+ T cells derived from seropositive donors are still able
to exert antiviral effector function despite immunoevasins (e.g.,
US2,3,6,11) that interfere with MHC Class I processing and
cell surface expression (Reddehase, 2002; Wills et al., 2015).
Indeed, this is consistent with HCMV being asymptomatic in
healthy individuals due to effective immune control. What this
may reflect is that incoming HCMV proteins are processed and
presented for T cell recognition prior to the virus interfering
with this process, as has been suggested for Epstein-Barr virus
(Forrest et al., 2018). It should also be noted that the ability of
some HCMV immunoevasins to prevent MHC class I processing
and presentation is dependent on the genotype of the host [e.g.,
US2 cannot bind HLA-B∗07 and ∗27 as efficiently as HLA-A
genotypes (Gewurz et al., 2001; Reddehase, 2002); US11 degrades
HLA-A but is less effective against HLA-B, with HLA-B∗44:02
particularly resistant (Zimmermann et al., 2019)]. Thus, the HLA
genotype of the donor will contribute to the effectiveness of
HCMV evasion of CD8+ T cell control.

The nature of the responding HCMV specific T cells is
also an important factor. It is recognized that CD8+ T cells
with a high avidity for HCMV peptides would require far less
stimulation with their cognate antigens than low avidity CD8+
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T cells (Villacres et al., 2003), and have potent cytotoxicity,
IFNγ production and proliferation in response to HCMV antigen
stimulation (Villacres et al., 2003; Ogonek et al., 2017). It has
been shown that only a relatively small amount of cell surface
MHC class I expression is required to trigger a cytotoxic T cell
response to e.g., IE1 further supporting the hypothesis that even
minimal MHC class I presentation (despite viral MHC class I
immunoevasins) of HCMV antigens to seropositive donor CD8+

T cells is sufficient for a strong antiviral response to infected
fibroblasts (Besold et al., 2009). High affinity identical or near-
identical public TCR sequences arise convergently in unrelated
individuals in response to HCMV infection, via antigen-driven
selection (Gras et al., 2009). These high-affinity TCRs are
part of an evolving T cell response to HCMV antigens in
seropositive donors during long term carriage and reactivation
events (Schober et al., 2018). More broadly, these observations
are again consistent with the concept that measurement of the
quality of an immune response is more important than quantity.

During the process of establishing this assay, our studies
suggest that there is considerable variability in the ability of
different donors’ NK cells to control HCMV spread and late
gene expression. Furthermore, the data also suggest that no
statistically significant difference in the ability of NK cells
isolated from seropositives and seronegatives to control HCMV
dissemination is evident. This observation is supported by a
previous publication studying an independent cohort of NK cell
donors, using non-autologous indicator fibroblasts (Chen et al.,
2016), and work by other groups showing that not all NK cell
clones are equally effective at lysing HCMV-infected autologous
fibroblasts (Carr et al., 2002). The ability of NK cells to inhibit
late viral gene expression, compared to inhibition of virus spread,
is also similar to results from Wu et al. (2015) who observed
reduced HCMV UL86 (major capsid protein) expression in NK-
fibroblast co-cultures, even though IE antigen expression was
seen in almost every cell.

In this study, we did not explore the phenotypic characteristics
of the NK cells present in each donor, but it has been
shown that there are a number of different NK cell subsets
within an individual, independently expressing activating and
inhibitory receptors (Cooper et al., 2001). HCMV may further
epigenetically reprogram and diversify NK cell function and
receptor expression in some subsets (Lee et al., 2015; Schlums
et al., 2015). LIR1+ and LIR1− NK cells have also been
shown to have differential activity against HCMV strains in a
viral dissemination assay, suggesting interactions with specific
residues within UL18 (Chen et al., 2016). The differences in
NK cell control between donors may also reflect a number of
host factors (Patel et al., 2018), including NKG2C copy number
(Muntasell et al., 2013), HLA/KIR genotype interactions (Hadaya
et al., 2008), other host genetic factors (Yu et al., 2018), age
(Manser and Uhrberg, 2016), and underlying health conditions
(Brunetta et al., 2010). For seropositives, it may also be influenced
by the HCMV strain to which the donor has previously been
exposed (Chen et al., 2016) and how long ago the donor was
infected (Vieira Braga et al., 2015). HCMV also has a repertoire
of immunoevasins which impair or reduce NK cell activation
(De Pelsmaeker et al., 2018). It is likely that the balance between

evasion of NK cell control by the virus and superior NK cell
recognition by some donors due to host factors leads to the
complex variation in control of virus spread and late gene
expression seen in our healthy donor cohorts. Importantly, our
assay system provides the framework to systematically investigate
these different variables in future studies.

In this study, we have defined a functional assay that measures
HCMV cell-mediated immunity and established the baseline
antiviral CMI of healthy HCMV seropositives and seronegatives.
This assay is highly tractable and will allow the systematic
investigation of host and viral factors that influence the ability of
clinically relevant patient populations to control (or not control)
HCMV viraemia. Importantly, this assay relies on a measure of
antiviral activity, not T cell activation. The implications of this are
obvious: for example, individuals infected with multiple HCMV
strains (e.g., D+R+ cohort) may control their own virus but not
the infection with a new strain as effectively. Given that it is likely
that the R+ individuals’ T cells would likely recognize conserved
HCMV antigens from either strain we can now ask how this
translates into the control of the replication of multiple strains
of HCMV by combining this assay with the power of whole
viral genome sequencing and HCMV BAC recombineering. It is
anticipated that the integration of these approaches will shed new
light on the immune parameters and mechanisms critical for the
control of HCMV in vivo.
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Although the ubiquitous human herpesviruses (HHVs) are rarely associated with serious

disease of the healthy host, primary infection and reactivation in immunocompromised

individuals can lead to significant morbidity and, in some cases, mortality. Effective

drugs are available for clinical treatment, however resistance is on the rise such that

new anti-viral targets, as well as novel clinical treatment strategies, are required. A

promising area of development and pre-clinical research is that of inhibitors of epigenetic

modifying proteins that control both cellular functions and the viral life cycle. Here,

we briefly outline the interaction of the host bromo- and extra-terminal domain (BET)

proteins during different stages of the HHVs’ life cycles while giving a full overview of

the published work using BET bromodomain inhibitors (BRDis) during HHV infections.

Furthermore, we provide evidence that small molecule inhibitors targeting the host

BET proteins, and BRD4 in particular, have the potential for therapeutic intervention of

HHV-associated disease.

Keywords: herpesvirus, BET bromodomain inhibitor, epigenetics, latency, reactivation, therapy

INTRODUCTION

The mammalian herpesviridae comprises three sub-families (alpha, beta, and gamma) that likely
arose around 200 million years ago (McGeoch et al., 1995; Mettenleiter et al., 2008). As such,
human herpesviruses (HHVs) have co-evolved with their host and primary infection is usually
associated with few minor non-life threatening symptoms, although some ailments are associated
with discomfort or more chronic manifestations (e.g., cold sores, genital lesions, mononucleosis;
summarized in Table 1) (Arvin et al., 2007). With well over 90% of the world population infected
with at least one HHV, these human pathogens have developed a particular method of maintaining
their presence in the infected host. Common to all herpesviruses, after primary infection, they
establish a so-called latent infection where virus genomes are carried in specific sites in the host
with the absence of production of infectious virions. The cellular tropism of each HHV sub-
family determines where virus lies latently for the lifetime of the host but, importantly, where it
is routinely able to undergo reactivation from, allowing the production of new infectious virions
and transmission to a new host.
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Significantly, it is reactivation of HHVs in an
immunocompromised individual that commonly leads
to life threatening illness; for instance, patients with
acquired immunodeficiency syndrome (AIDS) from human
immunodeficiency virus (HIV) infection or those undergoing
transplantation operations and who are immunosuppressed
(Arvin et al., 2007). Various anti-viral drugs can be employed
successfully both prophylactically and pre-emptively. Current
herpesvirus anti-virals used within the clinic are able to
impair DNA/RNA synthesis [e.g., (val)acyclovir, famciclovir,
(val)ganciclovir, cidofovir]. However, these nucleoside analogs
only target lytically infected cells, suffer from poor bioavailability
and can have profound toxic side effects (Field and Vere Hodge,
2013). Further compounds have been purposed experimentally
against other stages of the HHV lifecycle, including virus-
cell binding and entry, as well as virion assembly and egress
(e.g., maribavir) (Coen and Schaffer, 2003). However, even
contemporary drugs, such as letermovir that inhibits the DNA
terminase complex during human cytomegalovirus (HCMV)
replication, have rising examples of resistance (Popping et al.,
2019; Douglas et al., 2020). Therefore, with a lack of tractable
vaccinations for the majority of HHVs (with the exception
of varicella zoster virus (VZV) (Field and Vere Hodge, 2013;
Plotkin, 2020), in part due to their ability to both hide latently
and actively evade the immune system, one avenue during
iatrogenic-induced reactivation might be to reduce the latent
cell reservoir prior to clinical treatment (Krishna et al., 2019).
This is no more relevant than with HCMV reactivation during

TABLE 1 | Characteristics of human herpesvirus (HHV) infections.

HHV official

nomenclature

Common name HHV

type

Primary pathology Further clinical

conditions

Primary target

cells

Sites of

latency

Common

therapy*

HHV-1 Herpes simplex

virus 1 (HSV-1)

Alpha Cold sores Skin lesions, keratitis,

encephalitis, meningitis

Mucosal and

epithelial cells

Neurons ACV, FAM,

VAL, PCV

HHV-2 Herpes simplex

virus 2 (HSV-2)

Alpha Genital lesions, cold

sores

Skin lesions, keratitis,

encephalitis, meningitis

Mucosal and

epithelial cells

Neurons ACV, FAM,

VAL

HHV-3 Varicella zoster

virus (VZV)

Alpha Chicken pox Herpes zoster, shingles Mucosal and

epithelial cells

Neurons ACV

HHV-4 Epstein-Barr

virus (EBV)

Gamma Mononucleosis/

glandular fever

Lymphoma,

nasopharyngeal

carcinoma (NPC), T/NK

cell and gastric cancers

Epithelial and B

cells

Memory B

cells

Steroids

HHV-5 Human

cytomegalovirus

(HCMV)

Beta Mononucleosis,

mental retardation

(congenital infection)

Periodontitis, retinitis,

pneumonitis, hepatitis,

nephritis

Epithelial and

myeloid cells

Myeloid cells GCV, FOS,

LET

HHV-6A

&−6B

Roseola virus

(HHV-6)

Beta Exanthema subitum

(roseola), rash

T cells Leukocytes None

HHV-7 Roseola virus

(HHV-7)

Beta Exanthema subitum

(roseola), rash

T cells T cells None

HHV-8 Kaposi’s

sarcoma-

associated

herpesvirus

(KSHV)

Gamma Fever, rash Kaposi’s sarcoma (KS),

primary effusion

lymphoma (PEL) and

multicentric Castleman’s

Disease

Epithelial cells

and lymphocytes

B cells Radiation,

cytotoxic

drugs,

IFN-α,

GCV

*Treatments updated from Coen and Schaffer (2003). ACV, acyclovir; FAM, famciclovir; FOS, foscarnet; GCV, ganciclovir; IFN-α, interferon-α; LET, letermovir; PCV, penciclovir;

VAL, valacylovir.

solid organ or haematopoietic stem cell transplantation (SOT
or HSCT, respectively) where the prospect of a “shock and kill”
approach would be advantageous (Poole et al., 2014; Wills et al.,
2015). Here, an agent such as a small molecule inhibitor targeting
host proteins involved in the maintenance of latency allows
reactivation of the virus in a relatively healthy host such that the
immune system is able to purge the latently infected reservoir
(Nehme et al., 2019). Unfortunately, despite some success
with histone deacetylase inhibitors (HDACis), this regimen is
proving inefficient with HIV treatment (Ait-Ammar et al., 2019),
therefore further targets must be established.

Cellular transcription factors are routinely hijacked and
employed by viral pathogens throughout the course of the
viral lifecycle and one group of these is the bromo- and
extra-terminal domain (BET) proteins. The BET protein group
comprises BRD2, BRD3, BRD4, and the testis-specific BRDT
(Zaware and Zhou, 2019). In addition to an extra-terminal
domain, human BET proteins contain two BRDs (BD1 and
BD2) through which they can interact with acetylated proteins
(Filippakopoulos et al., 2012). Through their association via both
BRD and ET domains, BET proteins are known to be involved
in many cellular processes, including control of transcription,
regulation of DNA replication and cell cycle through “reading” of
cellular histone lysine acetylation marks and acting as a scaffold
for transcription factor recruitment. Due to their association
with transcriptional dysregulation in various lymphomas and
leukaemias, BET proteins, and more specifically BRD4, have
become important targets for cancer treatment and, as such,
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many small molecule inhibitors are now available (Bhattacharya
et al., 2018; Cochran et al., 2019). Interestingly, BRD4 inhibitors
either alone or in combination have been shown to cause
reactivation of HIV and have shown some promise in “shock
and kill” pre-clinical studies (Halper-Stromberg et al., 2014; Cary
et al., 2016; Nehme et al., 2019). Here, we briefly review the
known interactions between herpesvirus lifecycles and the host
BET proteins and also the effects that BRD inhibitors (BRDi) have
been found to have at the molecular level (Figure 1) and within
the clinical setting toward whether BRDi could be used routinely
for herpesvirus-related disease.

BET BROMODOMAIN INHIBITION AND
GAMMAHERPESVIRUSES

The initial specificity of BET BRDis allowed targeting of the
ability of BET proteins to bind to acetyled lysine marks on
histones found at active areas of the host genome, thereby
inhibiting the cellular transcriptional dysregulation occurring in
malignancies such as sarcoma and leukemia (Filippakopoulos
et al., 2010; Dawson et al., 2011). Due to the association of
gammaherpesviruses with various cancers, it is not surprising
that the majority of virus publications including the use of BET
BRDis involve infection with these herpesviruses in particular.
After primary infection, the two human gammaherpesviruses
Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated
herpesvirus (KSHV) can reside latently in B lymphocytes. While
both viruses are associated with various lymphomas, EBV is
also an etiologic agent of gastric cancers and nasopharyngeal
carcinomas (NPCs) (Farrell, 2019). EBV is unique in the human
herpesviruses by its use of distinct latency transcription profiles
in which a few select viral gene products including the latent
membrane proteins (LMPs) and EBV nuclear antigens (EBNAs),
driven from separate promoters on the virus genome, are
expressed in a B cell differentiation-specific manner. These
different latency transcription programs (Lat I-III) are known
to be regulated, at least in part, through epigenetic modification
to viral chromatin (Hammerschmidt, 2015). Application of the
most widespread BET BRDi inhibitor, JQ1 (Filippakopoulos
et al., 2010), to EBV-infected Burkitt lymphoma (BL) cell lines
caused a decrease in transcription from the C promoter (Cp) (a
necessary process in cellular immortalization) but, interestingly,
not the LMP1 promoter (Palermo et al., 2011). Inhibition of
BRD4 interaction through acetylated histones at Cp was shown to
decrease the recruitment of the positive transcription elongation
factor (P-TEFb) complex, composed of cyclin T1 (CycT1) and
cyclin-dependent kinase 9 (CDK9), the latter which activates
poised/paused RNA polymerase II (RNAPII) by phosphorylation
of serine 2 on the C-terminal domain (CTD) (Chen et al., 2018).
This JQ1-driven mechanism also inhibits the expression of host
genes in EBV-infected cell lines, whereby transcription from
virus-modulated host super-enhancers, such as that controlling
MYC expression, is restricted. Here, MYC down-regulation led
to growth inhibition of lymphoblastoid cell lines (LCLs) (Zhou
et al., 2015), which was also consistent with treatment of NPC
cell lines elsewhere (Li et al., 2018).

Most promising therapeutically is a report of BRDi allowing
depletion of LCLs in an ex vivo co-culture setting. JQ1 treatment
caused up-regulation of LMP1 and subsequent modulation of
down-stream signaling pathways as well as increased MHC class
I presentation, the latter likely allowing cytotoxic T cells to
target once hidden cells (Smith et al., 2016). Indeed, BRDi (JQ1
and iBET-762, a benzodiazepine-based BET BRDi) (Nicodeme
et al., 2010; Mirguet et al., 2013) treatment of a BL cell line
with EBV in latency I (Q promoter driven transcription) added
further evidence as to the possible safety of using these inhibitors;
BRDi caused inhibition of host BACH1 expression, which is
necessary to drive virus reactivation through the immediate early
(IE) protein BZLF1 (Keck et al., 2017). Concomitant inhibition
of BRD4 interaction with the EBV origin of lytic (oriLyt)
replication caused complete prevention of EBV lytic cycle and,
as such, would provide favorable conditions for treatment of
EBV-associated malignancies.

Analogous to EBV, KSHV gene expression and latency
is controlled by epigenetic modification (Chen et al., 2013)
and, as such, BRDi have been trialed in pre-clinical studies
of KSHV-associated malignancies. Either JQ1, iBET-151 or
PFI-1 (a dihydroquinazoline-2-one BET BRDi) (Picaud et al.,
2013) treatment of primary effusion lymphoma (PEL) cells
has shown decreased cell and tumor growth rates, as well
as increased survival, in PEL xenograft models (Tolani et al.,
2014; Gopalakrishnan et al., 2016; Zhou et al., 2017). However,
effects to PEL cell growth were predominantly caused by the
down-regulation of MYC expression. KSHV reactivation, and
subsequent oncolysis, was only initiated when cells were co-
treated with JQ1 and an NF-κB-activating compound (PEP005)
(Zhou et al., 2017). This is in contrast to reports elsewhere
of KSHV reactivation with BET BRDi alone (Chen et al.,
2017; Hopcraft et al., 2018), although the disparity in results
may be due to the range of PEL cell and reporter lines
used across all of these studies, some of which are also EBV-
positive. In a sophisticated study, the Lieberman laboratory
resolved the molecular mechanism of BET BRDi-induced KSHV
reactivation; using JQ1, they showed that the three-dimensional
(3D) looping conformation of the KSHV genome that maintains
the expression of latent transcripts (Chen et al., 2013) was
destabilized such that lytic expression ensued (Chen et al., 2017).
The presence of both BRD2 and BRD4 proteins on the virus
genome was demonstrated to stabilize transcription at the latency
control region producing the latency-associated nuclear antigen
(LANA), whilst interaction of BRD2/4 with LANA protein itself
was seen at virus genome terminal repeats (TRs) regulating loop
structure. With BET protein inhibition, LANA was released from
the KSHV genome causing the shift in 3D conformation and
virus reactivation (Chen et al., 2017).

As well as maintaining the latent expression profile of KSHV,
the LANA protein also acts as a viral episome maintenance
protein (EMP) tethering the extrachromosomal genomes to
host chromosomes through interaction with host proteins.
Human gammaherpesvirus EMPs appear to interact with at least
BRD4 (De Leo et al., 2020) and, as such, could be targeted
therapeutically with BET BRDi to restrict genome carriage. One
study with racoon polyomavirus (RacPyV), a small DNA virus
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FIGURE 1 | BET bromodomain inhibitor (BRDi) effects on human herpesvirus (HHV) infection. Diagram summarizes the published effects of BET BRDi treatment on

viral gene expression of both HHV latent (Left) and lytic (Right) infections. Briefly, BET BRDi treatment of cells causes release of BRD4 (thick gray arrow) from DNA,

repressing host transcription, reactivation of EBV and cell growth. Dissociation of BRD4 (and BRD2) from virus genomes can both inhibit DNA replication (EBV) and

reactivate KSHV, whilst release and redistribution of P-TEFb causes both reactivation and lytic augmentation of HSV. Effects of BET BRDi on HCMV are largely

unknown. Elements of figure not to scale. IE, immediate early; mRNA, messenger RNA; vDNA, viral DNA.

shown to tether its genome to the host chromosome with BRD4,
showed promising results with JQ1-induced reductions in viral
transcripts and genome copy number in neuroglial tumor cells
(Church et al., 2016). However, given that BRDi treatment
reactivates KSHV (Chen et al., 2017; Hopcraft et al., 2018) and
BRD4 depletion in an EBV-infected NPC cell line didn’t affect
genome segregation (Lin et al., 2008), thismight be a less tractable
therapeutic angle with HHVs.

BET BROMODOMAIN INHIBITION AND
ALPHAHERPESVIRUSES

The human alphaherpesviruses are characterized by latent
infection of cells of the nervous system from where they
are able to cause repeated pathology. Herpes simplex virus-
1 (HSV-1),−2, and VZV primarily infect cells of the mucosal
epithelia before dissemination to sensory neurons of the
peripheral nervous system (Arvin et al., 2007). VZV is named
directly after the clinical symptoms associated with infection,

varicella (chickenpox) and zoster (shingles), the latter being
associated with virus reactivation. Both are normally self-
limiting, with severe pathology usually only arising in the
immunocompromised host (Steiner et al., 2007). VZV is the only
herpesvirus for which an effective vaccine has been developed
and, as such, has been available for immunization of children in
the USA since 1995 (Field and Vere Hodge, 2013). No studies of
VZV and BET proteins or their inhibitors have been reported.

In contrast to VZV, investigation into the effects of BET

BRDi on HSV during lytic and latent infection has recently
been reported. Due to the cellular tropism of the simplex

viruses, reactivation events of HSV-1 and -2 can repeatedly cause

epithelial lesions both orally (cold sores) and genitally, with
occasional transfer to the central nervous system giving rise to
encephalitis and systemic disease (Whitley and Baines, 2018).
Like other herpesviruses, HSV gene expression during both
lytic and latent infection is governed by epigenetic regulation
(Kristie, 2015) and, thus, led to investigation of a number of
BET family inhibitors. Employment of JQ1, as well as other
BET BRDi (iBET-762, HMBA, and PFI-1), over two studies has
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shown increases in HSV transcript levels, protein production
and virus output from lytic infection systems (Ren et al.,
2016; Alfonso-Dunn et al., 2017). Indeed, JQ1 was also able to
reactivate HSV-1 from a mouse sensory ganglia explant and in
vivo mouse models (Alfonso-Dunn et al., 2017). Both studies
showed the enhanced association of CDK9, the transcriptional
activator of the P-TEFb complex, with HSV promoters driving
virus transcription. The Li group provided evidence that P-
TEFb was reallocated to virus promoters by BRD4 after JQ1
treatment, supported by experiments using small interfering
RNAs (siRNA) targeting BRD4 to decrease virus transcription
(Ren et al., 2016). However, the Kristie group showed association
of P-TEFb after JQ1 treatment to be independent of BRD4 at
the virus genome, with depletion of BRD4 with siRNA causing
increases in HSV IE transcript levels (Alfonso-Dunn et al., 2017).
The latter mechanism was determined to be caused by the
release of P-TEFb from repressive 7SK snRNP complexes in the
cytoplasm (Bartholomeeusen et al., 2012), comparable to HIV
studies elsewhere (Biglione et al., 2007), with recruitment being
through AFF4 and the super elongation complex (SEC) (Chen
et al., 2018). Interestingly, use of RVX-208 which targets BD2
of BRD4, showed no effect on HSV replication, confirming that
regardless of downstream mechanism, JQ1 interferes with BRD4
activity through interaction via BD1 (Ren et al., 2016).

Outside of human herpesviruses, a study on the swine
alphaherpesvirus pseudorabies virus (PRV) has identified various
means by which BRD4 inhibition can affect lytic virus infection.
Use of three different compounds (JQ1, OTX015, and iBET-151),
alongside confirmatory data with siRNA use, has recently shown
that inhibition of BRD4, due to its importance in maintenance
of higher-order chromatin structure (Wang et al., 2012), can
lead to activation of the DNA damage response by chromatin
de-compaction (Wang et al., 2020). In concert with induction
of interferon-stimulated genes (ISGs), including IFN-β, DNA
damage triggers activation of cGAS-mediated innate immunity
and is able to attenuate attachment of the virus to the surface
of BRDi-treated cells (Wang et al., 2020). In the absence of any
effects to virus transcription, this BRDi-driven induction of an
anti-viral state caused not only restriction of PRV infection in
cell lines but also in an in vivo mouse model (Wang et al.,
2020). Importantly, this sole study provides further evidence
that BET BRDi can have diverse effects on virus infections
via various means but also that they might be used as a
future therapy.

BET BROMODOMAIN INHIBITION AND
BETAHERPESVIRUSES

In contrast to alpha- and certainly gammaherpesviruses,
little work has been published with use of BRDi during
betaherpesvirus infection. In the absence of any investigation
with roseolaviruses, HHV-6 and -7, observations have been
made during lytic infection with the prototypic betaherpesvirsus,
HCMV. HCMV maintains latency within CD14+ monocytes
and CD34+ cells of the myeloid lineage, but only after primary
infection and dissemination, which is thought to occur through

productive infection of oral epithelial cells (Sinclair and Sissons,
2006). It is now clear that a number of viral genes are
expressed during HCMV latency (Sinclair and Reeves, 2013)
and maintenance of this phase takes place through epigenetic
regulation and chromatin modification of the virus major
immediate early promoter (MIEP) in order to repress the
expression of the IE1/IE2 genes (Sinclair, 2010). Reactivation of
the MIEP is usually associated with differentiation of cells to
macrophage or dendritic cells (DCs) and the resulting changes to
expression of host transcription factors. In turn, the production
of the immediate early proteins IE72/IE86 leads to initiation of
the usual cascade of herpesvirus gene expression, with early then
late gene expression following during a full productive lytic cycle.

It is known that within the first 8 h of permissive infection with
clinical isolates of HCMV, BRD4 along with CycT1 and CDK9
(the RNAPII-activating P-TEFb complex) accumulate at nuclear
sites, known as the transcriptosome, where the transcriptionally
active HCMV genome resides (Kapasi and Spector, 2008).
BRD4 is able to recruit P-TEFb through its interaction with
CycT1, however it has been reported that the presence of
CDK9 at these transcriptosomes can be inhibited with CDK9
activity inhibitors (Kapasi and Spector, 2008). Hence, the direct
relationship between these three proteins during HCMV is not
fully understood. Regardless, the possibility that BRD4 may
be recruiting the activating P-TEFb to the MIEP makes it an
attractive target for inhibition, at least during lytic infection.
In fact, work using the BRDi OTX015 (Noel et al., 2013) in
a screen for anti-viral compounds, shown elsewhere to cause
reactivation of HIV from latency (Lu et al., 2016), caused a
decrease in the level of productive infection using an HCMV
tegument protein pp28 GFP-tagged virus (Arend et al., 2017).
Although this decrease in late protein expression could have been
due to an initial restriction in transcription from the MIEP, the
authors speculated that the effect may be due to an interference
of the involvement of BRD2 in the replication of virus DNA, a
necessary precursor to late herpesvirus gene expression (Arend
et al., 2017).

The only other employment of BRDi during HCMV infection
has shown little effect on the lytic cycle of the virus, albeit
at only 2 h post-infection. The study by the Kristie group on
BRDi-induced reactivation of HSV-1 also assessed the effect of
JQ1, iBET-762 and HMBA on HCMV. However, in contrast
to effects on HSV-1, little to no change in the level of
immediate early (IE72) or early (UL44) transcripts was seen,
consistent with the effects of BRD4 depletion with siRNAs
(Alfonso-Dunn et al., 2017). Interestingly, though, reactivation
of HSV-1 was shown to be dependent on the release of P-
TEFb from repressive 7SK snRNP complexes in the cytoplasm
(Bartholomeeusen et al., 2012), comparable to HIV studies
elsewhere (Biglione et al., 2007), and the effect of BET BRDi
on HCMV latently infected cells remains untested. Likewise, the
possibility of BET BRDi employment for treatment of HCMV-
associated cancers, where the virus has been reported to have
an oncomodulatory role possibly through MYC dysregulation
as seen with gammaherpesviruses (Herbein, 2018; Cobbs, 2019),
has yet to be studied. However, given the varied effects of these
inhibitors on both herpesvirus latent and lytically infected cells,
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as well as other human pathogenic viruses, these applicationsmay
be worthy of investigation.

DISCUSSION

The life cycles of many HHVs are known to be dependent on the
activity of BET proteins at various stages throughout infection.
Depending on the virus, BRD4 is integral for the control of HHV
transcription (both latent and lytic), virus DNA replication and
is associated, at least in part, with viral genome maintenance.
Thus, small molecule inhibitors of BET proteins may make
effective treatments at certain points during infection. Although
BET BRDis cause HSV reactivation and augmentation of lytic
infection, treatment of cells productively infected with EBV
restricts viral lytic DNA replication, which may be common to
treatment of HCMV lytic infection. However, themost promising
effect of BET BRDi thus far has been its ability to control
KSHV-infected tumor growth in mouse xenograft models. Here,
restriction of host gene expression, such as MYC, limits cellular
proliferation. However, it is presentation of viral lytic antigens
after KSHV reactivation that allows infected cell targeting by
pre-existing cytotoxic T cells. This scenario is akin to known
“shock and kill” therapies for HIV patients where latency reversal
agents (LRAs) have been trialed to varying efficiency to reduce
latent HIV carriage (Thorlund et al., 2017; Ait-Ammar et al.,
2019). However, to date, no treatment has shown complete
removal of the latent HIV reservoir. While a curative treatment
for viruses such as HIV would be highly beneficial, purging the
latent reservoir of certain HHVs should prove advantageous to
individuals undergoing, for example, stem cell or solid organ
transplantation. Here, it has been proposed that the use of LRAs
in HCMV seropositive donors and recipients prior to harvest
and engraftment could allow purging of the latently infected cells
and, as such, reduce reactivation event-related disease during
immune suppression post-transplant (Poole et al., 2014; Wills
et al., 2015). A pre-clinical study from our laboratory has shown
the efficiency of using HDACi to induce HCMV lytic antigen
production as a target for T cells (Krishna et al., 2016). With this
in mind, we are now actively investigating the use of BET BRDi

on latency/reactivation of HCMV as the basis for a refined “shock
and kill” strategy to target the latent reservoir.

As a result of the success of BET BRDi use in the oncology
setting, newer generations of BET-specific molecules are being
designed. One approach is to target the protein of choice for
proteasome-dependent degradation using Proteolysis Targeting
Chimeras (PROTAC) (Cochran et al., 2019). Indeed, dBET1-
targetting of BET proteins (Winter et al., 2015) showed similar
increases of IE transcripts in HSV lytically infected cells when
compared to pan-BET BRDi, such as JQ1 (Alfonso-Dunn et al.,
2017). However, the effects of this style of molecule are not
yet known during latency of the HHVs. A further strategy
which may prove useful is the novel “block and lock” method,
whereby small molecules are used to inhibit transcription from
the viruses and lock promoters in a latent state (Nehme et al.,
2019). Amongst various targets, a BRD4 BD1-specific compound
(ZL0580) has recently shown the ability to “functionally cure”
HIV by inhibiting Tat transactivation of the HIV promoter
whilst causing chromatin-based repression (Niu et al., 2019;
Vansant et al., 2020). Although this strategy might not allow
targeting of infected cells to reduce latent carriage, the ability
to inhibit reactivation of HHVs during treatment such as
transplantation is alluring, whilst the possibility of inhibiting lytic
infection in other clinical scenarios is particularly exciting. Be
that as is may, further robust pre-clinical investigation will be
necessary to confirm the potential of BET protein inhibitors as
therapeutics for intervention of HHV-associated disease before
human application.
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Cardiff University, Cardiff, United Kingdom

Long non-coding RNAs (lncRNAs) are transcripts of >200 nucleotides that are not

translated into functional proteins. Cellular lncRNAs have been shown to act as regulators

by interacting with target nucleic acids or proteins and modulating their activities. We

investigated the role of RNA1.2, which is one of four major lncRNAs expressed by human

cytomegalovirus (HCMV), by comparing the properties of parental virus in vitrowith those

of deletion mutants lacking either most of the RNA1.2 gene or only the TATA element

of the promoter. In comparison with parental virus, these mutants exhibited no growth

defects and minimal differences in viral gene expression in human fibroblasts. In contrast,

76 cellular genes were consistently up- or down-regulated by the mutants at both the

RNA and protein levels at 72 h after infection. Differential expression of the gene most

highly upregulated by the mutants (Tumor protein p63-regulated gene 1-like protein;

TPRG1L) was confirmed at both levels by RT-PCR and immunoblotting. Consistent with

the known ability of TPRG1L to upregulate IL-6 expression via NF-κB stimulation, RNA1.2

mutant-infected fibroblasts were observed to upregulate IL-6 in addition to TPRG1L.

Comparable surface expression of TNF receptors and responsiveness to TNF-α in cells

infected by the parental and mutant viruses indicated that activation of signaling by

TNF-α is not involved in upregulation of IL-6 by the mutants. In contrast, inhibition

of NF-κB activity and knockdown of TPRG1L expression reduced the extracellular

release of IL-6 by RNA1.2 mutant-infected cells, thus demonstrating that upregulation

of TPRG1L activates NF-κB. The levels of MCP-1 and CXCL1 transcripts were also

increased in RNA1.2 mutant-infected cells, further demonstrating the presence of active

NF-κB signaling. These results suggest that RNA1.2 plays a role in manipulating intrinsic

NF-κB-dependent cytokine and chemokine release during HCMV infection, thereby

impacting downstream immune responses.

Keywords: human cytomegalovirus, lncRNA, IL-6, gene regulation, transcriptomics, TPRG1L, NF-κB
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INTRODUCTION

Long non-coding RNAs (lncRNAs) are transcripts of >200
nucleotides (nt) that do not encode functional proteins.
Instead, they may perform regulatory roles by binding to a
variety of molecules: interacting with DNA or RNA through
complementary base-pairing, or folding into specific secondary
structures that bind to proteins. A wide range of mechanisms
of operation have been identified for the cellular lncRNAs that
have been examined in detail [for reviews: Fatica and Bozzoni,
2014; DiStefano, 2018; Font-Cunill et al., 2018; Hu et al., 2018].
These include modulating RNA processing (such as splicing,
editing and decay) or translation by binding to DNA or RNA,
acting as competing endogenous RNAs by sequestering miRNAs
from their targets, and modulating the ability of proteins to
localize, function or form complexes. Transcriptional regulation
is a prominent cellular process that lncRNAs are known to
modulate. They may recruit chromatin-modifying enzymes to
specific promoters, resulting in modifications of the associated
histones that cause transcriptional activation or inhibition.
They may tether transcription factors to specific promoters, or,
conversely, block transcription factor binding by interacting with
either the binding site or the transcription factor. Also, they
may open up the chromatin structure by binding to promoter
sequences, thereby increasing the accessibility of chromatin to
transcription factors.

The association of lncRNA dysregulation with numerous
diseases, in particular cancerous, cardiovascular and
neurogenerative conditions (DiStefano, 2018), indicates
that the regulation of biological processes by cellular lncRNAs
is crucial [LncRNADisease database: Chen et al., 2013]. Given
the evident importance of lncRNAs and the wide range of
regulatory mechanisms that they employ, it is not surprising
that viruses express their own lncRNAs. Indeed, lncRNAs have
been identified in the large double-stranded DNA viruses of
all three subfamilies of the family Herpesviridae, and those
that have been studied in detail appear to play important
roles. An example is the latency-associated transcript (LAT)
of the alphaherpesvirus herpes simplex virus type 1 (HSV-
1), which plays key roles during infection, including that of
maintaining latency by inhibiting lytic gene expression and
thereby suppressing virus reactivation (Nicoll et al., 2016). The
polyadenylated nuclear (PAN) RNA of the gammaherpesvirus
Kaposi’s sarcoma-associated herpesvirus can also regulate
gene expression by two different routes: interfering with the
expression of immune response factors, and driving lytic gene
expression during reactivation [reviewed in Rossetto and Pari,
2014]. The betaherpesvirus human cytomegalovirus (HCMV),
which is the pathogen of interest in the present study, encodes
four major lncRNAs (RNA2.7, RNA1.2, RNA4.9, and RNA5.0;
the numbers correspond to the approximate sizes of primary
transcripts in kb) in addition to at least 170 protein-coding genes.
Since these lncRNA genes do not significantly overlap protein-
coding genes and encode the majority (65.1%) of polyadenylated
transcripts in infected fibroblasts at 72 h post infection (h p.i.)
(Gatherer et al., 2011; Davison et al., 2013), it seems likely that
they perform important roles.

A limited amount of information is available on HCMV
lncRNAs. RNA2.7 prevents the apoptosis of infected cells by
interacting directly with GRIM-19 of mitochondrial complex I
and thereby preventing its stress-induced relocalization (Reeves
et al., 2007). However, the 800 nt at the 5′ end of RNA2.7
(known as p137) are sufficient to confer neuroprotection in
vitro in a rat model of Parkinson’s disease, and it is possible
that RNA2.7 has additional functions (Kuan et al., 2012). The
RNA2.7-complex I interaction is also involved in maintaining
high levels of ATP production during infection (Reeves et al.,
2007). There is evidence that RNA4.9 can tether components
of the polycomb repression complex to the HCMV major
immediate early (IE) promoter (MIEP), resulting in decoration
of the associated histones with repressive marks (Rossetto et al.,
2013). Suppression of the MIEP by RNA4.9 would lead to
downregulation of the two major IE genes (IE1 and IE2), which
are important mediators of lytic infection, and thus promote
the maintenance of latent infection in a role analogous to
that of HSV-1 LAT. RNA5.0 is spliced, and the intron from
its ortholog (RNA7.2) in murine cytomegalovirus (MCMV) is
exceptionally long-lived and is thought to be a virulence factor
responsible for viral persistence in the salivary gland (Schwarz
et al., 2013; Schwarz and Kulesza, 2014). The present study
focuses on RNA1.2, which is an unspliced transcript encoded
by an early gene that is strongly expressed during productive
infection in a number of different cell types (fibroblasts, dendritic
cells and macrophages) at late times during infection (Gatherer
et al., 2011; Van Damme et al., 2016). We have investigated the
functional contribution of this lncRNA to HCMV infection by
studying RNA1.2 deletion mutants. Multiple cellular genes were
dysregulated in mutant-infected cells late in infection, of which
Tumor protein p63-regulated gene 1-like protein (TPRG1L) was
identified as the most highly upregulated. Our results indicate
that inhibition of TPRG1L expression by RNA1.2 during HCMV
infection plays a role in suppressing upregulation of IL-6 by
preventing NF-κB activation.

MATERIALS AND METHODS

Cell Culture
Human fetal foreskin fibroblasts (HFFF2 cells; European
Collection of Authenticated Cell Cultures, 86031405) and human
embryonic kidney cells (293T cells; American Type Culture
Collection, ATCC CRL-3216) were passaged every 3–4 days
by trypsinization. The cells were maintained at 37◦C and 5%
(v/v) CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml
penicillin and 100µg/ml streptomycin. Immortalized human
fibroblasts [HFT cells; Lu and Everett, 2015] were cultured in
the same manner with the addition of 50µg/ml hygromycin B.
The absence of mycoplasma from cell cultures was confirmed
by frequent testing using the MycoAlert mycoplasma detection
kit (Lonza).

Viruses
Bacterial artificial chromosome (BAC) recombineering was
employed to generate two deletion mutants (1RNA1.2 and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2 July 2020 | Volume 10 | Article 361204

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lau et al. HCMV lncRNA1.2 Suppresses IL-6

1TATA) of HCMV strain Merlin [RCMV1111; GenBank
accession KM192298.1 Stanton et al., 2010] as described
previously (Warming et al., 2005; Stanton et al., 2008, 2010;
Murrell et al., 2013). Strain Merlin contains two non-functional
genes (RL13 and UL128) in order to ensure stable propagation
in fibroblast culture. Briefly, a KanR/RpsL/lacZ selectable cassette
flanked by sequences adjacent to the region to be deleted was
transfected into Escherichia coli SW102 containing the Merlin
BAC. Homologous recombination was induced to cause the
cassette to be inserted into the Merlin BAC in place of the
sequence to be deleted, and recombinant clones were positively
selected using kanamycin. Clones lacking both the region to be
deleted and the selectable cassette were then negatively selected
using streptomycin. In relation to the strain Merlin genome
sequence (GenBank accession AY446894.2), the sequences
deleted were as follows: 1RNA1.2, 6833-7862; and 1TATA,
7806-7811. To reconstitute infectious viruses, Merlin BAC DNA
and the two mutant BAC DNAs were transfected separately
into HFFF2 cells using the Basic Nucleofector kit for primary
mammalian fibroblasts (VPI-1002, Lonza) and electroporation
program T-16. The entire genome sequences of the resulting
viruses were determined by Illumina sequencing as described
previously (Murrell et al., 2016). The sequence data demonstrated
the absence of mutations other than those intended, and also
confirmed the lack of mycoplasma contamination.

Growth Curves
Six-well plates containing confluent monolayers of HFFF2 cells
were incubated for 2 h with the parental virus derived from the
Merlin BAC [termed wild-type (WT)], 1RNA1.2 or 1TATA at
a specific multiplicity of infection (MOI; quantified in plaque-
forming units/cell), and each well was replenished with 2ml fresh
medium. Subsequently, 1ml medium was removed from each
well every 2–3 days and centrifuged at 500 g for 10min to pellet
cells and debris, and 900 µl cell-free supernatant was stored
at −70◦C. The cells and debris were resuspended gently in the
remaining 100 µl medium and replaced into the well with 1ml
fresh medium. Collected supernatants were thawed briefly and
titrated in duplicate on HFFF2 cells by plaque assay.

Transcriptomic Analysis
Six-well plates containing confluent monolayers of HFFF2 cells
were infected with WT, 1RNA1.2 or 1TATA (MOI = 5) for
2 h, washed once with fresh medium, and replenished with
fresh medium. At 4, 24, or 72 h p.i., the cells were lysed
in Trizol (Invitrogen), and total cell RNA was purified using
a Direct-zol kit (Zymo Research) incorporating the DNase
digestion step. Sequencing libraries were prepared using a
TruSeq R© Stranded mRNA Library Prep kit (cat no. 20020594,
Illumina) and sequenced on an Illumina NextSeq500 using 1
× 75 nt high-output kits. The results from three independent
experiments were analyzed, from which >91.2% of reads were
high quality (>Q30). The reads were processed using Trim
Galore v0.4.2.0 (https://github.com/FelixKrueger/TrimGalore),
which removes adapter sequences from reads and filters out low
quality reads (<Q20).

Viral Transcriptomic Analysis
Individual alignments were made of the processed reads to the
sequences of the four major lncRNAs and the 170 individual
protein-coding regions in the Merlin genome, using Bowtie
2 v2.3.5 (Langmead and Salzberg, 2012). The reads in each
alignment were sorted into those originating from sense
transcripts and those originating from antisense transcripts,
using an in-house script (SamSplit) (Wignall-Fleming et al.,
2019), and realigned with the relevant sequence. The alignments
were inspected using Tablet v1.14.11.07 (Milne et al., 2010). To
compare viral transcript levels in cells infected withWT and each
of the mutants, reads per kilobase per mapped viral million reads
(RPKM) were calculated (Mortazavi et al., 2008) after omitting
the RNA1.2 reads. The R software Limma was then used to
determine changes in viral gene expression levels in mutant-
infected cells compared toWT-infected cells, and those for which
q < 0.05 (which is the p-value adjusted for the false discovery
rate using the Benjamini-Hochberg method) were considered
significant (Gentleman et al., 2004; Ritchie et al., 2015).

To determine the level of RNA1.2 expression, the number
of RNA1.2 reads was normalized to the total number of reads.
RNA1.2 abundance was then calculated relative to that of WT at
72 h p.i.

Cellular Transcriptomic Analysis
Tophat2 v2.1.1 (Kim et al., 2013) was used to align the reads to
the human genome sequence (version GRCh37; hg19, https://
grch37.ensembl.org/Homo_sapiens/Info/Index). Transcript
levels and their differences in mutant-infected cells compared to
WT-infected cells were calculated using Cufflinks/Cuffdiff v2.2.1
(http://cole-trapnell-lab.github.io/cufflinks/install/) (Trapnell
et al., 2012). The q value for each gene was determined as
described for the viral transcriptome, and transcripts for which q
< 0.05 were considered to be significantly differentially expressed
in mutant-infected cells compared to WT-infected cells.

Proteomic Analysis
Confluent HFFF2 cells in T25 flasks were infected with
WT, 1RNA1.2 or 1TATA (MOI = 5) as described for the
transcriptomic experiments. At 72 h p.i., the cells were subjected
to whole-cell proteomic analysis as described previously
(Nightingale et al., 2018). Briefly, proteins were reduced and
alkylated, and digested into peptides with Trypsin and LysC.
After enrichment, peptide samples were labeled with orthogonal
tandem-mass tags and quantified by MS3 mass spectrometry.
Proteins that were significantly differentially expressed in
mutant-infected cells compared to WT-infected cells were
identified using Benjamini-Hochberg corrected Significance B
values (Cox and Mann, 2008; Fielding et al., 2017), and results
for which p < 0.05 were considered statistically significant.

Reverse Transcription-PCR (RT-PCR) and
Quantitative PCR (RT-qPCR)
HFFF2 cells were cultured in the absence of FBS for 48 h prior to
infection with WT, 1RNA1.2 or 1TATA (MOI = 5). The cells
were lysed at 72 h p.i. using Trizol, and total cellular RNA was
purified using a Direct-zol kit incorporating the DNase digestion
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step. The QuantiTect Virus +ROX Vial kit (Qiagen) was used
for quantitative mRNA analysis by multiplexed one-step real-
time PCR, with thermal cycling performed using the Applied
BiosystemsTM 7500 real-time PCR system (Thermo Fisher).
Primer and probe sequences were as follows: TPRG1L (primers
CTGTGTCAGTTGGAAAGC and CACGTAGGTCTCGAT
GAG; probe CAGGATCAGCACGCCATTCG) and GAPDH
(primers GGAAGCTTGTCATCAATG and CCCCACTTGATT
TTGGAG; probe ATCACCATCTTCCAGGAGCGAG). Relative
RNA abundance was determined using a standard curve,
and TPRG1L mRNA levels were normalized to that of the
housekeeping GAPDH transcript. Negative controls (lacking
reverse transcriptase or lacking template RNA) were always
performed. For IL-6 and GAPDH RT-PCR, reverse transcription
was performed using the GoScript system (Promega) with
oligo d(T) primer. PCR was then performed using Phusion
High-Fidelity DNA polymerase (New England BioLabs) in the
manufacturer’s HF buffer with primers for IL-6 (CTAGATGC
AATAACCACCCC and TGACCAGAAGAAGGAATGC),
TPRG1L (CTGTGTCAGTTGGAAAGC and CACGTAGG
TCTCGATGAG), CXCL1 (GAGCATCGCTTAGGAGAAGT
and TTGTTCTAAGCCAGAAACACTG), MCP-1 (ACTCCACA
ACCCAAGAATC and CAAAACATCCCAGGGGTA), and
GAPDH (GAGTCAACGGATTTGGTCGT and TTGATTTT
GGAGGGATCTCG).

Immunoblotting
Cells were lysed in Laemmli buffer (Laemmli, 1970). Proteins
were separated by electrophoresis in precast 4–20% (w/v)
polyacrylamide TGX gels (Bio-Rad) and transferred to
polyvinylidene fluoride (PDVF) membranes (Thermo
Scientific) using the MiniPROTEAN Tetra system (Bio-
Rad). Non-specific interactions were blocked using 5% (v/v)
FBS in phosphate-buffered saline (FBS-PBS) for 1 h at room
temperature with agitation. Immunoblotting was performed
using primary antibodies against TPRG1L (ab184153, Abcam;
1:1000 dilution, or ab103650, Abcam; 1:100) and actin (A1978,
clone AC-15, Sigma; 1:4,000) in FBS-PBS containing 0.1%
(v/v) Tween 20. Membranes were incubated with fluorophore-
conjugated secondary antibodies against rabbit (35568, Thermo
Fisher; 1:10,000) or mouse (SA5-35521, Invitrogen; 1:10,000)
immunoglobulin G (IgG) in a solution of PBS-FBS containing
0.1% (v/v) Tween 20. Target proteins were visualized using an
Odyssey CLx instrument (LI-COR Biosciences).

Flow Cytometry
Flow cytometry was performed as described previously (Wang
et al., 2018). Briefly, adherent cells were harvested with TripLE
Express (Thermofisher), stained in PBS containing 1% (v/v)
BSA at 4◦C with relevant antibodies, and fixed with 4%
(w/v) paraformaldehyde. Data were collected using an Accuri
flow cytometer (BD Biosciences) and analyzed using FlowJoTM

software. The antibodies used were anti-TNFR1(CD120a)-
FITC (MBL; clone H398), anti-TNFR2(CD120b)-PE (Miltenyi
Biotec; clone REA520) and anti-HLA-I-AF647 (Biolegend; clone
W6/32); all at 1 µl/sample in 100 µl staining buffer.

TPRG1L Knockdown Cell Lines
293T cells were transfected with pLKO lentivirus vector (Moffat
et al., 2006) containing a non-targeting short hairpin RNA
(shRNA; SHC202, Sigma) or an shRNA against TPRG1L
(TRCN0000243281, Sigma) alongside the 18.9 and pVSV-g
plasmids using Lipofectamine 3000 (Sigma). Infectious lentivirus
was harvested 48 h after transfection and used to transduce
immortalized HFT cells. Puromycin selection was used to
identify and maintain shRNA-expressing transduced cells.

IL-6 Enzyme-Linked Immunosorbent Assay
(ELISA)
Confluent HFFF2 or shRNA-expressing HFT cells in 12-well
plates were serum-starved for 48 h and then infected with
WT, 1RNA1.2 or 1TATA (MOI = 5). At 72 h p.i., the
medium was replaced with either fresh medium, fresh medium
containing 10 ng/ml TNF-α (Peprotech) or 10µM IKKα-and-
IKKβ inhibitor BMS-345541 (ApexBio; see below for details),
and incubated for a further 6 h. The supernatant was cleared
by centrifuging at 5,000 g for 5min, and cell-released IL-6 was
detected in the supernatant using the Human IL-6 Quantikine
immunoassay (R&D Systems) and quantified using a standard
curve constructed using purified recombinant IL-6 provided in
the kit. The supernatants frommutant-infected cells were diluted
fivefold prior to the ELISA assay in order to reduce the IL-6
concentration to levels within the limits of the standard curve.

BMS-345541 is a highly selective inhibitor of IKKα and IKKβ

with an IC50 of 4µM and 0.3µM, respectively, in cell-free
assays (Burke et al., 2003). Binding studies suggest that the
inhibitor binds to similar allosteric sites on the IKK catalytic
subunits that affect the active sites differently (Burke et al.,
2003). Previous work in human lung fibroblasts (MRC5 cells)
and human foreskin fibroblasts (AG01523 cells) have shown
that 10µM BMS-345541 is an effective concentration (Charni
Chaabane et al., 2014).

RESULTS

Construction of RNA1.2 Mutants and
Characterization of Growth Kinetics
To investigate the role of RNA1.2, two deletion mutants were
constructed by modifying the Merlin BAC using markerless
recombineering techniques. In 1RNA1.2, the deleted region
extended from 50 nt upstream of the RNA1.2 TATA sequence
[CATAAA; (Gatherer et al., 2011)] to a position 50 nt upstream
of the polyadenylation site, which is shared with upstream genes
RL8A and RL9A (Gatherer et al., 2011). In 1TATA, only the
RNA1.2 TATA sequence was deleted, in an effort to ablate
RNA1.2 expression while preserving other functional elements in
the vicinity.

The properties of WT, 1RNA1.2 and 1TATA were assessed
in growth curve experiments, in which the release of infectious
virions from infected HFFF2 cells was measured over time.
There were no differences between growth kinetics of WT and
mutant viruses in single-step (MOI = 1) or multi-step (MOI
= 0.01) growth experiments (Figure 1). These results showed
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FIGURE 1 | Growth curves of WT and RNA1.2 mutants. HFFF2 cells were infected with WT, 1RNA1.2 or 1TATA at (A) MOI = 1 or (B) MOI = 0.01 for 2 h, after which

the medium was replenished. At each time point, the medium was replaced with fresh medium, which was harvested and titrated for cell-free infectious virus by

plaque assay in duplicate. The results of one of three independent experiments are shown. Error bars denote standard deviation values. PFU, plaque-forming units.

that RNA1.2 does not play a role in viral replication or virion
production and release in fibroblast cell culture.

Transcriptomic and Proteomic Analyses of
RNA1.2 Mutant-Infected Cells
The effects of RNA1.2 mutations on the expression of viral and
cellular genes during infection of HFFF2 cells were investigated.
The transcriptomes of cells infected with WT, 1RNA1.2 or
1TATA were analyzed using Illumina sequencing at a range of
time points throughout infection, and significant differences were
identified from three independent experiments. At 4 h p.i., no
viral transcripts were differentially expressed by the mutants in
comparison with WT (Supplementary Table 1 and Figure 2A).
At 24 and 72 h p.i., one (RL8A) and two viral genes (RL8A and
US26), respectively, were significantly differentially expressed
by 1RNA1.2, although the changes were modest (<3-fold). In
contrast, no viral genes were differentially expressed by 1TATA
at these time points (Figure 2A). In WT-infected cells, RNA1.2
was present at 4 h p.i. and at increased levels at 24 and 72 h p.i.
(Figure 2B). 1RNA1.2-infected cells did not express RNA1.2,
but 1TATA expressed it at 12, 6, and 8% of WT levels at 4,
24, and 72 h p.i., respectively, despite the absence of the TATA
sequence. Alignment of sequence reads derived from 1TATA
RNA to the viral genome indicated that this was largely a
result of residual transcription initiating in the vicinity of the
RNA1.2 promoter, whereas transcriptional readthrough from
upstream genes contributed minimally. Nonetheless, the results
indicate that RNA1.2 had a minimal effect on the expression of
viral transcripts.

At 4 h p.i., there was also no difference in the expression
of cellular transcripts in mutant-infected cells in comparison
with WT-infected cells. However, at 24 h p.i., 31 and 47
cellular transcripts were differentially expressed in 1RNA1.2-

and 1TATA-infected cells, respectively, in comparison with WT-
infected cells, of which 22 were common to both mutants
(Figure 2C; Supplementary Table 2). At 72 h p.i., 1,179 and 653
cellular transcripts were differentially expressed in 1RNA1.2-
and 1TATA-infected cells, respectively, in comparison with
WT-infected cells, of which 469 were in common (Figure 2C;
Supplementary Table 2). These results indicate that RNA1.2
regulates the expression of multiple cellular transcripts, although
the changes were generally moderate (<4-fold). The increase
in the number of dysregulated cellular transcripts in mutant-
infected cells as infection proceeded was consistent with the
accumulation of RNA1.2 likely leading to more pervasive
regulatory effects. The 22 cellular transcripts dysregulated by
both mutants at 24 h p.i. were not differentially expressed by both

mutants at 72 h p.i. (Supplementary Table 2), suggesting that

RNA1.2 may regulate different cellular genes at different stages

of infection.
The proteomes of cells infected with WT, 1RNA1.2 or

1TATA were analyzed in a single multiplexed experiment. A
published strategy was employed, utilizing tandem mass tag
labeling of peptides followed by MS3 mass spectrometry for
quantitation (Nightingale et al., 2018). The transcriptomic data
had shown that RNA1.2 was expressed at a high level and
exerted its greatest regulatory effects at 72 h p.i. Therefore,
this time point was used for the proteomic analysis and all
subsequent experiments. A total of 7749 cellular and 115
viral proteins were quantified, and 657 and 665 proteins,
respectively, were differentially expressed in 1RNA1.2- and
1TATA-infected cells in comparison with WT-infected cells
(p < 0.05; Supplementary Figure 1; Supplementary Table 3).
Of these proteins, 217 cellular and 13 viral proteins were
consistently differentially expressed in 1RNA1.2- and 1TATA-
infected cells (Supplementary Table 3). These data suggested
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FIGURE 2 | Dysregulation of viral and cellular transcripts in RNA1.2 mutant-infected cells. HFFF2 cells were infected with WT, 1RNA1.2 or 1TATA at MOI = 5. RNA

was harvested at 4, 24, and 72 h p.i., and polyadenylated transcripts were subjected to transcriptomic analysis. The results of three independent experiments are

shown. (A) Scatter plots showing expression of all viral genes in the mutant transcriptomes compared to the WT transcriptome. Changes are shown as log2 fold

(log2FC) values. Transcripts that were significantly differentially expressed (q < 0.05) in the mutants are highlighted in orange and listed in the Table. (B) Graph showing

RNA1.2 abundance in WT- and RNA1.2 mutant-infected cells at 4, 24 and 72 h p.i. Values for mutants are normalized to those for WT at 72 h p.i. Error bars denote

standard deviation values. (C) Venn diagrams enumerating cellular transcripts that were significantly dysregulated in RNA1.2-infected cells (blue shading) and

1TATA-infected cells (red shading) compared to WT-infected cells (q < 0.05). Dysregulated cellular mRNAs that are unique or common to 1RNA1.2- and

1TATA-infected cells are denoted by regular and bold font, respectively.

that RNA1.2 regulates the expression of multiple proteins at late
times during infection.

Regulation of TPRG1L by RNA1.2
We used two orthogonal measurement strategies to focus
on genes consistently dysregulated by both mutants. A total
of 76 cellular genes were consistently dysregulated across all
transcriptomic and proteomic experiments (Figure 3; Table 1;
Supplementary Table 4). All were upregulated in mutant-
infected cells, and were therefore downregulated by RNA1.2. This
large number suggested that RNA1.2may have pleiotropic effects,
intervening in common pathways to reduce the expression of
multiple genes. In both 1RNA1.2- and 1TATA-infected cells,
the most upregulated gene was Tumor protein p63-regulated
gene 1-like protein (TPRG1L; also known as Mover; Figure 3;
Table 1).

The effects of RNA1.2 on TPRG1L expression were verified
in additional experiments. RT-qPCR analysis at 72 h p.i. showed
that TPRG1L transcripts were upregulated >10-fold in mutant-
infected cells compared to WT-infected cells, and >6-fold
compared to mock-infected cells (Figure 4A). Similarly, in
immunoblotting experiments, expression of TPRG1L protein was

elevated in 1RNA1.2- and 1TATA-infected cells, in comparison
with mock- and WT-infected cells (Figure 4B).

The function of TPRG1L is not well-understood. This protein
has been studied predominantly in mouse models, where it
has been described as a vertebrate-specific presynaptic vesicle
protein that is differentially abundant across the central nervous
system (Kremer et al., 2007; Wallrafen and Dresbach, 2018).
In human cell culture systems, TPRG1L has been described as
an activator of the NF-κB pathway, via which it can mediate
TNF-α-stimulated release of IL-6 (Liu et al., 2019). Therefore,
we hypothesized that downregulation of TPRG1L by RNA1.2
inhibits the upregulation or release of TNF-α-induced IL-6 by
infected cells. Since the ligands for TNF-α (TNFR1 and TNFR2),
have both been shown to be modulated by HCMV infection
(Browne et al., 2001; Le et al., 2011; Montag et al., 2011; Weekes
et al., 2014), we first examined whether RNA1.2 influences
surface expression of these receptors. No significant differences
for either surface TNFR1 or TNFR2 were observed between
WT- and mutant-infected cells (Figure 5A), indicating that any
alterations in TNF-α-induced cytokine production were likely to
have been due to alterations in intracellular signaling pathways.
In further support of this, treatment of WT- and mutant-infected
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FIGURE 3 | Dysregulation of cellular transcripts and proteins in RNA1.2 mutant-infected cells. HFFF2 cells were infected with WT, 1RNA1.2 or 1TATA at MOI = 5 and

analyzed at 72 h p.i. For examination of the cellular transcriptome, RNA was extracted from infected cells and polyadenylated transcripts were subjected to

transcriptomic analysis. The results of three independent experiments are shown. For examination of the cellular proteome, whole cell lysate was harvested and

analyzed in a single mass spectrometry experiment. Cellular genes were identified on the basis of consistent dysregulation in 1RNA1.2- and 1TATA-infected cells, as

assessed by both transcriptomics and proteomics. (A,B) Differential expression data for all 76 genes dysregulated in both 1RNA1.2- and 1TATA-infected cells. FC,

fold change.

TABLE 1 | Dysregulation of cellular transcripts and proteins in RNA1.2 mutant-infected cells.

Transcript Protein

1RNA1.2 1TATA 1RNA1.2 1TATA

Gene FC q-value FC q-value Gene FC p-value FC p-value

TPRG1L 3.83 0.002 3.02 0.003 TPRG1L 2.59 0.0005 2.15 0.0005

RAB14 2.88 0.002 2.33 0.003 RAB14 1.33 0.049 1.36 0.049

API5 2.56 0.002 2.12 0.003 API5 1.27 0.049 1.30 0.049

RRP1B 2.55 0.002 1.93 0.003 RRP1B 1.72 0.010 1.53 0.001

UBFD1 2.43 0.002 2.28 0.003 UBFD1 1.38 0.049 1.24 0.049

PPP4R1 2.42 0.002 1.92 0.003 PPP4R1 1.24 0.049 1.26 0.049

TSPYL5 2.29 0.002 1.81 0.003 TSPYL5 1.65 0.010 1.43 0.010

SUMF1 2.22 0.002 2.17 0.003 SUMF1 1.32 0.049 1.25 0.049

RMI2 2.21 0.002 1.95 0.003 RMI2 1.44 0.049 1.50 0.049

CTNNBIP1 2.16 0.002 1.99 0.003 CTNNBIP1 1.42 0.049 1.40 0.049

OSBPL10 2.15 0.002 1.69 0.003 OSBPL10 1.68 0.049 1.60 0.049

GRB2 2.14 0.002 1.89 0.003 GRB2 1.34 0.049 1.16 0.049

PROSC 2.12 0.002 1.92 0.003 PROSC 1.22 0.049 1.16 0.049

ATXN7L3B 2.11 0.002 1.68 0.003 ATXN7L3B 1.58 0.049 1.47 0.049

USP10 2.09 0.002 1.68 0.003 USP10 1.52 0.010 1.34 0.010

FUBP3 2.08 0.002 1.70 0.003 FUBP3 1.61 0.010 1.47 0.010

TMEM87A 2.08 0.002 1.79 0.003 TMEM87A 1.53 0.049 1.31 0.049

GLOD4 2.05 0.002 1.72 0.003 GLOD4 1.35 0.010 1.32 0.010

ELOVL5 2.01 0.002 1.76 0.003 ELOVL5 1.31 0.049 1.28 0.049

MT1F 1.98 0.002 2.12 0.003 MT1F 1.29 0.049 1.41 0.049

Cellular genes were identified on the basis of consistent dysregulation in 1RNA1.2- and 1TATA-infected cells, as assessed by both transcriptomics and proteomics. Details of the 20

most dysregulated genes are listed. FC, fold change.

cells with TNF-α resulted in modestly increased levels of both IL-
6 transcript and secreted protein (<2-fold for extracellular IL-6)
in WT-, 1RNA1.2-, and 1TATA-infected cells (Figures 5B,C).

However, overall IL-6 production was robustly increased in
mutant-infected cells even in the absence of TNF-α treatment

(Figures 5B,C). The transcriptome analysis did not identify IL-
6 transcripts as being dysregulated in mutant-infected cells
(Supplementary Table 2), but RT-PCR experiments showed
that they were expressed minimally in WT-infected cells and
at much higher levels in mutant-infected cells (Figure 5B).
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FIGURE 4 | TPRG1L transcript and protein levels in RNA1.2 mutant-infected cells. HFFF2 cells were infected with WT, 1RNA1.2, or 1TATA at MOI = 5. At 72 h p.i.,

RNA and protein were harvested and analyzed. (A) RT-qPCR data from three independent experiments, each with duplicates. Standard errors are marked by error

bars. Significant differences are marked by asterisks (p < 0.001, paired t-test; p < 0.05, Wilcoxon matched-pairs signed rank test). (B) Immunoblotting data from one

of three independent experiments.

FIGURE 5 | Expression of TNF receptors and IL-6 by RNA1.2 mutant-infected cells. (A) HFFF2 cells were mock-infected or infected with WT, 1RNA1.2, or 1TATA at

MOI = 5. At 72 h p.i., cell surface expression of TNFR1 and TNFR2 was detected by antibody staining and quantified by flow cytometry. Iso, isotype control of

mock-infected cells. Infection of the cells was confirmed by monitoring downregulation of cell surface HLA-I (HLA-A, HLA-B, and HLA-C). (B,C) Levels of IL-6

transcript and secreted protein in RNA1.2 mutant-infected cells. HFFF2 cells were infected with WT, 1RNA1.2 (11.2) or 1TATA at MOI = 5. At 72 h p.i., the cells were

incubated with fresh medium lacking (NT) or containing TNF-α for a further 6 h. The medium was harvested, and RNA was also isolated from the infected cells. -RT,

control lacking reverse transcriptase. (B) RT-PCR data from one of three independent experiments. (C) ELISA data for release of IL-6 into the medium from three

independent experiments, each with duplicates. Error bars denote standard error values, and asterisks mark statistically significant differences (p < 0.0001, paired

t-test; p < 0.05, Wilcoxon matched-pairs signed rank test).

Similarly, measurement by ELISA of IL-6 secretion into the
medium between 72 and 78 h p.i. showed that 1RNA1.2- and
1TATA-infected cells secreted 22- and 34-fold higher levels
of IL-6, respectively, than WT-infected cells (Figure 5C). Both
inhibitor blocking of NF-κB activity and TPRG1L knockdown
reduced extracellular release of IL-6 from 1RNA1.2- and
1TATA-infected cells, whereasWT-infected cells were unaffected
(Figures 6A–C). The lower level of IL-6 secretion in these

experiments may have be due to the use of different cell lines:
immortalized HFT cells were used to generate stable knockdown
cell lines, whereas primary HFFF2 cells were used for all other
experiments. Nevertheless, these results suggest that TPRG1L
triggers activation of NF-κB in RNA1.2 mutant-infected cells
independently of the TNF pathway and may represent a more
fundamental control of NF-κB. Consistent with this hypothesis,
the expression levels of MCP-1(CCL2) and CXCL1, which are
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FIGURE 6 | IL-6 secretion by RNA1.2 mutant-infected cells after NF-κB inhibition or TPRG1L knockdown. (A) HFFF2 cells were mock-infected or infected with WT,

1RNA1.2 or 1TATA at MOI = 5. At 72 h p.i., the cells were incubated with fresh medium lacking (NT) or containing IKKα-and-IKKβ inhibitor BMS-345541 (IKKi) for a

further 6 h. The medium was harvested, and secreted IL-6 was analyzed by ELISA. (B) Immortalized HFT cells were transduced with lentiviruses encoding a

non-targeting shRNA negative control (Neg) or a TPRG1L-targeting shRNA (KD). After the establishment of stably expressing cell lines, the cells were infected with

WT, 1RNA1.2 or 1TATA at MOI = 5. The cells were incubated with fresh medium between 72 and 78 h p.i., which was then harvested and analyzed for secreted IL-6

by ELISA. RNA was also isolated at 78 h p.i. and analyzed by RT-qPCR in (C). (C) Expression of TPRG1L mRNA in knockdown samples calculated relative to that of

Neg samples. Data from four independent experiments are shown in each of (A–C). The error bars denote standard error values, and significant differences are

marked by asterisks (p < 0.003, paired t-test; p < 0.05, Wilcoxon matched-pairs signed rank test). (D) MCP-1 and CXCL1 transcript levels were monitored during

infection of HFFF2 cells with WT, 1RNA1.2 or 1TATA at MOI = 5. At 72 h p.i., the cells were incubated with fresh medium lacking or containing TNF-α for an

additional 6 h. RNA was then harvested and analyzed by RT-PCR. The data are representative of three experiments.

also upregulated by NF-κB, mirrored that of IL-6 expression
in WT and RNA1.2-mutant-infected cells, but, unlike the IL-
6 trancript, TNF-α treatment did not influence their transcript
levels (Figure 6D).

DISCUSSION

RNA1.2 was one of the first HCMV transcripts to be identified
(McDonough et al., 1985; Hutchinson and Tocci, 1986), and,
like the other HCMV lncRNAs, it is very highly conserved
among viral strains (Davison et al., 2013; Sijmons et al., 2015;
Suárez et al., 2019). However, its contribution to infection has
remained elusive. The fact that the 1RNA1.2 and 1TATA
mutants did not display growth defects in fibroblasts indicates
that RNA1.2 does not play a critical role in the central processes
of virus production, including entry, genome replication, and
virion assembly and egress. However, the transcriptomic and
proteomic analyses indicated that this lncRNA modulates
the expression of multiple cellular genes. There was a large
degree of concordance in the results obtained using 1RNA1.2
and 1TATA, even though the latter expressed RNA1.2-like
transcripts at approximately 10% of WT levels. Nonetheless,
transcripts that were differentially expressed during 1RNA1.2

infection compared to WT infection but were more sensitive
to residual RNA1.2 expression might not have been identified
during 1TATA infection. The observation that the genes most
consistently dysregulated by the mutants at both the transcript
and protein levels were all upregulated indicates that RNA1.2
may function as a transcriptional repressor, potentially via a
common mechanism. It is also possible that more than one
mechanism is used, each requiring a specific region of RNA1.2. A
useful first step in subsequent studies would be to study separately
the first 270 nt (68% G+C) and the remainder of the sequence
(38% G+C).

In the transcriptomic and proteomic experiments, the
TPRG1L gene was identified as the most dysregulated in RNA1.2
mutant-infected cells. In subsequent experiments, TPRG1L
expression was shown to be significantly higher in RNA1.2
mutant-infected cells compared to WT-infected cells and mock-
infected cells. In additional experiments, the levels of IL-
6 transcript and secreted protein were also much higher in
RNA1.2 mutant-infected cells. Failure to identify the IL-6 gene as
dysregulated in the transcriptomic analysis (in which 1RNA1.2
upregulated IL-6 by only 1.5-fold (q = 0.08) at 72 h p.i.)
highlights a known limitation of this approach. In previous
studies using RT-qPCR data as a reference, transcriptomic
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screens detected approximately 85% of differentially expressed
genes, largely regardless of the bioinformatic algorithms used
(Costa-Silva et al., 2017; Everaert et al., 2017). Some genes
were consistently missed, and these were typically smaller and
contained fewer exons; characteristics possessed by the IL-6
gene. Our results indicate that transcriptome screens may be less
sensitive than qPCR at detecting differential expression of IL-6,
thus suggesting that not all differentially expressed genes may
have been identified by transcriptomic analysis. Consistent with
this, the levels of TPRG1L mRNA were shown to be increased
by 3.83-fold at 72 h p.i. in the transcriptomic analysis but by
>10-fold by qPCR analysis.

The data indicate that RNA1.2 acts to circumvent acute
antiviral responses by downregulating TPRG1L, which would
otherwise activate NF-κB and stimulate expression and secretion
of pro-inflammatory mediators such as IL-6. IL-6 has been
established as a critical contributor to host defense through its
stimulation of acute-phase responses, haematopoiesis, antibody
and effector T-cell responses (Tanaka et al., 2014). It has also
been shown to drive activation-induced cell death of natural
killer (NK) cells and therefore impairment of anti-viral NK cell
responses during the early stages of MCMV infection (Stacey
et al., 2017). The latter finding and the involvement of IL-6
as an important driver of HCMV reactivation from latency in
immature dendritic cells (Reeves and Compton, 2011) suggests
that this activity would be detrimental to the virus if it were to
occur early in the lytic cycle. However, the effect was observed
only late in infection, when most HCMV-encoded immune
inhibitors are expressed (Weekes et al., 2014; Patel et al., 2018).
Considering the roles that IL-6 plays in immune responses
and reactivation from latency, confirming whether RNA1.2
performs the same function during infection of other cell types,
especially immune cells such as macrophages and dendritic cells,
would be worthwhile. Previous observations regarding MCP-1
downregulation during late times of infection (Jarvis et al., 2006;
Hamilton et al., 2013; Naing et al., 2015) were also observed, and
identified RNA1.2 as the sole or major contributor to this effect,
which is likely to be driven at least in part by its downregulation
of TPRG1L.

IL-6 secretion by the RNA1.2 mutants after TPRG1L
knockdown remained higher than WT levels, suggesting
that RNA1.2 may regulate IL-6 secretion using mechanisms
additional to TPRG1L. Our transcriptomic analysis identified
RNA1.2 as downregulating PIM1 (Nihira et al., 2010) and
upregulate SEMA3A (Sumi et al., 2018), which have been
reported to activate and suppress, respectively, NF-κB signaling
in other cell types and contexts, and thus may contribute to
RNA1.2 stimulated increase in IL-6 levels. However, the screen
also identified RNA1.2 as downregulating six other potential
inhibitors of NF-κB: RCAN1 (Chen et al., 2017), IFRD1(Micheli
et al., 2011), HBEGF (Mehta and Besner, 2005), SDC1 (Zhang
et al., 2016), TSC22D3 (Di Marco et al., 2007) and PTGS1 (Wang
et al., 2019). Their modulation of NF-κB is likely to be contextual
to cell type and biological process, and thus further work will
be required to determine whether they influence NF-κB activity
during infection.

The complexity of the interplay between HCMV infection
and the NF-κB signaling pathway has been recognized previously
and is further illuminated by the present study. HCMV encodes
multiple agonists and antagonists of NF-κB, presumably as
a means of tailoring NF-κB activity to optimize infection
(Hancock and Nelson, 2017). A block in NF-κB signaling late
in infection has been reported (Jarvis et al., 2006; Montag
et al., 2006; Hancock and Nelson, 2017), but the mechanism
by which this occurs has not been identified. The present study
shows that RNA1.2 contributes to this block. Finally, as has
been demonstrated for another HCMV lncRNA (RNA2.7) that
regulates cellular functions (Kuan et al., 2012), it may prove
possible to exploit the activity of RNA1.2 in developing therapies
of IL-6-associated illnesses such as chronic inflammation and
auto-immunity (Tanaka et al., 2014).
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Calcium signaling and the AMP-activated protein kinase (AMPK) signaling networks

broadly regulate numerous aspects of cell biology. Human Cytomegalovirus (HCMV)

infection has been found to actively manipulate the calcium-AMPK signaling axis to

support infection. Many HCMV genes have been linked to modulating calcium signaling,

and HCMV infection has been found to be reliant on calcium signaling and AMPK

activation. Here, we focus on the cell biology of calcium and AMPK signaling and what is

currently known about howHCMVmodulates these pathways to support HCMV infection

and potentially contribute to oncomodulation.

Keywords: cytomegalovirus, HCMV, calcium signaling, AMPK, cancer, oncomodulation

INTRODUCTION

Human Cytomegalovirus (HCMV) infection is a prevalent opportunistic pathogen, infecting
∼60–90% of the global population (Pass, 2001). It remains latent in most individuals, but causes
significant morbidity in immunoimmature or immunocompromised hosts including neonates,
transplant recipients, AIDS patients, and cancer patients undergoing immunosuppressive therapies
(Pass, 2001; Kuo et al., 2008; El-Cheikh et al., 2013; Tay et al., 2013; Teh et al., 2013). Evidence of
HCMV infection and its contributions to mortality in cancer patient populations has increased
over time (Nguyen et al., 2001; Boeckh, 2011; Wang et al., 2011; Tay et al., 2013; Jaillette et al.,
2016; Rådestad et al., 2018), partially due to inadequate anti-HCMV therapeutics. Approximately
0.6% of babies in developing countries are HCMV seropositive, and 10% of infected infants suffer
from microcephaly, hearing and vision loss, mental impairments and even death, making HCMV
infection one of the leading causes of birth defects (Schottstedt et al., 2010; Swanson and Schleiss,
2013). Current therapies often have poor bioavailability, exhibit long-term toxicity in afflicted
patients and can often lead to the development of drug resistance due to the prolonged treatment
regimens required to eliminate lytic infection (Weisenthal et al., 1989; Flores-Aguilar et al., 1993;
Goodrich et al., 1993; Andrei et al., 2008).

HCMV can spread through mucosal membranes, via blood, through the placenta and breast
milk from mother to child, or through saliva and sexual secretions. Primary infection and viral
replication occur in a wide variety of cell types including fibroblasts, epithelial cells, endothelial
cells, mononuclear cells, and neural progenitor cells (Sison et al., 2019). Viral latency is established
in hematopoietic stem cells, as these cells differentiate into myeloid derived macrophages and
dendritic cells, they become more permissive to reactivation of the virus (Hahn et al., 1998;
O’Connor and Murphy, 2012; Forte et al., 2020).

HCMV is a betaherpes virus containing a large double-stranded DNA genome of about
230,000 base pairs (Schottstedt et al., 2010), encoding for a largely unknown proteomic potential

215

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.00384
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.00384&domain=pdf&date_stamp=2020-07-29
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:josh.munger@rochester.edu
https://doi.org/10.3389/fcimb.2020.00384
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00384/full
http://loop.frontiersin.org/people/967468/overview
http://loop.frontiersin.org/people/685975/overview


Dunn and Munger Calcium, AMPK, and HCMV

(Stern-Ginossar et al., 2012). The regulation and function of
these gene products by both the virus and host cell shape the
viral environment and the potential to successfully produce viral
progeny. It is known that the upstream calcium-calmodulin
signaling cascade protein, CaMKK, and its downstream target,
AMP-activated protein kinase (AMPK), both play a critical role
in HCMV-mediated glycolytic activation and viral replication
(McArdle et al., 2011, 2012). These two overlapping pathways
were proven to be crucial for activation of glycolysis during
infection, but both impact cellular function beyond metabolic
regulation. In this review we will explore the contributions of
calcium signaling and AMPK signaling to HCMV infection and
how these pathways contribute to oncogenesis.

HCMV AND CANCER

HCMV infection commonly causes acute infection in cancer
patients undergoing immunosuppressive therapies for the
treatment of leukemia, lymphoma, and myeloma (Kuo et al.,
2008; El-Cheikh et al., 2013; Tay et al., 2013; Teh et al., 2013).
Although controversial, it has also been associated with certain
brain cancers including malignant glioma and medulloblastoma
(Cobbs et al., 2002, 2007; Baryawno et al., 2011; Soroceanu
et al., 2011; Ranganathan et al., 2012; Rahman et al., 2019).
Due to the immunosuppressive nature of the treatments used to
fight various cancers, these cancer patient populations are highly
susceptible to HCMV infection. Not only are they more likely to
be affected by acute infection or reactivation of latent infection,
but HCMV encodes for gene products with oncogenic potential
that could promote cancer formation and further contribute to
cancer progression.

HCMV is not considered to be a directly transforming
virus, yet many of its gene products are capable of driving
specific oncogenic phenotypes. This property, known as
oncomodulation, suggests that HCMV infection may play a
yet unknown role in oncogenesis by transforming the cellular
environment into one more conducive to tumor formation.
HCMV infection and its oncogenic potential has been reviewed
in detail by many [see Michaelis et al. (2009), Herbein (2018),
Nauclér et al. (2019)]. In brief, HCMV infection institutes many
host cell changes that mirror the hallmarks of cancer including:
manipulation of cellular energy metabolism, promoting the
cell cycle, and evading growth suppression, avoiding the
immune response while promoting inflammation, cellular
immortalization, activating invasion, motility, and angiogenesis,
genomic changes, and manipulation of the apoptotic response.
HCMV prevalence, indicated by the presence of its nucleic
acids or proteins, has been associated with multiple cancer
types, including breast, colon, prostate, liver, salivary, brain,
and soft tissue cancers (Hanahan and Weinberg, 2011; Nauclér
et al., 2019). A recent study has taken a deep look into the
transcriptome of 2,658 cancers from 38 tumor types. HCMV
was associated at low levels with most of the tumor types,
although further validation is needed to better understand
if HCMV infection is actually associated with all of the
presented tumor types or if it was a contaminate due to its

frequency across the samples tested (Zapatka et al., 2020).
Additionally, some groups have shown that normal colorectal
and breast tissues, adjacent to HCMV-infected tumors, often
remain uninfected, further suggesting a specific role for HCMV
in the tumor microenvironment (Taher et al., 2013, 2014; Bai
et al., 2016).

CALCIUM SIGNALING: CAMKK

Calcium signaling plays a pivotal role during HCMV infection.
In this section we will describe calcium signaling orchestrated
by a family of serine/threonine kinases and the downstream
consequences of calcium signaling (Figure 1). We will also
explore the viral proteins and HCMV-induced cellular proteins
that contribute to aberrant calcium signaling.

Calcium-calmodulin (Ca2+-CaM) dependent protein kinase
kinase (CaMKK) is encoded by two genes, CAMKK1 and
CAMKK2 resulting in the expression of CaMKKα (or CaMKK1)
and CaMKKβ (or CaMKK2) proteins, originally studied in rat
brain (Edelman et al., 1996). CaMKK exists in an autoinhibited
state in the presence of basal cellular calcium levels. Calcium
flux through the plasma membrane or release of internal
stores into the cytoplasm activates the small messenger protein,
calmodulin, which in turn releases autoinhibition and activates
CaMKK kinase activity toward downstream Ca2+-CaM activated
proteins, CaMKI (Lee and Edelman, 1994), and CamKIV
(Tokumitsu et al., 1994). Regulation of CaMKK via other
kinases also plays a role in the Ca2+-CaM signaling cascade.
The phosphorylation status of CaMKK can determine the fate
of Ca2+-CaM binding. Specifically, serine-458 phosphorylation
facilitated by cAMP-dependent protein kinase (PKA), within
the CaM binding domain of CaMKK, will block CaM from
binding thus inhibiting CaMKK activity (Matsushita and Nairn,
1999; Davare et al., 2004). More recently, it was also shown
that multi-phosphorylation of CaMKKβ by cyclin-dependent
kinase 5 (CDK5) and glycogen synthase kinase 3 (GSK3) results
in decreased kinase activity and decreased CaMKKβ protein
stability (Green et al., 2011). Alternatively, autophosphorylation
at threonine-482 in the regulatory domain of CaMKKβ increases
its activity by decreasing its autoinhibition, independent of Ca2+-
CaM binding (Tokumitsu et al., 2001, 2011).

CaMKK activity plays a role in gene transcription through
regulation of its downstreamCaMKproteins, as well as its activity
toward AMPK (Woods et al., 2005) (discussed below). It also
interacts with protein kinase B (PKB/Akt) (Yano et al., 1998), via
phosphorylation of threonine-308 and serine-473 (Gocher et al.,
2017), resulting in an antiapoptotic effect through upregulation
of pro-survival pathways. CaMKK activity has also been
linked to apoptosis through phosphorylation of CaMKKβ by
death associated protein kinase (DAPK), whose activity toward
CaMKKβ reduces CaMKK autophosphorylation and elicits a
proapoptotic response. The authors suggest this mechanism
could occur through reduction of CaMKK phosphorylation of
the downstream effector, Akt (Schumacher et al., 2004). These
studies show that not only does CaMKK play a critical role
in direct Ca2+-CaM signaling through CaMKI and CaMKIV,
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FIGURE 1 | Overview of calcium signaling. Calcium release from the extracellular space or intracellular compartments into the cytosol activates calmodulin, which in

turn binds to CaMKK and CaMK proteins. Phosphorylation of CaM-binding proteins via autophosphorylation or upstream kinases further activates, or in some cases

inhibits their activity toward downstream signaling proteins and transcription factors. The CaMKK inhibitor, STO-609, can also stall these downstream processes.

but it is able to influence the apoptotic pathway in a more
direct manner.

Expression of CaMKK has been identified in an array of
rat tissues, most notably in the brain, and CaMKKβ is also
found at lower levels in the thymus, spleen, lung, and testis
(Tokumitsu et al., 1995; Anderson et al., 1998). In human tissue,
CaMKK is again predominantly found in the brain (Ohmstede
et al., 1989), but is widely detected across multiple tissues at
the RNA and protein levels, including enrichment of CaMKKα

in endocrine, digestive tissue, prostate, bone marrow, lymphoid
tissues, and enrichment of CaMKKβ in lung and heart muscle
(Uhlén et al., 2015). Additionally, CaMKKβ encodes for distinct
isoforms, most notably, CaMKKβ1 and CaMKKβ2, which exhibit
differential activities and expression patterns in normal vs.
human tumor tissue and cell lines. Most notably, normal human
brain tissues express transcripts for CaMKKβ1 and CaMKKβ2,
while brain tumors express smaller CaMKKβ1 transcript variants
at high levels. Preferential expression of these smaller transcripts
was also observed in established brain tumor cell lines (Hsu et al.,
2001). It was also shown that exon 14 of CaMKKβ is required for
its autophosphorylation, independent of Ca2+-CaM binding, but

that Ca2+-CaM binding is required for its downstream activity
toward CaMK proteins (Hsu et al., 2001). Due to the nature
of CaMKKβ expression in normal and cancerous brain tissues,
its activity could also play a role during HCMV infection. The
impact of HCMV infection on the structural development of the
brain is discussed in more detail below.

Calcium Signaling: CaMKI, CaMKII,
CaMKKIV
CaMKI exists in four isoforms, CaMKIα, CaMKIβ/Pnck,
CaMKIγ/CLICK3, and CaMKIδ/CKLiK, each encoded by a
separate gene (CAMK1, PNCK, CAMK1G, and CAMKID). All
contain similar autoinhibitory domains, which require release
via phosphorylation by CaMKK and Ca2+-CaM binding for full
activation (Soderling and Stull, 2001; Senga et al., 2015). It is the
most ubiquitously expressed group of CaMK proteins, and the
isoforms can be found at various levels in all tissues (Picciotto
et al., 1995), but are most highly expressed in brain tissues
(Nairn and Greengard, 1987; Kamata et al., 2007). Substrates
of CaMKI are generally involved in gene transcription (Swulius
and Waxham, 2008). Two widely studied CaMKI targets are
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extracellular signal-regulated kinase (ERK) and cAMP response
element-binding protein (CREB). Predominantly CaMKIα and
CaMKIβ activities toward CREB activate neuronal transcription
and stimulates neurite outgrowth (Sheng et al., 1991; Yan
et al., 2016). CaMKI is responsible for the induction of ERK
transcriptional activity, which results in the stimulation of
cell growth, proliferation, and cell survival pathways (Schmitt
et al., 2004, 2005). There are several other reports of CaMKI
activity toward central transcriptional regulators, each having
similar outcomes on cell survival and growth with response to
calcium signaling.

CaMKII is activated by CaM-binding and
autophosphorylation activity. It is responsible for the regulation
of many downstream targets involved in ion channel regulation,
synaptic plasticity, and gene transcription (Swulius and
Waxham, 2008). CaMKII is unique in that it exists as a
multimeric dodecamer in the cell, as opposed to the other
CaM-binding proteins, which exist in monomeric forms.
There are four isoforms, CaMKIIα, CaMKIIβ, CaMKIIγ, and
CaMKIIδ (encoded by CAMK2A, CAMK2B, CAMK2G, and
CAMK2D). Each varies slightly in size and contains a variable
linker region which can produce splicing isoforms. The isoforms
are differentially expressed in multiple tissues throughout the
human body (Brzozowski and Skelding, 2019). CaMKIIα and
β are primarily expressed in brain tissue, while γ and δ are
more ubiquitous across tissue types. The multimeric structure
of CaMKII is thought to contribute to regulation of synaptic
transmission, as CaMKIIα, β, and γ are commonly associated
with synaptic vesicles (Ouimet et al., 1984; Takamori et al.,
2006; Wang, 2008). Autophosphorylation of threonine-286 is
essential for synaptic plasticity, learning, and memory in the
brain (Giese et al., 1998). CaMKII also plays an important role in
Ca2+ channel activity in heart muscles, where it phosphorylates
and tethers itself to channel component, α1c, thereby tightly
regulating Ca2+ spikes in the heart (Hudmon et al., 2005; Maier
and Bers, 2007). During osteoblast differentiation, CaMKII is
stimulated by Ca2+ influx, and phosphorylates downstream
proteins: cAMP-response element (CRE) and serum response
element (SRE). CaMKII further facilitates transcriptional
changes, often associated with osteoblast differentiation, thus
stimulating bone mineralization (Shin et al., 2008). More
recently, CaMKII has been shown to be important in the
regulation of cell death in both neurons during ischemia via
an unknown mechanism (Rostas et al., 2017) and osteoblasts
through activation of multiple upstream pathways including
ER stress, MAPK activation and mTOR signaling (Liu et al.,
2018). CaMKII is a physiologically versatile and extensively
studied CaMK protein, which is required for the regulation of
multiple cellular functions crucial for normal cellular function
and functions important for HCMV infection.

Both CaMKII and CaMKI have also been implicated as
important mediators of cell cycle progression. Expression of a
kinase-dead CaMKI mutant elicits a stall in the G1 cell cycle
phase, while inhibition with CaMKII inhibitors has a negative
impact on the G2/M and metaphase-anaphase transitions of
the cell cycle (Skelding et al., 2011). The role of CaMKII in
microtubule dynamics by regulation of centrosome duplication

(Matsumoto and Maller, 2002), may also impact AMPK-
mediated modulation of cytoskeletal and microtubule dynamics.
Additionally, CaMKII has been linked to mitotic instability
(Mones et al., 2014), often associated with cancers.

CaMKIV is activated via CaMKK phosphorylation,
but also exhibits autophosphorylation capabilities. These
phosphorylation events, in combination with CaM-binding,
result in full activation of downstream target proteins. It is
encoded by one gene, CAMK4, which produces two or more
splice variants (Brzozowski and Skelding, 2019). CaMKIV is
primarily responsible for an array of gene transcription events
and is expressed in the brain at high levels (Ohmstede et al.,
1989) but can be found in other cell types and tissues such as
immune cells and reproductive organs (Skelding et al., 2011).
Transcriptional activity of downstream CaMKIV targets has also
been implicated in neurite outgrowth, the immune response and
cell cycle control. CaMKIV can activate CREB activity, causing a
Ca2+ dependent regulation of transcription (Enslen et al., 1994),
but to a lesser extent than observed with CaMKI stimulation in
most studies (Enslen et al., 1995). CaMIV activation of CREB has
been linked to synaptic plasticity (Bleier and Toliver, 2017), has
been found to be required for fear memory (Wei et al., 2002), and
has been linked to hematopoietic stem cell homeostasis (Kitsos
et al., 2005). Cell cycle control through regulation of microtubule
dynamics has also been linked to CaMKIV activity (Melander
Gradin et al., 1997). Finally, as reviewed here (Racioppi and
Means, 2008), CaMIV plays a pivotal role in immune cells and
the inflammatory response, leading to the possibility that the
status of CaMIV in the cell could modify the permissiveness of
a cell to HCMV infection and tumor formation or invasion. In
general, CaMKI, CaMKKII, and CaMKIV activities are similar,
but their distinct differences could potentially impact the state of
a cell during HCMV infection and lead to oncomodulation of
the cellular environment.

CALCIUM SIGNALING:
SUBSTRATE-SPECIFIC CAM-BINDING
KINASES

There are three characterized Ca2+-CaM binding proteins that
phosphorylate only a single known substrate and are referred
to as substrate-specific calcium signaling molecules. CaMKIII,
also known as elongation factor 2 kinase (eEF2K), solely requires
CaM-binding for its activation (Swulius and Waxham, 2008).
It inhibits protein translation by phosphorylating elongation
factor 2 (eEF2), thus dissociating it from the ribosome in
skin, lung, gastrointestinal, pancreas, reproductive, bone, and
lymphoid tissues (Nairn and Palfrey, 1987; Uhlén et al., 2015).
Another Ca2+-CaM activated kinase, MLCK, acts in muscle
contraction (Kamm and Stull, 1985; Word et al., 1994), and
intracellular transport in muscle tissue (Mochida et al., 1994),
through myosin activation. Finally, Phosphorylase kinase is the
only non-monomeric substrate-specific CaM-binding protein,
consisting of a complex tetrameric structure, that is ubiquitously
expressed across numerous tissue types, but is most commonly
found in skeletal muscle and liver tissues (Swulius and Waxham,
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2008). It acts toward glycogen metabolism via phosphorylation
of glycogen phosphorylase, thereby regulating energy needed for
muscle contractions (Kishimoto et al., 1977; Cohen et al., 1980;
Picton et al., 1981) and maintenance of blood-glucose levels
(Conaglen et al., 1985). A role for the substrate-specific CaM-
binding proteins during HCMV infection or in cancer has yet to
be elucidated.

HCMV-MEDIATED MODULATION OF
CALCIUM SIGNALING

Several HCMV genes have been linked to regulation of calcium
signaling. Many of these are associated with apoptotic functions,
including US21, UL37, and US28. US21 is a viroporin which
encodes for a Ca2+-permeable channel responsible for decreasing
intracellular calcium stores and protects against the intrinsic
apoptotic response induced by various drugs (Luganini et al.,
2018). UL37 encodes for the viral mitochondria-localized
inhibitor of apoptosis (vMIA), which is an inhibitor of the pro-
apoptotic protein, Bax, thus promoting cell survival (Goldmacher
et al., 1999; Arnoult et al., 2004; Poncet et al., 2004). Additionally,
UL37 localizes to both the mitochondrial membrane and the
endoplasmic reticulum (ER), where it causes dysregulation in the
membrane structure of the mitochondria, and leads to release of
calcium stores into the cytosol from the ER (McCormick et al.,
2003; Sharon-Friling et al., 2006).

US28, on the other hand, promotes apoptosis through caspase
activation, presumably to promote HCMV-associated disease
progression in specific cell types (Pleskoff et al., 2005). It is a
viral G protein-coupled receptor responsible for internalizing
chemokines (Gao and Murphy, 1994). This internalization of
chemokines is accompanied by a release of intracellular calcium
(Gao and Murphy, 1994; Vieira et al., 1998). Another study
examined the effects of US28 expression in a variety of cell
types permissive to HCMV infection including smooth muscle,
endothelial, and glioblastomas cells. US28 was found to drive
phospholipase C-β (PLC-β) which in turn drives intracellular
calcium release in all cell types with the exception of glioblastoma
cells, in which the authors suggest this could play a role in
latent infection. PLC-β signaling was dependent on chemokine
response in most cells but could also occur in the absence of
chemokines in smooth muscle cells (Miller et al., 2012).

Another viral protein involved in chemokine response,
UL146, encodes for a viral chemokine (vCXCL1) which acts as an
agonist for human chemokines (CXCR1 and CXCR2) responsible
for intracellular calcium release. This chemokine response also
has implications in neutrophil recruitment, which then act as
passive carriers of the virus. These data suggest that calcium
signaling plays a role in viral dissemination through the host
(Penfold et al., 1999; Wang et al., 2003). Finally, it is suggested
that HCMV binds epidermal growth factor receptor (EGFR) as
part of the internalization of the virus, which also causes the
mobilization of intracellular calcium, a response that is known
to occur with native ligand binding of EGF to EGFR (Wang
et al., 2003). Additionally, EGF-mediated calcium release has
been linked to cell migration and angiogenesis in glial cells,

which again could contribute to HCMV infection in certain
brain cancer patients (Bryant et al., 2004). Collectively, these
data suggest that multiple HCMV gene products significantly
modulate calcium signaling to impact cell growth, apoptosis, and
inflammatory responses.

CONTRIBUTIONS OF CALCIUM
SIGNALING TO INFECTION

Activated calcium signaling could contribute to infection in
a variety of ways. CaMKK activity plays a crucial role in
transcriptional regulation of the cell, largely through downstream
activation of CaMKI, CaMKII, and CaMKIV. Activation of
these kinases also impacts cellular trafficking, protein translation,
apoptosis, metabolism, ion channel regulation, intracellular
transport, cell cycle control, and immune cell function, all of
which are crucial for HCMV infection. Although this group of
proteins is generally enriched in the brain, these proteins are
found ubiquitously throughout the human body. Naturally, since
the calcium signaling proteins are found at higher levels in the
brain, they have been best characterized predominantly in this
context. Although lower in other tissues, calcium signaling can
still be very important to normal cellular function, and there
is evidence to its activity being hijacked by HCMV infection
to create a more permissive environment for viral replication.
Many proteins are known to be induced by stressful events
such as infection, including CaMKKα (McArdle et al., 2011).
Induction of CaMKK upon HCMV infection contributes to
HCMV-mediated glycolytic activation. Treatment of cells with
STO-609, a potent inhibitor of CaMKK, attenuates viral infection
and inhibits HCMV-mediated glycolytic activation (McArdle
et al., 2011).

As discussed, calcium signaling plays a critical role in
the regulation of neuronal cell growth and development.
HCMV infection can impact this system in neonates, causing
microcephaly and developmental delays at birth. A recent study
has shown that HCMV infection impacts the ability of organoid
tissues to organize, develop, and differentiate properly. In this
study, the authors show that HCMV infected neural progenitor
cells lose calcium channel signaling and lose their ability to
respond to changes in calcium levels (Sison et al., 2019).
The altered state of infected cells overall disrupted structural
development of cortical organoids (Sison et al., 2019), which
could contribute to the formation of improperly functioning
synapses and overall brain mass loss during development leading
to HCMV-associated brain impairments in infants.

HCMV INDUCTION OF CALCIUM
SIGNALING COULD BE IMPLICATED IN
TUMORIGENESIS

Many of the same calcium signaling pathways crucial to HCMV
infection could also contribute to the oncogenic potential of
the cell. Calcium signaling has been the target of many anti-
cancer studies due to its importance in cellular processes involved
in cancer cell survival and progression. These studies included
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the use of CaMKK inhibitor STO-609, CaMKII inhibitor KN-
62/KN-93, Berbamine, a CaMKIIγ inhibitor, and peptides
designed to target CaMKII, all of which are reviewed here
(Brzozowski and Skelding, 2019). In general, use of these
calcium pathway inhibitors decreased proliferation, migration
and invasion, induced apoptosis, or slowed cell cycle progression
in multiple cancer cell and tumor types including prostate,
medulloblastoma, glioma, lung, breast, and T cell lymphoma,
as well as others (Brzozowski and Skelding, 2019). Additionally,
multiple studies have suggested that US28 can also promote
proliferation and angiogenesis by modulation of inflammatory
factors, resulting in enhanced tumorigeneses upon infection of
intestinal epithelial cells (Bongers et al., 2010), glioblastoma cells
(Slinger et al., 2010), and tumorigenic NIH3T3 cells in mouse
models (Maussang et al., 2009; Slinger et al., 2010). Primary
glioblastoma tumors from patients were also examined for the
presence of US28, which correlated with STAT3 phosphorylation,
IL-6 production, higher levels of tumor proliferation, and poorer
patient outcomes (Slinger et al., 2010). Finally, CaMKKβ has
also been implicated in promoting prostate cancer progression
through the upregulation of lipogenesis, a phenotype also
associated with HCMV infection (Penfold et al., 2018).

AMPK SIGNALING

Similar to CaMKK, AMPK activity has been linked to high
HCMV viral titers and HCMV-mediated glycolytic activation. It
is also a known tumor suppressor but exhibits some oncogenic
phenotypes under specific conditions. In this section we will
describe the AMPK structure and function in normal cells
(Figure 2), then describe the role it plays in HCMV infection, and
how this could contribute to HCMV-associated oncomodulation.

AMPK is a serine/threonine kinase that plays a central
role in metabolic stress signaling by responding to low levels
of ATP in the cell. The AMPK protein is a heterotrimeric
complex consisting of a catalytic subunit, α, and two regulatory
subunits, β and γ. There are several protein isoforms of each
subunit, α1, α2, β1, β2, γ1, γ2, and γ3, each encoded by their
own gene, PRKAA1, PRKAA2, PRKAB1, PRKAB2, PRKAG1,
PRKAG2, and PRKAG3, resulting in 12 possible AMPK complex
formations (Ross et al., 2016b). Canonical AMPK activation
relies on two signals. The first is the binding of AMP to its
regulatory γ domain, which causes a conformational change
in the protein heterotrimeric complex to expose threonine-
172, thereby promoting its phosphorylation and inhibiting its
dephosphorylation by protein phosphatases (Hardie et al., 2016).
The secondary phosphorylation step is facilitated by upstream
kinases, Liver Kinase B1 (LKB1) (Woods et al., 2003) or calcium
signaling protein, CaMKK (Woods et al., 2005), to promote
full activation of AMPK. CaMKKβ is known to stimulate
AMPK more than CaMKKα (Fujiwara et al., 2016), and can
stimulate AMPK activity independently of the cellular AMP/ATP
ratios if intracellular calcium levels are elevated in adipocytes
(Gormand et al., 2011) and other cell types. It has also been
reported that ADP binding to the γ subunit can promote
conformational changes making the protein more susceptible to

Thr-172 phosphorylation, but to a much lesser extent than AMP
binding (Gowans et al., 2013).

The AMPK subunit isoforms exhibit some tissue specificity
that can translate into functional differences. In general, the
AMPKα1 catalytic subunit is ubiquitously expressed, while the
AMPKα2 catalytic subunit is preferentially expressed at higher
levels in the liver, skeletal, and cardiac muscles. Additionally,
the α2 subunit is not expressed in hematopoietic cells (Stapleton
et al., 1996; Foretz et al., 2010a; Wang et al., 2016). This tissue
specificity plays a functional role in the skeletal system, where
α2 promotes osteogenesis at a higher level than α1 (Wang et al.,
2016). Whole mouse knockout of either AMPK catalytic subunit
is viable with minor defects at the molecular level (Viollet et al.,
2003; Fu et al., 2013a,b). Most notably, α1 knockout mice present
with severe anemia due to lack of any AMPK activity in blood
cells (Foretz et al., 2010a). Simultaneous knockout of both the
AMPKα1 and AMPKα2 subunits, results in embryonic lethality
around day 10 in mice (Viollet et al., 2009). Double knockout
of the AMPKα subunits, has been successfully preformed in
cultured mouse embryonic fibroblast (MEF) cells (Lee et al.,
2020). This is not surprising, since AMPK plays an important
role in development (Carey et al., 2014; Kaufman and Brown,
2016), but in mature cells it is possible that both catalytic
subunits play similar roles, or can at least compensate for one
another when they are both present in that cell type. The
AMPKβ regulatory subunits are ubiquitously expressed, with a
preference for β2 expression in skeletal muscle (Mobbs et al.,
2015). Differential roles for the β subunits have not been explored
in detail. Finally, it is not well-defined whether the AMPKγ

regulatory subunits exhibit tissue specificity, but γ1 is found at
higher abundances than γ2 or γ3 in skeletal and cardiac muscles
(Pinter et al., 2013). The γ subunit isoforms have also been shown
to differentially impact the rate of AMPK activity, where γ2
containing AMPK complexes activate more rapidly than γ1 or
γ3 containing AMPK complexes. Additionally, the γ subunits
exhibit differential affinities for AMP and ADP which mediate
their ability to activate the protein (Ross et al., 2016a; Willows
et al., 2017). Again, many of the studies involving AMPK subunit
tissue localization have focused on cardiac and skeletal tissues,
but this does not preclude AMPK activity from being important
for other tissue specific functions in the body, such as the brain
where calcium signaling is best characterized.

As mentioned above, AMPK is a stress regulated kinase,
which responds to low levels of ATP in the cell, with the overall
goal of producing more ATP and rebalancing cellular energy.
AMPK inhibits cell growth through inactivation of mTOR
signaling (Gwinn et al., 2008; Kalender et al., 2010), and controls
autophagy through manipulation of ULK1 (Kim et al., 2011).
Its activity is both directly associated with metabolic enzyme
modification as well as through more long-term transcriptional
regulation of metabolic processes, cell growth, differentiation,
immune response, and apoptosis (McGee et al., 2008). Direct
glycolytic substrates of AMPK include acetyl-CoA carboxylase
(ACC), whose phosphorylation by AMPK inhibits a key step
in fatty acid biosynthesis (Park et al., 2002). AMPK also
phosphorylates the high capacity glucose transporter, GLUT4,
which signals for its translocation to the plasma membrane
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FIGURE 2 | Overview of AMPK signaling. AMPK responds to low levels of ATP in the cell. First, AMP binds to the AMPKγ regulatory subunit causing a conformational

change exposing threonine-172 in the AMPKα catalytic subunit. Then, Thr-172 is phosphorylated by upstream kinases, CaMKK, or LKB1, fully activating AMPK

kinase activity toward substrates responsible for preserving cellular energy. AMPK can be activated by AICAR or metformin treatment, and inhibited by Compound C.

(Kurth-Kraczek et al., 1999) thus increasing glucose uptake
into the cell. Glycolytic flux is also regulated through AMPK
phosphorylation of 6-phosphofructo-2-kinase (PFK-2) which
controls the levels of 2,6-bisphopsphate, which in turn regulates
the activity of the key glycolytic enzyme, 6-phosphofructo-1-
kinase (PFK-1) (Marsin et al., 2000). Another role of AMPK is
its regulation of cytoskeleton dynamics. As mentioned before,
AMPK can be regulated by calcium signaling, which is also
a major contributor to microtubule and centrosome structure.
AMPK directly phosphorylates CLIP-170, causing dissociation of
the growing end of microtubules (Nakano et al., 2010). AMPK
has also been implicated in neuronal polarization (Williams et al.,
2011). Though not an exhaustive list, it is clear that many of
the verified AMPK phospho-targets are generally involved in the
preservation and production of cellular energy.

AMPK ASSOCIATIONS WITH HCMV
INFECTION

Many AMPK targets play a critical role in HCMV infection,
includingmTOR (Rodríguez-Sánchez et al., 2019), ACC (Spencer

et al., 2011), and GLUT4 (Yu et al., 2011). AMPK activity
has also been directly linked to HCMV infection. One study
preformed an siRNA screen of the cellular kinome, assessing
HCMV replication as a readout. In this study, several AMPK
subunits, the AMPK activator CaMKK, and several downstream
AMPK targets were identified as modulators of HCMV infection.
Furthermore, inhibition of AMPK by its inhibitor, Compound
C (CC), dramatically changed HCMV-mediated induction of
metabolite pools (Terry et al., 2012). Data from in vitro AMPK
activity assays revealed that HCMV infection activates AMPK.
Further, during HCMV infection, AMPKα accumulates and
its phosphorylation increases. AMPK activity is necessary for
HCMV-mediated activation of glycolysis and production of high
viral titers, a process that can be halted by the addition of CC
(McArdle et al., 2012). While these studies revealed that AMPK
activity is necessary for productive HCMV infection, excessive
AMPK activity can also have a detrimental impact on viral
production. Use of AMPK activators, AICAR or metformin, also
contributes to a loss of viral replication (Kudchodkar et al., 2007;
Terry et al., 2012; Li et al., 2017). It has been suggested that
timing of AMPK activation plays a critical role in successful
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HCMV replication. It is possible that AMPK activity is important
at a specific time during infection, and less important, or even
detrimental at alternate times post infection. It is also possible
that the studies utilizing AMPK inhibitors or activators, are
observing off-target effects of the drugs themselves. Initially CC
was reported as a specific ATP competitive inhibitor through an
in vitro assay (Hsich et al., 2001). Since then it has been reported
that CC can target many more kinases including CaMKK (Bain
et al., 2007; Jester et al., 2010). Although metformin is associated
with AMPK activation, it does not directly interact with the
AMPK protein. Instead it inhibits mitochondrial respiratory
chain complex 1, which in turn increases the ratio of AMP
to ATP, thus indirectly activating AMPK (Owen et al., 2000).
Work has also shown that AMPK does not always play a role
in metformin associated phenotypes, as metformin-associated
genes remain unchanged between normal, AMPKα knockout,
and LKB1 knockout hepatocytes (Foretz et al., 2010b). This
suggests a role for metformin that is independent of AMPK
activity, which could potentially affect HCMV infection by an
unknown mechanism. Excessive AMPK activation could also
have a negative impact on its inhibition of certain AMPK
targets, such as ACC. AMPK activity toward ACC results in
the inhibition of fatty acid biosynthesis, which is detrimental to
HCMV infection (Spencer et al., 2011). A similar phenomenon
could be occurring when AMPK phosphorylates 3-hydroxy-3-
methylglutaryl CoA reductase (HMGCR), which is responsible
for cholesterol synthesis, another important cellular process that
is key to HCMV growth (Potena et al., 2004; Shenk and Alwine,
2014). It is possible that the virus is able to manipulate ACC and
HMGCR activity irrespective of its phosphorylation by AMPK
during normal infection but cannot compensate for activated
AMPK during AICAR or metformin treatment. Finally, specific
combinations of AMPK subunit isoforms may also play a role
in AMPK’s substrate specificity and ultimately impact HCMV
infection but have yet to be fully interrogated.

AMPK IMPLICATIONS IN CANCER

There are reports indicating mutational changes of the AMPK
subunits in cancer. First, some evidence suggests that AMPKα1
acts as an oncogene, while α2 may act as a tumor suppressor.
The AMPK activator, LKB1, is encoded by the gene STK11,
which is mutated or deleted in many cancers. Most commonly,
in lung carcinomas carrying STK11 alterations, the AMPKα1
gene (PRKAA1) is often amplified, while mutations in the
PRKAA2 gene occur less frequently (Monteverde et al., 2015).
In support of this, double knockout of AMPKα1 and α2 in
MEF cells transformed with H-RasV12 fail to grow tumors in
immunodeficient mice (Laderoute et al., 2006) while transformed
MEFS with α2 knockout exhibit a growth advantage in tumors.
In contrast, α1 knockouts do not develop tumors and even
exhibit compensation with total levels of α2 (Phoenix et al.,
2012). These data suggest distinct and separate roles for the
AMPK catalytic subunits in cancer, which cannot be rescued with
compensation of the alternate isoform. The AMPKβ1 subunit
is mutated in <4% of cancers, in contrast to the β2 subunit,

which is aberrantly expressed in upwards of 10% of cancers, with
its expression commonly amplified (Monteverde et al., 2015).
It has also been reported that the α1 subunit requires β2 for
its stability during overexpression, which could implicate the
correlation between the amplification of these two subunits in
cancer (Ross et al., 2016b). There are few reported mutations
of the AMPKγ subunit isoforms in cancer. It is possible that
their roles change upon mutation or amplification of the α and
β subunits.

Many canonical AMPK activities lend themselves to AMPK
acting as a tumor suppressor, and therefore loss of expression
would promote tumorigenesis (Shackelford and Shaw, 2009).
Recent work has shown that treatment of colorectal cancer cells
and breast cancer cells and tissues with a novel AMPK activator
(FNDs) induces apoptosis and cancer cell death (Kenlan et al.,
2017; Johnson et al., 2019). But there is also evidence that
AMPK is critical for the maintenance of established tumors and
could therefore be targeted for anti-cancer therapies in certain
contexts. As mentioned, reports suggest that the AMPKα1 gene
acts as an oncogene and the α2 gene acts as a tumor suppressor.
AMPKα1 activation via CaMKKβ is reported to promote cancer
cell survival and protection against genotoxic stress induced
by etoposide treatment, while AMPKα2 did not exhibit this
protective effect (Vara-Ciruelos et al., 2018). These data suggest
that inhibition of AMPK in AMPKα1 rich tumors may be a
more effective treatment. Additionally, tumors requiring a higher
metabolic rate may also be disadvantaged by AMPK inhibition
and supported by AMPK activation. Studies have shown that
tumors require AMPK’s metabolic functions to maintain tumor
cell viability in the face of energetic stressors (Jeon and Hay,
2012). The same oncogenically-associated characteristics of
AMPK activity may also apply to cells infected by HCMV. These
data also highlight a prominent role for the AMPK subunits
during stressful cellular events requiring functional cell survival
and metabolic processes (Jeon and Hay, 2015).

INTERSECTION OF CALCIUM AND AMPK
SIGNALING DURING HCMV INFECTION

As evidenced above, both calcium and AMPK play central roles
in the cellular stress response and intersect with each other in the
cytosol (Figure 3). Calcium signaling is heavily regulated by viral
genes involved in apoptosis and the chemokine response. Upon
calcium mobilization from the extracellular space or from within
organelles such as the mitochondria or endoplasmic reticulum,
CaMKK starts the calcium signaling cascade. This is when AMPK
can be activated, in addition to other cellular signals coming
from LKB1. Together, CaMKK and AMPK are responsible for
immediate phosphorylation signals of target proteins and long-
term activation of transcription factors involved in countless
cellular processes involved in the promotion of viral replication.
Inhibition of either CaMKK by STO-609 or AMPK by CC, as
well as activation of AMPK by metformin or AICAR, results
in diminished viral replication. These processes are delicately
balanced by HCMV infection in order to promote successful
release of viral progeny.
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FIGURE 3 | Calcium and AMPK signaling during HCMV infection. Calcium signaling contributes to increased intracellular calcium release through HCMV encoded

genes, UL146, US28, UL37, and US21, and through viral entry via epidermal growth factor receptor (EGFR). HCMV infection also induces the expression of CaMKK

and AMPK, both of which are crucial for viral replication through multiple cellular signals. HCMV infection also impacts neural cell development which is associated

with loss of proper calcium response. Inhibition of CaMKK by STO-609 inhibits HMCV viral replication. AMPK inhibition by Compound C, or activation by metformin or

AICAR, also results in a decrease in HCMV viral replication.

CONCLUSIONS AND PERSPECTIVES

Cellular stress often affects cell proliferation, apoptosis, cell cycle,

and the immune response, so it is not unreasonable to think

that, in some way, each pathway contributes to modulating host
cell homeostasis and HCMV infection. HCMV has adapted to

carefully control calcium signaling through many of its gene
products, US28, US21, UL37, and UL146, as well as through the
manipulation of calcium signaling protein, CaMKK. HCMV also
acts downstream of CaMKK, on AMPK, to further manipulate
host cell transcription andmore specifically, host cell metabolism
for the benefit of the virus. There is significant overlap in the
downstream consequences of calcium and AMPK signaling,
yet the downstream functional targets of these pathways that
control HCMV infection are largely unknown. Identifying
them and elucidating their contributions to infection will
greatly increase our understanding of how these host pathways
contribute to infection and could potentially identify targets for
therapeutic intervention.

Studies focusing strictly on calcium signaling in the
brain and AMPK activity in cardiac or skeletal tissues
have opened the door to many unanswered questions

about how these signaling pathways contribute to cellular
function and various pathologies in other tissues. Many of
the proteins discussed above are ubiquitously expressed in
all cell types and perform basal functions in normal cells.
HCMV infection occurs in a broad range of host cells, and
both calcium and AMPK signaling play a significant role
during infection. One major question that remains largely
unanswered, is how do these signaling pathways contribute
to latent HCMV infection? It has been suggested that a
lack of calcium signaling, for instance, in the brain may
contribute to low lytic infection and inadvertently promote
latency in these cells (Miller et al., 2012). Calcium signaling
has also been implicated in neutrophil recruitment (Penfold
et al., 1999; Wang et al., 2003), which could play a role
in the lytic to latent transition. Additionally, AMPKα1 is
expressed in hematopoietic cells while AMPKα2 is not
(Stapleton et al., 1996; Foretz et al., 2010a; Wang et al.,
2016). As major reservoirs for latent virus, studies with
hematopoietic and myeloid progenitor cells (Schottstedt et al.,
2010; Murray et al., 2018), may highlight an isoform specific
role of the AMPK catalytic subunits in HCMV infection
or latency.
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Lastly, HCMV infection has been associated with numerous
types of cancers as discussed above. Many cancers rely on
AMPK and calcium signals to promote tumor formation and
survival. Although many of these associations are not fully
understood, there is evidence that HCMV infection promotes
oncomodulation, and this could be mediated by viral modulation
of calcium and AMPK signaling. For example, the prevalence
of the HCMV gene US28, which is responsible for intracellular
calcium mobility (Gao and Murphy, 1994; Vieira et al., 1998), is
associated with patient glioblastomas and poor cancer prognosis
(Slinger et al., 2010). It remains unknown whether calcium
or AMPK signaling are viable targets for anti-HCMV or anti-
cancer therapeutics. Based on our current knowledge, and the
known overlap between the pathway signaling molecules, there
is a possibility that specific CaM-binding proteins, or specific
AMPK subunits could be successfully targeted. Future research
will further our understanding of the functional interactions
between HCMV and these important cellular pathways and will
shed light on the potential for targeting these pathways to limit
HCMV-associated pathogenesis.
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Degradation of SAMHD1 Restriction
Factor Through Cullin-Ring E3 Ligase
Complexes During Human
Cytomegalovirus Infection
Seokhwan Hyeon, Myoung Kyu Lee, Young-Eui Kim, Gwang Myeong Lee and

Jin-Hyun Ahn*

Department of Microbiology, Sungkyunkwan University School of Medicine, Suwon-si, South Korea

Sterile alpha motif (SAM) and histidine-aspartate (HD) domain-containing protein 1

(SAMHD1) acts as a restriction factor for several RNA and DNA viruses by limiting the

intracellular pool of deoxynucleoside triphosphates. Here, we investigated the regulation

of SAMHD1 expression during human cytomegalovirus (HCMV) infection. SAMHD1

knockdown using shRNA increased the activity of the viral UL99 late gene promoter

in human fibroblasts by 7- to 9-fold, confirming its anti-HCMV activity. We also found

that the level of SAMHD1 was initially increased by HCMV infection but decreased

partly at the protein level at late stages of infection. SAMHD1 loss was not observed

with UV-inactivated virus and required viral DNA replication. This reduction of SAMHD1

was effectively blocked by MLN4924, an inhibitor of the Cullin-RING-E3 ligase (CRL)

complexes, but not by bafilomycin A1, an inhibitor of vacuolar-type H+-ATPase. Indirect

immunofluorescence assays further supported the CRL-mediated SAMHD1 loss at late

stages of virus infection. Knockdown of CUL2 and to a lesser extent CUL1 using

siRNA stabilized SAMHD1 in normal fibroblasts and inhibited SAMHD1 loss during virus

infection. Altogether, our results demonstrate that SAMHD1 inhibits the growth of HCMV,

but HCMV causes degradation of SAMHD1 at late stages of viral infection through the

CRL complexes.

Keywords: HCMV, SAMHD1, restriction factor, degradation, CRL

INTRODUCTION

Cellular restriction factors play an important role in limiting the growth of a virus in a certain
cell type. Sterile alpha motif (SAM) and histidine-aspartate (HD) domain-containing protein 1
(SAMHD1) was initially identified as a restriction factor that inhibits HIV-1 infection and shown
to be counteracted by the viral Vpx protein through proteasomal degradation (Berger et al., 2011;
Hrecka et al., 2011; Laguette et al., 2011; Baldauf et al., 2012). The antiviral activity of SAMHD1
is associated with reduction of deoxynucleoside triphosphates (dNTP) pools and its dNTP
triphosphohydrolase (dNTPase) activity (Goldstone et al., 2011; Powell et al., 2011; Baldauf et al.,
2012; Lahouassa et al., 2012; Franzolin et al., 2013; Hollenbaugh et al., 2014). Involvement of RNase
activity in the restriction function of SAMHD1 has also been proposed (Beloglazova et al., 2013;
Ryoo et al., 2014), but its importance remains unclear (Seamon et al., 2015; Antonucci et al., 2016).
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In addition to retroviruses, SAMHD1 has been shown to
restrict the growth of other RNA or DNA viruses, such as
human T cell leukemia virus type 1 (Sze et al., 2013), hepatitis
B virus (Chen et al., 2014; Jeong et al., 2016; Sommer et al.,
2016), vaccinia virus (Hollenbaugh et al., 2013), herpes simplex
virus type-1 (Hollenbaugh et al., 2013; Kim et al., 2013; Badia
et al., 2016), murine cytomegalovirus (MCMV) (Deutschmann
et al., 2019), and human cytomegalovirus (HCMV) (Businger
et al., 2019; Kim et al., 2019). HCMV belongs to the β-
herpesvirus subfamily and contains a 235-kb double-stranded
DNA genome. Although HCMV infection in healthy people
is generally asymptomatic, congenital infection in pregnant
women or reactivation or re-infection in immunocompromised
people often causes disease complications (Mocarski et al., 2013).
Recent studies reported that SAMHD1 inhibits HCMV growth
by lowering viral immediate-early gene expression through
modulation of NF-κB level or DNA replication in primary
human fibroblasts (HFs) and monocyte-derived macrophages
(MDMs) (Businger et al., 2019; Kim et al., 2019). SAMHD1
is phosphorylated at T592 mainly by cyclin-dependent kinases
(CDKs), which blocks its antiviral activity (Cribier et al., 2013;
White et al., 2013; Pauls et al., 2014; St Gelais et al., 2014; Yan
et al., 2015). Expression of SAMHD1 and its phosphorylation
are initially increased during HCMV infection (Kim et al., 2019).
Of note, the HCMV or MCMV-encoded kinases phosphorylate
SAMHD1, counteracting the antiviral activity of SAMHD1
(Businger et al., 2019; Deutschmann et al., 2019; Kim et al., 2019).

The steady-state expression of SAMHD1 is downregulated
in MDMs at both transcriptional and post-transcriptional levels
(Businger et al., 2019). Although this suggests that HCMVmight
have evolved several strategies to finely regulate SAMHD1 level
during productive infection, the underlying mechanisms have
not been studied. In this study, we investigated how SAMHD1
expression is regulated during productive infection in primary
HF cells. We found that SAMHD1 protein level is initially
upregulated after infection, but it is downregulated at late stages
of infection. Loss of SAMHD1 protein was found to require
viral DNA replication and involve the activity of Cullin-RING-E3
ligase (CRL) complexes.

MATERIALS AND METHODS

Cells, Viruses, and Chemicals
Primary human foreskin fibroblast (HF) cells (ATCC R© SCRC-
1041TM) and human embryonic kidney 293T cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum in a 5% CO2 humidified incubator
at 37◦C. The cell culture medium contained 100 units/ml of
penicillin and 100µg/ml of streptomycin. HF cells of passage
number 15–20 were used. Stocks for HCMV (Towne strain)
were prepared in HF cells as described previously (Ahn et al.,
1998). Recombinant HCMV (Toledo strain) was produced
from the Toledo-bacmid gifted from Hua Zhu (UMDNJ-New
Jersey Medical School) (Kwon et al., 2017). A clinical isolate
JHC was described previously (Yi et al., 2009). Recombinant
HCMVs harboring the polymerase (UL54)-luciferase or the
pp28 (UL99)-luciferase reporter construct were also described

previously and provided by Gary S. Hayward (Johns Hopkins
Medicine) (Ahn and Hayward, 2000; He et al., 2011). UV-
inactivated viruses were produced by irradiating the virus stock
with UV light three times at 0.72 J/cm2 using a CL-1000
cross-linker (UVP). MG132, MLN4924, phosphonoacetic acid
(PAA), and bafilomycin A1 were purchased from Calbiochem,
Bostonbiochem, Sigma-Aldrich, and Glentham, respectively.

Plasmids, siRNA, and Transfection
pENTR plasmid (Invitrogen) containing the SAMHD1 cDNA
was provided by Eui Tae Kim (University of Pennsylvania).
Expression plasmid for HA-SAMHD1 was produced by
transferring the DNA to pSG5 (Green et al., 1988)-based
destination vector using LR Clonase (Invitrogen). Sequences for
control siRNA and siRNAs for CUL1, CUL2, CUL3, and CUL4
and their specificity were previously described (Cukras et al.,
2014). These siRNAs were purchased from GenePharma.

Lentiviral Vectors for Short Hairpin RNA (shRNA)

Expression
Lentiviral vector pLKO.1-TRC control expressing a non-
hairpin control RNA (shC) was purchased from Addgene.
Lentiviral vectors (on a pLKO.1 background) expressing
shRNAs against SAMHD1 [shSAMHD1-#1 and -#2, which
correspond to TRCN0000343807 (5′-CCCTGAAGAAGATAT
TTGCTT-3′) and TRCN0000343808 (5′- GCCATCATCTTG
GAATCCAAA−3′), respectively] were described previously
(Kim et al., 2019) and provided by Eui Tae Kim. For lentivirus
production, 293T cells were co-transfected with lentiviral
vectors and plasmids pCMV-DR8.91 expressing the human
immunodeficiency virus (HIV) gag-pol, tat, and rev proteins and
pMD-G expressing the vesicular stomatitis virus (VSV) envelope
G protein (Pham et al., 2013). The culture media containing
lentiviruses were collected at 2 days after transfection and stored
at −70◦C until use. HF cells were transduced with lentiviruses
in the presence of polybrene (7.5µg/ml) and selected with
puromycin (2µg/ml). The selected cells were maintained in a
medium containing puromycin (0.5 µg/ml).

Antibodies
Anti-SAMHD1 mouse monoclonal antibody (MAb) (OTI1A1)
was obtained fromOrigene. Anti-HA rat MAb (3F10) conjugated
with horseradish peroxidase (HRP) was purchased from Roche.
Anti-IE1/IE2 mouse MAb (810R) was obtained from Chemicon.
Mouse MAbs for UL44 (pp52) (10D8) and UL99 (pp28)
(CH19) were purchased from Virusys. Mouse MAbs for p21CIP1

(CP26, CP74) and β-actin (5B7) were purchased from EnoGene
and Upstate, respectively. Anti-IE1 and anti-UL112-113 rabbit
polyclonal antibodies (PAb) were previously described (Ahn
et al., 1999; Kim et al., 2014).

Indirect Immunofluorescence Assay (IFA)
Cells were fixed in 4% paraformaldehyde for 5min at room
temperature and permeabilized in 0.2% triton X-100 in PBS
at 4◦C for 20min. Cells were first incubated with human γ-
globulin (Sigma) (2mg per ml) for 1 h at 37◦C to block non-
specific binding of antibodies to HCMV-induced Fc receptors
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(Antonsson and Johansson, 2001). Cells were incubated with
primary antibodies [anti-IE1 rabbit PAb (1:2000) and anti-
SAMHD1 mouse MAb (1:200)] in PBS at 37◦C for 1 h and then
with secondary antibodies [fluorescein isothiocyanate (FITC)-
labeled anti-rabbit IgG or rhodamine/Red X-coupled anti-mouse
IgG] (Jackson ImmunoResearch Inc.) at 37◦C for 1 h. Hoechst
stain was used to stain cell nuclei. The slides were examined
and photographed with a Carl Zeiss LSM710Meta confocal
microscope system.

Immunoblot Analysis
Cells were washed with phosphate-buffered saline (PBS),
and total cell lysates were prepared by boiling the cell
pellets in sodium dodecyl sulfate (SDS) loading buffer. Equal
amounts of the clarified cell extracts were separated on an
SDS-polyacrylamide gel and electroblotted onto nitrocellulose
membranes. The blots were blocked by incubation in PBS plus
0.1% Tween 20 (PBST) containing 5% non-fat dry milk for 1 h at
room temperature. The blots were washed with PBST three times
and incubated with the appropriate antibodies in PBST for 1 h
at room temperature. After three 5-min washes with PBST, the
blots were incubated with HRP-conjugated goat anti-mouse IgG
or anti-rabbit IgG (Amersham) for 1 h at room temperature. The
blots were then washed three times with PBST, and the protein
bands were visualized with an enhanced chemiluminescence
system (Amersham). The relative protein levels in immunoblots
were quantitated using ImageJ (NIH).

Reverse Transcription (RT)-PCR
Total RNA was isolated from 2 × 105 cells using TriZOL
reagent (Invitrogen). cDNAs were synthesized using the random
hexamer primers in the SuperScript III system (Invitrogen).
Quantitative RT-PCR (qRT-PCR) was performed using the
Power SYBR Green PCR Master Mix and QuantStudio Real-
Time PCR System. The following primers were used: SAMHD1
forward 5′-CGAGATGTTCTCTGTGTTCA-3′ and reverse 5′-
CGTCCATCAAACATGTGAGA-3′; β-actin forward 5′-AGC
GGGAAATCGTGCGTG-3′ and reverse 5′-CAGGGTACATGG
TGGTGCC-3′.

Infectious Center Assay
The infectious units of viral stocks were determined by
infectious center assays. Diluted samples were used to inoculate
a monolayer of HF cells (1 × 105) in a 24-well plate. At 24 h
post-infection, cells were fixed with 500 µl of cold methanol
for 10min. Cells were then washed three times in PBS and
incubated with anti-IE1 rabbit polyclonal antibody in PBS
at 37◦C for 1 h, followed by incubation with phosphatase-
conjugated anti-rabbit IgG antibody in PBS at 37◦C for 1 h. The
cells were then gently washed in PBS and treated with 200 µl of
developing solution (nitroblue tetrazolium/5-bromo-4-chloro-3-
indolylphosphate) at room temperature for 1 h according to the
manufacturer’s instructions. The IE1-positive cells were counted
in at least three separate fields per well under a light microscope
(200X magnification).

Luciferase Reporter Assay
Cells were washed with PBS and lysed by three freeze-thaw steps
in 200 µl of 0.25M Tris-HCl (pH 7.9) plus 1mM dithiothreitol.
After clarification of cell lysates in a microcentrifuge, 30 µl of
extracts were incubated with 350 µl of reaction buffer A (25mM
glycyl-glycine [pH 7.8], 15mM ATP, and 4mM EGTA) and
then mixed with 100 µl of 0.25mM luciferin (Sigma-Aldrich)
in reaction buffer A. A TD-20/20 luminometer (Turner Designs)
was used for a 10-s assay of the photons produced (measured in
relative light units).

Statistical Analysis
Statistical significance between samples was determined
using Student’s t-test. P < 0.05 was considered to indicate
statistical significance.

RESULTS

SAMHD1 Restricts HCMV Late Gene
Expression in Human Fibroblasts
To confirm the anti-HCMV activity of SAMHD1, SAMHD1-
depleted HF cells were produced by transduction with lentiviral
vectors expressing shRNAs. The expression of endogenous
SAMHD1 was reduced by two shRNAs (shSAMHD1-#1 and -#2)
(Figure 1A). Immunoblotting of cell lysates with anti-SAMHD1
antibody detected another slowly migrating band. However, this
band appeared to be non-specific because it was not reduced in
cells expressing SAMHD1 shRNA (Figure 1A) and not detected
in HA-SAMHD1-transfected 293T cells by immunoblotting with
anti-HA antibody (Figure 1B).

We then infected control and SAMHD1-knockdown cells
with recombinant HCMV (Towne strain) containing the UL99-
luciferase reporter gene, in which luciferase gene expression is
driven by the viral UL99 late gene promoter, at a multiplicity of
infection (MOI) of 3 for 72 h or 96 h and measured the amounts
of luciferase produced in cell lysates. The luciferase units were
about 7- to 9-fold higher in shSAMHD1-#1 and shSAMHD1-
#2 cells than in control (shC) cells (Figure 1C). These results
confirmed that SAMHD1 restricts HCMV growth.

Regulation of SAMHD1 Expression During
HCMV Infection
We investigated how SAMHD1 expression is regulated during
HCMV infection. First, HF cells were infected with HCMV
(Towne) or UV-inactivated virus (UV-HCMV) at an MOI of
1, and the amounts of SAMHD1 protein in infected cells were
analyzed at different time points by immunoblot assays. We
found that the amounts of SAMHD1 initially increased up to
48 h or 72 h but decreased after that, and that loss of SAMHD1
at late stages of infection was not observed with UV-HCMV
(Figure 2A). The lack of SAMHD1 loss with UV-HCMV suggests
that the downregulation requires viral gene expression. In similar
virus-infected cells, we also measured SAMHD1 mRNA levels
by qRT-PCR at 48 and 96 h after infection. Most of cells were
infected with intact HCMV at these time points. We found
that SAMHD1 mRNA levels were increased at 48 or 96 h
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FIGURE 1 | Effect of SAMHD1 depletion on HCMV growth in HF cells. (A) HF cells were transduced by lentiviral vectors expressing control shRNA (shC) or shRNAs

for SAMHD1 (shSAMHD1-#1 and shSAMHD1-#2). At 24 h after transduction, total cell lysates were prepared and subjected to SDS-10% PAGE, followed by

immunoblotting with anti-SAMHD1 antibody. The level of β-actin is shown as a loading control. The band position corresponding to SAMHD1 is indicated with an

arrowhead. Non-specific bands are indicated as an open circle. (B) 293T cells were transfected with empty vector or plasmid expressing HA-SAMHD1 for 48 h. Total

cell lysates were prepared and immunoblotted with anti-HA or anti-SAMHD1 antibodies. (C) HF cells expressing control shRNA (shC) or shSAMHD1 were infected

with recombinant HCMV (Towne) containing the UL99-luciferase reporter gene at an MOI of 3 (infectious unit per ml) for 72 and 96 h. The luciferase activity within the

cell lysates was measured. Data are shown as mean values with standard errors from three independent assays. Values of *P < 0.05 and ***P < 0.001 are indicated.

with both HCMV and UV-HCMV, but the levels in HCMV-
infected cells were lower than those in UV-HCMV-infected cells
(Figure 2B). This suggests that, consistent with the observation
in MDMs (Businger et al., 2019), SAMHD1 induction is at least
partly downregulated by viral products at the transcriptional
level in HF cells. Notably, SAMHD1 mRNA levels at 48 and
96 h in HCMV-infected cells were not significantly changed
(Figure 2B), indicating that SAMHD1 protein loss at late stages
of HCMV infection shown in Figure 2A also involves post-
transcriptional regulation.

When we compared SAMHD1 protein levels at different
MOIs (0.5 and 3), SAMHD1 loss occurred at 96 h at an MOI
of 0.5, while it was observed as early as 48 h at an MOI of 3,
indicating that when SAMHD1 loss is observed after HCMV
infection depends onMOIs (Figure 2C). SAMHD1 loss generally
correlated with the high level expression of viral late proteins,
such as the SUMO-modified form of viral immediate-early (IE)
2 (IE2-SUMO) and UL99-encoded pp28, indicating that the
overall reduction of SAMHD1 level is evident at late stages
of infection. The expression of viral late genes requires the

initiation of viral DNA replication. Therefore, we examined the
effect of phosphonoacetic acid (PAA), an inhibitor of viral DNA
polymerase, on loss of SAMHD1. Consistent with our previous
assay, SAMHD1 level was reduced at 72 and 96 h after infection
at an MOI of 1; however, it was almost completely blocked when
cells were treated with PAA at 24 h after infection, demonstrating
that SAMHD1 loss requires viral DNA replication and/or viral
late gene expression (Figure 2D).

SAMHD1 Loss Is Dependent on CRL
Complexes
We further investigated how SAMHD1 loss occurs at the post-
transcriptional level. HF cells were infected with HCMV (Towne)
at an MOI of 1. At 72 h after infection, cells were treated with
DMSO, proteasome inhibitor MG132, or MLN4924, a Nedd8-
activating enzyme (NAE) inhibitor that blocks formation of
the CRL complex. The level of SAMHD1 was measured at
different time points with or without inhibitors by immunoblot
assays. We found that loss of SAMHD1 was only partially
inhibited by MG132 but very effectively blocked by MLN4924,
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FIGURE 2 | Expression patterns of SAMHD1 during HCMV infection in HF cells. (A) Non-synchronized sub-confluent HF cells in six-well plates were mock-infected

(M) or infected with intact HCMV (Towne) or UV-inactivated virus (UV-HCMV) at an MOI of 1. Total cell lysates were prepared at the indicated time points, subjected to

SDS-8% PAGE, and immunoblotted with antibodies for SAMHD1, IE1/IE2, and β-actin. SAMHD1 bands are indicated with an arrowhead and non-specific bands are

indicated as an open circle. (B) HF cells were infected as in (A). Total mRNAs were prepared at the indicated time points, and the levels of SAMHD1 and β-actin

transcripts were measured by qRT-PCR. The relative SAMHD1 mRNA level is normalized with the level of β-actin. Results shown are mean values and standard errors

of three independent experiments. Values of *P < 0.05 and **P < 0.01 are indicated. (C) HF cells in six-well plates were mock-infected or infected with HCMV (Towne)

at an MOI of 0, 5, or 3, and harvested at the indicated time points. Total cell lysates were prepared and subjected to SDS-8% PAGE, followed by immunoblotting with

antibodies for SAMHD1, IE1/IE2, p52 (UL44), pp28 (UL99), and β-actin. (D) HF cells in six-well plates were mock-infected or infected with HCMV (Towne) at an MOI of

1 and harvested at the indicated time points. For inhibitor treatment, cells were treated with DMSO or phosphonoacetic acid (PAA) (200µg/ml; Sigma-Aldrich) at 24 h

post infection. Total cell lysates were prepared and subjected to SDS-8% PAGE, followed by immunoblotting with antibodies for SAMHD1, IE1/IE2, p52 (UL44), pp28

(UL99), and β-actin.

suggesting a critical role of the CRL complexes in loss of
SAMHD1 (Figure 3A). We observed a similar loss of SAMHD1
and a similar effect of MLN4924 during infection of Toledo and
JHC strains, suggesting that this SAMHD1 regulation is well-
conserved among HCMV strains, and that the UL/b′ region,
which is absent in the Towne strain, is not required for this
regulation (Figures 3B,C). Compared to Towne or Toledo-
infected cells, JHC-infected cells showed a decrease of SAMHD1
level from 48 h after infection, although the complete loss of
SAMHD1 was observed at 96 h after infection, as in other

laboratory strains. We previously found that infection with
the JHC stain led to a higher induction of COX-2 expression
compared to infection with the laboratory strains (Yi et al., 2009).
We infer that different cellular responses to JHC infection may
be related to this difference. Notably, MG132 treatment reduced
accumulation of viral late proteins, such as the SUMO-modified
form of IE2 and pp28. Therefore, it was unclear whether this
effect of MG132 was caused by the inactivation of proteasomes
or by a decrease in viral late gene expression. However, MLN4924
did not affect late gene expression but almost completely blocked
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FIGURE 3 | Effects of proteasome or CRL inhibitors on SAMHD1

accumulation in HCMV-infected cells. HF cells in six-well plates were

mock-infected or infected with different HCMV strains [Towne (A), Toledo (B),

or JHC (C)] at an MOI of 1. Cells were harvested at the indicated time points.

For inhibitor treatment, cells were treated with DMSO, MG132 (5µM), or

MLN4924 (1µM) at 72 h post infection and incubated for another 24 h. Total

cell lysates were prepared, subjected to SDS-8% PAGE, and immunoblotted

with antibodies for SAMHD1, IE1/IE2, pp28 (UL99), and β-actin. The SAMHD1

and non-specific bands are indicated as arrowheads and open circles,

respectively.

FIGURE 4 | Comparative analysis of SAMHD1 loss using inhibitors. HF cells in

six-well plates were mock-infected or infected with different HCMV (Towne) at

an MOI of 1. Cells were harvested at the indicated time points. For inhibitor

treatment, cells were treated with DMSO, MG132 (5µM), bafilomycin A1

(100 nM), or MLN4924 (1µM) at 72 h post infection and incubated for another

24 h. Total cell lysates were prepared, subjected to SDS-8% PAGE, and

immunoblotted with antibodies for SAMHD1, IE1/IE2, pp28 (UL99), LC3,

and β-actin.

the virus-induced SAMHD1 loss. These results with MLN4924
indicate that loss of SAMHD1 largely occurs at the protein level
and is dependent on formation of CRL complexes.

To further investigate the mechanism by which SAMHD1
is lost during HCMV infection, we compared the effects of
MG132, MLN4924, and bafilomycin A1, a specific and potent
inhibitor of vacuolar-type H+-ATPases that blocks lysosomal
degradation, on CRL-mediated SAMHD1 loss. We found that
treatment of MG132 or MLN4924 at 72 h after infection partly
inhibited SAMHD1 loss at 96 h as above, however, bafilomycin
A1 did not inhibit SAMHD1 loss at all, suggesting that the
virus-induced SAMHD1 loss occurs through the non-lysosomal
pathways (Figure 4). As a control, bafilomycin A1 increased the
lipid-modified form of LC3 (LC3-II), confirming its activity.
Interestingly, MG132 also markedly increased LC3-II level in
HCMV-infected cells.

Alteration of SAMHD1 Localization at Late
Stages of HCMV Infection
SAMHD1 loss during the late stages of HCMV infection
was further investigated by IFA. SAMHD1 was predominantly
localized in the nuclei of mock-infected HF cells. When
cells were infected with HCMV at an MOI of 1 for 72 h,
some virus-infected (IE1-positive) cells showed a decrease of
nuclear SAMHD1 and an increase of cytoplasmic SAMHD1
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FIGURE 5 | IFA demonstrating the CRL-mediated SAMHD1 loss during HCMV infection. (A) HF cells in chamber slides were mock infected or infected with HCMV

(Towne) at an MOI of 1 for 72 h and double-label confocal IFA was performed with anti-SAMHD1 and anti-IE1 antibodies. FITC-labeled anti-rabbit IgG and

(Continued)
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FIGURE 5 | rhodamine/Red X-coupled anti-mouse IgG were used for visualization. Hoechst stain was used to stain cell nuclei. Three single-labeled images and a

merged imaged for SAMHD1 and IE1 are shown. Some virus-infected (arrows) and uninfected (arrowheads) cells were indicated. (B) HF cells were mock-infected or

infected with HCMV for 96 h with DMSO or MLN4924 treatment for 24 h prior to cell fixation and double-label confocal IFA was performed as in (A). Inserts (a and b)

are enlarged to indicate cells showing nuclear diffuse distribution of SAMHD1 (arrows) or aberrant nuclear distribution of SAMHD1 (arrowheads). Percentages (%) of

cells showing different SAMHD1 distribution patterns in DMSO or MLN4924-treated cells are shown as graphs. The total cell numbers (n) counted are indicated.

FIGURE 6 | Localization of SAMHD1 in viral replication compartments. HF cells in chamber slides were infected with HCMV (Towne) at an MOI of 1 for 90 h and

double-label confocal IFA was performed with anti-SAMHD1 and anti-UL112-113 p84 antibodies. FITC-labeled anti-rabbit IgG and rhodamine/Red X-coupled

anti-mouse IgG were used for visualization. Hoechst stain was used to stain cell nuclei. Three single-labeled images and a merged image for SAMHD1 and

UL112-113 are shown. The top and middle images were selected to include some cells showing UL112-113 foci, while the bottom images show cells with fully grown

viral replication compartments.

(Figure 5A, arrows), compared to uninfected (IE1-negative)
cells showing only nuclear SAMHD1 (Figure 5A, arrowheads).
We also treated cells with DMSO or MLN4924 for 24 h prior
to cell fixation at 96 h after infection. When treated with
DMSO, about 60% of virus-infected cells showed aberrant
nuclear distribution of SAMHD1 (Figure 5B, see arrowheads),
while 40% of infected cells showed nuclear diffuse distribution
of SAMHD1 (Figure 5B, arrows). However, in MLN4924-
treated cells, the nuclear diffuse SAMHD1 levels were higher
compared to those in DMSO-treated cells and cells showing

aberrant nuclear distribution of SAMHD1 was reduced to 35%
(Figure 5B). These IFA results demonstrate that the nuclear
SAMHD1 level is reduced and its distribution is changed at
late times of HCMV infection in a manner partly dependent
on the CRL activity, supporting the finding that SAMHD1
is lost in a CRL-dependent manner during the late stages
of HCMV infection.

SAMHD1 has been shown to act at stalled replication forks to
allow the forks to restart replication (Coquel et al., 2018). Since
the aberrant nuclear localization pattern of SAMHD1 found at
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FIGURE 7 | Effect of Cullin depletion on HCMV-induced SAMHD1 loss. (A) Schematic of the experimental workflow. HF cells in six-well plates were transfected with

siRNA twice during 24 h and then infected with HCMV (Towne) at an MOI of 5. (B) HF cells were transfected with control siRNA or siRNAs for CUL1, CUL2, CUL3, or

CUL4, and their mRNA levels were measured by qRT-PCR. The relative SAMHD1 mRNA level is normalized with the level of β-actin. Results shown are mean values

and standard errors of three independent experiments. Values of *P < 0.05 and **P < 0.01 are indicated. (C) siRNA-transfected HF cells were mock-infected (M) or

infected with HCMV as described in (A). Total cell lysates were prepared at 24 and 48 h post infection and immunoblotted with antibodies for SAMHD1, p21CIP1,

IE1/IE2, p52 (UL44), pp28 (UL99), and β-actin. (D) The relative SAMHD1 protein level normalized with that of β-actin is shown on the graph. Data are shown as mean

values with standard errors from three independent assays. Values of *P < 0.05 are indicated.

late times of infection resembles viral replication compartments,
we tested whether SAMHD1 is associated with these sites.
The double-label IFA results using the antibody specific for
UL112-113-encoded p84 that accumulates at viral replication
compartments (Kim and Ahn, 2010; Kim et al., 2015) showed
that SAMHD1 is partly colocalized with UL112-113 p84 in viral
replication compartments (Figure 6).

Regulation of SAMHD1 Stability by CUL1
and CUL2
We observed that overexpression of CUL1 or CUL2, but not
other human Cullins, reduced the steady-state level of SAMHD1
in co-transfected 293T cells (date not shown). In an attempt
to investigate whether specific Cullins are involved in HCMV-
mediated SAMHD1 loss, we examined the effect of specific
knockdown of CUL1, CUL2, CUL3, and CUL4 using siRNA on
SAMHD1 level. HF cells were transfected with specific siRNAs

for these Cullins and then infected with HCMV at an MOI of 5
for 24 or 48 h (Figure 7A). The specific effects of different siRNAs
were confirmed by determining the mRNA levels of different
Cullins in siRNA-transfected HF cells by qRT-PCR (Figure 7B).
The level of SAMHD1 was determined by immunoblotting. In
cells transfected with control siRNA (siC), this high MOI HCMV
infection led to rapid loss of SAMHD1, compared to infection
at an MOI of 1. We found that siRNA silencing of CUL2 and to
a lesser extent CUL1 partly inhibited loss of SAMHD1 in virus-
infected cells. As a control, the level of p21CIP1, which is degraded
by the CUL4-associated CRL complex (Nishitani et al., 2008), was
less effectively reduced by HCMV infection in CUL4A-depleted
cells. This result did not indicate a direct role of CUL2 or CUL1 in
SAMHD1 loss duringHCMV infection since siCUL1 and siCUL2
transfection increased SAMHD1 level in normal HF cells and
these also reduced viral late gene expression, which might be
required for SAMHD1 loss (Figures 7C,D). However, the result
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suggests that SAMHD1 stability is regulated by CRL complexes
in normal HF cells.

DISCUSSION

In the present study, we demonstrated that SAMHD1 depletion
using shRNA increased the HCMV UL99 late gene expression
by 7- to 9-fold in HF cells, confirming an antiviral role of
SAMHD1 in HCMV replication. We also showed that expression
of SAMHD1 is downregulated at late stages of HCMV infection
at both transcription and protein levels, and that regulation at
the protein level requires the CRL activity. SAMHD1 appears
to restrict HCMV growth via multiple mechanisms. One
study demonstrated that SAMHD1 reduces HCMV MIE gene
expression in primary HF cells and THP1 cells through NF-κB
downregulation at the early stage (Kim et al., 2019), while another
study in MDMs suggested that SAMHD1 inhibits viral genome
amplification (Businger et al., 2019). In the present study, we
observed that the steady-state SAMHD1 protein level is reduced
at late times of infection through a mechanism dependent on
CRL complexes. Therefore, loss of SAMHD1 appears to be a viral
countermeasure against SAMHD1-mediated intrinsic defense for
efficient viral growth.

The CRL complex plays a key role in many cellular processes
through ubiquitination and protein degradation. Modification
(neddylation) of Cullins by Nedd8, a ubiquitin-like protein,
is essential for formation of CRL complexes (Sarikas et al.,
2011). Since the steady-state expression level of SAMHD1 was
increased by expression of siRNA for CUL2 and CUL1 in HF
cells (without viral gene products), SAMHD1 appears to be a
normal substrate of CRL complexes. However, our observation
that, unlike HCMV, UV-HCMV did not reduce SAMHD1 level
strongly indicates that newly expressed viral protein(s) facilitate
SAMHD1 degradation, probably indirectly facilitating SAMHD1
degradation by CUL2- or CUL1-associated CRL complexes or
directly recruiting specific CRL complexes. Our analysis using a
viral polymerase inhibitor suggests that viral late gene product(s)
may be involved in this process. The CRL complexes are
composed of a Cullin backbone, which belongs to a family of
hydrophobic scaffold proteins, and its adaptors. Whether viral
proteins indirectly regulate CRL complexes or directly interact
with specific Cullins or its adaptors for SAMHD1 degradation
is of interest and awaits further investigation. Indeed, several
beta-herpesvirus proteins, such as pUL35 and pUL145 of HCMV
and M27 and M35 of mouse CMV, have been shown to recruit
CRL complexes to promote viral growth (for review Becker
et al., 2019). However, it is unlikely that pUL145 is involved
in SAMHD1 loss because HCMV Towne strain, which lacks

the UL145 gene, still promoted SAMHD1 loss in our assays.
Furthermore, we could not observe the effect of overexpression of
these proteins on SAMHD1 level in co-transfection assays (data
not shown). Recent studies also demonstrated that HCMV UL97
and MCMV M97 kinases phosphorylate SAMHD1, inactivating
its antiviral activity (Businger et al., 2019; Deutschmann et al.,
2019; Kim et al., 2019). Therefore, HCMV appears to have
multiple countermeasures that evade restriction by SAMHD1.

Previous studies showed that formation of CRL complexes
is necessary for growth of several different viruses, including
HCMV (Le-Trilling et al., 2016). Consistent with these findings,
when we infectedHF cells with recombinant HCMV containing a
reporter gene [Pol (UL54)-luciferase or pp28 (UL99)-luciferase],
MLN4924 treatment led to a 4–5 log reduction of virus titers
compared to control DMSO treatment and suppressed both
early and late promoters (data not shown). Considering that
SAMHD1 restricts the HCMV MIE gene by downregulation of
NF-κB (Kim et al., 2019), the impact of MLN4924 on viral early
genes may occur through SAMHD1 stabilization. It is also likely
that MLN4924 may prevent the degradation of SAMHD1 and
thus SAMHD1 lowers the dNTP pool, which is crucial for DNA
synthesis, impairing viral late gene expression. The results of
our study suggest that SAMHD1 stabilization by MLN4924 may
contribute to the anti-HCMV activity of MLN4924.
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Viral dissemination is a key mechanism responsible for persistence and disease

following human cytomegalovirus (HCMV) infection. Monocytes play a pivotal role in viral

dissemination to organ tissue during primary infection and following reactivation from

latency. For example, during primary infection, infected monocytes migrate into tissues

and differentiate into macrophages, which then become a source of viral replication.

In addition, because differentiated macrophages can survive for months to years, they

provide a potential persistent infection source in various organ systems. We broadly note

that there are three phases to infection and differentiation of HCMV-infected monocytes:

(1) Virus enters and traffics to the nucleus through a virus receptor ligand engagement

event that activates a unique signalsome that initiates the monocyte-to-macrophage

differentiation process. (2) Following initial infection, HCMV undergoes a “quiescence-

like state” in monocytes lasting for several weeks and promotes monocyte differentiation

into macrophages. While, the initial event is triggered by the receptor-ligand engagement,

the long-term cellular activation is maintained by chronic viral-mediated signaling events.

(3) Once HCMV infected monocytes differentiate into macrophages, the expression of

immediate early viral (IE) genes is detectable, followed by viral replication and long term

infectious viral particles release. Herein, we review the detailed mechanisms of each

phase during infection and differentiation into macrophages and discuss the biological

significance of the differentiation of monocytes in the pathogenesis of HCMV.

Keywords: HCMV, monocyte, macrophage, EGFR, integrin, signaling, differentiation, macrophage polarization

INTRODUCTION

HCMV is a global infectious pathogen with 56–94% seroprevalence in adults worldwide (Zuhair
et al., 2019). The reported seroprevalence varies depending on the economic status of infected
individuals and the country in which the individual resides in. The severity of clinical symptoms
caused by HCMV infection is associated with the immunological status of the host. In most cases,
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primary infection in immunocompetent individuals results
in mild or no symptoms; however, HCMV can cause the
development of mononucleosis in some individuals. In cases
of maternal primary infection or reinfection during pregnancy,
HCMV can cross the placenta and result in severe fetal
complications such as hearing loss and microcephaly (Yamamoto
et al., 2011; Gabrielli et al., 2012; Lanzieri et al., 2017; Britt,
2018). In immune-compromised individuals, including AIDS
patients and solid organ/bone marrow transplant recipients,
HCMV infection can cause severe morbidity and mortality
(Boehme et al., 2006; Ramanan and Razonable, 2013; Adland
et al., 2015; Stern et al., 2019). For example, HCMV infection
can cause pneumonia, retinitis, encephalitis, and bowel disease
(Arribas et al., 1996; Boeckh et al., 2003; Heiden et al., 2007;
Garrido et al., 2013; Fonseca Brito et al., 2019). In organ
transplant recipients, HCMV-mediated disease and the risk for
the development of HCMV-mediated disease is dependent on
the nature of the transplant (i.e., solid organ vs. bone marrow;
Ramanan and Razonable, 2013; Stern et al., 2019). In addition,
chronic reactivation and long-term infection also appears to
result in various cardiovascular diseases including atherosclerosis
and restenosis (Zhou et al., 1996; Gilbert and Boivin, 2005).

Blood-borne monocytes, derived from CD34+ HPC in the
bone marrow, play a pivotal role in replenishment of tissue
resident macrophages involved in surveillance and elimination
of foreign pathogens. Under normal condition, these short
lived cells circulate in the bloodstream and only infiltrate
into secondary lymphoid organs and diverse tissues when
recruited via cytokines or other signaling processes, which in
turn allows their interaction with endothelial cells and their
subsequent migration through the endothelium (Serbina et al.,
2008; Jakubzick et al., 2013, 2017; Varol et al., 2015). However,
upon pathogenic challenge, monocytes can rapidly migrate to
sites of infection and differentiate into macrophages or dendritic
cells (DCs). These activated and differentiated innate immune
cells can initiate systemic immune responses directed toward
pathogens via secretion of inflammatory cytokines and delivery
of antigen to secondary lymphoid organs (Hume et al., 2019).
Due to their biopotency and immunological function, diverse
pathogens specifically target monocytes in order to evade and
manipulate systemic immune responses (Nikitina et al., 2018).
In addition, monocytes show a strong capacity to migrate to
nearly all tissues in the body as part of their homeostatic and
immune functions, which can be manipulated by pathogens
during infection to promote wide dissemination of the infectious
agent harbored in these infected monocytes.

During primary infection and following reactivation, HCMV
replication in monocytes/macrophages is tightly associated with
differentiation of infected monocytes into macrophages (Taylor-
Wiedeman et al., 1991, 1994; Maciejewski et al., 1993; Mendelson
et al., 1996; Smith et al., 2004a; Chan et al., 2012; Stevenson
et al., 2014). For example, in monocytes isolated from HCMV
sero-positive individuals, 0.01% of monocytes contain the viral
genome but showed undetectable levels of viral gene expression.
However, treatment of monocytes with hydrocortisone or
PMA induced differentiation into macrophages as well as
HCMV IE gene expression (Taylor-Wiedeman et al., 1994). In

addition, treatment with granulocyte-colony stimulating factor
(G-CSF) induces HCMV reactivation in human latently infected
monocytes/macrophages in a humanized animal model (Smith
et al., 2010). Primary infection of monocytes with HCMV also
induces differentiation of monocytes into macrophages; these
virus-differentiated macrophages show a macrophage phenotype
with expression of key macrophage markers (Smith et al.,
2004a, 2010; Noriega et al., 2014). At 3 weeks post-infection,
these differentiated macrophages begin to produce immediate
early (IE) proteins, which triggers the early (E) and late (L)
gene expression that initiates the production of mature virus
(Ibanez et al., 1991; Smith et al., 2004a; Stevenson et al., 2014).
In addition, the mobility and function of these differentiated
monocytes/macrophages is significantly increased (Ibanez et al.,
1991; Smith et al., 2004a, 2007; Chan et al., 2008, 2009a;
Stevenson et al., 2014; Collins-McMillen et al., 2017).

Monocytes and Macrophages
Mononuclear phagocytic cells including monocytes,
macrophages, and DCs—are associated with normal homeostatic
properties in the body, in addition to their role in immunological
surveillance (Arandjelovic and Ravichandran, 2015; Rodero
et al., 2015; Yona and Gordon, 2015). Monocytes, circulating
in the blood, have a short half-life (∼1.6 day) and can respond
to a variety of pathogens, which results in their activation
and the initiation of innate and adaptive immune responses
(Patel et al., 2017; Hume et al., 2019). Following pathogenic
stimulation, monocytes can differentiate into macrophages
and/or DCs. While DCs deliver antigens to secondary lymphoid
organs to stimulate naïve lymphoid cells such as T and B cells,
macrophages can trigger local inflammatory responses and show
a heightened phagocytic ability for a variety of pathogens. These
differentiated monocytes/macrophages can also replenish tissue
resident macrophages that originated from fetal liver and the
yok sac (Jakubzick et al., 2017). The nature of the signaling
that controls differentiation is complex with many receptors
and soluble factors controlling the process. For example,
differentiation can be initiated by pattern recognition receptors
(PRRs) and independent of this process, through a variety of
cytokines and other stimuli (Goudot et al., 2017).

The Infinite Loop of HCMV Infection
Long-term maintenance of HCMV in a host is the result
of the careful orchestration of the process of latency and
reactivation in infected hematopoietic progenitor cells. HCMV
has a diverse host cell tropism and virus is produced with
different rates depending on the type of infected cell (Collins-
McMillen et al., 2018a). In fibroblasts and endothelial/epithelial
cells viral particles are produced via a lytic replication cycle, but
in CD34+ hematopoietic stem cells (HPCs), the virus establishes
a latent infection (Sinzger et al., 2008; Goodrum, 2016; Collins-
McMillen et al., 2018a). In contrast, it seems that infection of
monocytes serves as a key bridge between lytic and latent phases
of infection (Figure 1; Smith et al., 2004a; Chan et al., 2012).
That is to say that monocytes are a key cell type for both lytic
and latent processes. At the site of initial infection, HCMV first
infects epithelial cells where the virus begins to proliferate and
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FIGURE 1 | Cycle of HCMV infection, latency and reactivation. HCMV infected epithelial cells at the initial infection site likely rapidly produce virus, which spreads to

adjacent cells at these local sites of infection. Monocytes infected with HCMV either as they are patrolling, or perhaps by free virus, then infiltrate into a variety of organ

tissues and spread virus throughout the whole body. These monocytes differentiate into macrophages allowing for organ persistence and infection of new epithelial

cells and virus release in various bodily fluids. Some of these infected monocytes infiltrate into the bone marrow and allow the establishment of latency in CD34+

HPCs. During a reactivation event, monocytes develop from CD34+ HPCs spreading virus throughout the whole body, again.

spread to adjacent cells. It appears that the virus spreads via
a cell-to cell-mediated route rather than a cell-free route since
virus is usually undetectable in the blood stream (Sinzger and
Jahn, 1996). Monocytes then become the next target of the virus.
Infected monocytes are a vector for viral spread due to their
mobility and ability to migrate into most organ tissues (Sinzger
and Jahn, 1996; Smith et al., 2004a), and it is the infiltration of
infected monocytes into the bone marrow that is required for
the establishment of latent infection in the CD34+ HPC reservoir
(Streblow and Nelson, 2003; Wills et al., 2015; Collins-McMillen
et al., 2018a). During reactivation, HCMV infected CD34+ HPCs
can develop into monocytes allowing viral spread throughout the
body (Smith et al., 2010; Crawford et al., 2018; Zhu et al., 2018).
This cycle is repeated to maintain HCMV in infected individuals
and in the human population as a whole; thus, there exists an
exquisite balance between reactivation and latency. This model
suggests that monocytes play a central role in the dissemination
and pathogenesis of HCMV.

Polarization of HCMV-Infected Monocytes
Due to the multi-potency and motility of monocytes, many
pathogens target monocytes as reservoirs of infection (Nikitina
et al., 2018). Many studies on the differentiation of monocytes
discuss the process in terms of immune evasion and/or
dissemination of the infecting pathogen (Hou et al., 2012; Foo
et al., 2017; Ayala-Nunez et al., 2019). For example, Asian-
lineage Zika virus (ZIKV) polarizes infected monocytes toward
M2 macrophages that express anti-inflammatory cytokines such
as IL-10 that likely suppress the adaptive immune response

in pregnant women (Foo et al., 2017). In addition, hepatitis
B core antigen triggers M2 polarization of monocytes via
TLR2-singaling pathway (Yi et al., 2020). In line with these
observations, we have documented that HCMV polarizes
monocyte differentiation into inflammatory macrophages (Chan
et al., 2009a; Stevenson et al., 2014) with a specific bias
toward an M1 phenotype. However, others have shown
that HCMV infection can inhibit the full differentiation of
infected monocytes induced to differentiate with cytokines
generated during allogeneic immune responses (Gredmark et al.,
2004a,b). It was also shown that HCMV infection can block
monocyte differentiation into DCs, likely through secretion
of anti-inflammatory cytokines such as IL-10 (Gredmark and
Soderberg-Naucler, 2003). Results from our transcriptome
analysis supported HCMV-induced differentiation of monocytes
into macrophages and specifically showed that ∼70% of
upregulated genes in HCMV-infected monocytes are considered
M1 or M2 macrophage transcripts. Since the transcript pattern
had a greater number of proinflammatory transcripts we
favor labeling of infected monocytes as having a biased
polarization toward an M1 phenotype (Chan et al., 2008, 2009a;
Stevenson et al., 2014). We realize that there are M2 cytokines
secreted from infected cells, so it seems that, although biased
toward M1, they likely have a blended unique phenotype that
favors viral replication. So why might there be differences
with HCMV-mediated differentiation? Besides being different
systems, the data provides biological clues to disease. Perhaps
the block in differentiation due to cytokines produced during
alloreactivity explain HCMV disease in allogenic stem cell
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transplant patients (Gredmark et al., 2004b). Collectively, the
data suggest HCMV regulates the polarization and differentiation
of monocytes towards a unique M1/M2 macrophage that favors
viral persistence under normal infection conditions.

Motility of HCMV-Infected Monocytes
Monocytes rapidly infiltrate into multiple organs following
appropriate stimuli (Jakubzick et al., 2017; Patel et al., 2017)
in a process that facilitates HCMV dissemination in these
infected monocytes (Bentz et al., 2006; de Witte et al., 2008;
Nogalski et al., 2011; Chan et al., 2012; Nikitina et al., 2018;
Ayala-Nunez et al., 2019). Other viruses are also known to
use this inherent monocyte ability. For example, ZIKV-infected
monocytes with high level expression of adhesion molecules
such as CD162, CD169, and CD43, show increased attachment
to brain endothelium, which may promote ZIKV infection of
neuronal cells (Ayala-Nunez et al., 2019). Monocytes infected
with human immunodeficient virus (HIV) can penetrate the
blood-brain barrier due to disruption and reduced expression of
tight junction proteins such as ZO-1, occludin, and claudin in the
barrier (Boven et al., 2000; Spindler and Hsu, 2012).

HCMV-infected monocytes can infiltrate a broad range of
tissues, which in turn results in multiorgan pathogenesis. The
migration of myeloid cells to specific sites is tightly regulated and
determined by chemokines (Rossi and Zlotnik, 2000). However,
it has been reported that expression of chemokine receptors such
as CCR1, CCR2, CCR5, and CXCR4 is reduced on the surface of
HCMV-infected monocytes, causing HCMV-infected monocytes
to be less response to these chemokines (Frascaroli et al., 2006).
Yet, overtime the HCMV-infected monocytes showed greater
movement than PMA treated monocytes. This pathogenic
motility was dependent on PI(3)K and the actin cytoskeleton
as LY294002 (an inhibitor of PI(3)K) or cytochalasin D (the
inhibitor of actin polymerization) treatment blocked motility
(Smith et al., 2004a,b). In addition, the activation of PI(3)K via
integrin and EGFR signaling induces the phosphorylation of
paxillin, a key molecule of actin rearrangement, and upregulation
of an actin-nucleator not usually associated with monocyte
motility, N-WASP (Chan et al., 2009b; Nogalski et al., 2011).
Collectively, the same signals that trigger differentiation also
stimulate motility in a chemotaxis-independent manner, known
as chemokinesis.

Survival of HCMV-Infected Monocytes
Viability of blood monocytes is tightly regulated by apoptosis,
which is triggered by a variety of death signals or diverse
microenvironmental perturbations and caspase-mediated cell
death processes (Galluzzi et al., 2012). Survival of infected
monocytes is important for their differentiation, replication and
persistence. Although these are discrete biological processes that
are interrelated, ultimately similar pathways are involved in both
processes. In serum-free medium, more than 70% of monocytes
spontaneously undergo apoptosis and show the activation of
caspase 3 within 16 h (Fahy et al., 1999). Due to the short half-
life of monocytes, pathogens targeting and utilizing monocytes
must have a “strategy” to extend their life span (Nikitina et al.,
2018). HCMV-infected monocytes/macrophages can survive for

long periods of times (weeks ∼ years), which allows long-
term viral production in infected cells (Wardley and Wilkinson,
1978; Nagra et al., 1993; Mistrikova et al., 1994; Radkowski
et al., 2005; Psalla et al., 2006; Nikitina et al., 2018). HCMV-
infected monocytes can survive for months-to-years as a result
of subverting various cell death pathways (Smith et al., 2004a).
HCMV glycoproteins interacting with cellular receptors activates
anti-apoptotic molecules such as Bcl-2 family members to inhibit
apoptosis (Chan et al., 2010; Collins-McMillen et al., 2015). In
addition, a number of other cell death pathways are regulated
by variety of viral gene products (reviewed in Collins-McMillen
et al., 2018b). It is expected that once productive infection is
initiated, in the context of viral lytic gene expression, these viral
produced anti-apoptotic factors such as pUL36, pUL37x1, and
pUL38 to name a few (reviewed in Collins-McMillen et al.,
2018b) would play key roles in the extended survival of these
infected macrophages. Collectively, HCMV-induced signaling
controls the expression of anti-apoptotic molecules such as Mcl-
1 and Bcl-2 and others, resulting in the long-term survival of
HCMV-infected monocytes, which in turn allows differentiation
to proceed.

Mechanisms of Monocyte to Macrophage
Differentiation During HCMV Infection
Monocytes are considered a major vector or Trojan Horse for
hematogenous dissemination of the virus following primary
infection and upon reactivation from latency. Thus, there is a
strong need to better understand the pathological consequences
of their infection (Streblow and Nelson, 2003; Chan et al., 2012).
Upon initial infection monocytes generate very little viral gene
expression, with viral genes only being seen 2–3 weeks after
infection and cellular differentiation (Ibanez et al., 1991; Smith
et al., 2004a, 2010; Stevenson et al., 2014; Kim et al., 2016).
These results suggest that cellular differentiation is required for
the initiation of the expression of IE genes and viral replication
(Ibanez et al., 1991; Smith et al., 2004a; Nogalski et al., 2011).
For HCMV-induced monocyte to macrophage differentiation,
we have broadly outlined three steps (Figure 2). (1) Receptor-
ligand interactions and the initiation of differentiation, (2) Full
differentiation with concomitant viral nuclear translocation and
(3) IE gene expression and mature virus release from long-term
infected macrophages. We will discuss each step during primary
infection of HCMV in monocytes/macrophages below.

HCMV-Induced Receptor-Ligand Signaling
HCMV infection results in rapid cellular activation and early
steps in the differentiation process of monocytes during the cell
binding and entry phase via a pathogen associated molecular
pattern (PAMP) independent manner (Boehme et al., 2006;
Smith et al., 2007; Chan et al., 2009b; Yew et al., 2010, 2012;
Nogalski et al., 2011, 2013; Kim et al., 2016; Collins-McMillen
et al., 2017). Glycoproteins on the HCMV envelop engage
several cellular receptors, including the epidermal growth factor
receptor (EGFR), β1 and β3 integrins and heparan sulfate
proteoglycans (Wang et al., 2003; Feire et al., 2004; Nogalski et al.,
2013) (Figure 3). Other receptors have also been documented
to bind to various viral glycoproteins (Soroceanu et al., 2008;
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FIGURE 2 | Simply model for the differentiation of primary HCMV-infected monocytes. We have loosely grouped the process of differentiation into 3 phases. Phase (1)

Viral glycoproteins interact with cellular receptors during cell entry, which activates a variety of signaling cascade that in turn promote the early stages of differentiation

(<72 h after infection). Phase (2) The activated signaling is sustained and continues to induce monocyte differentiation into a unique M1/M2 macrophage (72 h ∼ 2

weeks after infection). Phase (3) Differentiated macrophages show chronic activation and long-term survival (months to years) and show expression of a full cascade

of viral genes and production of infectious virions (> 2 weeks after infection).

Martinez-Martin et al., 2018; Xiaofei et al., 2019). However,
it remains unclear the role that these receptors play during
entry and signaling in monocytes. HCMV glycoprotein B (gB)
and gH/gL/UL128-131 (the Pentamer), respectively, engages
EGFR and β1/β3 integrins for viral entry, which induces the
activation of PI(3)K and other signaling pathways (Chan et al.,
2008, 2009a,b, 2012; Nogalski et al., 2013). The HCMV-induced
signalosome following viral binding contributes to monocyte
differentiation and motility, resulting in the induction of the
unique M1/M2 macrophage phenotype (Ibanez et al., 1991;
Smith et al., 2004a; Bentz et al., 2006; Chan et al., 2008).

Our data collectively supports that the interaction between
viral envelop glycoproteins and cellular receptors leads to
monocyte differentiation into macrophages (Ibanez et al., 1991;
Smith et al., 2004a; Stevenson et al., 2014; Collins-McMillen
et al., 2017). Furthermore, it does not appear that expression
of de novo viral gene products is required for monocyte-to-
macrophage differentiation because we have observed a delayed
nuclear translocation of the viral genome until 3 days post-
infection (Kim et al., 2016) and a lack of de novo IE gene
expression until around 3 weeks post-infection, which is after
cellular differentiation has occurred (Smith et al., 2004a; Nogalski
et al., 2013). Furthermore, use of UV-inactivated HCMV also
induces monocyte differentiation in a manner similar to that
seen with live HCMV, indicating that ligand-receptor interaction
without the expression of viral genes plays a pivotal role in
the differentiation of HCMV infected-monocytes (Smith et al.,
2004a). Lastly, through blockade of type I and II interferons, we

also noted that these interferon pathways are not involved early
in the infection process (Collins-McMillen et al., 2017).

HCMV engagement of cellular receptors initiates not only
viral entry but also monocyte differentiation into macrophages.
EGFR is required for viral entry via interaction with viral gB
(Wang et al., 2003; Chan et al., 2009b) (Figure 3). A recent study
showed that EGFR and integrin signaling are required for HCMV
mediated monocyte differentiation (Smith et al., 2007; Chan
et al., 2009b, 2012; Nogalski et al., 2013; Collins-McMillen et al.,
2017). Pharmacological inhibition of EGFR with AG1478 (EGFR
tyrosine kinase inhibitor), and/or PP2 (Src kinase inhibitor)
significantly reduced phosphorylation at Y701 and S727 in signal
transducer and activator of transcription 1 (STAT1), which in
turn affected monocyte function and differentiation (Collins-
McMillen et al., 2017). Also, knockdown and inhibition of STAT1
by siRNA and fludarabine (an inhibitor of STAT1 activation)
further implicated receptor-ligand signal induced STAT1 in
differentiation of monocytes into macrophages. Although STAT1
plays a key antiviral role duringmost infections, we argued in this
study that phosphorylation and upregulation of STAT1 was used
during HCMV infection to promote monocyte differentiation
and that activation of the EGFR and integrin signaling pathways
following viral binding initiated this process.

The viral genome is rapidly translocated into the nucleus
of fibroblasts and epithelial/endothelial cells; however, in
monocytes, there is an extended nuclear translocation and
trafficking process in which the virus must move through the
trans-golgi network and recycling endosomes before nuclear
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FIGURE 3 | Signal transduction in monocytes during HCMV primary infection.

Binding of gB to EGFR and the pentamer to β1 and β3 integrins activates

downstream signaling pathways via the EGFR tyrosine kinase and c-Src,

respectively. This gB and pentamer activation of monocytes creates a viral

signalosome that leads the differentiation of monocytes-into-macrophages.

Monocytes can also be activated by Toll-like receptors (TLRs) and RIG-I like

receptors (RLR), which recognizes pathogen associated molecular patterns

(PAMP). It is unclear how TLRs and RLRs affect differentiation of monocytes

following HCMV infection. Other potential receptors also exist and how they

influence monocyte infection is also unknown.

translocation occurs around 3 days post infection (Kim
et al., 2016). Receptor-ligand signaling between integrins and
the gH/gL/UL128-131-complex is required for viral entry,
endosomal trafficking and nuclear translocation (Kim et al., 2016;
Collins-McMillen et al., 2017). Pharmacological inhibition of
β1 and β3 integrin induced signaling through c-Src reduced
efficient viral entry, and showed that the viral particles that did
enter the cell underwent rapid lysosomal degradation, further
emphasizing the importance of early signaling (Nogalski et al.,
2013; Kim et al., 2016). HCMV gB engages EGFR, as discussed
above, and this engagement is also essential for viral entry and
productive infection (Chan et al., 2009b); demonstrating that
multiple signaling complexes exist that work in cooperation to
drive the biological processes required for productive infection
of monocytes/macrophages.

PAMP-Dependent Differentiation
PAMPs are recognized by Pattern Recognition Receptors (PRRs)
such as Toll-like receptors (TLRs) or the various intracellular
biosensors such as Retinoic Acid Inducible Gene I (RIG-I),
cyclic GMP-AMP synthase (cGAS), and Stimulator of Interferon

Gene (STING) (Takeuchi and Akira, 2010; Li and Chen, 2018).
This PRR/PAMP engagement induces inflammatory cytokines
and activates many different immune response pathways.
This PRR/PAMP engagement can also result in monocyte
differentiation under some circumstances (Krutzik et al., 2005).
HCMV components have been reported to be recognized by
PRRs and to lead to the production of inflammatory cytokines
(Figure 3). For example, purified gB interacts with TLR2
(Boehme et al., 2006). HCMV infection was also seen to induce
the expression of IL-12 and TNF-α in THP-1 cells via TLR2 and
9, respectively (Yew et al., 2010). cGAS, a cytosolic DNA sensor,
but not IFI16, recognizes HCMV and induces type I interferons
(Type I IFNs), in endothelial cells (Lio et al., 2016). IFI16,
however, can regulate HCMV replication in fibroblasts even
though a relationship with Type I IFNs was not shown (Gariano
et al., 2012). This PAMP dependent signaling can alter infection
of some cell types and under some circumstances contribute to
the differentiation of HCMV-infected monocytes, although more
work needs to be undertaken to elucidate this process further.
We have noted that human monocyte activation occurs in the
absence of a robust IFN response (Collins-McMillen et al., 2017)
and thus argue that glycoprotein-cell receptor engagement is the
key event dictating monocyte differentiation following primary
infection. We also suggest that perhaps the observed extended
trafficking is, in part, a mechanism to avoid PRRs and the
immune response to the virus (Kim et al., 2016).

Transcriptional Changes During
Differentiation
The initiation of differentiation occurs early, with significant
transcriptional changes seen ∼4–24 h after infection that is
strongly induced by engagement of viral glycoproteins with
various cellular receptors (Chan et al., 2008, 2009a; Stevenson
et al., 2014) (Figure 4). For example, at 4 h post-infection,
65% of genes related to classic M1 macrophage polarization
(inflammatory macrophage) are up-regulated in HCMV primary
infected monocytes, while only 4% of genes associated with
classic M2 macrophage polarization (resolving/wound healing
macrophage) are upregulated (Chan et al., 2012). On the other
hand, proteomic analysis of the secretome identified that a
similar level of M1 (44%) and of M2 (33%) chemokines were
produced. In addition, these early transcriptional changes were
controlled by NF-κB and PI(3)K signaling events as treatment
with pharmacological inhibitors of these pathways (Bay 11-7802;
an inhibitor of NF-κB activity or LY294002; an inhibitor of
PI(3)K activity) inhibited expression of 30–50% of M1 and 100%
of M2 upregulated genes in infected monocytes. Interestingly,
the cytokines induced during this time frame are monocyte
trophic recruiting factors such as CCL2, CXCL10 and CCL15
as well as the anti-inflammatory cytokine IL-10 (Chan et al.,
2008). Not only are there early transcriptional changes, but
there are also long-term transcriptional changes in HCMV-
infected monocytes. Transcriptional analysis showed a dynamic
change in M1 and M2 related genes over 4 h ∼ 2 weeks course
of infection (Figure 4) (Chan et al., 2008; Stevenson et al.,
2014). Viral homologs of human IL-10 (UL111A) have been
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FIGURE 4 | Kinetics of select M1/M2 genes in HCMV infected

monocytes/macrophages. M1 and M2 macrophage related genes in

HCMV-infected monocytes are differently expressed in a time dependent

manner (4 h ∼ 2 weeks after HCMV infection). The graph indicates the

temporal changes in M1 (Red) or M2 (Blue) macrophage related gene

expression patterns using a select few genes to emphasize the patterns of

expression. The results are reanalyzed data of previous transcriptome analyses

(Chan et al., 2008; Stevenson et al., 2014).

reported to induce the differentiation of monocytes toward an
M2 macrophage (Avdic et al., 2013, 2016), perhaps this IL-10
made prior to viral gene expression has a similar function. This
data suggests HCMV infection promotes monocyte recruitment
into tissues where upon differentiation occurs. The HCMV
differentiated macrophage shows a unique M1/M2 phenotype
and transcriptional and secretomic profiling suggests the virus
creates a long term “perfect” macrophage for viral replication.

Differentiation During Reactivation From
Latency
CD34+ HPCs in the bone marrow are considered to be the
major reservoir for HCMV latency (Streblow and Nelson, 2003;
Cheng et al., 2017; Collins-McMillen et al., 2018a; Buehler
et al., 2019). Monocytes discussed above likely carry virus into
the bone marrow following primary infection to promote the
establishment of latency (Chan et al., 2012). During reactivation
from latency, the differentiation of CD34+ HPCs into monocytes
is important for widespread viral dissemination (Sinclair, 2008;
Smith et al., 2010; Crawford et al., 2018; Zhu et al., 2018; Hancock
et al., 2020). Although the initiation of viral reactivation in
CD34+ HPCs remains unresolved, it is known that a number
of viral genes such as US28 and UL7 are involved in the
differentiation of CD34+ HPC during reactivation (Crawford
et al., 2018, 2019; Zhu et al., 2018). Other products such as UL138,
LUNA are also involved in reactivation (Lee et al., 2015; Collins-
McMillen et al., 2018a; Poole et al., 2018; Elder and Sinclair,
2019). We briefly discuss below those gene products that have
been reported to be involved in cellular differentiation.

US28
US28, a viral G protein-coupled receptor, is strongly associated
with the differentiation of CD34+ HPCs into monocytes during
reactivation (Vomaske et al., 2009a,b; Zhu et al., 2018; Crawford
et al., 2019). US28 expression during latent-infection of CD34+

HPCs plays a key role in the maintenance of latency (Vomaske
et al., 2009a; Poole et al., 2013; Crawford et al., 2015, 2019;
Cheng et al., 2017; Krishna et al., 2019). A recent study showed
that US28 is involved in the programming of CD34+ HPCs for
a longer-life span, perhaps to better allow differentiation into
monocytes or macrophages (Zhu et al., 2018). A US28 deficient
mutant HCMV was unable to activate the cellular signaling
transducer and activator of transcription 3 (STAT3) and failed
to differentiate CD34+ HPCs into monocytes expressing CD14,
CD11b, M-CSFR, and CD16 (Zhu et al., 2018). Furthermore, in
a humanized mice model, a US28-Y16F mutant virus (a ligand
bindingmutant) was unable tomaintain latency in CD34+ HPCs,
which suggests that US28 ligand binding is required for the
maintenance of HCMV latency in CD34+ HPCs (Vomaske et al.,
2009a; Crawford et al., 2019)

UL7
HCMV UL7 is a novel carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM-1)- like molecule, that is
homologous to CD229, the signaling lymphocyte-activation
molecule (SLAM) which is involved in leukocyte activation
(MacManiman et al., 2014). It was reported that UL7 transfected
myeloid cells, including immature dendritic cells, monocytes,
and macrophage cell lines showed reduced production of pro-
inflammatory cytokines such as IL-8, IL-6, and TNF with or
without co-treatment with PMA or lipopolysaccharide (Engel
et al., 2011). Importantly for myeloid cell differentiation, a recent
study showed that UL7 induces CD34+ HPC and monocyte
differentiation (Crawford et al., 2018). Furthermore, UL7 was
shown to bind to the Flt3R and induce phosphorylation and
activate downstream molecules including Akt and ERK1/2. This
was the first report of an HCMV gene product acting like a stem
cell-like factor.

HCMV Replication in Differentiated
Macrophages
The replication of HCMV in primary infected myeloid cells
is closely related to their differentiation status (Chan et al.,
2012; Stevenson et al., 2014). The same point holds true for
these cells during reactivation of latent virus. The differentiation
of monocytes, that are latently infected with HCMV, require
differentiation of the cells into macrophages in order to show
lytic gene expression (Taylor-Wiedeman et al., 1994; Soderberg-
Naucler et al., 1997; Smith et al., 2010; Nogalski et al., 2013). A
similar process occurs in seropositive individuals, as allogenic
stimulation and differentiation was shown to be essential
for viral replication in HCMV-infected monocytes isolated
from a seropositive individual (Taylor-Wiedeman et al., 1994;
Soderberg-Naucler et al., 1997; Smith et al., 2010). Allogenic
stimulation induced the reactivation of viral replication, but also
the differentiation of monocytes into macrophages expressing
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M1 polarized markers such as CD14, CD64, CD83, and HLA-
DR. Interestingly, the study showed that allogenic stimulated
monocytes also expressed a surface marker of dendritic cells—
CD1a. Consistent with the result seen following allogenic
stimulation of monocytes from seropositive individual, in vitro
primary infected monocytes expressed CD68 and HLA-DR
(Smith et al., 2004a). These primary infected HCMV infected
monocytes also expressed the M1-specific markers, CD86 and
CD71, and the M2-specific maker, CD163 (Stevenson et al.,
2014). These initial phenotypic analyses are consistent with the
data from various transcriptomes showing a unique M1/M2
phenotype in the differentiated macrophages, demonstrating that
in many cases whether primary infection of monocytes, which
results in differentiation to productively infected macrophages or
reactivation and differentiation of that latently infectedmonocyte
to a productively infected macrophages there seems to be
similar phenotypic characteristics (even though molecular and
biological differences exist). Interestingly, these infected allogenic
stimulated monocytes/macrophages generated detectable levels
of IE proteins at 4–5 days post reactivation and viral late
proteins started to accumulate around 7 days post stimulation.
Ultimately, it appears that differentiation is required and essential
for HCMV infected monocytes to become productively infected
macrophages and to efficiently produce infectious virions (Ibanez
et al., 1991; Smith et al., 2004a; Stevenson et al., 2014).

FUTURE PERSPECTIVE

A distinct combination of viral and cellular mechanisms
orchestrates the differentiation of HCMV-infected myeloid cells.
This differentiation of monocytes into tissue macrophages is

a required step both in primary infection and in reactivating
virus in monocytes. Since previous studies elucidated some of
the responsible factors for the differentiation using advanced
techniques and diverse models, we now need to focus on the
specific factors driving the molecular and biological processes
with an attention toward identifying the steps that could be
blocked to mitigate disease. We also need to better characterize
the differentiated macrophage in order to understand how
HCMV manipulates the immune system of the host. Since
monocytes differentiate into a diverse array of macrophages via
various environmental factors in vivo, we need to define how
HCMV controls specific points of differentiation using ex vivo or
equivalent systems in order to better define mechanism involved
and what the ideal virally infected long-term macrophage really
“looks like.” Even though these questions are difficult to answer,
these results would provide a new point for discussion of
HCMV pathogenesis during primary infection and reactivation
and the information would help promote the development of
new drug targets that could be used to alleviate disease in
immunocompromised patients.
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Background: Human cytomegalovirus (CMV) modulates both innate and adaptive

immune responses. However, limited data are available on the role of receptors of

innate immunity, such as toll-like receptors (TLRs) in contributing to antiviral responses

and inflammation.

Objectives: The aim of this translational study was to characterize TLR responses in

immunocompetent patients with primary and symptomatic CMV infection.

Study Design: The study population consisted of 40 patients suffering from CMV

mononucleosis and 124 blood donors included as controls. We evaluated the association

between TLR2, 3, 4, 7 and 9 gene single nucleotide polymorphism (SNP) and

susceptibility to symptomatic CMV infection in immunocompetent adults. Additionally,

functional TLR-mediated cytokine responses in supernatants of short-term cultures of

whole blood from patients with CMV mononucleosis and blood donors were evaluated.

Results: TLR2 and TLR7/8 responses were altered in CMV infected patients as

compared to healthy donors and were associated with the release of higher levels of the

pro-inflammatory cytokines IL-6 and TNF-α, but not of the anti-inflammatory mediator

IL-10. The analysis on the TLR SNPs indicated no difference between patients with CMV

infection and the control group.
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Conclusions: No variation in the TLR2,3,4,7 and 9 genes was associated to the

development of symptomatic CMV infection in immunocompetent adults. Nevertheless,

TLR-mediated responses in CMV-infected patients appeared to be skewed toward

a pro-inflammatory profile, which may contribute to the development of inflammatory

symptoms during the CMV mononucleotic syndrome.

Keywords: cytomegalovirus, mononucleosis, toll-like receptors, polymorphism, pro-inflammatory cytokines

INTRODUCTION

Among the ubiquitous herpesviruses, human cytomegalovirus
(CMV) encodes the greatest number of genes committed to
altering both innate and adaptive immune responses. In the
presence of a fully functional immune system, primary CMV
infection is usually asymptomatic. However, when the immune
system is functionally impaired, such as in immunocompromised
patients, CMV disseminates in its host and can cause a broad
range of clinical syndromes, including hepatitis, pneumonitis,
enterocolitis, encephalitis (Miller-Kittrell and Sparer, 2009).
Pathological conditions during CMV infection are caused by
direct mechanisms, reflecting viral burden and virus-mediated
cell destruction, and by indirect effects that can be observed
even in the presence of low levels of CMV replication and
that depend on the viral activation of the host’s immune and
inflammatory responses. In vitro and in vivo studies indicate
that CMV causes a chronic activation of the immune system
and a sustained inflammatory response. Pro-inflammatory
cytokines produced during CMV infection contribute to tissue
damage and CMV may affect immune privileged organs,
where immune-mediated pathology can ensue (Clement and
Humphreys, 2019). Signs of active viral infection have also
been identified in inflammatory lesions of autoimmune diseases,
including inflammatory bowel diseases, where an association
between CMV infection and exacerbation of inflammation has
been found (Sager et al., 2015; Pillet et al., 2016; Romkens
et al., 2016). Further, CMV infection generates a chronic pro-

inflammatory state; both CMV active and latent infection induce
sustained inflammatory responses that are accompanied by a
type 1 cytokine signature in transplant patients and in healthy
individuals (van de Berg et al., 2010). Evidence also suggests an

intriguing role for CMV in persistence of systemic inflammation
during recovery from critical illness, likely contributing to worse
prognosis (Griffith et al., 2016).

The mechanisms by which CMV triggers inflammation are
only partially understood. During infection, CMV is sensed by
several classes of pathogen recognition receptors, including toll-
like receptors (TLRs) that in turn activate the first line of host
defense triggering inflammatory cytokine secretion and, in most
cases, type I IFN production. Components of the CMV envelope
such as the glycoproteins gB and gH, are recognized by TLR2
and TLR4 expressed on the cell plasma membrane (Compton
et al., 2003; Juckem et al., 2008). On the other hand, the CpG rich
CMV genomes as well as the viral RNA intermediate species are
recognized by the endosomal TLR3, 7 and 9 (Crane et al., 2012).

The genes encoding TLRs are extremely polymorphic and several
studies have reported the association between single nucleotide
polymorphisms (SNPs) in the TLRs and enhanced susceptibility
and severity to systemic infections (Schroder and Schumann,
2005; Netea et al., 2012; Sezgin et al., 2019).

The aim of this study was to characterize TLR polymorphism
and the functional responses to their cognate ligands in
immunocompetent subjects undergoing a primary and
symptomatic CMV infection. It is well known that only
few immunocompetent individuals experience mononucleosis
symptoms due to CMV infection. In this study, we investigated
whether CMVmononucleosis was associated with improper TLR
functional responses and/or to the presence of SNPs within TLRs
selected for their possible functional effects (TLR2 Arg753Gln;
TLR3 Pro554Ser; TLR4 Asp299Gly; TLR7 Gln11Leu, and
TLR9−1237 T/C).

PATIENTS AND METHODS

Study Population and Blood Collection
The study population consisted of 40 individuals who visited the
Units of Infectious Diseases at the St. Orsola-Malpighi University
Hospital (Bologna, Italy), theMorgagni Hospital (Forlì, Italy), the
Infermi Hospital (Rimini, Italy) and the Karolinska University
Hospital (Stockholm, Sweden) between October 2004 and
March 2013. A diagnosis of CMV mononucleosis was reached
when a compatible clinical and laboratory profile (malaise,
protracted fever, increased liver transaminases, and peripheral
blood lymphocytosis with atypical lymphocytes) was associated
with the following serological findings: presence of CMV-
specific IgM with or without detectable IgG against CMV
and lack of serological evidence of primary Epstein-Barr
virus infection. CMV specific IgM and IgG were detected by
Enzygnost (Siemens Healthcare GmbH, Erlangen, Germany)
at the St.Orsola Malpighi University Hospital (Bologna, Italy)
and at the Karolinska University Hospital (Sweden), while
Liaison R© CMV IgG and IgM (Diasorin) was employed at
the Unit of Microbiology, The Romagna Hub Laboratory
(centralized laboratory for Morgagni Hospital and Infermi
Hospitals). Quantification of CMV DNA in peripheral blood
was retrospectively performed by real-time polymerase chain
reaction for the CMV major immediate early region, as
described in Varani et al. (2009). Furthermore, anti-EBV IgM
and IgG detection was performed by Enzygnost (Siemens)
at the St.Orsola Malpighi University Hospital (Bologna, Italy)
and at the Karolinska University Hospital (Sweden), while
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Liaison R© EBV IgM, VCA IgG and EBNA IgG (Diasorin)
was employed at the Unit of Microbiology, The Romagna
Hub Laboratory. As healthy controls, blood samples from 124
Caucasian blood donors (age range 18–65, 89 male) were
obtained from the Blood Bank, St.Orsola-Malpighi University
Hospital, Bologna, Italy.

The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by
the Ethics Committee of the St. Orsola Malpighi University
Hospital, Bologna, Italy (Ref. nr. 91/2011/U/Tess), Forlì
Hospital and Rimini Hospital, Italy (Ref. nr. 4093/F2) and
the regional ethical review board in Stockholm, Sweden
(Ref. nr. 04-039/3 and 2011/893-32). According to the
study protocol, only Caucasian patients were included in
the study. Written informed consent was obtained from
all patients.

For functional studies, blood samples were collected
from 16 CMV-infected patients (within 5 days after
diagnosis of CMV mononucleosis) and from 18 blood
donors. Six to eight milliliters of peripheral blood were
drawn from patients and healthy controls, collected into K-
EDTA tubes and processed for the study within 30 h from
collection. Whole blood samples were stored at −80◦C for
immunogenetic analysis.

Genotyping of TLR Variants
TaqMan SNP genotyping Assay with TaqMan genotyping Master
Mix (Thermo Fisher Scientific Foster City, CA, USA) was used
to investigate the presence of specific SNPs in TLR genes:
TLR2 Arg753Gln (rs5743708) (Kijpittayarit et al., 2007); TLR3
Pro554Ser (rs121434431) (Zhang et al., 2007); TLR4 Asp299Gly
(rs4986790) (Cervera et al., 2007); TLR7 Gln11Leu (rs179008)
(Schott et al., 2008; Oh et al., 2009; Arav-Boger et al., 2012)
and TLR9−1237 T/C (rs5743836) (Oliveira et al., 2013). The
selection of SNPs was based on their possible functional effects
and on the existence of previously demonstrated association with
infectious diseases.

Stimulation of Blood Cells With Specific
TLR Ligands
Whole blood samples were diluted 1:1 with RPMI medium
prior to distribution in separate 200 µl aliquots into a
96-well flat bottom plate for cell cultures. Diluted blood
samples were left unstimulated or stimulated either with
Escherichia coli 0111:B4 peptidoglycan (PGN EB, TLR2 ligand,
5µg/mL, InvivoGen, San Diego, CA, USA); poly(A:U) (TLR3
ligand; 20µg/mL; InvivoGen); ultrapure lipopolysaccharide
from E. coli (LPS, TLR 4 ligand; 100µg/mL, Sigma-Aldrich,
Schnelldorf, Germany); Imiquimod (TLR7 ligand; 20µg/mL,
InvivoGen); Resiquimod-R848 (TLR 7/8 ligand; 10µg/mL,
InvivoGen), or CpG oligonucleotide type A (CpG ODN2216;
TLR9 ligand; 3µg/ml; Metabion, Martinsried, Germany). After
24 h of incubation at 37◦C in 5% CO2, culture supernatants
were collected by centrifugation and stored at −80◦C for
cytokine determination.

Determination of Cytokine Levels in
Supernatants
The levels (pg/mL) of IL-6, IL-10, IFN-γ, and TNF-α were
measured in blood cell supernatants by employing the Magnetic
Luminex Screening Assay Kit (R&D Systems, Bio-Techne
GmbH, Wiesbaden-Nordenstadt, Germany) and a Luminex
200TM instrument (Luminex Corporation, Austin, TX, USA). The
assay sensitivity was 1.7 pg/mL for IL-6; 1.6 pg/mL for IL-10; 0.40
pg/mL for IFN-γ, and 1.2 pg/mL for TNF-α.

Statistical Analysis
Due to the non-parametricity of the experimental data, the
Mann–Whitney U test was used to evaluate the significance
between groups of cytokine levels in healthy donors vs. CMV-
positive patients. A p-value equal to or <0.05 was considered
significant. The association between TLR polymorphisms and
CMV infection has been tested by Fisher exact test (in the case
of 2 by 2 contingency table) and by Chi-square test (in the case
of 2 by 3 tables). Because TLR7 is located on the X chromosome,
male and female individuals were also analyzed separately.

RESULTS

Patients Characteristics
From October 2004 to March 2013, 40 adults with CMV
mononucleosis were admitted to the Infectious Disease Units at
the St. Orsola-Malpighi University Hospital (Bologna, Italy), the
Morgagni Hospital (Forlì, Italy), the Infermi Hospital (Rimini,
Italy) and the Karolinska University Hospital (Stockholm,
Sweden). Mononucleosis was spontaneously acquired and not
transfusion related in all cases. CMV mononucleosis syndrome
was diagnosed on the basis of clinical data and laboratory
findings, as described (Frascaroli et al., 2006). The mean age of
CMV-infected patients was 39 years (range 24–68); 25 patients
were male (62.5%). Low levels of CMV DNA in peripheral blood
were observed in 32 out of 32 patients during the acute phase of
infection (median value 1320 viral genomes/mL, range 10-73100
genomes/mL). Results of quantitative PCR were not available for
8 patients out of 40.

TLR Variations in Patients With CMV
Mononucleosis
The presence of selected SNPs within TLR2, TLR3, TLR4,
TLR7 and TLR9 was analyzed in the 40 patients with
CMV mononucleosis and 124 blood donors by TaqMan SNP
genotyping. The distribution of the frequencies for the TLR2
rs5743708, TLR3 rs121434431, TLR4 rs4986790, TLR7 rs179008
and TLR9 rs5743836 polymorphisms is summarized in Table 1.
The difference in TLR frequency between patients and blood
donors was tested with non-parametric test, such as location and
Mann-Whitney test. No statistical difference was found, even
after grouping blood donors and CMV patients for gender. As a
further test, we looked for the association of TLR mutations with
CMV infection by using contingency table method, but again no
association was found.
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TABLE 1 | Frequency of TLR genotypes and their association with CMV infection.

SNP genotype Blood donors

N (%)

CMV +

N (%)

p-values

TLR2 Arg753Gln

rs5743708

0.58

GG 123 (99) 40 (100)

GA 1 (1) 0 (0)

AA 0 (0) 0 (0)

TLR3 Pro554Ser

rs121434431

0.59

GG 68 (55) 20 (50)

GA 46 (37) 17 (43)

AA 10 (8) 3 (8)

TLR4 Asp299Gly

rs4986790

0.94

AA 108 (87) 35 (87.5)

AG 13 (11) 3 (7.5)

GG 3 (2) 2 (5)

TLR9−1237 T/C

rs5743836

0.60

TT 92 (74) 28 (70)

TC 31 (25) 12 (30)

CC 1 (1) 0 (0)

TLR7 Gln11Leu

rs179008

Female 0.84

AA 22 (63) 9 (60)

AT 10 (27) 3 (20)

TT 3 (9) 3 (20)

Male 0.21

A- 71 (80) 17 (68)

T- 18 (20) 8 (32)

Female + Male 0.22

AA, A- 93 (75) 26 (65)

A/T 10 (8) 3 (8)

TT, T- 21 (17) 11 (28)

CMV Infection Enhances Pro-inflammatory
Cytokine Responses Upon TLR Stimulation
To examine whether CMV infection impacts TLR-driven host
responses, we compared the secretion of pro-inflammatory
cytokines from the whole blood of 16 CMV mononucleosis
patients and 18 controls stimulated with TLR2, TLR3, TLR4,
TLR7, TLR7/TLR8, and TLR9 specific agonists. No difference
was observed between the spontaneous release of cytokines by
blood cells obtained from CMV-infected patients and blood
donors, in the absence of exogenous stimulation (Figure 1).
The secretion of TNF-α, IL-6, and IL-10 was induced by
TLR2, TLR4, and TLR7/8 agonists, while stimulation with
TLR3 and TLR9 agonists, poly A:U and CpG type A
respectively, had little or no effect on cytokine release.
Overall, only very limited TLR-mediated IFN-γ production
was observed, with the highest values seen in response to the
TLR7/8 agonist.

As compared to controls, blood cells from patients with CMV
mononucleosis secreted higher levels of TNF-α, upon TLR2
stimulation. Furthermore, CMV infected patients exhibited
higher levels of IL-6 and TNF-α upon TLR7/8 stimulation
as compared to blood donors. No significant difference was
observed in terms of TLR-mediated release of the anti-
inflammatory cytokine IL-10 between blood cells obtained from
CMV infected patients and controls.

DISCUSSION

CMV is recognized by the host innate immune system by
various TLRs (Takeuchi and Akira, 2007). At the cell surface,
a direct interaction between the viral glycoproteins and TLR2
and TLR4 has been demonstrated. Upon engagement with
their ligands, both TLR2 and TLR4 induce the activation of
nuclear factor-kB and the release of pro-inflammatory cytokines
(Compton et al., 2003). Beside in vitro findings, clinical evidence
implicates TLR2 in the pathogenesis of CMV infection, as
demonstrated by the fact that liver transplant recipients who
carry the homozygous Arg753Gln mutation of TLR2 have a
higher incidence of CMV-related disease (Kijpittayarit et al.,
2007). This clinical finding is explained by in vitro data showing
that cells with the Arg753Gln mutation in TLR2 fail to identify
the viral glycoprotein gB (Brown et al., 2009). Thus, impaired
innate viral recognition may hinder the development of a proper
antiviral immune response, resulting in symptomatic disease in
immunocompromised patients.

Intracellular endosomal TLRs, including TLR3, TLR7, TLR8,
and TLR9, detect nucleic acids and are primarily involved in
the initiation of innate antiviral responses upon viral detection
(Takeuchi and Akira, 2007). Among intracellular TLRs, great
attention has been so far posed to the role of TLR3 and
TLR9 upon CMV infection. Recent evidence indicates that
the mutation that leads to the replacement of the leucine
(L) residue in amino acid position 412 by a phenylalanine
(F) residue (L412F) in the TLR3 ectodomain is associated to
an increased risk of CMV disease in children and to higher
viremia (Studzinska et al., 2017). In plasmacytoid dendritic cells
(DCs) – the main producers of type I IFN—CMV induces
IFN-α release by engaging the TLR7 and/or TLR9 pathways
(Varani et al., 2007). Moreover, upon CMV infection both
plasmacytoid DCs and fibroblasts undergo upregulation of
TLR9 expression (Varani et al., 2007; Iversen et al., 2009).
Finally, an association between the SNP rs5743836, that
alters TLR9 promoter activity, and CMV infection has been
reported in kidney transplant recipients (Fernández-Ruiz et al.,
2015).

We did not observe any association between the presence of
the Pro554Ser TLR3 or rs5743836 variation in TLR9 and the
development of symptomatic CMV infection as well as variations
in other TLR genes, in our cohort of immunocompetent hosts.
Interestingly, CMV infection enhanced the production of pro-
inflammatory cytokines in response to TLR stimulation and
indeed increased levels of some soluble mediators were observed
by stimulation of blood cells obtained from mononucleosis
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FIGURE 1 | TLR-induced cytokine responses in blood cells from CMV-infected patients and blood donors. Blood cells were left unstimulated or stimulated with PGN

EB (TLR2 ligand, 5µg/mL), poly(A:U) (TLR3 ligand, 20µg/mL), lipopolysaccharide (LPS, TLR4 ligand, 100µg/mL), Imiquimod (TLR7 ligand, 20µg/mL),

Resiquimod-R848 (TLR 7/8 ligand, 10µg/mL) or CpG oligonucleotide type A (CpG ODN2216, TLR9 ligand, 3µg/mL). After 24 h, supernatants were collected and

analyzed for cytokine levels. White circles indicate healthy controls and black circles indicate CMV-infected patients. N =16 CMV-infected patients and n = 18 healthy

controls were evaluated. Blue circles indicate values below or above the assay’s detection limits. Red lines represent mean values. Data were analyzed using the

non-parametric Mann–Whitney U test. *p ≤ 0.05.

patients with ligands mimicking both bacterial (TLR2 ligands)
and viral (TLR2 and TLR7/8 ligands) products. Our findings
are in line with in vitro data showing that CMV infection of
monocyte-derived macrophages promotes the release of TNF-α,
IL-6 and IL-8 upon stimulation with TLR2, TLR4, and TLR5 -
ligands (Smith et al., 2014), and suggest that CMV infection can
contribute to pro-inflammatory cytokine responses by priming
the host immune response to react powerfully to unrelated
microbial signals.

Previous data indicate a direct dependency of the major
immediate early promoter enhancers of CMV on MyD88-
dependent TLR-signaling to ensure expression of immediate
early genes and to promote viral replication (Kropp et al., 2015).
In CMV infected patients, we observed a pro-inflammatory
hyper-response to ligation of TLR2 and TLR7/8, all of which are
dependent on the adaptor molecule MyD88 (Takeuchi and Akira,
2010), while ligation of TLR3—which is dependent on the TRIF-
adaptor molecule—did not lead to cytokine response. In line with

our findings, TLR3 has been shown to have no function in the
early phases of the cellular response to CMV in human DCs, as
demonstrated by experiments in which TLR3 was silenced before
CMV infection (Mezger et al., 2009).

Our study has some limitations. First, due to the low
frequency of CMV mononucleosis in immunocompetent
individuals, a small number of CMV-infected patients
was included. To increase the case’s cohort, patients were
enrolled in four different hospitals over a relatively long
period of time. This has led to other limiting factors,
including the employment of different serological methods
to identify CMV mononucleosis in different hospitals and
the lack of possibility to analyze all patient’s samples for
CMV DNA.

In conclusion, we found that CMV infection promotes
inducible inflammatory responses in infected patients by
enhancing pro-inflammatory TLR-mediated responses
ex-vivo. Our findings corroborate multiple evidences
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demonstrating that CMV infection generates and/or amplifies
inflammation (Varani and Landini, 2011) and provide
further evidence on the synergy between CMV infection
and inflammation.
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Mast cells (MC) represent “inbetweeners” of the immune system in that they are part

of innate immunity by acting as first-line sentinels for environmental antigens but also

provide a link to adaptive immunity by secretion of chemokines that recruit CD8T cells to

organ sites of infection. An interrelationship between MC and cytomegalovirus (CMV) has

been a blank area in science until recently when the murine model revealed a role for MC

in the resolution of pulmonary infection by murine CMV (mCMV). As to the mechanism,

MC were identified as a target cell type of mCMV. Infected MC degranulate and

synthesize the CC-chemokine ligand-5 (CCL-5), which is released to attract protective

virus-specific CD8T cells to infected host tissue for confining and eventually resolving

the productive, cytopathogenic infection. In a step forward in our understanding of how

mCMV infection of MC triggers their degranulation, we document here a critical role for

the mCMV m38.5 gene product, a mitochondria-localized inhibitor of apoptosis (vMIA).

We show an involvement of mCMV vMIA-m38.5 in MC degranulation by two reciprocal

approaches: first, by enhanced degranulation after m38.5 gene transfection of bone

marrow-derived cell culture-grown MC (BMMC) and, second, by reduced degranulation

of MC in peritoneal exudate cell populations infected ex corpore or in corporewith mutant

virus mCMV-1m38.5. These studies thus reveal a so far unknown function of mCMV

vMIA-m38.5 and offer a previously unconsidered but biologically relevant cell system for

further analyzing functional analogies between vMIAs of different CMV species.

Keywords: bone marrow-derived mast cells (BMMC), degranulation, mast cells, mast cell-specific Cre

recombination, murine cytomegalovirus, gene m38.5, peritoneal exudate-derived mast cells (PEMC), vMIA

INTRODUCTION

Human cytomegalovirus (hCMV) is a clinically relevant pathogen in transplantation medicine.
Transient immunodeficiency after ablative therapy of hematopoietic malignancies followed by
hematopoietic cell transplantation (HCT) opens a “window of risk” from reactivation of latent
virus (Reddehase and Lemmermann, 2019) and disseminated cytopathogenic organ infection
in the recipients. Similarly, immunosuppressive treatment for avoiding graft rejection by a
host-vs.-graft (HvG) response can lead to graft loss caused by reactivated hCMV infection in
MHC or minor-histocompatibility loci mismatched solid-organ transplantation (SOT) (for clinical
overviews, see Ho, 2008; Boppana and Britt, 2013; Seo and Boeckh, 2013).
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As experimental approaches to study in vivo mechanisms
are not or only to a very limited extent feasible in humans,
definitely excluding infection with virus recombinants that
carry targeted mutations, mouse models based on murine
cytomegalovirus (mCMV) have been developed to mimic clinical
correlates as close as possible. These models have helped to
understand basic mechanisms of viral pathogenesis and immune
control (Krmpotic et al., 2003; Reddehase, 2016; Reddehase
and Lemmermann, 2018). As a common denominator, murine
models of syngeneic HCT (Holtappels et al., 1998; Podlech et al.,
1998, 2000; Reddehase, 2016), MHC-mismatched allogeneic
HCT (Holtappels et al., 2020) and MHC-matched but minor
histocompatibility antigen mismatched allogeneic HCT (Gezinir
et al., 2020) have revealed a critical role for CD8 T-cell
reconstitution in preventing cytopathogenic mCMV spread and
lethal viral histopathology.

Mast cells (MC) are cells of the innate immune system
usually known as effectors in allergic diseases (Galli and Tsai,
2012). They also have been implicated in the pathophysiology
of gastrointestinal disorders, many types of malignancies,
and cardiovascular diseases (reviewed by Krystel-Whittemore
et al., 2016). Physiological functions include the regulation of
vasodilation, vascular homeostasis, innate and adaptive immune
responses, and angiogenesis (reviewed by Krystel-Whittemore
et al., 2016). The metaphor of the MC as being a “loaded
gun” is based on potent pro-inflammatory mediators that are
stored in secretory granules ready for an almost instantaneous
release upon MC stimulation (Rodewald and Feyerabend, 2012).
In addition, MC activation by extracellular signals, including
the interaction with viruses, can induce chemokine synthesis
and secretion such as of RANTES/CCL5 (King et al., 2002;
Venkatesha et al., 2005; McAlpine et al., 2012). Besides MC
degranulation induced by antigen binding to the canonical MC
receptor complex IgεRI-IgE involved in anaphylactic responses,
ligation of a broad receptor repertoire, which includes pattern
recognition receptors such as the toll-like receptors (TLR)
TLR3 and TLR9, can activate MC (Sandig and Bulfone-Paus,
2012). Ca2+ signaling is essential for MC degranulation. This
involves regulation of Ca2+ fluxes through Ca2+ pumps and ion
exchangers in mitochondria, endoplasmic reticulum, and plasma
membrane to sustain elevated levels of cytosolic Ca2+, which is
an obligatory signal for MC activation (for reviews, see Ma and
Beaven, 2011; Wernersson and Pejler, 2014).

MC were implicated to be involved in the host response to
CMV infection when themurinemodel revealed a novel crosstalk
axis between MC and the adaptive immune defense against
mCMV (Ebert et al., 2014). Studying the pathomechanism
of interstitial pneumonia, which is a most relevant clinical
manifestation of CMV infection after HCT, protective antiviral
CD8T cells were found to be less efficiently recruited to the
lungs of infected MC-deficient C57BL/6-KitW−sh/W−sh “sash”
mutant mice compared toMC-sufficient C57BL/6WTmice. This
was reflected by impaired confinement of infected cells within
nodular inflammatory foci (NIF) formed by tissue-infiltrating
CD8T cells and, as a consequence, by enhanced viral spread and
histopathology. Efficient lung recruitment of antiviral CD8T cells
in MC-sufficient as well as in MC-reconstituted “sash” mutant

mice correlated with degranulation of infected CD117+FcεRI+

MC and a serum wave of MC-derived chemokine CCL-5 (Ebert
et al., 2014). Continuing studies revealed an almost instant MC
degranulation that indirectly depended on TLR3/TRIF signaling,
and a delayed MC degranulation triggered by direct infection
of MC, not involving TLR3/TRIF signaling (Becker et al.,
2015). As this delayed MC degranulation proved to account
for the biological function in antiviral control in the lungs
(Lemmermann and Reddehase, 2017), this mechanism of MC
degranulation moved into the focus of interest.

Here we demonstrate that degranulation of mCMV-infected
MC depends on expression of the mitochondria-localized
inhibitor of apoptosis vMIA-m38.5, the product of gene m38.5,
which is the ortholog of hCMV gene UL37.1 that encodes the
hCMVvMIA-UL37.1 (Goldmacher et al., 1999;McCormick et al.,
2005; Arnoult et al., 2008; Jurak et al., 2008; Norris and Youle,
2008; reviewed by Handke et al., 2012).

MATERIALS AND METHODS

Viruses, Mice, and Cells
High titer virus stocks of bacterial artificial chromosome (BAC)-
derived mCMV-egfp (Angulo et al., 2000), mCMV-flox-egfp and
mCMV-rec-egfp (Sacher et al., 2008) were prepared from infected
murine embryonic fibroblasts (MEF) according to standard
protocol (Podlech et al., 2002). C57BL/6 mice were purchased
from Janvier Labs. Mcpt5-cre transgenic mice (Scholten et al.,
2008) were bred in-house. All mice were housed under specified
pathogen-free conditions in the translational animal research
center (TARC) of the University Medical Center of the Johannes
Gutenberg-University Mainz, Germany. MEF were prepared
from C57BL/6 mice by a standard protocol (Podlech et al., 2002).

Generation of BMMC
Bone marrow (BM)-derived mast cells (BMMC) from
C57BL/6 and Mcpt5-cre mice were generated by using
standard procedures (Stassen et al., 2006). In brief, BM
cells were isolated and subsequently cultivated in Iscove’s
modified Dulbecco’s medium (IMDM), supplemented with
10% FCS, 2mM L-glutamine, 1mM sodium pyruvate, 100
U/ml penicillin, 100µg/ml streptomycin, 20 U/ml murine
IL-3, 200 ng/ml stem cell factor (SCF; c-kit ligand), and
50 U/ml murine IL-4. Non-adherent cells were transferred
to fresh culture plates every week to remove adherent
macrophages and fibroblasts. After 4–5 weeks of culture,
the resulting BMMC population had reached a purity of more
than 95%.

Generation of Recombinant Virus
mCMV-1m38.5-egfp
mCMV-1m38.5-egfp was generated by partial deletion of ORF
m38.5 between nucleotides 51,958 and 52,368 (Rawlinson et al.,
1996, GenBank accession number NC_004065) through en-
passant mutagenesis of the BAC plasmid pSM3fr-rev (Angulo
et al., 2000) as described (Tischer et al., 2010). Briefly, a
kanR cassette flanked by homologous viral sequences was
amplified from plasmid pori6K-RIT (Hammer et al., 2018)

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2 August 2020 | Volume 10 | Article 439260

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Schmiedeke et al. Mast Cell Degranulation by Cytomegalovirus

using the oligonucleotides 1m38.5_for GCG AAC ATC CTC
TCG GTG TTC GGC ACG ATT GTC GTT GTC GAC ACC
GCC ATC GCT GTC CCC TCC ACA ACT ACA ACC GAC
GCA TCG TGG CCG GAT CTC and 1m38.5_ rev TAA
AAG TTG CGC GGA CGG TGC CGC GGG TTG TAG
TTG TGG AGG GGA CAG CGC GAT TGT CGT TGT CGA
CAC CGC CAT GTG ACC ACG TCG TGG AAT GC. The
resulting product was transformed into GS1783 bacteria carrying
pSM3fr-rev. After Red recombination, arabinose-induced I-
SceI expression, and a second round of Red recombination,
BAC p1m38.5-egfp was purified, and successful mutagenesis
was confirmed by sequencing (Eurofins Genomics). After BAC
DNA purification, the recombinant mCMV was reconstituted
by transfection of the DNA into MEF and propagated for six
passages until residual BAC sequences were lost as verified by
PCR (Lemmermann et al., 2010).

Procedures of Infection
(i) Infection of BMMC. BMMC were centrifugally infected
with 0.2 plaque-forming-units (PFU) of mCMV per cell,
corresponding to a multiplicity of infection (MOI) of 4 (Podlech
et al., 2002, and references therein), stimulated with 1 µM
ionomycin in supplemented IMDM (see above), and inspected
under the Axiovert 200M fluorescence microscope (Carl Zeiss).
(ii) Infection of peritoneal exudate cells (PEC). PEC were isolated
from the peritoneal cavity of C57BL/6 mice by standard protocol
(Ray and Dittel, 2010). 1 × 106 PEC were seeded in IMDM
medium supplemented with 5% FCS, 100 U/ml penicillin, and
100µg/ml streptomycin and centrifugally infected with 0.2 PFU
per cell (MOI 4) of mCMV directly after seeding. (iii) Infection of
mice. Intraperitoneal infection of C57BL/6 mice was performed
with 5× 105 PFU of mCMV diluted in 300 µl PBS. Infected PEC
were isolated 18 h later for analysis.

Determination of Productive mCMV
Infection in BMMC
C57BL/6 and Mcpt5-cre BMMC were infected with mCMV-flox-
egfp or mCMV-rec-egfp. Five days later, cell culture supernatants
were harvested and released infectious virus was quantitated
on permissive C57BL/6 MEF by standard plaque assay under
conditions of centrifugal enhancement. Total plaque formation
and eGFP+ (green) plaques were counted 3 days later under the
Axiovert 200M fluorescence microscope.

Construction of m38.5 Expression Plasmid
To generatem38.5 expression plasmid, PCRwas performed using
mCMV MW97.01 (Wagner et al., 1999) genomic DNA with
primers pIRES-m38.5-XhoI-for ATA TCT CGA GAT GGA GAG
TGT GCG CC and pIRES-m38.5-EcoRI-rev GCG CGG AAT
TCC TAG AAT GTG TAA TCT C, amplifying the full length
ORF m38.5. The PCR product was subcloned within the XhoI
and EcoRI restriction sites into vector pIRES2-egfp (Takara Bio).
Successful generation of pIRES2-m38.5-egfp was confirmed by
sequencing (Eurofins Genomics).

Transfection of BMMC
BMMC (1 × 106 cells in 0.2ml serum-free IMDM) were
transfected with 7 µg plasmid DNA by electroporation in 0.2-
cm cuvettes at room temperature using a Bio-Rad Gene Pulser
(Richmond, CA) set at 290V, 200Ω , and 600 µF. Cells were
allowed to recover for 4 h in IMDM supplemented with 5%
FCS and antibiotics, harvested, washed with PBS containing
1% BSA and 2mM EDTA, and analyzed by flow cytometry as
outlined below.

Measurement of MC Degranulation
BMMC were harvested 4 h after transfection. Cell surface
staining was performed with the following antibodies for
cytofluorometric analysis: BV421-conjugated anti-CD117 (clone
ACK2, eBioscience), PE-Cy7-conjugated anti-FcεRI (clone
MAR-1; BioLegend, San Diego, CA, USA), and eFluor660-
conjugated anti-CD107a (clone 1D4B; eBioscience). PEC were
isolated and stained accordingly ex vivo after either in corpore
or ex corpore infection. Optionally, to facilitate gating for
peritoneal exudate-derived MC (PEMC), PEC were additionally
stained with APC-conjugated anti-Ly-6A/E (Sca-1) (clone D7;
BioLegend). Derivation of PEC and PEMC from hematopoietic
lineages was verified by staining with BV510-conjugated anti-
panCD45 (clone 30-F11, BioLegend). PEC preparations contain
almost no cells other than leukocytes. Doublets were excluded
by gating on singlets in the sideward scatter height (SSC-H)
vs. area (SSC-A) plot prior to setting a “live cell gate” based
on scatter properties SSC-A and forward scatter area (FSC-A).
Gating for cells expressing eGFP and MC cell surface markers
was done as established in our own previous work, in which
an isotype control for degranulation marker CD107a was used
to exclude unspecific antibody binding to infected MC (Becker
et al., 2015). Cytofluorometric analyses of cell surface staining
and intracellular eGFP fluorescence were performed with BD
FACSymphony (BD Biosciences) and BD FACSDiva V6.1.3 using
FlowJo V.10.6.2 software (BD Biosciences).

Statistical Analysis
To evaluate statistical significance of differences between two
independent sets of data, Student’s t-test (two-sided, unpaired)
was used withWelch’s correction to account for unequal variance.
Differences were considered as being statistically significant
at levels of P < 0.05 (∗), <0.01 (∗∗), and <0.001 (∗ ∗ ∗).
Calculations were performed with Graph Pad Prism 8.4.1 (Graph
Pad Software).

RESULTS

MC-specific Cre-recombination Proves
Productive Infection of BMMC
Previous work with eGFP-tagged virus has shown that mCMV
can infect peritoneal exudate-derived CD117+FcεRI+ MC
(PEMC) in corpore and can trigger their degranulation (Ebert
et al., 2014). Recombination of mCMV-flox-egfp (Sacher et al.,
2008) in cre-transgenic B6-Mcpt5-cre mice, which express Cre
recombinase selectively in MC, generated infectious mCMV-
rec-egfp (Becker et al., 2015) that also spread to other cell
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FIGURE 1 | mCMV productively infects BMMC. (A) C57BL/6-derived BMMC were centrifugally infected with mCMV-egfp at an MOI of 4 and stimulated with 1µM

ionomycin for the cultivation period of 3–5 days. Representative images show infected eGFP+ (green) BMMC, indicating virus spread in the cultures over time. Bar

marker: 50µm. (B) Scheme explaining the principle of Cre-mediated recombination generating mCMV-rec-egfp that expresses green fluorescent eGFP [modified from

Becker et al. (2015)]. (C) Quantitation of eGFP+ plaques in C57BL/6 MEF indicator monolayers on day 3 after infection with supernatants from ionomycin-conditioned

C57BL/6 (B6) and Cre-transgenic Mcpt5-cre (B6-Mcpt5-cre) BMMC infected at an MOI of 4 with either mCMV-flox-egfp (open circles) or mCMV-rec-egfp (filled

circles) and propagated for 5 days. Symbols represent plaque counts for independent BMMC cultures. Median values are indicated. Dotted line: dl, detection limit.

(D) Representative eGFP+ plaques in MEF monolayers on day 3 after infection with supernatants from the BMMC cultures. Bar marker: 50µm.

types such as hepatocytes and endothelial cells in the liver
(Podlech et al., 2015). In contrast, BMMC were found to
be not permissive for infection, not even expressing the

immediate-early (IE) phase protein IE1 (Ebert et al., 2014).
This discrepancy between PEMC and BMMC was explained
by different stages of MC maturation (Matsushima et al.,
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FIGURE 2 | m38.5 induces degranulation of transfected BMMC. (A) Gating strategy (representative example from group m38.5) to restrict the degranulation analysis

to eGFP+CD117+FcεRI+ MC. Degranulation is indicated by cell surface expression of CD107a. 2-parameter dot plots of fluorescence intensities are displayed with

biexponential scales. SSC-H, sideward scatter height; SSC-A, sideward scatter area; FSC-A, forward scatter area. (B) Quantitation of degranulated CD107a+ BMMC

at 4 h after m38.5 transfection (group: m38.5) compared to empty vector control (group: Control). Dots represent data from independent transfection cultures

compiled from 4 independent experiments. The median values are indicated. *P < 0.05.
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FIGURE 3 | Deletion of gene m38.5 in virus mCMV-1m38.5-egfp reduces the degranulation of PEMC infected ex corpore. Degranulation was assessed at 18 h after

PEC isolation from naïve C57BL/6 mice (pool of 5) and their centrifugal infection with either mCMV-egfp (group: WT, wild-type virus) or mCMV-1m38.5-egfp (group

1m38.5) with an MOI of 4. Anti-CD107a antibody was present in the cultures during the infection period. (A) Gating strategy (representative example from group

1m38.5) to restrict the degranulation analysis to eGFP+CD117+FcεRI+ PEMC. Degranulation is indicated by cell surface expression of CD107a. 2-parameter dot

plots of fluorescence intensities are displayed with biexponential scales. SSC-H, sideward scatter height; SSC-A, sideward scatter area; FSC-A, forward scatter area.

(B) Quantitation of degranulated CD107a+ PEMC. Symbols represent independent infection cultures. The median values are marked. ***P < 0.001.
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FIGURE 4 | Deletion of gene m38.5 in virus mCMV-1m38.5-egfp reduces the degranulation of PEMC infected in corpore. C57BL/6 mice were infected

intraperitoneally with 5 × 105 PFU/mouse of either mCMV-egfp (group: WT, wild-type virus) or mCMV-1m38.5-egfp (group 1m38.5). PEC were isolated at 18 h after

infection. (A) Gating strategy (representative example from group WT) to restrict the degranulation analysis to eGFP+CD117+FcεRI+ PEMC. Degranulation is indicated

by cell surface expression of CD107a. 2-parameter dot plots of fluorescence intensities are displayed with biexponential scales. SSC-H, sideward scatter height;

SSC-A, sideward scatter area; FSC-A, forward scatter area. (B) Quantitation of degranulated CD107a+ PEMC. Symbols represent mice analyzed individually. The

median values are marked. ***P < 0.001.
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2004). So, a cell-culture system for infection of MC was
missing so far.

Interestingly, pre-treatment of BMMC with the Ca2+

ionophore ionomycin, which rapidly raises the intracellular
level of Ca2+, renders MC permissive to mCMV infection
(Figure 1A). This gives a first hint to a critical role of Ca2+

levels in the infection of MC and suggests that the previously
observed difference between PEMC and BMMC (see above)
was based on differences in Ca2+ mobilization. Although
BMMC cultures reach high MC purity, some contamination
by macrophages, which are permissive to mCMV infection,
cannot be excluded. To verify that productively infected cells
in BMMC cultures are MC, we again used the strategy of
MC-specific Cre recombination to remove the stop cassette
in virus mCMV-flox-egfp for eGFP expression selectively in
MC (Figure 1B). Indeed, whereas pre-recombined mCMV-rec-
egfp infected BMMC derived from both C57BL/6 (B6) and
cre-transgenic B6-Mcpt5-cre mice produced infectious eGFP+

progeny, mCMV-flox-egfp generated infectious eGFP+ progeny
only from B6-Mcpt5-cre BMMC (Figures 1C,D). This gives final
evidence for productive infection of BMMC.

Selective Expression of mCMV vMIA-m38.5
Triggers Degranulation of Murine BMMC
As elevated levels of cytosolic Ca2+ are known to be decisive
for MC degranulation (for reviews, see Ma and Beaven, 2011;
Wernersson and Pejler, 2014), and given the experience with
the Ca2+ ionophore ionomycin in the infection of BMMC (this
report), we considered the possibility that a viral protein involved
in Ca2+ mobilization might be required for the degranulation
of mCMV-infected MC. As hCMV vMIA-UL37x1 has been
reported to mobilize Ca2+ from endoplasmic reticulum stores
into the cytosol (Sharon-Friling et al., 2006), we considered
mCMV vMIA-m38.5 as a candidate, even though this was
thinking laterally because a functional analogy between mCMV
and hCMV vMIAs in terms of Ca2+ regulation has not yet
been established. To test a putative role for mCMV vMIA-
m38.5 in MC degranulation, we transfected BMMC with gene
m38.5 expression plasmid pIRES2-m38.5-egfp and indeed found
elevated numbers of cells expressing the degranulation marker
CD107a among transfected eGFP+CD117+FcεRI+ BMMC
compared to the pIRES2-egfp empty vector control expressing
only eGFP (Figure 2; for gating controls using pIRES2-egfp, see
Figure S1A). This is the first positive evidence for a role of
mCMV vMIA-m38.5 in MC degranulation.

Absence of vMIA-m38.5 Reduces
Degranulation of Infected eGFP+ PEMC
As a reciprocal approach for identifying a role of m38.5
expression in MC degranulation, we isolated CD45+ PEC
(Figure S2) and infected them ex corpore with the m38.5 gene
deletion mutant mCMV-1m38.5-egfp or with virus mCMV-
egfp encoding m38.5. The deletion significantly reduced the
numbers of degranulated CD107a+ eGFP+CD117+FcεRI+

PEMC (Figure 3; for gating in the mCMV-egfp control, see
Figure S1B). Note that CD117+FcεRIlow cells were included in

the analysis in order not to miss infected PEMC that have
already downregulated FcεRI in response to activation (Rivera
and Gilfillan, 2006; Yoshioka et al., 2007). Finally, to account for
putative modulating influences of an in vivo cytokine/chemokine
milieu in the peritoneal cavity, infection was performed in
corpore and confirmed the importance of m38.5 expression for
triggering MC degranulation (Figure 4; for gating in the mCMV-
1m38.5-egfp group, see Figure S1C).

DISCUSSION

We report here (1) the technical progress of having established a
cell culture model of MC infection with mCMV and (2) progress
in our understanding of how mCMV infection induces MC
degranulation. Specifically, the anti-apoptotic mCMV protein
vMIA-m38.5 is identified here as being critically involved in the
mechanism that leads to degranulation of infected MC. This is
shown for BMMC and PEMC by reciprocal approaches ofm38.5
transfection and deletion that gave the complementary evidence
of enhancedMC degranulation in presence of m38.5 and reduced
MC degranulation in absence of m38.5, respectively.

Interestingly, mCMV vMIA-m38.5 and hCMV vMIA-UL37.1
are partial functional analogs in that they share the property to
inhibit Bax-mediated intrinsic apoptosis (reviewed in Handke
et al., 2012). As reported by Norris and Youle (2008), mCMV
vMIA-m38.5 as well as hCMV vMIA-UL37.1 interact with the
respective cellular pro-apoptotic Bcl-2 family member Bax and
recruit it to mitochondria, although m38.5 shares negligible
sequence homology with UL37.1 and no region corresponding to
the vMIA-UL37.1 Bax-binding domain. The functional analogy
is, however, not absolute. Specifically, while hCMV encodes
UL37.1 as a single anti-apoptotic viral Bcl-2 (vBcl-2) capable
of inhibiting both pro-apoptotic Bcl-2 family members Bax and
Bak (Karbowski et al., 2006; Norris and Youle, 2008), mCMV
protein m38.5 interacts with Bax only, whereas mCMV protein
m41.1 inhibits Bak-mediated apoptosis by functioning as a viral
inhibitor of Bak oligomerization, vIBO (Cam et al., 2010).

As Bax and Bak fulfill largely redundant functions in
mediating apoptosis, apoptosis of mCMV-infected cells can
only be suppressed if Bax and Bak are simultaneously
antagonized by m38.5 and m41.1, respectively. Accordingly,
an mCMV m38.5 gene deletion virus has a Bax-mediated
apoptosis phenotype, although Bak-mediated cell death remains
inhibited via m41.1 (reviewed in Handke et al., 2012). The
MC degranulation-loss phenotype of virus mCMV-1m38.5-egfp
(this report) in presence of m41.1 indicates that interaction
between m38.5 and Bax is important for the induction of MC
degranulation in mCMV-infected MC. It is open to question
if inhibition of intrinsic apoptosis in general is the key to
the mechanism. The complementary experiment of selectively
allowing Bak-mediated apoptosis by deletion of m41.1 is
still pending.

As far as we are aware of, a functional analogy between
hCMV vMIA-UL37.1 and mCMV vMIA-m38.5 or vIBO-m41.1
with respect to regulating the cytosolic Ca2+ level has not
yet been investigated. Thus, the answer to the question if
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prevention of apoptosis as such or rather the mobilization
of Ca2+ is decisive for MC degranulation to occur is still
pending, although the established role of cytosolic Ca2+ in
MC degranulation in systems other than MC infection (Ma
and Beaven, 2011; Wernersson and Pejler, 2014), leads us to
favor this idea. Thus, continuing experiments are needed to
address the open questions (1) if mCMV vMIA-m38.5 elevates
the cytosolic Ca2+ level as hCMV vMIA-UL37.1 does (Sharon-
Friling et al., 2006), and (2) if hCMV vMIA-UL37.1 is required
for MC degranulation as it is the case for mCMV vMIA-m38.5
(this report).

All in all, our work provides a previously unconsidered
but biologically relevant cell system for further analyzing the
functions of CMV vMIAs.
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Figure S1 | Gating controls (A) Corresponding to Figure 2A. Gating strategy for

BMMC transfected with empty vector pIRES-egfp not expressing the protein

m38.5 under study. (B) Corresponding to Figure 3A. Gating strategy for PEMC

infected ex corpore with wild-type mCMV expressing m38.5. (C) Corresponding

to Figure 4A. Gating strategy for PEMC infected in corpore with virus

mCMV-1m38.5-egfp not expressing m38.5. 2-parameter dot plots of

fluorescence intensities are displayed with biexponential scales. SSC-H, sideward

scatter height. SSC-A, sideward scatter area. FSC-A, forward scatter area.

Figure S2 | Phenotyping of uninfected PEC. CD117+FcǫRI+ PEMC co-express

Sca-1 and panCD45. While most PEC express panCD45, only a fraction of PEC

express Sca-1. 2-parameter dot plots of fluorescence intensities are displayed

with biexponential scales. SSC-H, sideward scatter height. SSC-A, sideward

scatter area. FSC-A, forward scatter area.

REFERENCES

Angulo, A., Ghazal, P., and Messerle, M. (2000). The major immediate-early

gene ie3 of mouse cytomegalovirus is essential for viral growth. J. Virol. 74,

11129–11136. doi: 10.1128/JVI.74.23.11129-11136.2000

Arnoult, D., Skaletskaya, A., Estaquier, J., Dufour, C., andGoldmacher, V. S. (2008).

The murine cytomegalovirus cell death suppressor m38.5 binds Bax and blocks

Bax-mediated mitochondrial outer membrane permeabilization. Apoptosis 13,

1100–1110. doi: 10.1007/s10495-008-0245-2

Becker, M., Lemmermann, N. A. W., Ebert, S., Baars, P., Renzaho, A., Podlech,

J., et al. (2015). Mast cells as rapid innate sensors of cytomegalovirus by

TLR3/TRIF signaling-dependent and -independent mechanisms. Cell Mol.

Immunol. 12, 192–201. doi: 10.1038/cmi.2014.73

Boppana, S. B., and Britt, W. J. (2013). “Synopsis of clinical aspects of human

cytomegalovirus disease,” in Cytomegaloviruses: From Molecular Pathogenesis

to Intervention, Vol. 2, ed M. J. Reddehase (Norfolk: Caister Academic

Press), 1–25.

Cam, M., Handke, W., Picard-Maureau, M., and Brune, W. (2010).

Cytomegaloviruses inhibit Bak- and Bax-mediated apoptosis with two separate

viral proteins. Cell Death Differ. 17, 655–665. doi: 10.1038/cdd.2009.147

Ebert, S., Becker, M., Lemmermann, N. A. W., Buttner, J. K., Michel, A., Taube, C.,

et al. (2014). Mast cells expedite control of pulmonary murine cytomegalovirus

infection by enhancing the recruitment of protective CD8T cells to the lungs.

PLoS Pathog. 10:e1004100. doi: 10.1371/journal.ppat.1004100

Galli, S. J., and Tsai, M. (2012). IgE and mast cells in allergic disease. Nat. Med. 18,

693–704. doi: 10.1038/nm.2755

Gezinir, E., Podlech, J., Gergely, K., Becker, S., Reddehase,M. J., and Lemmermann,

N. A. (2020). Enhanced viral antigen presentation by deletion of viral

immune evasion genes prevents lethal cytomegalovirus disease in minor

histocompatibility antigen-mismatched hematopoietic cell transplantation.

Front Cell Infect. Microbiol. 10:279. doi: 10.3389/fcimb.2020.00279

Goldmacher, V. S., Bartle, L. M., Skaletskaya, A., Dionne, C. A., Kedersha, N. L.,

Vater, C. A., et al. (1999). A cytomegalovirus-encoded mitochondria-localized

inhibitor of apoptosis structurally unrelated to Bcl-2. Proc. Natl. Acad. Sci. USA

96, 12536–12541. doi: 10.1073/pnas.96.22.12536

Hammer, Q., Ruckert, T., Borst, E. M., Dunst, J., Haubner, A., Durek,

P., et al. (2018). Peptide-specific recognition of human cytomegalovirus

strains controls adaptive natural killer cells. Nat. Immunol. 19, 453–463.

doi: 10.1038/s41590-018-0082-6

Handke, W., Krause, E., and Brune, W. (2012). Live or let die:

manipulation of cellular suicide programs by murine cytomegalovirus.

Med. Microbiol. Immunol. 201, 475–486. doi: 10.1007/s00430-012-

0264-z

Ho, M. (2008). The history of cytomegalovirus and its diseases. Med. Microbiol.

Immunol. 197, 65–73. doi: 10.1007/s00430-007-0066-x

Holtappels, R., Podlech, J., Geginat, G., Steffens, H. P., Thomas, D., and Reddehase,

M. J. (1998). Control of murine cytomegalovirus in the lungs: relative but not

absolute immunodominance of the immediate-early 1 nonapeptide during the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 August 2020 | Volume 10 | Article 439267

https://www.frontiersin.org/articles/10.3389/fcimb.2020.00439/full#supplementary-material
https://doi.org/10.1128/JVI.74.23.11129-11136.2000
https://doi.org/10.1007/s10495-008-0245-2
https://doi.org/10.1038/cmi.2014.73
https://doi.org/10.1038/cdd.2009.147
https://doi.org/10.1371/journal.ppat.1004100
https://doi.org/10.1038/nm.2755
https://doi.org/10.3389/fcimb.2020.00279
https://doi.org/10.1073/pnas.96.22.12536
https://doi.org/10.1038/s41590-018-0082-6
https://doi.org/10.1007/s00430-012-0264-z
https://doi.org/10.1007/s00430-007-0066-x
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Schmiedeke et al. Mast Cell Degranulation by Cytomegalovirus

antiviral cytolytic T-lymphocyte response in pulmonary infiltrates. J. Virol. 72,

7201–7212. doi: 10.1128/JVI.72.9.7201-7212.1998

Holtappels, R., Schader, S. I., Oettel, O., Podlech, J., Seckert, C. K., Reddehase,

M. J., et al. (2020). Insufficient antigen presentation due to viral immune

evasion explains lethal cytomegalovirus organ disease after allogeneic

hematopoietic cell transplantation. Front. Cell Infect. Microbiol. 10:157.

doi: 10.3389/fcimb.2020.00157

Jurak, I., Schumacher, U., Simic, H., Voigt, S., and Brune, W. (2008). Murine

cytomegalovirus m38.5 protein inhibits Bax-mediated cell death. J. Virol. 82,

4812–4822. doi: 10.1128/JVI.02570-07

Karbowski, M., Norris, K. L., Cleland, M. M., Jeong, S. Y., and Youle, R. J. (2006).

Role of Bax and Bak in mitochondrial morphogenesis. Nature 443, 658–662.

doi: 10.1038/nature05111

King, C. A., Anderson, R., and Marshall, J. S. (2002). Dengue virus selectively

induces human mast cell chemokine production. J. Virol. 76, 8408–8419.

doi: 10.1128/JVI.76.16.8408-8419.2002

Krmpotic, A., Bubic, I., Polic, B., Lucin, P., and Jonjic, S. (2003). Pathogenesis

of murine cytomegalovirus infection. Microbes Infect. 5, 1263–1277.

doi: 10.1016/j.micinf.2003.09.007

Krystel-Whittemore, M., Dileepan, K. N., and Wood, J. G. (2016).

Mast cell: a multi-functional master cell. Front. Immunol. 6:620.

doi: 10.3389/fimmu.2015.00620

Lemmermann, N. A., Podlech, J., Seckert, C. K., Kropp, K. A., Grzimek, N. K. A.,

Reddehase, M. J., et al. (2010). “CD8T cell immunotherapy of cytomegalovirus

disease in the murine model,” in Methods in Microbiology, Vol. 37, eds

D. Kabelitz, and S. H. E. Kaufmann (London: Academic Press), 369–420.

doi: 10.1016/S0580-9517(10)37016-4

Lemmermann, N. A. W., and Reddehase, M. J. (2017). TLR3-independent

activation of mast cells by cytomegalovirus contributes to control of pulmonary

infection. Cell Mol. Immunol. 14, 479–481. doi: 10.1038/cmi.2017.23

Ma, H. T., and Beaven, M. A. (2011). Regulators of Ca(2+) signaling in mast cells:

potential targets for treatment ofmast cell-related diseases?Adv. Exp.Med. Biol.

716, 62–90. doi: 10.1007/978-1-4419-9533-9_5

Matsushima, H., Yamada, N., Matsue, H., and Shimada, S. (2004). TLR3-,

TLR7-, and TLR9-mediated production of proinflammatory cytokines and

chemokines from murine connective tissue type skin-derived mast cells

but not from bone marrow-derived mast cells. J. Immunol. 173, 531–541.

doi: 10.4049/jimmunol.173.1.531

McAlpine, S. M., Issekutz, T. B., and Marshall, J. S. (2012). Virus stimulation of

humanmast cells results in the recruitment of CD56(+) T cells by a mechanism

dependent on CCR5 ligands. FASEB J. 26, 1280–1289. doi: 10.1096/fj.11-188979

McCormick, A. L., Meiering, C. D., Smith, G. B., and Mocarski, E. S.

(2005). Mitochondrial cell death suppressors carried by human and murine

cytomegalovirus confer resistance to proteasome inhibitor-induced apoptosis.

J. Virol. 79, 12205–12217. doi: 10.1128/JVI.79.19.12205-12217.2005

Norris, K. L., and Youle, R. J. (2008). Cytomegalovirus proteins vMIA and

m38.5 link mitochondrial morphogenesis to Bcl-2 family proteins. J. Virol. 82,

6232–6243. doi: 10.1128/JVI.02710-07

Podlech, J., Ebert, S., Becker, M., Reddehase, M. J., Stassen, M., and Lemmermann,

N. A. W. (2015). Mast cells: innate attractors recruiting protective CD8T cells

to sites of cytomegalovirus infection. Med. Microbiol. Immunol. 204, 327–334.

doi: 10.1007/s00430-015-0386-1

Podlech, J., Holtappels, R., Grzimek, N. K. A., and Reddehase, M. J. (2002).

“Animal models: Murine cytomegalovirus,” in Methods in Microbiology, Vol.

32, eds D. Kabelitz, and S. H. E. Kaufmann (Hoboken: Elesevier), 493–525.

doi: 10.1016/S0580-9517(02)32103-2

Podlech, J., Holtappels, R., Pahl-Seibert, M. F., Steffens, H. P., and Reddehase,

M. J. (2000). Murine model of interstitial cytomegalovirus pneumonia in

syngeneic bone marrow transplantation: persistence of protective pulmonary

CD8-T-cell infiltrates after clearance of acute infection. J. Virol. 74, 7496–7507.

doi: 10.1128/JVI.74.16.7496-7507.2000

Podlech, J., Holtappels, R., Wirtz, N., Steffens, H. P., and Reddehase, M. J. (1998).

Reconstitution of CD8T cells is essential for the prevention of multiple-organ

cytomegalovirus histopathology after bone marrow transplantation. J. Gen.

Virol. 79, 2099–2104. doi: 10.1099/0022-1317-79-9-2099

Rawlinson, W. D., Farrell, H. E., and Barrell, B. G. (1996). Analysis of the

complete DNA sequence of murine cytomegalovirus. J. Virol. 70, 8833–8849.

doi: 10.1128/JVI.70.12.8833-8849.1996

Ray, A., and Dittel, B. N. (2010). Isolation of mouse peritoneal cavity cells. J. Vis.

Exp. 35:e1488. doi: 10.3791/1488

Reddehase, M. J. (2016). Mutual interference between cytomegalovirus and

reconstitution of protective immunity after hematopoietic cell transplantation.

Front. Immunol. 7:294. doi: 10.3389/fimmu.2016.00294

Reddehase, M. J., and Lemmermann, N. A. W. (2018). Mouse model of

cytomegalovirus disease and immunotherapy in the immunocompromised

host: predictions for medical translation that survived the “test of time.”Viruses

10:12. doi: 10.3390/v10120693

Reddehase, M. J., and Lemmermann, N. A. W. (2019). Cellular reservoirs

of latent cytomegaloviruses. Med. Microbiol. Immunol. 208, 391–403.

doi: 10.1007/s00430-019-00592-y

Rivera, J., and Gilfillan, A. M. (2006). Molecular regulation of mast cell

activation. J. Allergy Clin. Immunol. 117, 1214–1225. doi: 10.1016/j.jaci.2006.

04.015

Rodewald, H. R., and Feyerabend, T. B. (2012). Widespread immunological

functions of mast cells: fact or fiction? Immunity 37, 13–24.

doi: 10.1016/j.immuni.2012.07.007

Sacher, T., Podlech, J., Mohr, C. A., Jordan, S., Ruzsics, Z., Reddehase, M. J., et al.

(2008). The major virus-producing cell type during murine cytomegalovirus

infection, the hepatocyte, is not the source of virus dissemination

in the host. Cell Host Microbe. 3, 263–272. doi: 10.1016/j.chom.2008.

02.014

Sandig, H., and Bulfone-Paus, S. (2012). TLR signaling in mast cells: common and

unique features. Front. Immunol. 3:185. doi: 10.3389/fimmu.2012.00185

Scholten, J., Hartmann, K., Gerbaulet, A., Krieg, T., Muller, W., Testa, G., et al.

(2008). Mast cell-specific Cre/loxP-mediated recombination in vivo. Transgenic

Res. 17, 307–315. doi: 10.1007/s11248-007-9153-4

Seo, S., and Boeckh, M. (2013). “Clinical cytomegalovirus research: hematopoietic

cell transplantation,” in Cytomegaloviruses: From Molecular Pathogenesis

to Intervention, Vol. 2, eds M. J. Reddehase (Norfolk: Caister Academic

Press), 337–353.

Sharon-Friling, R., Goodhouse, J., Colberg-Poley, A. M., and Shenk, T. (2006).

Human cytomegalovirus pUL37x1 induces the release of endoplasmic

reticulum calcium stores. Proc. Natl. Acad. Sci. USA 103, 19117–19122.

doi: 10.1073/pnas.0609353103

Stassen, M., Valeva, A., Walev, I., and Schmitt, E. (2006). Activation of mast cells

by streptolysin O and lipopolysaccharide. Methods Mol. Biol. 315, 393–403.

doi: 10.1385/1-59259-967-2:393

Tischer, B. K., Smith, G. A., and Osterrieder, N. (2010). En passant mutagenesis:

a two step markerless red recombination system. Methods Mol. Biol. 634,

421–430. doi: 10.1007/978-1-60761-652-8_30

Venkatesha, R. T., Berla Thangam, E., Zaidi, A. K., and Ali, H. (2005). Distinct

regulation of C3a-induced MCP-1/CCL2 and RANTES/CCL5 production in

human mast cells by extracellular signal regulated kinase and PI3 kinase. Mol.

Immunol. 42:581–587. doi: 10.1016/j.molimm.2004.09.009

Wagner, M., Jonjic, S., Koszinowski, U. H., and Messerle, M. (1999).

Systematic excision of vector sequences from the BAC-cloned

herpesvirus genome during virus reconstitution. J. Virol. 73, 7056–7060.

doi: 10.1128/JVI.73.8.7056-7060.1999

Wernersson, S., and Pejler, G. (2014).Mast cell secretory granules: armed for battle.

Nat. Rev. Immunol. 14, 478–494. doi: 10.1038/nri3690

Yoshioka, M., Fukuishi, N., Iriguchi, S., Ohsaki, K., Yamanobe, H., Inukai, A., et al.

(2007). Lipoteichoic acid downregulates FcepsilonRI expression on human

mast cells through Toll-like receptor 2. J. Allergy Clin. Immunol. 120, 452–461.

doi: 10.1016/j.jaci.2007.03.027

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Schmiedeke, Hartmann, Ruckenbrod, Stassen, Reddehase and

Lemmermann. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10 August 2020 | Volume 10 | Article 439268

https://doi.org/10.1128/JVI.72.9.7201-7212.1998
https://doi.org/10.3389/fcimb.2020.00157
https://doi.org/10.1128/JVI.02570-07
https://doi.org/10.1038/nature05111
https://doi.org/10.1128/JVI.76.16.8408-8419.2002
https://doi.org/10.1016/j.micinf.2003.09.007
https://doi.org/10.3389/fimmu.2015.00620
https://doi.org/10.1016/S0580-9517(10)37016-4
https://doi.org/10.1038/cmi.2017.23
https://doi.org/10.1007/978-1-4419-9533-9_5
https://doi.org/10.4049/jimmunol.173.1.531
https://doi.org/10.1096/fj.11-188979
https://doi.org/10.1128/JVI.79.19.12205-12217.2005
https://doi.org/10.1128/JVI.02710-07
https://doi.org/10.1007/s00430-015-0386-1
https://doi.org/10.1016/S0580-9517(02)32103-2
https://doi.org/10.1128/JVI.74.16.7496-7507.2000
https://doi.org/10.1099/0022-1317-79-9-2099
https://doi.org/10.1128/JVI.70.12.8833-8849.1996
https://doi.org/10.3791/1488
https://doi.org/10.3389/fimmu.2016.00294
https://doi.org/10.3390/v10120693
https://doi.org/10.1007/s00430-019-00592-y
https://doi.org/10.1016/j.jaci.2006.04.015
https://doi.org/10.1016/j.immuni.2012.07.007
https://doi.org/10.1016/j.chom.2008.02.014
https://doi.org/10.3389/fimmu.2012.00185
https://doi.org/10.1007/s11248-007-9153-4
https://doi.org/10.1073/pnas.0609353103
https://doi.org/10.1385/1-59259-967-2:393
https://doi.org/10.1007/978-1-60761-652-8_30
https://doi.org/10.1016/j.molimm.2004.09.009
https://doi.org/10.1128/JVI.73.8.7056-7060.1999
https://doi.org/10.1038/nri3690
https://doi.org/10.1016/j.jaci.2007.03.027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


BRIEF RESEARCH REPORT
published: 26 August 2020

doi: 10.3389/fcimb.2020.00454

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1 August 2020 | Volume 10 | Article 454

Edited by:

Michael Nevels,

University of St Andrews,

United Kingdom

Reviewed by:

David H. Margulies,

National Institute of Allergy and

Infectious Diseases (NIH),

United States

Anne Halenius,

University of Freiburg, Germany

*Correspondence:

Niels A. Lemmermann

lemmermann@uni-mainz.de

†Present address:

Annette Fink,

Transplantation Immunology, Institute

of Immunology, Heidelberg University

Hospital, Heidelberg, Germany

Specialty section:

This article was submitted to

Virus and Host,

a section of the journal

Frontiers in Cellular and Infection

Microbiology

Received: 24 April 2020

Accepted: 23 July 2020

Published: 26 August 2020

Citation:

Becker S, Fink A, Podlech J, Giese I,

Schmiedeke JK, Bukur T,

Reddehase MJ and Lemmermann NA

(2020) Positive Role of the MHC

Class-I Antigen Presentation Regulator

m04/gp34 of Murine Cytomegalovirus

in Antiviral Protection by CD8T Cells.

Front. Cell. Infect. Microbiol. 10:454.

doi: 10.3389/fcimb.2020.00454

Positive Role of the MHC Class-I
Antigen Presentation Regulator
m04/gp34 of Murine Cytomegalovirus
in Antiviral Protection by CD8T Cells
Sara Becker 1, Annette Fink 1†, Jürgen Podlech 1, Irina Giese 2, Julia K. Schmiedeke 1,

Thomas Bukur 2, Matthias J. Reddehase 1 and Niels A. Lemmermann 1*

1 Institute for Virology, Research Center for Immunotherapy (FZI), University Medical Center of the Johannes

Gutenberg-University of Mainz, Mainz, Germany, 2 TRON - Translational Oncology, Medical Center of the Johannes

Gutenberg-University Mainz gGmbH, Mainz, Germany

Murine cytomegalovirus (mCMV) codes for MHC class-I trafficking modulators

m04/gp34, m06/gp48, and m152/gp40. By interacting with the MHC class-Iα chain,

these proteins disconnect peptide-loaded MHC class-I (pMHC-I) complexes from the

constitutive vesicular flow to the cell surface. Based on the assumption that all three

inhibit antigen presentation, and thus the recognition of infected cells by CD8T cells, they

were referred to as “immunoevasins.” Improved antigen presentation mediated by m04 in

the presence of m152 after infection with deletion mutant mCMV-1m06W, compared to

mCMV-1m04m06 expressing only m152, led us to propose renaming these molecules

“viral regulators of antigen presentation” (vRAP) to account for both negative and positive

functions. In accordance with a positive function, m04-pMHC-I complexes were found

to be displayed on the cell surface, where they are primarily known as ligands for Ly49

family natural killer (NK) cell receptors. Besides the established role of m04 in NK cell

silencing or activation, an anti-immunoevasive function by activation of CD8T cells is

conceivable, because the binding site of m04 to MHC class-Iα appears not to mask the

peptide binding site for T-cell receptor recognition. However, functional evidence was

based on mCMV-1m06W, a virus of recently doubted authenticity. Here we show that

mCMV-1m06W actually represents a mixture of an authentic m06 deletion mutant and

a mutant with an accidental additional deletion of a genome region encompassing also

gene m152. Reanalysis of previously published experiments for the authentic mutant in

the mixture confirms the previously concluded positive vRAP function of m04.

Keywords: adoptive cell transfer, antigen presentation, BAC mutagenesis, CD8T cells, immune evasion,

immunoevasin, next-generation sequencing (NGS), recombinant virus

INTRODUCTION

Human cytomegalovirus (hCMV) is the prototype member of the ß-subfamily of the herpesviruses
[for an overview, see Davison et al. (2013)]. It is a clinically relevant pathogen leading to birth
defects upon congenital infection, and it causes severe organ diseases in immunocompromised
recipients of solid organ transplantation (SOT) and of hematopoietic cell transplantation (HCT)
[for overviews, see Ho (2008), Boppana and Britt (2013), Emery et al. (2013), and Seo and Boeckh
(2013)]. Despite expression of “immunoevasins” that limit the presentation of antigenic peptides
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to T cells [for reviews, see Wiertz et al. (1997), Hengel et al.
(1998), Reddehase (2002), Doom and Hill (2008), Powers et al.
(2008), Hansen and Bouvier (2009), and Berry et al. (2019)]
unlimited viral spread and cytopathogenic tissue infection
is prevented in the immunocompetent host, accompanied
by the establishment of viral latency in certain cell types
(Elder and Sinclair, 2019; Reddehase and Lemmermann, 2019).
Reactivation to recurrent productive infection can occur when
immune surveillance wanes due to immunocompromising
conditions such as hematoablative leukemia therapy and
immunosuppressive graft-vs.-host disease (GvHD) prophylaxis
in HCT or immunosuppressive prophylaxis against graft
rejection in SOT.

As experimental approaches and studies with recombinant
viruses carrying targeted mutations for addressing mechanistic
questions are not feasible in clinical investigations, the mouse
model based on infection with murine cytomegalovirus
(mCMV) has been developed as a versatile preclinical
model. It has already provided “proof of principle” for
basic aspects of viral pathogenesis and immune control,
including cytoimmunotherapy with antiviral CD8T cells in HCT
recipients (Krmpotic et al., 2003; Reddehase, 2016; Reddehase
and Lemmermann, 2018; Renzaho et al., 2020). Although the
host species-specific CMVs differ in many genes involved in host
adaptation, co-speciation of hosts and their respective CMVs
has led to biological convergence in fundamental principles of
virus-host interaction.

Three “immune evasion” proteins encoded by mCMV have
been reported to bind to MHC class-I (MHC-I) molecules and to
thereby disconnect them from the constitutive vesicular flow of
trafficking to the cell surface in the MHC-I pathway of antigen
processing and presentation to CD8T cells (Lemmermann
et al., 2012). These include the m02-m16 gene family members
m04/gp34 (Kleijnen et al., 1997) and m06/gp48 (Reusch et al.,
1999), as well as the m145 gene family member m152/gp40
(Ziegler et al., 1997, 2000; Fink et al., 2013). As far as
analyzed, molecules of the m02-m16 gene family share a
β-sandwich immunoglobulin variable (Ig-V)-like fold (Berry
et al., 2014; Sgourakis et al., 2014, 2015), whereas members
of the m145 gene family mimic the structure of MHC-I
molecules, thus representingMHC-I-like virally encoded (MHC-
Iv) glycoproteins (Wang et al., 2012). As shown by Fink
et al. (2013), glycosylation of m152 is not required for m152
function, so that binding of the p36 isoform in the ER to
nascent peptide-loaded MHC-I (pMHC-I) complexes and to
the MHC-I-like ligand RAE-1 of the natural killer (NK) cell
receptor NKG2D is sufficient for the dual role of m152 in
inhibiting the activation of CD8T cells and NK cells, respectively
(Krmpotic et al., 2002). As concluded by implication from
studies with immune evasion gene deletion mutants of mCMV
(Wagner et al., 2002), evasion of antiviral CD8T cells leads
to enhanced and prolonged viral replication in recipients of
experimental HCT with the consequence of an elevated latent
viral genome load and increased risk of reactivation (Böhm
et al., 2009). Immune evasion proteins reduce the efficacy of
cytoimmunotherapy of mCMV infection by adoptive transfer of
antiviral CD8T cells (Krmpotic et al., 1999, 2002; Holtappels

et al., 2004). More recently, mouse models of allogeneic HCT
with immunogenetic donor-recipient mismatch in MHC-I or in
minor histocompatibility loci revealed a decisive impact of viral
immune evasion proteins on viral spread and lethal organ failure
due to extensive histopathology (Gezinir et al., 2020; Holtappels
et al., 2020). Thus, immune evasion is predictably of significant
clinical relevance in HCT patients.

Regarding the molecular mechanisms, m152 mediates the
retention of pMHC-I complexes in ER-Golgi intermediate/cis-
Golgi compartments (Ziegler et al., 1997, 2000; Janßen et al.,
2016). More recently, m152 has been identified to target the
type I interferon response by binding to STING (Stempel
et al., 2019). The closely related glycoproteins m04 and
m06 compete for pMHC-I cargo by forming complexes and
connect it to cellular adapter proteins (AP) of cargo sorting
pathways via motifs in their cytosolic tails. Specifically, m06
contains a functional di-leucine motif that links the m06-
pMHC-I complexes to AP-1A and AP-3A, eventually resulting
in lysosomal disposal (Reusch et al., 2002). Recent work has
shown that inactivation of the sorting motif by mutation does
not prevent cell surface downmodulation of MHC-I molecules
but inhibits the transition of m06-MHC-I complexes from early
endosomes to late endosomes (Fink et al., 2019). In contrast,
m04 contains a tyrosine-based AP-2 binding motif and escorts
pMHC-I complexes to the cell surface (Kleijnen et al., 1997;
Kavanagh et al., 2001; Lu et al., 2006; Fink et al., 2015) in
association with the recently discovered viral protein MATp1.
MATp1 turned out to be essential for m04-mediated MHC-
I cell surface rescue resulting in silencing of NK cells via
ligation of inhibitory Ly49 family NK cell receptors to overcome
missing-self activation (Železnjak et al., 2019). Inactivation of
the endocytic AP-2 motif was found to stabilize the complex
at the cell surface, resulting in an enhanced NK cell silencing
(Fink et al., 2015). The question remained if rescue of cell
surface expression of pMHC-I complexes by m04 or m04-
MATp1 also rescues recognition of infected cells by antiviral
CD8T cells. Although the m04 binding site to MHC-I has
not been precisely mapped yet, structural data suggest that the
peptide-binding platform is not masked (Berry et al., 2014), so
that the TCR of CD8T cells should still be able to recognize
presented antigenic peptide.

When immune evasion proteins are expressed separately in
viral mutants mCMV-1m06m152 (selectively expressing m04),
mCMV-1m04m152 (selectively expressing m06), and mCMV-
1m04m06 (selectively expressing m152), inhibition of cell
surface presentation of pMHC-I complexes ranked in the order
of m04 << m06 < m152, with actually no notable inhibition by
m04 [(Wagner et al., 2002; Holtappels et al., 2006); discussed in
Lemmermann et al. (2012)]. This finding gave a first hint to raise
doubt as to an “immune evasion” function of m04 with respect
to CD8T cells. Moreover, previous work revealed that m04
expressed in deletion mutant mCMV-1m06W (Wagner et al.,
2002) relieves the inhibition mediated by co-expressed m152 as
compared to mCMV-1m04m06 expressing only m152 (Wagner
et al., 2002; Holtappels et al., 2006). This was first shown on the
basis of MHC-I cell surface levels detected cytofluorometrically
(Wagner et al., 2002) and later extended functionally to target
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cell recognition (Holtappels et al., 2006; Pinto et al., 2006)
and to in vivo protection by adoptively transferred antiviral
CD8T cells (Holtappels et al., 2006). This positive function of
m04 prompted us to suggest the acronym “viral regulator of
antigen presentation” (vRAP) to cover both positive and negative
modulation of antigen presentation.

All conclusions based on virus mutant mCMV-1m06W,
expected to express normal levels of m152, needed to be drawn
into question, because the authenticity of this virus was doubted
based on the observation of an unexplained reduction of m152
protein expression that included all its glycosylation isoforms and
that could not be reproduced with independently generated new
mutants mCMV-1m06L1 andmCMV-1m06L2 (Fink et al., 2012,
2013; Lemmermann et al., 2012). As reduced expression of m152
relieves immune evasion, this alone might explain enhanced
antigen presentation by cells infected with virus mutant mCMV-
1m06W as compared to mutant mCMV-1m04m06 expressing
normal levels of m152. Misleadingly, genetic authenticity of
mCMV-1m06W was suggested by qualitative detection of gene
m152 in liver tissue infected with mCMV-1m06W and analyzed
by in situ hybridization (Holtappels et al., 2006). Accordingly, all
attempts to explain the reduced expression by mutations in the

m152 gene coding region, the 3
′

as well as 5
′

untranslated regions,
or the promoter region failed (unpublished own data).

As the problem not just casts doubt on our own previous
conclusion on a positive vRAP function of m04 (Holtappels et al.,
2006) but also might affect work of other groups who published
data based on mCMV-1m06W (LoPiccolo et al., 2003; Pinto
et al., 2006, 2007; Babic et al., 2010), we decided to compare
the m152 expression-deficient mutant mCMV-1m06W and the
m152 expression-sufficient mutant mCMV-1m06L by next-
generation sequencing (NGS) of the full-length viral genomes
purified from infectious virions. We identified two genomic
variants within the pool of 1m06W genomes: a small proportion
of genomes with the correct, selective deletion of gene m06 and
a majority with an additional large deletion encompassing open
reading frame (ORF) m152 and spanning ORFs m145-m158. As
implied by the growth curve ofmutantmCMV-1m06W (Wagner
et al., 2002), the large deletion does not lead to attenuated growth
in cell culture and therefore is maintained in purified virus stocks.
Mapping of the large deletion allowed us to design specific probes
for in situ hybridization distinguishing between the correct
deletion mutant mCMV-1m06 and the wrong mutant with the
additional off-target site deletion. Reanalysis of stored tissue
specimens from key experiments of the original work (Holtappels
et al., 2006) confirmed a positive vRAP function of m04 in liver
cells infected with the minority fraction of the correct m06 gene
deletion mutant present in the mixed pool.

MATERIALS AND METHODS

Cells and Viruses
High titer virus stocks of mCMVSmith sequence-derived mCMV-
WT.BAC (MW97.01, Wagner et al., 1999), mCMV-1m06W

(Wagner et al., 2002), and mCMV-1m06L (Fink et al., 2012),
were prepared from infected murine embryonic fibroblasts

(MEF) according to standard procedures (Podlech et al., 2002;
Lemmermann et al., 2010).

Purification of Viral DNA From High Titer
Virus Stocks
Viral DNA corresponding to 1× 107 plaque forming units (PFU)
was purified from a high titer virus stock by using Roche High
Pure Viral Nucleic Acid Kit (Roche) following the manufacturer’s
instruction. Viral DNA was eluted in 50 µL of elution buffer and
stored at 4◦C until use for DNA library preparation or for PCR.

NEBNext Ultra Library Preparation
In total, eight DNA libraries were prepared using NEBNext
Ultra II DNA Library Prep Kit for Illumina (NEB). As the
first step, 100 ng of viral DNA was sheared to an average
size of around 250 bp by ultrasonication. Fragments were
checked via capillary gel electrophoresis, end-repaired, A-tailed,
and Illumina-specific barcoded adapters were ligated. These
adapters also serve as annealing regions for the amplification
primers during a PCR. The libraries were checked for quantity
and quality using Bioanalyzer2100 (Agilent) and Qubit 3.0
Fluorometer (Thermo Fisher Scientific). Subsequently, the
libraries were normalized to 10 nM and pooled to be equimolar
before sequencing.

Next-Generation Sequencing on Illumina
MiSeq
Sequencing templates were immobilized on a flow cell surface
designed to present the DNA in a manner that facilitates access to
enzymes while ensuring high stability of surface-bound template
and low non-specific binding of fluorescent-labeled nucleotides.
Solid-phase amplification creates up to 1,000 identical copies of
each single template molecule in close proximity. Sequencing
by synthesis (SBS) technology uses four fluorescent-labeled
nucleotides to sequence the tens of millions of clusters on the
flow cell surface in parallel. During each sequencing cycle, a single
labeled deoxynucleotide triphosphate (dNTP) is added to the
nucleic acid chain. The nucleotide label serves as a terminator for
the extension. So, after each dNTP incorporation, the fluorescent
dye is imaged to identify the base and is then enzymatically
cleaved to allow incorporation of the next nucleotide. Since all
four reversible terminator-bound dNTPs (A, C, T, G) are present
as single separate molecules, natural competition minimizes
incorporation bias. Base calls are made directly from signal
intensity measurements during each cycle. Here, libraries have
been sequenced in four batches on an Illumina MiSeq Nano
Flow cell (2 × 150 bp, paired-end) with an average output of 1
million clusters passing filter. Each batch contained a pool of two
equimolar pooled libraries.

Analysis of Sequencing Data
Sequencing yielded between 1.40 and 1.91 million paired-end
reads (mean: 1.59 million read pairs). Reads were trimmed of
adapter sequences, filtered for read length (minimum of 15 bases
by default), and overlapping read fragments were error corrected
using Fastp (version 0.19.4; Chen et al., 2018). On average,
1.58 million read pairs were left for alignment (minimum:
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1.39 million, maximum: 1.89 million). The reads were aligned
using the Smith-Waterman alignment method implemented
in Novoalign (version 3.09.01; http://www.novocraft.com/
products/novoalign/) against the mCMV reference (RefSeq:
NC_004065.1, INSDC: U68299.1). Alignments resulted in
a mean coverage between 199.1 and 441.6 per sample on
the reference. Single nucleotide variations (SNVs) and small
insertions and deletions (INDELs) were identified using
Fisher’s Exact Test implemented in VarScan 2 (http://varscan.
sourceforge.net; Koboldt et al., 2012). SNVs and INDELs
were reported with a P-value below 0.01 for somatic calls.
We inspected larger variations from the reference genome
visually using the Integrative Genomics Viewer (version 2.4.13)
(Robinson et al., 2011).

Validation of Deletion in the m145 Region
To validate a possible deletion within the m145 region, PCR
was performed using the HotStarTaq DNA Polymerase (Qiagen)
and oligonucleotides (m145_flank_for: CACGACAGACATAC
AGAG, m145_flank_rev: GCAGACTCTGAGGACCGG) with
the following profile: 95◦C 15min; (95◦C 15 s; 50◦C 60 s;
72◦C 90 s) × 35; 72◦C 10min. For the amplification of
the potential 13 kbp-long inconsistent region, the LongRange
PCR Kit (Qiagen) was used and PCR was performed with
oligonucleotides (large_del_flk_for: GGTGAGGGGATTATG
TCCTG, large_del_flk_rev: TGGTGGTGCCCTATCCTTAC)
under the following conditions: 93◦C 3min; (93◦C 15 s; 50◦C
30 s; 68◦C 13min)× 10; (93◦C 15 s; 50◦C 30 s; 68◦C 13min with
+20 s elongation for each cycle) × 28. The PCR products were
separated on TAE agarose gel and bands of interest were cut out.
DNAwas purified with the QIAquick Gel Extraction Kit (Qiagen)
and the PCR product was sequenced by Eurofins GATC services
(Freiburg) using Sanger-Seq1_for: AGGCACGTAGCGAGGAT
GTC, Sanger-Seq2_for: GATGACGTACTCTCCCTG, Sanger-
Seq3_for: GCGGACGACCTCGTTGAG, Sanger-Seq4_for: CGT
TAACCGGGCTGCATCC.

Detection and Distinction of mCMV
Variants by in situ DNA-DNA Hybridization
Sequence-specific two-color DNA-DNA in situ hybridization
(2C-ISH) was used to detect and quantitate infected cells in liver
tissue sections. For distinguishing cells infected with different
virus variants in a mixture, variant-specific ISH probes were
generated and labeled by PCR with digoxigenin-11–dUTP or
fluorescein-12-dUTP, followed by peroxidase-conjugated anti-
digoxigenin antibody or alkaline phosphatase-conjugated anti-
fluorescein antibody for black (DAB-nickel) and red (Fuchsin)
color staining, respectively (Lemmermann et al., 2010). Primers
for probe synthesis were as follows: (mCMV m152-P), m152-
P_for: AGTTGATGTAGACCAGGCGATAC, m152-P_rev:
GCTATCACCTACTTGCTCCTCTCG. (mCMV M55/gB-
P), M55-P_for: AAGCTTGCACGTCGTAGGTAAATTGC,
M55-P_rev: CAGGATCCTCGTCTCTCGAGCTGGTACG.
(mCMV BAC-P), BAC-P_for: CACTGTTCCACTTGTATCG,
BAC-P_rev: CATGCAGCTCCCGGAGACG.

Detection and Distinction of mCMV
Variants by Immunohistochemistry
As a more sensitive alternative to 2C-ISH, two-color
immunohistochemistry (2C-IHC) was used to detect and
quantitate infected cells in liver tissue sections. For distinguishing
cells infected with different virus variants in a mixture, antibodies
specific for differentially expressed viral proteins were labeled
either with biotinylated second antibody and ABC-peroxidase
for black (DAB-nickel) staining or with alkaline phosphatase
conjugated second antibody for red (Fuchsin) staining,
essentially as described (Lemmermann et al., 2010). Monoclonal
rat antibody (clone M3D10) was used as the primary antibody in
the red staining of m152 (Ziegler et al., 2000).

Adoptive Transfer of Antiviral CD8T Cells
Stored tissue specimens from previously published adoptive
cell transfer experiments (Holtappels et al., 2006) using CD8T
cells of cytolytic T-lymphocyte (CTL) lines specific for antigenic
peptides derived from mCMV protein M45, namely peptide
507-VGPALGRGL-515 presented by the MHC-I molecule Dd

(epitope M45-Dd) and peptide 985-HGIRNASFI-993 presented
by Db (epitope M45-Db) (Gold et al., 2002; Holtappels et al.,
2009) were reanalyzed by 2C-ISH and 2C-IHC, respectively.

RESULTS

NGS Reveals a Large Deletion in
BAC-Derived mCMV-1m06W Genomes
To investigate the reason for the unexpectedly diminished m152
expression in cells infected with mCMV-1m06W (Fink et al.,
2012, 2013; Lemmermann et al., 2012) we tested the genetic
authenticity of this mutant in comparison to mCMV-WT.BAC
and the independently generated mutant mCMV-1m06L (Fink
et al., 2012) by full-length genome next-generation sequencing
(NGS) of purified virion DNA. First, we verified the deletion
of gene m06 in mCMV-1m06W (nts. 5,396–6,236; GeneBank
U68299.1; Rawlinson et al. (1996) and mCMV-1m06L (nts.
5,301–6,334) (Figure 1A). Full-length genome comparison of
mCMV-1m06L and mCMV-WT.BAC revealed no unexpected
differences between both genomes. In contrast, the sequencing
revealed a large deletion in mCMV-1m06W (Figure 1B)
spanning ≈13 kbp (nts. 204,704–217,934) encompassing 14
ORFs from m145 to m158, many of which code for MHC-Iv
glycoproteins that have been associated with modulation of host
innate and/or adaptive immunity.

Besides m152, the object of our investigation here, more
prominent examples affected by the deletion include m145 and
m155 that downmodulate NKG2D ligands MULT-1 (Krmpotic
et al., 2005) and H60 (Hasan et al., 2005), respectively, the
activatory ligand m157 of the Ly49H NK cell subset that
confers genetic resistance to mCMV by controlling early virus
replication in C57BL/6 (haplotype H-2b) mice (Arase et al.,
2002; Scalzo et al., 2003; Voigt et al., 2003; Bubić et al.,
2004; Fodil-Cornu et al., 2008), m154 that reduces the cell-
surface expression of the SLAM family member CD48 (Zarama
et al., 2014) and mediates broad-spectrum immune evasion by
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FIGURE 1 | Comparison of Illumina-sequenced viral genomes. Viral DNA was purified from stocks of viruses mCMV-WT.BAC, mCMV-1m06W, and mCMV-1m06L,

sequenced on Illumina MiSeq, and aligned to the mCMV WT reference sequence (RefSeq: NC_004065.1, INSDC: U68299.1). The Integrative Genomics Viewer was

used for visualization. Gray areas indicate matches to the reference sequence, whereas colored spots indicate SNVs or INDELs. Regions with no successful alignment

to the reference sequence are left white. Arrows represent the positions of the indicated ORFs. (A) Comparison of the viral genomes at 4.8–6.8 kbp. (B) Comparison

of the viral genomes at 203–219 kbp.

perturbing the adaptor protein-1 compartment (Strazic Geljic
et al., 2020), and m147.5 that downmodulates the co-stimulatory
molecule CD86/B7-2 on antigen-presenting cells (Loewendorf
et al., 2004). So, obviously, a phenotype of mutant virus
mCMV-1m06W cannot be attributed with any certainty to the
deletion of m06.

Notably, however, a small proportion of the annotated reads
aligned within the deleted m145 region, indicating that the
mCMV-1m06W virus stock harbors a mixture of at least two
different sets of viral genomes. The ratio of the two genomes
can be roughly estimated from the mean coverage within the
deletion (15.14 reads per base) to the mean coverage of the entire
sequence except the deletion (209.6 reads per base). This estimate
indicates that ≈10% of the genomes represent a correct m06
deletion mutant.

To confirm and more precisely map the deletion of the
m145-m158 region, we used the primer pairm145_flank_for and
m145_flank_rev for amplifying ORFm145 (Figure 2A). With the
chosen assay sensitivity, m145 could be amplified from purified
mCMV-WT.BAC and mCMV-1m06L genomes, but not from
mCMV-1m06W genomes (Figure 2B). The absence of m145
amplification in mCMV-1m06W indicated a deletion in the
m145-m158 region. To further test if themissing 13 kbp represent
a full deletion or an undesired recombination of viral or cellular
DNA fragments, we tried to amplify a fragment spanning the
potential deletion site with the primer pair large_del_flk_for
and large_del_flk_rev. In case of a full deletion, a ≈1 kbp
fragment was expected. However, we were not able to amplify
such a fragment. Therefore, we used an optimized protocol for
amplification of fragments up to 15 kbp, and this resulted in three
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fragments with sizes of ∼2.8, 4.3, and 13 kbp (Figure 2C). The
2.8 kbp fragment was identified by sequencing as a fragment of
them145-m146 region, and the 13 kbp fragment was identified as
the full-length m145-m158 region. Both fragments were derived
from the small proportion of viral genomes in the virus stock.
The 4.3 kbp PCR product, however, was identified as an irregular,
disjointed 4,295 bp fragment of the mCMV genome containing
parts of ORFs M57 and M58 (nts. 91,485–91,944) and a non-
coding intergenic sequence (nts. 94,429–95,707). The following
1,429 nts proved to be a truncated BAC vector sequence of the
parental mCMV-WT.BAC plasmid C3X (Wagner et al., 1999)
(Figure 2D).

Collectively, these data thus indicate that during the
generation of mCMV-1m06W virions an unwanted
recombination event must have taken place at some step.
This resulted in a deletion of gene region m145-m158 in the
majority of the viral genomes. Apparently, the accidental “large
deletion” mutant mCMV-1m06m145-158 was not lost from the
mixture during virus propagation, which is in accordance with
the growth curve shown in the original report (Wagner et al.,
2002) and explained by the fact that the array of deleted genes is
known to be non-essential for virus growth in cell culture.

Lack of in vivo Selection Against the
“Large Deletion” Mutant in
Immunocompromised Mice
Based on these new data we have now learned in retrospect
that our in vivo experiments performed previously with mCMV-
1m06W (Holtappels et al., 2006) were unknowingly performed
as co-infection experiments with a mixture of correct mutant
mCMV-1m06 (≈10%) expressing m04 and m152, and a mutant
mCMV-1m06m145-158 with accidental co-deletion affecting
m152 (≈90%), thus functionally resembling a 1m06m152
mutant. From previous work we have great experience in
analyzing intended co-infections with virus variants by 2C-ISH
performed with specific DNA probes to distinguish the variants
in host tissues (Grzimek et al., 1999; Holtappels et al., 2004; Cicin-
Sain et al., 2005). As a bottom-line message from these studies,
spread- and growth-competent variants rarely co-infect tissue
cells but establish separate, clonal foci of infection (Grzimek
et al., 1999; Holtappels et al., 2004), whereas a requirement for
functional complementation selects for co-infected cells (Cicin-
Sain et al., 2005).

By using hybridization probes specific for the correct
1m06 mutant carrying gene m152 (probe m152-P, red
intranuclear staining) and for mutant mCMV-1m06m145-
158 that contains BAC vector sequence (probe BAC-P, black
intranuclear staining), we reanalyzed stored liver tissue from
a previously published experiment (Holtappels et al., 2006), in
which immunocompromised, total-body γ-irradiated BALB/c
(haplotype H-2d) mice had been infected with mCMV-
1m06W. Infected liver cells, detected on day 12 after infection,
mostly represent hepatocytes, but also non-parenchymal liver
cells such as liver sinusoidal endothelial cells (LSEC) and
liver macrophages, known as Kupffer cells (Sacher et al.,

2008; Lemmermann et al., 2015). Probes m152-P and BAC-
P distinguished between liver cells infected with the correct
mutant mCMV-1m06 (clean red staining) and those infected
with mutant mCMV-1m06m145-158 (clean black staining)
(Figure 3A). Notably, cells infected with either virus remained
spatially separate in clonal foci of infection, and dually-
infected liver cells were not found. Cells infected with mCMV-
1m06m145-158 prevailed in numbers. Lack of red staining
with m152-P in cells stained black with BAC-P makes absence
of gene m152 in the “large deletion” mutant visible. As an
alternative detection strategy, probe M55/gB-P was used to
detect all infected cells by red staining, and probe BAC-P was
again used to identify cells infected with mCMV-1m06m145-
158 by black staining (Figure 3B). In this case, cells infected
with the correct 1m06 mutant can again be identified by clean
red staining, whereas cells infected with mCMV-1m06m145-
158 show up by a speckled black-red staining. Again, foci
of infection were found to be spatially separate, and cells
infected with mCMV-1m06m145-158 prevailed in numbers.
Note that the deletion of genes involved in innate immune
control has no phenotype in mice immunodepleted by γ-
irradiation. Combined, the data show independent growth
of both mutants in liver tissue of immunocompromised
mice and do not indicate an in vivo growth attenuation of
mCMV-1m06m145-158 in the absence of innate and adaptive
immune control.

Verification of m04 as a Positive vRAP by
Transfer of CTL Specific for Epitope
M45-Dd

As the viruses differ in the expression of vRAPs that regulate
antigen presentation to CD8T cells, a selection pressure was
introduced into the immunocompromised BALB/c mice by
adoptive transfer (AT) of 104 antiviral CD8T cells of a CTL
line specific for the antigenic peptide M45507-VGPALGRGL-515
that is presented by the MHC-I molecule Dd, briefly epitope
M45-Dd (Holtappels et al., 2006). Stored tissue specimens
from this published experiment were reanalyzed to either
confirm or disprove the previous conclusions. The reanalysis
was performed by 2C-ISH of liver tissue of mice infected
with viruses mCMV-WT.BAC, mCMV-1m06W, and mCMV-
1m04m06 with hybridization probes M55/gB-P (red staining)
for detection of all infected cells and BAC-P (black staining)
selectively for detection of cells infected with mutant virus
mCMV-1m06m145-158, which is only present in the virus
mixture of mCMV-1m06W (Figure 3C). Confirming previous
data (Holtappels et al., 2006), control of mCMV-WT.BAC
expressing all three vRAPs and of mCMV-1m04m06 expressing
only the strongest inhibitory vRAP m152 was poor and did
not reach statistical significance. Not unexpectedly, mCMV-
1m06m145-158 within mCMV-1m06W was controlled most
efficiently and with high statistical significance, because it lacks
both inhibitory vRAPs m06 as well as m152, so that antigen
presentation to the transferred CD8T cells is optimal. For
conclusions on a predicted function of m04 as a positive
vRAP counteracting the negative vRAP m152, the analysis
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FIGURE 2 | Mapping of the deletion in mCMV-1m06W. (A) Map of the primer design. Gray arrowheads demarcate the suspected deletion in the m145 gene family,

numbers indicate nucleotide positions in the mCMV genome. Light gray arrows represent primers flanking the site of deletion, dark gray arrows represent primers

flanking the m145 gene. Expected PCR product sizes are shown on the right side. (B) PCR products of the m145-flank PCR on an agarose gel. (C) PCR products of

the deletion-flank PCR on an agarose gel. Purified DNA from mCMV-WT.BAC, mCMV-1m06W, and mCMV-1m06L virus stocks was used as template in both (B,C).

(D) Sanger sequencing of the 4.3 kbp-sized deletion-flank PCR product in mCMV-1m06W. The PCR product was gel-purified and used for Sanger sequencing. In

total, four primers were used. Black arrows indicate their map positions. Sequences (Seq 1–4, blue lines) were aligned with the mCMV genome and the matching

regions are displayed by the boxes. The gray linker between the second and third box represents a short (11 bp) unmatched region. The lower black bar represents

the ISH probe used to identify the “large deletion” mutant mCMV-1m06m145-158 (probe BAC-P). Numbers indicate nucleotide positions in the mCMV genome.

must be restricted to cells infected with the minority fraction
of correct mCMV-1m06 in the virus mixture of mCMV-

1m06W. Importantly, control of correct mutant mCMV-1m06

that expresses m04 along with m152 was significantly more

efficient than was control of mCMV-1m04m06 expressing

m152 only.

Confirmation of m04 as a Positive vRAP by
Transfer of CTL Specific for Epitope
M45-Db

The question remained if a positive vRAP function of m04 with
respect to virus control by CD8T cells may be an exception
that applies only to antigen presentation by the MHC-I molecule
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FIGURE 3 | 2C-ISH analysis of liver infection. Reanalysis of stored liver specimens from a previously performed experiment [lung virus titers shown in Holtappels et al.

(2006), Figure 8B]. BALB/c mice were immunocompromised by γ-irradiation (6.5Gy) and infected at one footpad. Liver tissue sections were taken on day 12 after

infection (A,B) Virus spread in liver tissue. Infection was performed with 105 PFU of mCMV-1m06W, now identified to represent a mixture of correct virus

mCMV-1m06 and a “large deletion” mutant mCMV-1m06m145-158 that includes deletion of the m152 gene. (A) 2C-ISH performed with probe m152-P (red

staining) specific for mCMV-1m06 and probe BAC-P (black staining) specific for mCMV-1m06m145-158. (Center panel) overview image showing foci of infection for

both viruses in the mixture representing mCMV-1m06W. (Left panel) red-stained mCMV-1m06-infected cell resolved to greater detail. (Right panel) black-stained

mCMV-1m06m145-158-infected cell resolved to greater detail. (B) 2C-ISH performed with probe M55/gB (red staining) specific for both viruses and probe BAC-P

(black staining) specific for mCMV-1m06m145-158. (Center panel) overview image showing foci of infection for both viruses in the mixture representing

mCMV-1m06W. (Left panel) red-stained mCMV-1m06-infected cell resolved to greater detail. (Right panel) red-black speckled cells infected with

(Continued)
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FIGURE 3 | mCMV-1m06m145-158, resolved to greater detail. Frames in the overview images indicate tissue section areas resolved to greater detail in the left and

right images. Note the stained CMV-typical inclusion bodies in the nuclei of infected hepatocytes. Counterstaining was performed with hematoxylin. Bar markers:

50µm. (C) vRAP expression-dependent control of liver tissue infection with the indicated viruses on day 12 after adoptive transfer of 104 antiviral CD8T cells specific

for the viral epitope M45-Dd. 2C-ISH was performed with probes M55/gB-P (red symbols) and BAC-P (black symbols). (no AT) no adoptive transfer. (AT) adoptive

transfer. vRAPs actually expressed by the viruses as well as their proposed impact on antigen presentation (AP, arrows up or down) are indicated. Data represent

counts of infected liver cells in representative 10 mm2 tissue section areas. The dashed line indicates the detection limit of the assay, which is one infected cell per

selected counting area. Symbols represent mice tested individually. Median values are marked and connected for the groups “no AT” and “AT” to highlight the strength

of antiviral control. For statistical analysis, data were log-transformed and P-values were calculated by using the two-sided unpaired t-test with Welch’s correction of

unequal variances. P < 0.05 indicates statistical significance of the difference between “no AT” and “AT” groups. Linked data are connected by dotted lines, which

reveals a correlation between the numbers of cells infected with the correct mutant mCMV-1m06 and the “large deletion” mutant mCMV-1m06m145-158 after

infection with mCMV-1m06W.

Dd, a question raised because MATp1-dependent cell surface
expression was found to be most prominent for m04-Dd and
m04-Kb complexes and less for other MHC-I alleles as far as
analyzed (Železnjak et al., 2019). We have previously intensely
studied the antigenic peptide M45985-HGIRNASFI-993 that is
presented by the MHC-I molecule Db, briefly epitope M45-Db

(Gold et al., 2002), because it is so far the only known epitope so
poorly presented in the presence of negative vRAPs that specific
CTL completely fail to protect immunocompromised C57BL/6
mice upon adoptive cell transfer, unless vRAP m152 is deleted
(Holtappels et al., 2004). A comparison between M45-Dd and
M45-Db is particularly appealing, because both peptides are
processed from the same protein, which is a cell death inhibitor
(Brune et al., 2001; Daley-Bauer et al., 2017), so that differences
cannot be attributed to properties of the protein. As we have
shown previously, poor protection by M45-Db CTL in C57BL/6
mice compared to M45-Dd CTL in BALB/c mice relates to a very
low processing efficacy yielding only few peptide molecules per
infected cell, so that negative vRAPs can easily prevent cell surface
presentation and thus protection (Holtappels et al., 2009).

With this rationale, we also reanalyzed the previously
published control of viruses mCMV-WT.BAC, mCMV-1m06W,
and mCMV-1m04m06 in immunocompromised C57BL/6 mice
by adoptive transfer of CTL specific for epitope M45-Db

(Holtappels et al., 2006). As virus levels are generally lower in
tissues of C57BL/6 compared to BALB/c mice, we used the more
sensitive 2C-IHC for measuring differential protein expression
to distinguish between liver cells infected with the correct
mutant mCMV-1m06 that expresses m152 (black staining of
intranuclear IE1 protein and red staining of cytoplasmic m152
protein) and the “large deletion” mutant mCMV-1m06m145-
158 that lacks m152 (only black staining of IE1) in mice
infected with the virus mixture mCMV-1m06W (Figure 4). In
accordance with our previous work (Holtappels et al., 2004,
2006, 2009), viruses expressing the negative vRAPm152 were not
controlled by M45-Db CTL, whereas again m04 relieved immune
evasion by m152 expressed in liver cells infected with the correct
mutant mCMV-1m06.

DISCUSSION

Focussing first on the technical aspect of our work, we
report the worrying observation of a previously unrecognized
authenticity failure in a virus that has been widely distributed

in the community of CMV immunologists and has led to
a number of well-cited publications now to be called into
question. One may wonder why an unintended deletion of
≈13 kbp spanning 14 ORFs in mCMV-1m06W has escaped
the standard quality controls employed in the early days of
BAC mutagenesis of CMVs. According to the original report
on the panel of combinatorial immune evasion gene deletion
mutants of mCMV (Wagner et al., 2002), all recombinant
BAC plasmids were controlled for correct deletions and for
genome integrity by restriction pattern analysis, which reliably
did not reveal a ≈13 kbp deletion in recombinant BAC plasmid
p1m06 that was used to reconstitute virus mCMV-1m06W. In
addition, correct patterns of combinatorial deletions in the panel
of reconstituted viruses were tested by Western blot analysis
of immune evasion protein expression (Wagner et al., 2002)
and the expected patterns of immune evasion gene deletions
were later also confirmed by ISH with specific DNA probes
in liver tissue sections of mice infected with the respective
viruses (Holtappels et al., 2006). Seen in retrospect, it was a
mistake to not have analyzed the reconstituted virion genomic
DNA, and that Western blot analysis and ISH were performed
only qualitatively. With the knowledge of today, the seemingly
correct Western blot and ISH data obtained for mCMV-
1m06W reflected the minority fraction of correct 1m06 mutant
present in the now identified virus mixture. Given the structural
integrity of p1m06 (Wagner et al., 2002), the large deletion
must have occurred by a recombination event during virus
reconstitution and subsequent rounds of propagation in cell
culture performed to excise the BAC vector sequence from the
BAC-cloned viral genome (Wagner et al., 1999). Suspiciously,
it was just p1m06 that was constructed by using a shuttle
plasmid for recombination, whereas all other plasmids in the
combinatorial deletion panel were constructed by PCR-based en-
passant mutagenesis (Wagner et al., 2002). It remains speculative
if the difference in the construction of p1m06 relates in
any way to the later recombination event. To our knowledge,
plaque purification was performed for mCMV-1m06W, though
even a high clone probability still bears a risk of bi-clonality
based on the Poisson distribution statistics that applies to
limiting dilution approaches (Lefkovits and Waldmann, 1979).
We have in the meantime cloned a new combinatorial panel
of immune evasion gene deletion mutants of mCMV and
found a phenotype discrepancy to the “Wagner panel” only for
the mutants mCMV-1m06W and mCMV-1m06L. If the case
reported here was a rare accident or if there is reason to doubt
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FIGURE 4 | 2C-IHC analysis of liver infection. Reanalysis of stored liver specimens from a previously performed experiment [lung virus titers shown in Holtappels et al.

(2006), Figure 8A]. C57BL/6 mice were immunocompromised by γ-irradiation (7.5Gy) and infected at one footpad. Liver tissue sections were taken on day 12 after

infection. (A) Virus spread in liver tissue. Infection was performed with 105 PFU of mCMV-1m06W, now identified to represent a mixture of correct virus mCMV-1m06

and a “large deletion” mutant mCMV-1m06m145-158 that includes deletion of the m152 gene. 2C-IHC was performed to detect cytoplasmic m152 protein (red

staining) specific for mCMV-1m06 and intranuclear IE1 protein (black staining) expressed by both viruses. (Center panel) overview image showing foci of infection for

both viruses in the mixture representing mCMV-1m06W. (Left panel) detail image of cells infected with mCMV-1m06 identified by red cytoplasmic staining of m152.

(Right panel) Detail image of cells infected with mCMV-1m06m145-158 characterized by absence of red cytoplasmic staining. Counterstaining was performed with

hematoxylin. Bar markers: 50µm. (B) vRAP expression-dependent control of liver tissue infection with the indicated viruses on day 12 after adoptive transfer of 105

antiviral CD8T cells specific for the viral epitope M45-Db. 2C-IHC was performed to identify infected cells expressing m152 (red symbols) or lacking m152 (black

symbols). (no AT) no adoptive transfer. (AT) adoptive transfer. Symbols represent mice tested individually. Data represent counts of infected liver cells in representative

50 mm2 tissue section areas. For further explanation, see the legend to Figure 3.

all mutants published in the early days of CMV mutagenesis,
remains unanswered and speculative. Although the previously
published conclusion was not falsified, and thus requires no
corrigendum, this example teaches us the lesson to always
verify the authenticity of viral mutants also beyond the site
of the targeted mutation. Clearly, in modern times, NGS of
full-length viral genomes is the method of choice. Even NGS,
however, would have misled us if performed only at the stage
of recombinant BAC plasmids. Thus, the most important lesson,
in our view, is to always control genetic authenticity of the
full-length virion DNA.

Identification of mCMV-1m06W as a virus mixture,
combined with the fact that we routinely store paraffin-imbedded
organs of previously performed animal experiments in a tissue
bank, gave us the chance to reanalyze the previous experiments
performed by Holtappels et al. (2006) with focus on the correct
mutant mCMV-1m06 identified in liver tissue by 2C-ISH and
2C-IHC. These reanalyses confirmed the previous conclusion of
m04 acting as a positive vRAP in antiviral protection, verified
for two quite different pMHC-I complexes in two MHC (H-2)
haplotypes, namely two M45-derived peptides presented by Dd

and Db, respectively.
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The question may come up if this function applies to all
pMHC-I complexes made up by different antigenic peptides
and different peptide-presenting MHC-I alleles. In the original
work by Kleijnen et al. (1997) m04/gp34 was described to
form “a complex with folded class I MHC molecules in the ER
which is not retained but is transported to the cell surface.”
The authors found an allelic difference in that complexes could
be immunoprecipitated from the cell surface of mCMVSmith-
infected cells with antibodies directed against Kb, Db, Ld, and
Dd, with Kd representing an exception confirming the rule.
Accordingly, a more recent structural analysis revealed binding
of m04 to a broad range of MHC-I alleles (Berry et al., 2014).
Berry and colleagues also considered the high variability of
m04 in strains of mCMV (Corbett et al., 2007) and confirmed
binding of m04Smith, m04G4, and m04W8211 to Ld, Dk, and
Dd. A further layer of complexity is brought in by the recent
finding of allelic differences in MATp1-dependent cell surface
expression of m04-MHC-I complexes (Železnjak et al., 2019).
Actually, there is nothing unusual about allelic differences, since
they reflect the evolutionary selection pressure that has led to
MHC polymorphism.

The decisive question remained, if MHC-I still presents
antigenic peptide in the complex with m04, and, if so, if
interactions of pMHC-I with m04 and MATp1 interfere with
recognition by the TCR of CD8T cells. As to the first question,
Kleijnen et al. (1997) have already shown TAP-dependence of cell
surface expression of m04-MHC-I complexes, so that the MHC-
I molecules in the complexes are peptide-loaded. Notably, the
effect ofMATp1 on cell surface expression was particularly strong
for m04-Dd complexes, so that our data for M45-Dd imply that
neither m04 nor MATp1 interaction interfere with recognition
by CD8T cells. Finally, even if exceptions exist depending on
MHC-I allele and, possibly, virus strain variance in the m04
sequence, m04 positively regulates antiviral protection because
virus control by CD8T cells is secured redundantly by more than
one antigenic peptide presented by any of the MHC-I molecules
of a given haplotype [reviewed in Ebert et al. (2012)].

Our data also shed new light on the function of the negative
vRAP m06. As the adoptive transfer experiments show, the
positive effect of m04 on protection in the presence of just m152
is reduced by m06 co-expressed with m04 and m152 in mCMV-
WT.BAC. Thus, while m06 when expressed alone in deletion
mutant mCMV-1m04m152 has only a moderate inhibitory
effect on antigen presentation (reviewed in Lemmermann et al.,
2012), its main function might be to compete with m04 for

MHC-I cargo and thereby reduce the positive effect of m04.
Notably, it appears that this competition does not completely
abolish the positive effect of m04, as it is indicated by a
somewhat better protection against mCMV-WT.BAC compared
to mCMV-1m04m06 expressing only the main negative vRAP
m152 (Figures 3, 4). The balanced competitive effects of m04 and
m06 also explain the previously poorly understood finding that
deletion of just m152 is highly efficient in relieving virus evasion
of antiviral CD8T cells (Holtappels et al., 2004, 2009).

In conclusion, our data give new insights into the interplay
between the three vRAPs in virus control by CD8 T cells.
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Human Cytomegalovirus (HCMV) is a frequent opportunistic pathogen in

immunosuppressed patients, which can be involved in kidney allograft dysfunction

and rejection. In order to study the pathophysiology of HCMV renal diseases, we

concentrated on the impact of HCMV infection on human renal tubular epithelial HK-2

cells. Our aim was to develop a model of infection of HK-2 cells by using the viral strain

TB40/E, that contains the extended cell tropism of clinical isolates and the efficient

viral multiplication in cell culture of laboratory-adapted strains. We observed that HK-2

cells can be infected by HCMV and expressed viral antigens, but they do not produce

extracellular viral particles. We then studied the interplay of HCMV with ciliogenesis

and autophagy. Primary cilium (PC) is a stress sensor important to maintain renal

tissue homeostasis that projects from the apical side into the lumen of tubule cells.

PC formation and length were not modified by HCMV infection. Autophagy, another

stress response process critically required for normal kidney functions, was inhibited by

HCMV in HK-2 cells with a reduction in the autophagic flux. HCMV classically induces

an enlargement of infected cells in vivo and in vitro, and we observed that HCMV

infection led to an enlargement of the HK-2 cell volume. Our results constitute therefore

an excellent starting point to further explore the role of these mechanisms in renal

cells dysfunction.

Keywords: human cytomegalovirus, renal cells, autophagy, primary cilium, cellular size, cytomegaly, cytopathic

effect, polarization

INTRODUCTION

HCMV is a ubiquitous double-stranded DNA virus belonging to the Herpesviridae family. Its
name is derived from the observed enlargement of the infected cell (cytomegaly) (Mocarski et al.,
2001). Like other viruses of this family, after primary infection it establishes a latent infection
within the host, with a possibility of reactivation. Its prevalence is high in the human population
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(almost 100% of the adults in developing countries have
antibodies against HCMV). In healthful individuals, primary
infection is oftentimes asymptomatic and then a persistent
infection developed, managed by the host immune system
(Boeckh, 2011). Even though, HCMV is a major cause of
morbidity and mortality in individuals with impaired immune
systems. Transplant patients receiving immunosuppressive
chemotherapy are at an increased risk of active HCMV infection
and disease. As a result, despite antiviral preventive strategies,
HCMV infection is an important complication in individuals
receiving solid organ transplants, including kidney recipients
(Carney, 2013). Kidney transplant is the most common organ
transplant surgeries performed nowadays and HCMV infection
is a regular complication, which usually appears during the first
year after renal transplantation, notably when a seronegative
allograft recipient receives a kidney from a HCMV seropositive
donor (Morgantetti et al., 2019). The effect of HCMV on the
destiny of solid organ transplantation is significant, not only
causing grave and potentially lethal illness, but also promoting
allograft rejection, additional opportunistic infections, post-
transplant lymphoproliferative disorders, vascular disease, and
the entire patient and allograft survival (Razonable and Humar,
2013).

HCMV infection has direct and indirect effects on the
patient and the graft (López-Oliva et al., 2017). The direct
effects of HCMV are associated with viral replication and
HCMV infection/disease. HCMV is well-known to cause
tubulointerstitial nephritis with cytopathic changes in the
tubular epithelial cells and endothelial cells of peritubular
capillaries (Rane et al., 2012). HCMV glomerulopathy and
associated kidney dysfunction may occur despite prophylactic
therapy. The indirect effects have been associated with increased
morbidity (opportunistic infections such as Pneumocystis
jirovecii pneumonia and invasive aspergillosis), graft loss and
long-term mortality.

We have been working for several years on the
characterization of the interplay between HCMV and autophagy
(Chaumorcel et al., 2008, 2012; Mouna et al., 2016; Taisne et al.,
2019). Autophagy is a conserved cellular pathway involved
in cellular homeostasis maintenance and in cell survival in
response to stress. It constitutes a catabolic process through the
lysosomal pathway, leading to the degradation of long-lived
proteins and damaged organelles. In this article, we focused on
macroautophagy (hereafter referred as autophagy) during which,
a phagophore forms and sequesters cytoplasmic constituents,
including organelles. Then, the edges of the phagophore fuse
to form the autophagosome, a double membrane vesicle. The
autophagosome undergoes fusion with a lysosome to form an
autolysosome, where degradation occurs. This whole process is
tightly regulated (Esclatine et al., 2009). Briefly, under starvation,
a classical inducer of autophagy, a protein complex localized at
the forming phagophore is responsible for the production of
phosphatidylinositol 3-phosphate (PI3P), necessary for vesicle
growth. This complex is mainly formed by ATG14, BECLIN 1
and VPS34 proteins. The phagophore then elongates to fuse from
both extremities forming the autophagosome, which matures
along the endocytic pathway, finally fusing with a lysosome to

generate a degradative autolysosome. The cytoprotective role of
autophagy has been well-documented in different non-infectious
nephropathies, although the precise mechanism of autophagy
on kidney fibrosis remains elusive (Huber et al., 2012; Kaushal
and Shah, 2016). Various harmful stimuli such as renal ischemia-
reperfusion (I/R), sepsis, or exposure to nephrotoxins lead to
nutrient depletion and oxidative stress–dependent activation of
autophagy (Sureshbabu et al., 2015). Accumulating evidence in
various rodent models, such as I/R-induced, sepsis/endotoxemia-
induced, and nephrotoxin-induced acute kidney injury, strongly
suggest that autophagy generally protects the kidney from injury,
though contrasting findings have also been reported (Choi,
2019). Interestingly, it has been demonstrated that autophagy
can be induced in epithelial cells by primary cilium (PC)
activation triggered by fluid flow (Orhon et al., 2016b; Zemirli
et al., 2019). This activating pathway notably regulates epithelial
cell size. We and others have previously shown that HCMV
infection of human fibroblasts modulates autophagy and we
recently demonstrated that HCMV can block autophagosome
maturation in order to subvert the autophagic machinery to its
own profit (Mouna et al., 2016; Taisne et al., 2019). However, it
has been reported that modulation of autophagy by viruses can
be cell-type dependent.

We thus explored whether HCMV canmodulate autophagy in
renal epithelial cells and whether this regulation could contribute
to renal physiopathology in the context of HCMV infection
during kidney transplantation. We have specifically chosen to
work with HK-2 cells, an immortalized human cell line, because
HCMV only infects human cells and HK-2 cells retain functional
characteristics of proximal tubular epithelium (Ryan et al., 1994).
We observed that HK-2 cells are permissive to HCMV, although
they do not produce extracellular viral particles. In this report,
we have approached the impact of HCMV on ciliogenesis,
autophagy, and cell volume of HK-2 cells.

MATERIALS AND METHODS

Cells and Viruses
MRC-5 primary human embryonic lung fibroblasts were
purchased from Biomérieux and employed between passages 23
and 28 post-isolation. MRC-5 cells were grown in minimum
essential medium (MEM) (Gibco, 21090-055) supplemented with
10% fetal calf serum (FCS) (Gibco, 10270-106), penicillin G (100
U/ml), streptomycin sulfate (100µg/ml), l-glutamine (1%), and
non-essential amino acids (1%). Immortalized human epithelial
kidney HK-2 cells, provided by Fabiola Terzi (INEM, Paris), were
maintained in DMEM supplemented with 10% FCS, penicillin
G (100 U/ml), streptomycin sulfate (100µg/ml), EGF (Sigma,
E9644), hydrocortisone (Sigma, H0135), T3 (Sigma, T5516) and
ITS (Sigma, I3146). Human epithelial cervix cancer (HeLa,
ATCC CCL-2) cell line was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (ThermoFisher Scientific, 12-800058)
containing 10% FCS (Gibco, 10270-106). The culture media
was supplemented with penicillin/streptomycin (10,000 U/ml;
ThermoFisher Scientific, 15140122). The three cell lines were
grown at 37◦C and under a 5% CO2 atmosphere. HCMV AD169
strain was purchased from ATCC and propagated in MRC-5
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cells as described (Esclatine et al., 2001). HCMV TB40/E strain
was gently provided by Christian Sinzger (Institute for Virology,
Ulm University Medical Center) and was propagated in HUVEC
cells and them amplified in MRC-5 cells (Sinzger et al., 1999).
Experiments were performed in the context of Biosafety Level
2 laboratory.

Autophagy Modulation
All autophagic parameters and treatments were performed
as described (Mouna et al., 2016). Briefly, starvation-induced
autophagy was carried out by culturing the cells in Earle’s
Balanced Salt Solution (EBSS) (Gibco, 24010-045) for 4 h before
fixation or lysis.Where indicated, cells were treated with Spautin-
1 (20µM, Sigma-Aldrich, M9281). To inhibit autophagic flux,
cells were treated for the indicated times with chloroquine (CQ)
(50µM, Sigma-Aldrich, C6628).

Antibodies
To identify HCMV-infected cells, we used mouse monoclonal
antibodies against the viral proteins IE1 and IE2 (clone
E13; Biomérieux, 11–003). Additional primary antibodies used
included anti-ZO-1 (Zonula Occludens) (provided by Isabelle
Beau, Inserm UMR-S 1185, Le Kremlin Bicêtre, France), anti-
γ-tubulin (Santa Cruz Biotechnology, sc-10732), anti-acetylated
tubulin (Sigma-Aldrich, T7451), anti-LC3 (MBL-PM036), anti-
LC3B (Sigma L7543, used for immunoblot analysis), anti-β-actin
(Merck Millipore MAB1501 clone C4) and 4′,6-diamidino-2-
phenylindole (DAPI) (Invitrogen, D1306). Secondary antibodies
included Alexa Fluor 555 goat anti-mouse and anti-rabbit (Life
technology, A21424 – A21428), Alexa Fluor 488 goat anti-
rabbit and anti-mouse (Jacskon ImmunoResearch, 111-545-
003 and 115-545-003), Alexa Fluor 647 donkey anti-mouse
(life technology, A32787). Horseradish peroxidase (HRP)-labeled
goat anti-mouse and anti-rabbit secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories (115–
035–003, 111–035–003).

HCMV Infection and Titration
HCMV suspended in serum-free medium, or serum-free
medium alone (mock-infected) was adsorbed onto cells for
1 h at 37◦C at a multiplicity of infection (MOI) of 1. After
removing the inoculum, the cells were cultured in medium
containing 10% FCS and processed for the different assays at
the indicated times post-infection (p.i.). For viral production
analysis, viruses were adsorbed onto cells for 1 h at 37◦C. After
removal of the inoculum, infection was synchronized using
citrate buffer (40mM citric acid, 10mM KCl, 135mM NaCl,
pH = 3) to inactivate non-internalized viruses. At the indicated
times, viruses were collected from cell-free supernatants and
quantified as previously described (Mouna et al., 2016).

Immunoblot Analysis
HK-2 and MRC-5 cells were lysed in 65mM Tris, pH 6.8,
4% SDS, 1.5% β-mercaptoethanol, and incubated at 100◦C for
5min. Proteins extracts were resolved on SDS-PAGE gels (12.5%)
and transferred onto a polyvinylidene difluoride membrane
(Perkin Elmer). Membranes were blocked and probed with

primary antibodies overnight. HRP-labeled antibodies were used
as a secondary antibody, revealed using the ECL detection
system following the manufacturer’s instructions (Immobilon,
Millipore) and anti-actin was used to verify equal loadings.
Quantification of protein levels was performed using Photoshop
CS5 software (Adobe systems).

Immunofluorescence Analysis
Cell monolayers were washed with phosphate buffered saline
(PBS), fixed with 4% paraformaldehyde in PBS, permeabilized
using 0.05% Saponin in PBS, incubated for 1 h in PBS
supplemented with 5% of goat serum for blocking, and then
with the appropriate primary antibodies. The cells were washed
3 times in PBS Tween 20 0.1%, and then incubated with
appropriate secondary antibodies. Coverslips were mounted in
Glycergel (Dako, C0563) and examined using a Zeiss Axiovert
200M epifluorescence microscope (Zeiss instruments) or a Zeiss
ApoTome 2 microscope piloted with Zen software 2012 or
with a confocal Leica TCS SP5 (LAS AF version 2.6.0; laser
wavelengths 488 nm, 561 nm and 633 nm) (SFR Necker, Cell
Imaging Platform). Images were resized, organized, and labeled
using Photoshop software.

Quantification and Statistical Analysis
The number of endogenous LC3-positive dots per cell was
established using ImageJ software. Images were converted into
8-bit and brightness/contrast adjusted to increase the accuracy
of the count. A thresholding of images was performed to detect
only LC3 vesicles. Finally, the “analyse particles” plug-in was
used to quantify the number of LC3-positive dots per cell.
For each condition, at least 25 cells were analyzed in three
independent experiments.

The mean cell volume was calculated employing Imaris
software 1.47n (NIH). We used over-saturated LC3 stained
images to observe the complete cell and a Zeiss ApoTome 2
microscope to acquire the z-stack images of the cells in different
visual fields of theµ-slide. Data came out from three independent
experiments with 25 counted cells in 5 different visual fields for
each experiment. 3D reconstruction images were modeled using
Imaris Software and number of ciliated cells and the length of
cilia were quantified using the same software. For PC lengths
distribution analysis, we established two intervals of lengths (0–
1.15 and 1.16–12µm), and quantified the number of PCs, out of
150 total structures, in each interval.

Data are expressed as means ± standard error (SE) and were
analyzed with Infostat program by using Student’s t-test or two-
tailed analysis of variance (ANOVA) with Tukey’s test contrast. P
< 0.05 were considered statistically significant. Experiments were
performed a minimum of three times.

Flow Cytometry Analysis
HeLa cells were treated with CQ 50µM, or left in control
condition, for 4 h before direct analysis of the cells. These assays
were performed by using the FACSARIA-III (BD Biosciences)
equipped with 488 nm and 633 nm lasers from the Flow
Cytometry Facility of the “Facultad de Ciencias Médicas,
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FIGURE 1 | Characterization of infection of HK-2cells by HCMV. (A) Representative images of MRC-5 and HK-2 cells infected with HCMV at MOI 1 during 48 h and

immunostained for IEA (immediate-early viral antigens, in red). Two different strains, AD169 and TB40/E, were tested. Nuclei were subsequently stained with DAPI. (B)

Representative images of HK-2 cells infected with HCMV or mock-infected for 2 or 7 days, and immunostained for IEA (in white) and ZO-1 (in green) to visualize cell

polarization. Lack of polarization of HK-2 cells 24 h post plating (p.p.) is depicted (left panel). (C) Representative images of HK-2 cells infected with HCMV at MOI 1 at

different times p.p. (1 to 7 days) and immunostained for IEA (white) and the nucleus. (D) Confocal images of MRC-5 and HK-2 cells infected with HCMV for 24 h and

immunostained for IEA (red) and the nucleus. (E) Immunoblot analysis of IE1 and IE2 after HCMV infection at MOI 1 of MRC-5 or HK-2 cell lines at 1, 2, 3, or 6 days

post infection (d p.i.). Actin was used as a loading control. (F) Representative images of HK-2 cells infected with HCMV for 7 days and immunostained for IEA (left

panels). The non-diluted supernatants from infected (HCMV-sn) or from mock-infected HK-2 cells were tested on MRC5 cells in order to detect viral production by IEA

expression (right panels). Scale bars = 10µm. Three independent experiments were performed and statistical analysis was achieved as explained in the materials and

methods section.
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Universidad Nacional de Cuyo” (Argentina). Data was analyzed
using FlowJo 7.6 software.

RESULTS

HCMV Strain TB40/E Infects HK-2 Renal
Tubular Epithelial Cells
Since our studies were focused in elucidating HCMV-induced
renal pathophysiology, we used the established HK-2 cell line
of human immortalized renal tubular epithelial cells (Ryan
et al., 1994). To the best of our knowledge, only one study
has previously employed HK-2 cells to explore HCMV renal
pathogenic mechanisms (Shimamura et al., 2010). Using HCMV
TR strain, they demonstrated that infection of HK-2 cells
induced TGF-β1 production, a fibrogenic cytokine, which might
contribute to the renal fibrosis observed in the context of
infection of transplanted kidney. Nevertheless, the mechanisms
involved in renal HCMV disease remain largely undefined.
However, in this study, they observed that TR virions were not
released in the supernatant and remained cell-associated, and the
maximum titer obtained wasmuch less than in human fibroblasts
(Shimamura et al., 2010). Then, we decided to use an alternative
HCMV clinical strain, which exhibits a broad cell tropism
and is widely used for infection of endothelial and monocyte-
derived cells, named TB40/E (Sinzger et al., 1999, 2008). We
thus first investigated the permissivity of HK-2 cells to the
highly passaged fibroblast-adapted laboratory strain AD169 and
the strain TB40/E. Primary human embryonic lung fibroblasts
(MRC-5 cells), a well-established cellular system for HCMV
studies, and HK-2 cells were infected in parallel with HCMV
at a multiplicity of infection (MOI) of 1. Cells were fixed 48 h
post-infection (h p.i.), immunostained for immediate-early viral
antigens (IEA) in order to visualize infected cells, and analyzed
by epifluorescence microscopy. A large proportion of the MRC-
5 cells were positive for IEA with both viral strains (Figure 1A,
upper panels). In HK-2 cells, 13 and 30% of the cells were
positive for IEA when infected with AD169 or TB40/E strain,
respectively (Figure 1A, lower panels), showing that TB40/E
viruses were more efficient to enter HK-2 cells. We thus decided
to use TB40/E strain for the following experiments. The urinary
tract (kidney, urinary bladder) is formed by a single layer of
polarized epithelial cells. HK-2 cells start polarizing as soon
as they reach confluency over the substratum, thus mimicking
the morphology of the urinary track epithelia. We decided to
investigate both the impact of HCMV infection on polarization
and the impact of polarization on the permissiveness of HK-
2 cells to HCMV. In order to visualize HK-2 polarization, we
employed antibodies against zonula occludens protein-1 (ZO-
1), a tight junction protein (Shin et al., 2006). We observed
that HK-2 cells were completely polarized after 7 days but
the polarization process was not affected by HCMV-infection
(Figure 1B). Thus, to explore whether the virus was able to
enter the cells once polarized, HK-2 cells were seeded in sub
confluency and infected with HCMV at an MOI of 1 on day
1, 4, and 7 p.p. and we left the infection to proceed for 48 h.
Afterwards, the cells were fixed and immunostained for IEA.

As shown in Figure 1C, a greater rate of infection was obtained
when infectionwas performed on non-polarized cells (1 day p.p.),
while a decreased infectivity was observed when the infection
was performed on a polarized monolayer of cells at 7 days p.p.
Then, from now on, the infections were always done 1 day p.p.
Next, to analyze the intracellular distribution phenotype of IEA
expression in detail, we used laser scanning confocal microscopy
(LSCM). MRC-5 and HK-2 cells were infected in parallel with
HCMV and fixed at 24 h p.i., and immunostained for IEA. As
shown, a similar nuclear distribution was observed for both cell
types (Figure 1D). We also comparatively analyzed the kinetics
of IEA expression level in MRC-5 and HK-2 cells. The cells were
mock- or HCMV-infected in parallel and at 1, 2, 3, and up to 6
days p.i., the cells were lysed and the intracellular levels of IEA
were analyzed by Western blot. In MRC-5 cells, we observed
expression of IEA (IE1 & IE2) from 1 day p.i. with a decreased
accumulation at 3 days p.i., probably due to protein degradation
(Figure 1E). At 6 days p.i., cells were totally lysed by HCMV.
In HK-2 cells, we observed accumulation of both IE1 and IE2
at 2 days p.i. and a decreased expression at 6 days p.i., which
can be interpreted as a delay in the infectious cycle in HK-2
cells (Figure 1E). However, we could not detect expression of
pp28, a late tegument viral protein, classically expressed after
viral replication, suggesting that either pp28 is expressed at a low
level or the viral cycle is incomplete (data not shown). Finally,
in order to decipher whether HCMV infection of these cells
was productive (i.e., generation of viral particles), we analyzed
a 1-week long infection of HK-2 cells. Supernatants from HK-
2-infected cells were titrated using MRC-5 cells. Whereas, HK-2
cells were infected, as shown with IEA staining (Figure 1F, left
panels), we did not observe any MRC-5 cells positive for IEA,
suggesting that there was no HCMV production in HK-2 cells
after one-week (Figure 1F, right panels). Taken together, our
data demonstrated that HCMV strain TB40/E was able to enter
HK-2 cells and to express IEAs, although in a delayed kinetics
compared to MRC-5 cells, but it is incapable of propagating in
these cells.

HCMV Infection Does Not Affect
Ciliogenesis of Renal Tubular Epithelial
Cells
The primary cilium (PC), which is formed by a basal body and
an axoneme, is a microtubule-based organelle at the surface
of various cell types and is critical in maintaining tissue
homeostasis (Malicki and Johnson, 2017). In the kidney, PC
plays an important role in the maintenance of renal function
and structure. All kidney tubular epithelial cells have a PC (one
per cell). The PC protrudes from the apical surface of cells into
the lumen of tubules, detects the fluid flow and composition,
and maintains the architecture of tubule cells (Praetorius, 2015).
It has been shown that the length of the PC is dynamically
changed in cells as a result of various kidney diseases including
acute kidney injury and chronic kidney disease (Park, 2018).
We hypothesized that HCMV-infection may affect PC length in
kidney epithelial cells, leading to an impact of its function and
to viral-induced renal physiopathology. To address this question,
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FIGURE 2 | HCMV does not affect ciliogenesis of HK-2 cells. (A) SIM image of HCMV-infected polarized HK-2 cells immunostained for IEA (white), acetylated tubulin

(PC axoneme marker, green), and γ-tubulin (PC basal body marker, red). Nuclei were subsequently stained with DAPI. (B) Percentage of ciliated cells of non-infected

and infected HK-2 cells. (C) Representative 3D image of ciliated non-infected (blue nucleus) and HCMV-infected (white nucleus) HK-2 cells. The length of PC of each

cell was visualized with acetylated tubulin and γ-tubulin and measured with Imaris Software. Scale bar represents 3µm. (D) Quantification of cilia length in

non-infected and infected HK-2 cells. PC length of 150 cells per condition was measured. n.s, non-significant (Student’s t-test). (E) Visualization of every PC from

non-infected (orange) or infected (blue) cells (separately and merged) listed in increasing order. (F) PCs were separated based on their length in two categories

(0–1.15µm) and (1.16–12µm). Percentage of PC in these two categories in non-infected and infected cells. Three independent experiments were performed and

statistical analysis was achieved as explained in the materials and methods section. n.s, non-significant (Student’s t-test).

we analyzed the presence and the length of PC inHCMV-infected
HK-2 cells. We immunostained PC using antibodies against
acetylated tubulin (axoneme marker, green) and γ-tubulin (basal

bodymarker, red), and infected cells using antibodies against IEA
(white) (Figure 2). We decided to let the infection proceed for
7 days in order to assure a confluent, polarized monolayer with
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maximum ciliogenesis. The samples were analyzed by structured
illumination microscopy (SIM). As shown in Figure 2A, HCMV-
infected cells presented analogous PCs to neighboring non-
infected cells. We quantified the number of cells presenting a
PC, and we observed a similar percentage of ciliated cells in non-
infected (blue nucleus) andHCMV-infected cells (white nucleus).
Indeed, in non-infected and in HCMV-infected cells 85.5 and
79.2% of cells presented a PC, respectively (Figure 2B). Next,
to evaluate the impact of infection on the PC length, IF images
were used to highlight the PC structures in non- and HCMV-
infected cells (Figure 2C). The mean PC length of non-infected
cells, which was 2.1µm, was not significantly different of the
PC length of HCMV-infected cells (2.5µm) (Figures 2D,E). In
addition, the length distribution in both conditions was analyzed.
Since the range of PC length was extremely extended (0.1–
12µm), it might be possible that a total mean value could miss
significant differences between infected cells and non-infected
cells. To go further, we decided to arbitrarily divide our data
between “large PCs” (1.16–12µm) and “small PCs” (0–1.15mm).
As observed in Figure 2F, a slight difference in the distribution
was observed, although statistically non-significant. All these
data taken together indicate that ciliogenesis of renal tubular
epithelial cells was not affected by HCMV infection.

HCMV Inhibits the Autophagy Pathway of
Renal Cells
The interplay between HCMV and the autophagy pathway has
been extensively studied by our group and others’ [reviewed
in Lussignol and Esclatine (2017)]. In fibroblasts, HCMV first
stimulates autophagy quickly after its entry and subsequently
blocks autophagosome maturation in order to form its final
envelope (Mouna et al., 2016; Taisne et al., 2019). Because
viruses modulate autophagy differently depending of the
cell type, the impact of HCMV on autophagy was analyzed
in HK-2 cells (Figure 3). Firstly, HK-2 cells were grown
on coverslips and mock- or HCMV-infected for 48 h (non-
polarized cells) or 7 days (polarized cells). Then, the cells
were fixed and immunostained employing antibodies to LC3,
a well-established autophagosome marker (Klionsky et al.,
2016) (green) and to IEA (red) to visualize the autophagic
structures and the infected cells, respectively. As controls,
mock-infected cells were grown in EBSS, to induce autophagy by
starvation, and treated or not with Spautin-1, used to counteract
starvation-induced autophagy. Indeed, Spautin-1 constitutes
a potent and specific inhibitor of autophagosomes biogenesis
(Liu et al., 2011). The samples were analyzed by SIM and
autophagic structures (LC3 positive dots) were quantified as
described in the materials and methods section. We observed
numerous LC3-positive dots when HK-2 cells were starved
using EBSS, both in non-polarized and polarized cells, and
Spautin-1 was able to block starvation-induced autophagosome
formation. Then, HK-2 cells were HCMV-infected for 48 h
(non-polarized cells) or 7 days (polarized cells). Although
HCMV infection had almost no impact on basal autophagy,
it was able to block starvation-induced autophagy in cells
expressing IEA in non-polarized and polarized HK-2 cells

(Figures 3A,B, respectively). Interestingly, in these experiments,
we noticed that autophagy was not modulated in the neighboring
uninfected cells, confirming a direct effect of the virus on
HK2 cells. We then performed immunoblotting to detect
LC3 in HCMV-infected HK-2 cells. During autophagy, the
cytosolic LC3 form (LC3-I) undergoes a modifying process to
a phosphatidylethanolamine-conjugated form (LC3-II), which
can bind to the autophagosomal membranes (Klionsky et al.,
2016). LC3-I and LC3-II are easily separated by SDS-PAGE
because of their difference in electrophoretic mobility, and the
expression of LC3-II correlates with the level of autophagy. To
assess the autophagic flux, we used chloroquine (CQ), which
neutralized the lysosomal pH and by inhibiting endogenous
protein breakdown caused the accumulation of LC3-II in both
autophagosomes and autolysosomes (Klionsky et al., 2016).
HK-2 cells were mock- or HCMV-infected for 2 and 7 days and
when indicated, treated with CQ and/or EBSS for the last 4 h
of infection. In mock-infected cells, we observed an increase of
LC3-II expression in EBSS-treated cells (Figure 3). Moreover,
the addition of CQ led to an accumulation of LC3-II, reflecting
the autophagic flux. In HCMV-infected cells treated with EBSS,
a decrease in LC3-II expression was observed after 2 days of
infection compared with the mock-infected EBSS-induced
samples (Figure 3C). Interestingly, in HCMV-infected cells
grown in complete medium, we observed a gradual slowdown
in the autophagic flux, since the ratio between with and without
CQ conditions is lower (1.8 and 1.1 for 2 and 7 d, respectively)
compared to the one observed in the mock counterparts (3.8
and 1.2 for 2 and 7 d, respectively). At 7 d p.i. we failed to
detect IEA by immunoblot, which we attributed to the fact
that the percentage of infected-cells was too low to detect viral
protein expression by Western blot. Nevertheless, we confirmed
the infection by detection of IEA by immunofluorescence
assay (data not shown). Taken together, these data indicate
that HCMV inhibits the autophagy pathway of renal
HK-2 cells.

HCMV Induces the Enlargement of Renal
Tubular Epithelial Cells
It has been recently indicated in vitro and in vivo that
autophagy is a major regulator in the cell-volume regulation in
kidney epithelial cells under fluid flow (Orhon et al., 2016b).
They demonstrated that inhibition of autophagy leads to an
enlargement of renal epithelial cell size. Since HCMV infection
causes enlargement of the cell (cytomegaly), we hypothesized
that inhibition of autophagy by HCMV could lead to an increase
of the size of renal tubular epithelial cells. To address this
point, we used SIM to acquire the z-stack images of the cells
in different visual fields of the µ-slide (Figure 4). Then, the 3D
reconstruction images to compare the mean cell volume of non-
infected and infected HK-2 cells, 2 and 7 days p.i. (Figures 4A,B).
We observed an enlargement of infected cells at both 2 and 7 days
p.i. However, the difference in the cellular volume was statistically
significant only at 7 d p.i. Of note, a significant decrease in the cell
size was observed in non-infected cells 7 days p.i. regarding 2 days
p.i., that could be explained by the polarization process which
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FIGURE 3 | HCMV inhibits the autophagic process. (A,B) Representative images of HK-2 cells treated or not (control) with EBSS (to induce autophagy) or treated

with EBSS + Spautin 1 (to block starvation-induced autophagy). HK-2 cells were also infected with HCMV at MOI 1 (and treated with EBSS for the 4 last h of infection

or not). Cells were fixed after 2 days (A) or 7 days (B) and immunostained for LC3 (autophagosome marker, green) and IEA (viral protein, red). Nuclei were

subsequently stained with DAPI. Scale bars represent 10µm. Infected cells are marked with *. Quantification of LC3-positive dots per cell in each condition (lower

panels). In HCMV + EBSS condition, cells expressing IEA (inf.) and neighboring non-infected cells (non-inf.) were analyzed separately. *p < 0.05 (ANOVA, with a Tukey

contrast). (C,D) Immunoblot analysis of IEA and LC3-I and II in mock- or HCMV-infected HK-2 cells (2 and 7 days p.i.). Cells were treated when indicated for 4 h with

EBSS and/or chloroquine (CQ). Actin was used as a loading control. A representative Western blot is depicted and LC3-II/Actin ratio is shown below the blot.

produces a greater cellular density on the plastic substratum,
with a smaller individual cell volume as a consequence. Orhon
and collaborators demonstrated that CQ administration to mice,
which blocks the autophagic flux, resulted in increased epithelial
cell size in kidney (Orhon et al., 2016b). Thus, we used FACS,
a cellular population analysis technique, to study epithelial cell
size in response to inhibition of autophagy by CQ. For this

purpose, we decided to use human epithelial HeLa cells since
(i) they are suitable for FACS and (ii) they are more widely
used than the renal cell line to study cellular processes. As
observed in Figure 4C, we detected an enlargement of the cell
size after CQ-treatment of epithelial cells, confirming the notion
that enlargement of the cells could be related to inhibition of the
autophagic flux.
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FIGURE 4 | HCMV controls the size of HK-2 cells during infection. (A) 3D reconstruction of non-infected- and HCMV-infected HK-2 cells, 48 h and 7 d p.i., using

over-saturated LC3 staining images to observe the complete cell and Imaris Software to represent cell size. Scale bar represent 10µm (B) Bar graph showing

quantification of the mean cell volume of non-infected and infected cells. *p < 0.05 (ANOVA, with a Tukey contrast) (C) Human epithelial HeLa cells were treated for

4 h with CQ or left in control condition. Bar graphs indicating (a) size or (b) cellular complexity of cells treated with CQ or untreated (control). Representative flow

cytometry histograms showing the size (c) or cellular complexity (d) of HeLa cells treated with CQ or untreated (control). Images are representative of three

independent experiments.

DISCUSSION

Kidney transplant (KT) is the best treatment option for patients

with a end-stage chronic kidney disease increasing the duration

and quality of life for patients (Wolfe et al., 1999).Worldwide, the

number of transplants performed in the world is increasing every
year and renal allograft is the most common one. However,

post-transplant immunosuppressive drugs is inevitably
associated with opportunistic viral infections, mainly
by persistent viruses such as the members of the
Herpesviridae family. Especially, HCMV, Epstein–
Barr virus (EBV) and human herpesvirus type 6
(HHV-6) are of interest, since they can cause severe
post-transplant complications (Moal et al., 2013). Antiviral
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agents are recommanded to prevent the viral multiplication
and the appearance of clinical diseases, but they are unable
to eradicate these viruses. In this context, HCMV infection
is the most frequent complication in KT because HCMV
replicates to high rates, causing both direct effects, with viral
replication in the peripheral blood and organ damage and
indirect effects, characterized by a most frequent kidney
dysfunction and a risk of organ rejection. (De Keyzer
et al., 2011; Requião-Moura et al., 2015; López-Oliva et al.,
2017).

In this work, we used the established HK-2 cell line
of human immortalized renal tubular epithelial cells (Ryan
et al., 1994) to study host-cell interaction aspects which could
contribute to elucidating HCMV-induced renal pathophysiology.
HK-2 cells, like MDCK (canis renal-derived cell line) cells,
start polarizing as soon as they reach confluency over the
substratum, thus mimicking the morphology of the urinary
tract epithelia. Although the species of the two cell lines
are different, both renal tubule cell lines have been used
in invaluable systems for in vitro analyses of various tubule
segment-specific physiological and biochemical functions (Ng
et al., 2003; Liu et al., 2008). We observed a significant level
of infection by HCMV of HK-2 cells. But, as shown here,
the percentage of HCMV-infected cells was lower when the
infection was performed on a polarized monolayer of HK-2
cells. This result is in agreement with previous observations
made in human intestinal epithelial Caco-2 cells which mimics
enterocyte (Esclatine et al., 2000, 2001). Caco-2 cells, upon
reaching confluency, spontaneously become polarized and
differentiate to display typical morphogical and functional
features of small intestine enterocytes (Pinto et al., 1983).
In these studies, the authors demonstrated that HCMV
infection of polarized Caco-2 cells is poorly efficient because
it proceeds preferentially through the basolateral membrane
(Esclatine et al., 2000, 2001). This phenomenon is associated
with a redistribution of viral receptors to this side of the
cell during polarization. In this context, we hypothesize that,
when HK-2 cells are non-polarized, the receptors are equally
distributed all along the cellular membrane promoting HCMV
entry while they redistribute to the basolateral membrane in
polarized cells, becoming inaccessible to the virus in normal
culture conditions.

We observed here that infection of HK-2 cells by HCMV
leads to an increase in the cell size and that HCMV infection
inhibits the autophagy pathway. This can be correlated to
a recent study demonstrating a role of autophagy in the
regulation of the cell size (Orhon et al., 2016a). In this
study, the authors showed that the sensing of fluid flow
by PC induces autophagy which decreases cell volume of
epithelial renal cells. In the kidney, PC plays an important
role in the maintenance of renal function and structure
and it has been demonstrated that the length of the PC is
dynamically changed in cells as a result of various kidney
diseases (Park, 2018). Thus, we studied both ciliogenesis
and PC structure in infected cells but we observed that
neither of them was affected by the presence of the
virus. Therefore, the inhibition of autophagy and the cell

enlargement observed in HCMV-infected HK2 cells seem to
be PC-independent.

Nevertheless, we hypothesize a link between
cell enlargement and inhibition of autophagy
during HCMV infection. Indeed, using a chemical
treatment approach in human epithelial cells,
we observed that blocking autophagy with CQ
led to an increased cellular volume of the
treated cells.

The autophagy involvement in the regulation of cell size
in response to amino acid concentration fluctuation and
osmosensing has been observed by pioneering studies in
the liver (Meijer et al., 1993; Vom Dahl et al., 2003).
Moreover, several more-recent studies reported that genetic
defect of autophagy genes can lead to an increase in cell
size in various cells and tissues such as mouse embryo
fibroblasts (Jin et al., 2015), the kidney proximal tubule
(Kimura et al., 2011; Orhon et al., 2016b), the liver (Komatsu
et al., 2005; Jin et al., 2015) and the Drosophila intestine
cell size (Chang et al., 2013) strongly suggesting that the
function of autophagy in cell volume control is evolutionarily
conserved. An increase of cell volume is a frequent characteristic
observed during renal failure. Thus, mechanims allowing
the regulation of these morphogy changes could have a
crucial role in the physiopahtology of renal failure and need
to be explored.

In conclusion, our main contribution is based on the
establishment of a renal tubular epithelial model to study
HCMV-host interaction to understand the viral-induced
physiopathological effects underlying the post-kidney allograft
failure. We did a great effort to demonstrate HCMV TB40/E viral
replication/propagation but systematically failed to observe this,
so it is highly probable that HK-2 cells infection with TB40/E
is abortive. Nevertheless, the observed HCMV-dependent
autophagy inhibition and increased cell volume triggered by
the presence of the virus in the cells constitute an excellent
starting point to further explore the role of both mechanisms,
in renal cells dysfunction. Indeed, for autophagy, there is
considerable, but still unrealized, potential for translating
preclinical findings on autophagy modulation into a therapeutic
benefit for different patient populations (Rubinsztein et al.,
2012).
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Human cytomegalovirus (HCMV) is a beta herpesvirus that persists for life in the majority

of the world’s population. The persistence of HCMV in the human population is due to

the exquisite ability of herpesviruses to establish a latent infection that evades elimination

by the host immune response. How the virus moves into and out of the latent state has

been an intense area of research focus and debate. The prevailing paradigm is that the

major immediate early promoter (MIEP), which drives robust expression of the major

immediate early (MIE) transactivators, is epigenetically silenced during the establishment

of latency, and must be reactivated for the virus to exit latency and re-enter productive

replication. While it is clear that the MIEP is silenced by the association of repressive

chromatin remodeling factors and histone marks, the mechanisms by which HCMV

de-represses MIE gene expression for reactivation are less well understood. We have

identified alternative promoter elements within the MIE locus that drive a second or

delayed phase of MIE gene expression during productive infection. In the context of

reactivation in THP-1 macrophages and primary CD34+ human progenitor cells, MIE

transcripts are predominantly derived from initiation at these alternative promoters. Here

we review the mechanisms by which alternative viral promoters might tailor the control

of viral gene expression and the corresponding pattern of infection to specific cell types.

Alternative promoter control of the HCMV MIE locus increases versatility in the system

and allows the virus to tightly repress viral gene expression for latency but retain the ability

to sense and respond to cell type-specific host cues for reactivation of replication.

Keywords: cytomegalovirus, alternative promoter usage, herpesvirus, latency, reactivation, major immediate early

(MIE) promoter

Human cytomegalovirus (HCMV) is one of nine herpesviruses infecting humans. Primary HCMV
infection is typically asymptomatic. Like all herpesviruses, HCMV evades immune clearance
and establishes a life-long latent persistence (Goodrum, 2016). The latent persistence is marked
by sporadic but likely frequent and typically subclinical reactivation events. Reactivation results
in serious disease risk in those undergoing immune suppressive therapy associated with solid
organ or stem cell transplantation or intensive chemotherapy associated with cancer treatment.
In healthy adults, the cost or benefit of asymptomatic HCMV carriage is not well understood.
HCMV seropositivity is associated with increased risk for cardiovascular disease and immune

295

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.00476
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.00476&domain=pdf&date_stamp=2020-09-17
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fgoodrum@arizona.edu
https://doi.org/10.3389/fcimb.2020.00476
https://www.frontiersin.org/articles/10.3389/fcimb.2020.00476/full


Collins-McMillen et al. Cytomegalovirus Control of Reactivation

dysfunction in the aged (Streblow et al., 2008; Nikolich-
Zugich et al., 2017). However, there is also evidence that
HCMV persistence may boost immune responses to infection or
vaccination (Furman et al., 2015).

HCMV infects a diverse array of human cell types. While
the biology of HCMV infection has been most thoroughly
characterized in the context of robust productive replication in
fibroblasts, other patterns of infection are unique to other cell
types. For example, replication in epithelial cells and endothelial
cells results in a chronic or low-level smoldering infection (Jarvis
and Nelson, 2002, 2007; Adler and Sinzger, 2009). The factors
driving these different infection outcomes are currently unclear,
as the differences in viral gene expression or the manipulation
of host pathways associated with infection in these cell types
have not been systematically dissected relative to infection in
fibroblasts. The latent pattern of HCMV infection is thought to
be restricted to hematopoietic progenitors or cells of the myeloid
lineage, and has been most thoroughly characterized in CD34+
hematopoietic progenitors (HPCs) (Goodrum, 2016). The ability
of HCMV to infect and establish unique patterns of infection in
a variety of cell types is indicative of the exceptional complexity
the virus has attained through its co-evolution with its host, and
is undoubtedly key to its lifelong persistence. Cell type-specific
regulation of viral patterns of infection is a significant gap in our
understanding of HCMV persistence. In this review, we focus on
the regulation of re-expression of major immediate early genes
following reactivation.

During latency, the viral genome is maintained in the absence
of virus replication (Goodrum, 2016). Viral gene expression
associated with latency has been challenging to define due
to the heterogeneity of hematopoietic cell subpopulations.
Conventionally, herpesvirus latency has been thought to be a
silent state where viral gene expression is restricted to a limited
number of genes—the so-called latency genes. However, recent
transcriptomics studies across the herpesvirus field, suggest
a much more active and dynamic state of latency (Collins-
McMillen and Goodrum, 2017; Singh and Tscharke, 2020). In
HCMV infection of hematopoietic cells, the viral genes are
broadly expressed, but at exceptionally low levels (Cheng et al.,
2017; Shnayder et al., 2018). These findings have complicated
defining distinct latent patterns of gene expression or the use
of IE gene expression alone as an indicator of reactivation.
Nevertheless, many studies have used the relative levels of
immediate early or replicative genes (e.g., IE-86kDa, IE2-72kDa,
UL135) to latency genes (e.g., UL138, LUNA) to define the latent
state where the ratio of replicative to latent genes is greater in
replicative states than in latent states (Kim et al., 2017; Shnayder
et al., 2018; Buehler et al., 2019; Krishna et al., 2019).

In latency, viral gene expression is restricted by
chromatinization and epigenetic regulation of the viral
chromosome (Murphy et al., 2002; Reeves et al., 2005; Abraham
and Kulesza, 2013; Albright and Kalejta, 2016). Studies of
chromatin changes associated with latency and reactivation in
HCMV have primarily focused on the major immediate early
promoter (MIEP) (Woodhall et al., 2006; Groves et al., 2009).
The MIEP is a complex promoter, consisting of an enhancer
(−520 to −65 nucleotides, nt), a unique region (−780 to −610
nt), and a modulator (−1145 to −750 nt) in addition to the core

promoter (−65 to +3 nt). While the promoter is sufficient for
transcription of IE genes (Thomsen et al., 1984), the enhancer
element strongly enhances transcription (Boshart et al., 1985).
The modulator has context dependent roles, repressive to MIEP
activity in undifferentiated cells, but actively drives the MIEP in
permissive fibroblasts (Nelson et al., 1987; Lubon et al., 1989;
Shelbourn et al., 1989; Huang et al., 1996). The MIEP drives
robust expression of the major immediate early genes, UL122
and UL123, encoding a number of major immediate early
proteins, most notably the IE1-72kDa and IE2-86kDa major
transactivators. The MIEP is initially transactivated by host
transcription factors and gives rise to a common RNA precursor
that is alternatively spliced (Stenberg et al., 1985; Liu and Stinski,
1992; Collins-McMillen et al., 2018). IE1-72kDa is encoded by
exons 1-4 and IE2-86kDa is produced by an exon skipping event
and is encoded by exons 1-3 and 5. Preferential splicing results in
early accumulation of IE1, which switches at later times to favor
IE2 (Sanchez et al., 2004; Oduro et al., 2012; Lin et al., 2017).

Chromatinization and silencing of the viral genome has
been broadly studied across the herpesvirus family and plays
a uniformly critical role in silencing viral gene expression for
latency (Reeves and Sinclair, 2013; Lieberman, 2015; Cliffe
and Wilson, 2017; Hopcraft et al., 2018). In HSV-1 infection,
the genome is chromatinized as facultative heterochromatin,
which is marked by methylation of lysine 27 on histone 3
(H3K27me3). Facultative chromatin is critical to the regulation
of gene expression and is thought to be readily converted to
euchromatin to activate gene expression (Trojer and Reinberg,
2007). Therefore, facultative heterochromatin may poise the
herpesvirus genomes to readily respond to host cues for
reactivation and may contribute to low level or sporadic
gene expression during latency (Cliffe et al., 2009, 2013).
Heterochromatinization of the whole HCMV genome remains to
be fully characterized. Histone deacetylase activity reduces viral
gene expression in models for latent HCMV infection (Wright
et al., 2005; Saffert et al., 2010), corresponding to increased
association of heterochromatin protein 1 (HP1) (Murphy et al.,
2002) and the co-repressor KAP1 (Rauwel et al., 2015) with the
MIE locus to contribute to silencing the viral genome. KAP1
initiates the formation of heterochromatin by recruiting HP1a
and SETDB1 to trigger H3K9methylation. Further, the polycomb
repressive complex 2 (PRC2) increases H3K27me3 marks on
the HCMV genome in undifferentiated cell line models of
latency (Abraham and Kulesza, 2013). When PRC2 is inhibited,
H3K27me3 marks associated with the viral genome decrease and
viral gene expression increases, indicative of a role for PRC2
in chromatinization and repression of the viral genome for the
establishment of latency.

Many host factors with the potential to suppress viral gene
expression are components of PML or ND10 bodies, including
PML, Daxx, and Sp100 (Saffert and Kalejta, 2006, 2007;Woodhall
et al., 2006). While knockdown of Daxx increases IE gene
expression in THP-1 or CD34+ cells infected with the AD169
laboratory strain (Saffert and Kalejta, 2007), it fails to rescue
IE expression in cells infected with a low-passage strain (Saffert
et al., 2010) or in undifferentiated THP-1 (Wagenknecht et al.,
2015) or NTera2 (Groves and Sinclair, 2007) cells. These findings
collectively, and not surprisingly, indicate that the repression of
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gene expression for latency is multifactorial and complex. Despite
the ability of the pp71 tegument protein to stimulate viral gene
expression by antagonizing Daxx, pp71 fails to traffic to the
nucleus and degrade Daxx in cells that support latency (Saffert
et al., 2010), a restriction that is overcome by higher multiplicities
of infection or virions with high levels of pp71 (Woodhall et al.,
2006; Chaturvedi et al., 2020).

Type 1 interferon (IFN) response upregulates PML-associated
host factors and reversibly blocks IE gene expression to drive
latency in MCMV-infected endothelial cells (Dag et al., 2014). In
the context of HCMV infection, US28-mediated downregulation
of IFN responsive genes is required for latency and IFI16
stimulates IE gene expression via NFkB for reactivation (Elder
et al., 2019). In HSV-1 infection, IFI16 restricts HSV-1 gene
expression and is targeted by ICP0 for destruction to stimulate
gene expression (Orzalli et al., 2012; Merkl and Knipe, 2019).
These studies suggest a complex role for the IFN response in
contributing to latency, which is an area of important ongoing
research in the field.

SAMHD1 is a restriction factor that depletes the pool
of available dNTPs to suppress DNA polymerase processivity
and has recently been shown to restrict MIE gene expression
and replication by impeding NFkB activation in myeloid cells
(Kim et al., 2019). In primary human macrophages, HCMV
counteracts this restriction by inducing phosphorylation of
SAMHD1 (T592) via the activity of the viral protein kinase,
UL97, or activation of CDKs (Businger et al., 2019). HCMV
infection also downregulates SAMHD1 transcript and protein
levels. This viral strategy is conserved in MCMV where the M97
kinase phosphorylates SAMHD1 (Deutschmann et al., 2019).
These findings indicate a role for SAMHD1 in suppressing
replication for latency and SAMHD1 inactivation is required
for reactivation. Further, the phosphatase CDC25B and CDK1
are repressive to viral gene expression, and inhibition of CDK1
stimulates viral gene expression in the Kasumi-3 model of latency
(Pan et al., 2016). These studies collectively illustrate the complex
and multi-layered approach to silencing viral gene expression for
the establishment of latency.

While much remains to be understood about the signaling
events and coordination of repressive activities to repress viral
gene expression for latency, much less is known about how
these layers of control are unraveled for reactivation. Reactivation
necessarily depends on counteracting the strong, layered
epigenetic silencing associated with latency. The reactivation of
CMV from latency has been intimately linked to changes in
signaling and hematopoietic differentiation (Soderberg-Naucler
et al., 1997, 2001; Reeves and Compton, 2011; Huang et al., 2012;
Kew et al., 2014; Buehler et al., 2016, 2019; Crawford et al.,
2018; Forte et al., 2018; Mikell et al., 2019). Differentiation of
latently infected cells along the myeloid lineage results in the re-
expression of viral genes and reactivation (Ibanez et al., 1991;
Taylor-Wiedeman et al., 1994; Soderberg-Naucler et al., 1997,
2001; Reeves and Sinclair, 2013). The chromatin remodeling
associated with HCMV reactivation during hematopoietic
differentiation is incompletely defined compared to the silencing
events that drive latency (Reeves et al., 2005; Dupont et al.,
2019). One driver of chromatin remodeling during reactivation

is the FACT (facilitates chromatin transcription) complex, which
functions to reposition histones and to increase accessibility to
RNA polymerase. FACT is bound to the MIE locus both during
latency and following reactivation events in Kasumi 3 cells, and
is important for the re-expression of IE genes (O’Connor et al.,
2016). Other viral proteins, including UL7, UL135 and specific
isoforms of UL136, have also been shown to be required for
reactivation (Umashankar et al., 2014; Caviness et al., 2016;
Crawford et al., 2018; Rak et al., 2018;Mikell et al., 2019). HCMV-
codedmiRNAs have also emerged as important regulators of host
signaling pathways that contribute to reactivation (Mikell et al.,
2019).

Reactivation is associated with changes in the levels or
binding of host transcriptional activators to the MIE region that
stimulates reactivation (Bain et al., 2003; Liu et al., 2008; Kew
et al., 2014; O’Connor et al., 2016; Krishna et al., 2019) and
contains a high density of binding sites for host transcription
factors important in inflammation and differentiation (Collins-
McMillen et al., 2018). As an example, the CREB host
transcription factor binds to CRE sites within the MIE enhancer
and also recruits mitogen and stress activated kinases that initiate
chromatin remodeling, resulting in increased IE gene expression
in infected monocytes as they differentiate into mature dendritic
cells (Kew et al., 2014). Studies in NT2 cells differentiated with
phorbol ester treatment have defined a cooperative role for CREB
and an additional host transcription factor NF-κB in driving re-
expression of the IE genes (Liu et al., 2010; Yuan et al., 2015).
However, most, if not all, studies assessing MIE activity following
reactivation demonstrate only the accumulation of IE1 and IE2
transcripts or protein, and MIEP activity is presumed without
being definitively demonstrated.

Because the MIEP is strongly repressed during latency and

chromatinmodifications in theMIE region correlate with cellular
differentiation and the permissive state, it has been presumed that

de-repression of the MIEP is a prerequisite to re-expression of

IE genes upon reactivation (Figure 1A). Recent studies identified

MIE transcripts encoding IE1-72kDa and IE2-86kDa proteins

that have unique 5′ ends compared to those expressed from

the MIEP (Arend et al., 2016). Two alternative transcriptional
start sites were mapped within intron A of the MIE locus

and correspond to two putative promoters, intronic promoters

1 and 2 (iP1 and iP2). The first initiates 350 nucleotides

downstream/3′ of the canonical exon 1 splice donor site and

has an untranslated region of 378 nucleotides. The second
initiates 54 nucleotides upstream/5′ of the canonical exon 2 spice

acceptor site and has an untranslated region of 70 nucleotides.
Both of these transcripts lack the MIE exon 1. However, as

exon 1 is non-coding, these transcripts still support synthesis of

full-length IE1 and IE2 proteins. Intriguingly, these transcripts
accumulate late in infection following the onset of viral genome

synthesis in fibroblasts and their accumulation can be blocked

with inhibitors of viral genome synthesis (Arend et al., 2016).
The expression of these alternative MIE transcripts correlates

with the second phase of IE2 protein accumulation that occurs

late in infection of fibroblasts (Arend et al., 2016; Collins-

McMillen et al., 2019) and is consistent with continued IE gene
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FIGURE 1 | Paradigms of HCMV latency and reactivation. (A) Silencing of the MIEP is required for HCMV latency, and it has long been thought that reactivation

depends on de-repression of the MIEP for re-expression of IE genes. (B) Our recent work sheds new light on the control of MIE gene re-expression in THP-1 cell line

and CD34+ primary cell models of latency and reactivation. Specifically, it defines alternative promoters within intron A of the MIE locus that give rise to full length IE1

and IE2 proteins. The intronic promoters must also be silenced for latency, similar to the MIEP. An additional post-transcriptional/translational regulation is likely

involved, as low levels of iP2-derived transcripts are present during latency. Strikingly, reactivation stimuli in both models induce re-expression of IE1 and IE2

predominantly from the intronic promoters and to a much lesser extent, if at all, from the MIEP. The activation of the intronic promoters is regulated, at least in part, by

the host transcription factor, FOXO3a, associated with hematopoietic differentiation. Other viral and cellular factors likely contribute to regulation of the MIE

intronic promoters.

expression despite cis repression of the MIEP late in infection
(Pizzorno and Hayward, 1990; Cherrington et al., 1991; Liu
et al., 1991; Macias and Stinski, 1993; Reeves et al., 2006; Teng
et al., 2012). While the promoter sequences present in intron
A (herein referred to collectively as intronic promoters) await
fine mapping, they are capable of driving IE gene expression
outside the context of infection and from constructs containing
the entire MIE locus (enhancer to 3′ UTR) where the MIEP
core promoter (−94 to +64 relative to the transcription start
site) has been deleted (Arend et al., 2016; Hale et al., 2020).
These findings suggest that while the MIEP drives robust IE
gene expression early in infection, additional promoters drive
sustained IE gene expression late in infection and are presumably
subject to distinct regulation. It should also be noted that CTCF
binds within Intron A (+834 to 852, between iP1 and iP2) to
negatively regulate MIE gene expression (Martinez et al., 2014).
Disruption of CTCF binding increased MIE gene expression,
but conveyed only a modest replicative advantage in fibroblasts
and has not been analyzed in other contexts. The deletion of
the intronic promoters also disrupts the CTCF binding site
within intron A.

While MIE gene expression from the intronic promoters is
not required for virus replication in fibroblasts, the presence
of these alternative MIE promoters offers exciting possibilities
with regard to the control of MIE gene expression in the
context of latency and reactivation. This is particularly true
in light of findings that MIEP activity is weak in cells that
support HCMV latency, including CD34+ HPCs and CD14+

cells (Shelbourn et al., 1989; Sinclair et al., 1992), which has
precluded use of the MIEP to drive transgene expression for
gene therapy. Using the THP-1 model for latency, we have shown
that a transient burst of IE gene expression occurs immediately
following infection but is gradually silenced. Following the
stimulation of reactivation with phorbol ester, re-expression of
MIE genes is induced. The MIE transcripts expressed in this
model originate predominantly from the intronic promoters,
not the MIEP (Collins-McMillen et al., 2019). Following
reactivation of HCMV in CD34+ HPCs infected in vitro, MIE
transcripts are also predominantly derived from the intronic
promoters, and mutant viruses wherein the intronic promoters
are disrupted reactivate poorly following stimulation in infected
THP-1 or CD34+ HPCs.

These findings suggest a model whereby the MIEP is silenced
upon the establishment of latency and re-expression ofMIE genes
and reactivation of the replicative cycle requires switching to the
intronic promoters to drive MIE gene expression (Figure 1B).
At least in the contexts we have tested to date, no substantial
re-expression from the MIEP has been detected. However,
these findings do not preclude the possibility that robust
reactivation stimuli lead to re-expression from the MIEP to drive
virus replication. In a recent study by Mason and colleagues,
transcription from both the MIEP and iP2 was observed in the
THP-1 model and in CD14+ monocytes treated with phorbol
ester (Mason et al., 2020). Further, in dendritic cells derived
from either CD34+ or CD14+ cells and in CD14+-derived
macrophages stimulated with IL-1b and M-CSF, MIE transcripts
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were predominantly derived from the MIEP. These findings raise
the possibility that regulation of the MIE locus, including the
usage of various transcription factor binding sites and distinct
promoters, is cell type-specific. This level of complexity would
allow the virus to respond to multiple reactivation stimuli using
different signaling pathways. In support, the transcription factors
CREB andNF-κB, which bind theMIE enhancer region upstream
of the MIEP transcription start site, were shown to play a
cooperative role in re-initiatingMIE gene expression in NT2 cells
treated with phorbol ester (Liu et al., 2010; Yuan et al., 2015),
whereas deletion of the CREB, but not the NF-κB, binding sites
resulted in decreased MIE expression in dendritic cells (Kew
et al., 2014). It is also possible that host transcription factor
binding sites in the MIE enhancer contribute to changes in 3D
chromatin structure and the activity of other regions of the
MIE locus, such as the alternative promoters, to drive MIE re-
expression. In fact, the activator protein-1 (AP-1) transcription
factor binding site in the MIE enhancer has been recently
shown to stimulate activation of a MIE intronic promoter, in
addition to the MIEP and distal promoter (Krishna et al., 2020).
Regardless, our studies indicate an important role for the intronic
promoters in re-expression of MIE genes and in reactivation
from latency. This promoter switching mechanism provides the
versatility necessary to strongly repress the MIE gene expression
for latency, while preserving responsiveness to specific host cues
for reactivation.

Providing insight into the regulation of the intronic
promoters, intron A sequences contain consensus binding sites
for the forkhead family transcription factors. The MIE intronic
promoters can be activated by both FOXO1 and FOXO3a
members; however, FOXO3a appears to be the transcription
factor critical for reactivation (Hale et al., 2020). Mutating
FOXO binding sites in the MIE intronic promoters diminishes
reactivation of HCMV from latency in THP-1 cells or CD34+

HPCs, demonstrating a role for FOXO transcription factors
in reactivation. This is intriguing, as FOXO3a localizes to the
nucleus or is induced in myeloid progenitor cells in response to
cellular stresses and differentiation (Paik et al., 2007; Tothova
and Gilliland, 2007; Yalcin et al., 2008; Liang et al., 2016).
Further, FOXO3a expression is induced by differentiation stimuli
in THP-1 cells (Hale et al., 2020). These findings suggest a
mechanism by which the virus can sense and respond to host
cues for reactivation through FOXO3a activation of the MIE
intronic promoters.

Transcripts with alternative 5′ ends may be driven by
promiscuous initiation of transcription or alternative promoter
usage. Either mechanism serves to provide additional, context-
dependent regulation of gene expression or to expand the
limited coding potential within a viral genome. The ∼240
base pair HCMV genome is estimated to encode >165 ORFs
(Davison et al., 2003; Murphy et al., 2003a,b) and as many
as 604 non-canonical ORFs (Stern-Ginossar et al., 2012).
Over 7,000 transcriptional start sites are detected during lytic
replication, a number far exceeding the number of ORFs
that have been predicted. RNA polymerase II initiation of
HCMV transcription is pervasive (Stern-Ginossar et al., 2012;
Parida et al., 2019), with transcriptional start sites clustering

within a 20-basepair interval. This indicates that HCMV may
have regions to initiate transcription, rather than precise
transcriptional start sites (Parida et al., 2019). Some of these
start sites may produce alternative 5′ UTRs for differential
regulation of translation, affecting ribosome initiation and
progression (Mizrahi et al., 2018). Indeed, the 5′ UTRs of
MIE transcripts play important roles in regulating the efficiency
of translation and enhance translation in the context of
infection (Arend et al., 2018).

UL136 is encoded on a polycistronic locus spanning UL133-
UL138 that encodes multiple proteins important to viral latency
and reactivation. UL136 protein is not synthesized from longer
transcripts encoding UL133 or UL135 (Grainger et al., 2010;
Umashankar et al., 2011). Rather, UL136 is synthesized from
multiple viral transcripts with unique 5′ ends (Caviness et al.,
2014). These transcripts accumulate robustly in the late phase
and depend on viral genome synthesis, whereas UL133, UL135,
and UL138 are expressed with early kinetics. Unlike the MIE
transcripts, which have identical coding sequences resulting in
synthesis of either IE1-72kDa or IE2-86kDa whether derived
from theMIEP or from the intronic promoters, the nestedUL136
transcripts have unique 5′ ends that give rise to a series of unique
proteins, each with a successive truncation amino terminal end
compared to the full-length UL136 protein (Caviness et al., 2014).
The UL136 promoter has not been mapped and it is not yet clear
if UL136 transcripts arise from multiple promoters or initiation
of transcript or how they might be differentially regulated in
different contexts of infection. However, mutant viruses lacking
single or combinations of the UL136 variants have revealed
important roles for each in either stimulating or suppressing
virus replication in endothelial cells and for the establishment
of latency or reactivation from latency in CD34+ HPCs and
humanized mice (Caviness et al., 2016).

Alternative promoters play key roles in tailoring gene
expression for cell lineages, tissue types, developmental stages,
stress and differentiation (Davuluri et al., 2008). Although
not well characterized for HCMV, other herpesvirus family
members also use alternative promoters for context-dependent
regulation of gene expression. The IE transactivator, ICP27, of
Marek’s disease virus is expressed by different promoters in
both the lytic and latent contexts of infection (Strassheim et al.,
2016). Also, ORF50 of Kaposi’s Sarcoma-associated herpesvirus
(KSHV) is expressed from a series of transcripts driven by
four distinct promoters, giving rise to six differentially spliced
ORF50 transcripts, which results in multiple isoforms of the
major transactivator RTA (Wakeman et al., 2017). RTA isoforms
regulate the KSHV cascade of gene expression, each driving
distinct transactivation programs for reactivation, and exhibit
variable activity in different cell types. Finally, Epstein-Barr Virus
(EBV) uses promoter switching for its distinct transcriptional
programs for latency, and specifically the expression of the
EBNA-1 latency protein (Woisetschlaeger et al., 1990; Schaefer
et al., 1995; Nonkwelo et al., 1996; Tempera et al., 2011). The
significance of these promoter switching events to the viral
gene expression program, and how they are regulated remains
to be fully understood. However, from these limited examples,
and now the demonstration of promoter switching events in
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regulation of MIE gene expression for HCMV reactivation, it
appears that promoter switching is a prominent mechanism for
regulating gene expression for latency and reactivation.
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Tethering of viral genomes to host chromosomes has been recognized in a variety of

DNA and RNA viruses. It can occur during both the productive cycle and latent infection

and may impact viral genomes in manifold ways including their protection, localization,

transcription, replication, integration, and segregation. Tethering is typically accomplished

by dedicated viral proteins that simultaneously associate with both the viral genome

and cellular chromatin via nucleic acid, histone and/or non-histone protein interactions.

Some of the most prominent tethering proteins have been identified in DNA viruses

establishing sustained latent infections, including members of the papillomaviruses and

herpesviruses. Herpesvirus particles have linear genomes that circularize in infected cell

nuclei and usually persist as extrachromosomal episomes. In several γ-herpesviruses,

tethering facilitates the nuclear retention and faithful segregation of viral episomes

during cell division, thus contributing to persistence of these viruses in the absence of

infectious particle production. However, it has not been studied whether the genomes

of human Cytomegalovirus (hCMV), the prototypical β-herpesvirus, are tethered to host

chromosomes. Here we provide evidence by fluorescence in situ hybridization that hCMV

genomes associate with the surface of human mitotic chromosomes following infection

of both non-permissive myeloid and permissive fibroblast cells. This chromosome

association occurs at lower frequency in the absence of the immediate-early 1 (IE1)

proteins, which bind to histones and have been implicated in the maintenance of hCMV

episomes. Our findings point to a mechanism of hCMV genome maintenance through

mitosis and suggest a supporting but non-essential role of IE1 in this process.

Keywords: human herpesvirus, human cytomegalovirus, immediate-early 1, viral episome, genome maintenance,

chromatin tethering, mitotic chromosome, fluorescence in situ hybridization

INTRODUCTION

Non-covalent tethering of viral genomes to host cell chromosomes is an intriguing phenomenon
observed across an increasing number of DNA and RNA viruses (reviewed in Knipe et al., 2012;
Aydin and Schelhaas, 2016; Chiu and Sugden, 2018; Poletti and Mavilio, 2018; De Leo et al.,
2020). Sometimes the relevance of viral genome tethering has remained unclear, such as for
adenoviruses (Puvion-Dutilleul and Pichard, 1992; Schröer et al., 1997). However, a unifying
purpose of tethering appears to be persistent intranuclear infection. For some papillomaviruses
and retroviruses, tethering serves to deliver viral genomes to the nucleus upon nuclear envelope
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breakdown during mitosis (Roe et al., 1993; Lewis and Emerman,
1994; Bieniasz et al., 1995; Day et al., 1998; Pyeon et al., 2009;
Aydin et al., 2014). Tethering of pre-integration complexes
(PICs) also determines the chromosomal integration sites of
retrovirus genomes including those of Prototype Foamy Virus
(PFV) (Tobaly-Tapiero et al., 2008; Lesbats et al., 2017; Lesbats
and Parissi, 2018) and Human Immunodeficiency Virus 1
(Llano et al., 2006; Meehan et al., 2009). Papillomaviruses and
herpesviruses do not generally link their DNA covalently to the
host genome but usually persist as extrachromosomal episomes.
These viruses often depend on episome tethering to mitotic
chromosomes for segregation and partitioning of their genomes
to daughter cell nuclei during latent infection when no infectious
particles are produced (reviewed in Feeney and Parish, 2009;
Knipe et al., 2012; Aydin and Schelhaas, 2016; Chiu and Sugden,
2018; De Leo et al., 2020). Remarkably, mitotic chromosome
tethering for viral genome segregation extends to the Borna
Disease Virus (BDV), a persistent non-reverse transcribing
RNA virus (Tomonaga, 2007; Matsumoto et al., 2012; Hirai
et al., 2016). In addition to securing nuclear localization and
mitotic segregation, tethering has been implicated in defense
evasion, epigenetic programming, transcriptional regulation, and
replication dynamics of viral genomes during both latent and
productive infections (reviewed in Knipe et al., 2012; Aydin and
Schelhaas, 2016; Chiu and Sugden, 2018; Poletti and Mavilio,
2018; De Leo et al., 2020).

Human Cytomegalovirus (hCMV) is a member of the
herpesvirus family, sub-classified as a β-herpesvirus. Various
highly differentiated human cell types including primary
fibroblasts are susceptible to hCMV infection and permissive
for viral replication (reviewed in Sinzger et al., 2008a; Revello
and Gerna, 2010; Li and Kamil, 2016; Nguyen and Kamil,
2018; Gerna et al., 2019). In contrast, hCMV establishes latency
in a subset of poorly differentiated susceptible cells of the
myeloid lineage including dividing hematopoietic progenitors
(reviewed in Poole and Sinclair, 2015; Dupont and Reeves,
2016; Collins-McMillen et al., 2018; Nikitina et al., 2018; Forte
et al., 2020). As in most herpesviruses, hCMV genomes are
thought to bemaintained as extrachromosomal, covalently closed
circular episomes within latently infected cell nuclei (Bolovan-
Fritts et al., 1999). In several human and animal γ-herpesviruses,
the basic mechanisms of viral episome maintenance have been
established. The two human γ-herpesviruses, Epstein-Barr Virus
(EBV) and Kaposi’s Sarcoma-Associated Herpesvirus (KSHV),
both exhibit a chromosome tethering mechanism for episome
maintenance through latency in dividing cells (reviewed in
Chiu and Sugden, 2018; De Leo et al., 2020). In contrast,
the latent genomes of two human β-herpesviruses, human
herpesvirus 6A and 6B, appear to be maintained by chromosomal
integration at telomeres rather than non-covalent tethering,
although the latter has not been excluded (reviewed in Flamand,
2018; Aimola et al., 2020). For hCMV, it remains to be
determined whether an episome tethering mechanism exists in
latently infected cells. Likewise, it has not been studied whether
hCMV genomes are tethered to host chromosomes during
productive infection.

Viruses have evolved dedicated proteins to accomplish
chromosome tethering. Human and bovine papillomavirus
early 2 (E2) proteins, EBV nuclear antigen 1 (EBNA1),
and KSHV latency-associated nuclear antigen (LANA) are
structurally and functionally orthologous tethering proteins.
They all simultaneously bind to the genome of their respective
viruses and to host chromosomes via DNA, histone and/or non-
histone chromatin protein interactions to confer latent episome
tethering, segregation and maintenance through cell division
(reviewed in Feeney and Parish, 2009; Knipe et al., 2012; Aydin
and Schelhaas, 2016; Chiu and Sugden, 2018; De Leo et al.,
2020). LANA exhibits a C-terminal DNA binding domain that
interacts with the terminal repeats in the KSHV genome (Hellert
et al., 2015; Grant et al., 2018). To associate with host chromatin,
LANA contains N- and C-terminal chromosome binding sites,
the latter of which interacts with methyl-CpG-binding protein
2 (MECP2) (Krithivas et al., 2002; Matsumura et al., 2010).
The N-terminal amino acids 5 to 22 comprise the chromatin
tethering domain (CTD) which binds to the acidic patch formed
by histone H2A–H2B dimers on the surface of the nucleosome
core particle (Barbera et al., 2006a,b). Notably, several viral
proteins other than LANA are known or predicted to target host
chromosomes through a mechanism involving the acidic patch
on the nucleosome. A chromatin binding site in the nucleocapsid
domain of the PFV group-specific antigen (GAG), which is
a structural component of PICs, interacts with H2A–H2B at
the acidic patch and is required for chromosome tethering as
well as integration site selection of incoming subviral complexes
(Tobaly-Tapiero et al., 2008; Lesbats et al., 2017; Lesbats and
Parissi, 2018). Nucleosome targeting via core histones appears
to be conserved in the murine leukemia virus GAG protein
p12, which tethers viral PICs to mitotic chromosomes through a
mechanism complemented by chromatin binding modules from
PFV GAG, E2, and LANA (Elis et al., 2012; Wight et al., 2012,
2014; Schneider et al., 2013; Brzezinski et al., 2016a,b; Wanaguru
and Bishop, 2018; Wanaguru et al., 2018). Furthermore, the BDV
ribonucleoprotein tethers the viral genome to host chromosomes
and binds to core histones with a preference for H2A and H2B
(Matsumoto et al., 2012). Finally, hCMV IE1 associates with
mitotic chromatin via a 16 amino acid CTD located at the C-
terminus (Lafemina et al., 1989; Wilkinson et al., 1998; Reinhardt
et al., 2005). A ten amino acid nucleosome binding motif within
the IE1 CTD interacts with H2A–H2B to target the acidic patch
on the nucleosome in a way similar but not identical to LANA
(Mücke et al., 2013; Fang et al., 2016). The IE1 CTD appears to
be dispensable for hCMV replication in fibroblasts (Reinhardt
et al., 2005; Shin et al., 2012; Mücke et al., 2013). However, a CTD
containing smaller isoform of IE1 referred to as IE1 exon 4 has
been proposed to mediate replication andmaintenance of hCMV
episomes in latently infected hematopoietic progenitor cells by
binding to the terminal repeats in the viral genome (Tarrant-
Elorza et al., 2014). These findings strongly suggest that IE1might
be a tethering protein of hCMV.

Here we investigate tethering of hCMV genomes to mitotic
chromosomes in infected myeloid and fibroblast cells and a
potential role of IE1 in this process.
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METHODS

Cells and Viruses
All cell cultures were kept at 37◦C in a humidified atmosphere
containing 5% CO2. MRC-5 human primary embryonic lung
fibroblasts (Jacobs et al., 1970), obtained from the American Type
Culture Collection (CCL-171), were maintained in Dulbecco’s
modified Eagle’s medium (4.5 g/l glucose, 2mM glutamine,
3.7 g/l sodium hydrogen carbonate, 1mM sodium pyruvate)
with 10% fetal calf serum, 100 U/ml penicillin and 100µg/ml
streptomycin. The human bone marrow-derived myelogenous
leukemia cell line KG-1 (Koeffler and Golde, 1978), obtained
from John Sinclair (University of Cambridge), was maintained in
Roswell Park Memorial Institute 1,640 medium (4.5 g/l glucose,
2mM L-glutamine, 2 g/l sodium hydrogen carbonate, 1mM
sodium pyruvate) with 10% fetal calf serum, 100 U/ml penicillin
and 100µg/ml streptomycin. Cells were regularly screened for
mycoplasma contamination using a PCR assay (Uphoff and
Drexler, 2014).

The low passage hCMV strain TB40E, reconstituted from
bacterial artificial chromosome (BAC) clone TB40-BAC4
(Sinzger et al., 2008b), served as a wild-type virus (TBwt).
Mutant derivatives of TBwt expressing either no IE1 (TBdlIE1)
or IE1 with amino acids 476–491 deleted (TBIE11−475) have been
described (Mücke et al., 2013; Zalckvar et al., 2013). Cell-free
virus stocks were produced upon electroporation of MRC-5
cells with TBwt or TBIE11−475 BAC DNA, or MRC-5-derived
TetR-IE1 cells (Knoblach et al., 2011; Harwardt et al., 2016)
with TBdlIE1 BAC DNA. Titers were calculated by qPCR-based
absolute quantification of intracellular viral genome copies
following infection of MRC-5 cells as described (Krauss et al.,
2009; Knoblach et al., 2011).

Protein Analyses
Preparation of whole cell extracts, gel electrophoresis,
immunoblotting, and immunofluorescence were performed
as described (Mücke et al., 2013). The following antibodies
were used for protein detection: rabbit anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (ab9485, Abcam),
mouse anti-IE1 [ab30924 (IE1.G10), Abcam; 6E1, Santa Cruz],
mouse anti-IE1/IE2 (MAB810R, Merck Millipore), horseradish
peroxidase-conjugated goat anti-mouse (115-036-003, Dianova)
or anti-rabbit (AP156P, Merck Millipore) and Alexa Fluor
488-conjugated goat anti-mouse (A-11001, Thermo Fisher).

Fluorescence in situ Hybridization (FISH)
For hybridization probe preparation, 10 µg purified TB40-
BAC4 DNA was linearized by PacI digestion in the presence
of 5µg/ml RNase A (Sigma Aldrich). The DNA was extracted
with phenol-chloroform-isoamyl alcohol using Phase Lock Gel
Heavy tubes (Eppendorf) and precipitated overnight at −20◦C
with 2.5 volumes ≥99.8% ethanol, 0.01 volumes 3M sodium
acetate (pH 5.2) and 20 µg glycogen. The DNA was centrifuged
(20,000 × g, 30min, 4◦C), washed twice in 1ml 70% ethanol,
air-dried and dissolved in ultrapure water. Probe labeling with
ChromaTide Alexa Fluor 488-5-dUTP (Thermo Fisher) by nick
translation was conducted under light protection following

previously published protocols (Cremer et al., 2008; Solovei
and Cremer, 2010). Briefly, a 50-µl reaction mixture containing
1 µg linearized BAC DNA, 5 µl 40 U/ml DNase I (New
England Biolabs), 1.5 µl 10,000 U/ml DNA polymerase I
(E. coli) (New England Biolabs), 1.5 µl 1mM ChromaTide
Alexa Fluor 488-5-dUTP, 4 µl 0.5mM dATP/dCTP/dGTP (New
England Biolabs), 5 µl 0.1mM dTTP (New England Biolabs),
5 µl 0.1M dithiothreitol and 5 µl 10× nick translation
buffer [500mM Tris/HCl (pH 7.5), 50mM MgCl2, 0.5 mg/ml
bovine serum albumin] was prepared and incubated for 2 h
at 15◦C. The reaction was stopped by adding 1 µl 0.5M
ethylenediaminetetraacetic acid and heating for 10min at 65◦C.
Unlabeled nucleotides were removed using Mini Quick Spin
Columns (Sigma Aldrich) according to the manufacturer’s
instructions. Following overnight precipitation at −20◦C with
2.5 volumes≥99.8% ethanol, 10µg Cot-1 DNA (Thermo Fisher),
and 20 µg salmon sperm DNA (Thermo Fisher), the DNA was
centrifuged (20,000× g, 30min, 4◦C), washed twice in 1ml 70%
ethanol, air-dried, and dissolved in 12.5 µl formamide (Merck
Millipore) under shaking at 37◦C. Finally, one volume of a 20%
dextran sulfate solution in 4× saline-sodium-citrate (SSC) (1
× SSC: 15mM sodium citrate, 150mM NaCl) was added, and
shaking was continued for 10min at 37◦C to facilitate complete
dissolution. Before use, sodium dodecyl sulfate (SDS) was added
to 0.1% for increased stringency, and the hybridization mix was
centrifuged (20,000× g, 10min) to remove undissolved material.

For KG-1 infections, 5 × 106 cells were collected by
centrifugation (300× g, 10min) and mock-infected or infected
with TBwt at a multiplicity of three in the presence of
30µg/ml polybrene and with centrifugal enhancement (1,200×
g, 37◦C, 2 h). After that, cells were subjected to a brief
wash in phosphate-buffered saline (PBS), a 1-min wash in
citrate buffer [40mM citric acid/sodium citrate (pH 3.0),
10mM KCl, 135mM NaCl] and another brief PBS wash
to remove extracellular virus particles. A second round of
infection under the same conditions was conducted 24 h after
the first infection. For MRC-5 infections, (nearly) confluent
cells were mock-infected or infected with TBwt, TBdlIE1, or
TBIE11−475 at a multiplicity of three for 2 h before the inoculum
was removed.

For preparation ofmitotic chromosome spreads, cultures were
maintained overnight in fresh medium with 0.025µg/ml N-
desacetyl-N-methylocolchicine (KaryoMAX Colcemid Solution
in PBS, Thermo Fisher) to increase the number of mitotic cells.
Culture supernatants were removed and collected, cells were
trypsinized and combined with the correspondent supernatants,
and samples were centrifuged (250× g, 10min). Following a
brief wash in PBS and careful resuspension, cells were subjected
to hypotonic treatment and fixation according to published
protocols (Heller et al., 1995; Schröer et al., 1997). Cells
suspended in fixative (3:1 methanol/acetic acid) were splashed
onto precleaned glass slides using a Pasteur pipet. Samples were
air-dried and subjected to digestion with 10µg/ml RNase A in 2×
SSC for 1 h, three 5-min washes in 2× SSC and one 2-min wash
in 0.01M HCl. After that, samples were incubated for 15min in
a fresh pepsin solution (0.005% in 0.01 HCl) at 37◦C. This was
followed by a brief wash in double-distilled water, two washes in
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2× SSC and consecutive 10-min washes in 70, 80, 90, and≥99.8%
ethanol. Finally, slides were dried at 55◦C.

The hybridization reaction was started by carefully dropping
22 µl hybridization mix onto each slide. Coverslips were
subsequently applied to the slides and sealed with Fixogum
(Marabu). Samples were subjected to denaturation for 3min
at 75◦C, and to hybridization overnight at 37◦C. After that,
slides were incubated in 2× SSC until the coverslips came off.
These steps were followed by three 5-min washes in formamide
solution [50% in 2× SSC (pH 7.0)] at 42◦C, five 2-min washes
in 2×SSC at 42◦C, one 2-min wash in Tween 20 solution
(0.1% in 4× SSC) at 42◦C and one brief wash in PBS. Then,
4′,6-diamidino-2-phenylindole (DAPI) solution (0.33µg/ml in
PBS) was added for 15min. Following a brief wash in PBS,
nuclei were again treated with consecutive 70, 80, 90, and
≥99.8% ethanol washes and dried at 55◦C. Finally, slides were
mounted using SlowFade Gold (Thermo Fisher). Images were
acquired using a Leica TCS SP8 confocal microscope equipped
with a 405 nm diode laser/photomultiplier tube detector (DAPI)
and an argon laser/hybrid detector (Alexa Fluor 488). Leica
Application Suite Advanced Fluorescence 3.1.0 and Adobe
Photoshop CS6 software were used for image processing. P-
values were calculated based on unpaired, two-tailed Student’s
t-tests assuming unequal variances.

RESULTS

hCMV Genomes Colocalize With Host
Chromosomes in KG-1 Cells
A body of work has established that CD34+ hematopoietic
progenitors and cells committed to the myeloid lineage serve
as a natural reservoir of latent hCMV (reviewed in Poole and
Sinclair, 2015; Dupont and Reeves, 2016; Collins-McMillen et al.,
2018; Nikitina et al., 2018; Forte et al., 2020). Aspects of hCMV
latency have been modeled using the CD34+ myeloblastic cell
line KG-1 (Sindre et al., 2000; Poole et al., 2011; Albright and
Kalejta, 2013). KG-1 cells remain CD34+ in culture, permit
hCMV entry, maintain viral DNA over time but may not support
infectious particle production (Albright and Kalejta, 2013). We
infected KG-1 cells with hCMV (TB40E) at high multiplicity
and visualized the localization of intracellular viral DNA in
spatial relation to human mitotic (metaphase) chromosomes
by FISH and confocal microscopy. The post-infection time
points chosen in this experiment were 3 and 9 days, based on
previous observations indicating delayed nuclear translocation
of hCMV genomes in myeloid cells (Kim et al., 2016) and
maintenance of viral DNA for at least 10 days in KG-1 cells
(Albright and Kalejta, 2013). Virus-specific signals were detected
in 2.5% of analyzed interphase nuclei (n = 1299) at 3 days
post infection. At 9 days post infection, virus-specific signals
were detected in 0.7% of analyzed interphase nuclei (n =

1514). Single fluorescence signals, each likely corresponding to
one individual viral genome, were detected at the periphery of
metaphase chromosomes in hCMV-infected but not in mock-
infected mitotic cells (Figure 1 and Supplementary Figure 1A).
The colocalized viral genomes are presumably linked physically

FIGURE 1 | hCMV genome association with host mitotic chromosomes in

myeloid cells. KG-1 cells were mock-infected or infected with TBwt. After three

days following infection, metaphase spreads were prepared and subjected to

FISH using an hCMV-specific probe. Representative confocal images

(maximum projections from z-stacks of 0.3µm slices) of mitotic chromosomes

(blue) and hCMV genomes (green) are shown. The insert shows a magnified

cellular chromosome with tethered hCMV genome. More images are provided

in Supplementary Figure 1A.

to host chromosomes, since untethered episomes should be
washed away when cells subjected to hypotonic treatment are
splashed onto glass slides for metaphase spread preparation
and by the stringent washes after hybridization required for
signal specificity. The extremely low frequency of KG-1 cells
that were both mitotic and infected precluded a quantitative or
comparative analysis of viral genome tethering in this system.
Nonetheless, these results provide initial evidence for the idea
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that hCMV episomes may be tethered to host mitotic chromatin
during latent infection of human myeloid cells.

hCMV Genomes Colocalize With Host
Chromosomes in MRC-5 Cells
MRC-5 fibroblasts are highly permissive to hCMV replication
and have been widely used to study the viral productive cycle.
MRC-5 cells infected with hCMV at high multiplicity were
subjected to FISH and confocal microscopy. One to eight virus-
specific signals were detected in 94% of analyzed interphase
nuclei (n = 100) at 18 h post infection. Likewise, individual or
multiple (up to 9) fluorescent signals were detected in mitotic
cells, most of them associated with the periphery of metaphase
chromosomes referred to as “perichromatin” (Figures 2A,B
and Supplementary Figure 1B). Perichromatin exhibits a less
compact structure with loops extending outwards from the
chromosome surface (Figure 2C) and is not as efficiently stained
with DAPI compared to the highly condensed cores of mitotic
chromosomes (reviewed in Cremer et al., 2004; Fakan and Van
Driel, 2007; Cremer et al., 2015; Masiello et al., 2018; Cremer
et al., 2020). Thus, even colocalized viral genomes that appear
discrete from DAPI-stained host chromatin are likely to be
physically attached (Figures 2B,C). These findings suggest that
hCMV episomes may be tethered to host mitotic chromatin
during productive infection of human fibroblasts.

hCMV IE1 Supports Viral Genome
Colocalization With Host Chromosomes
The association of viral episomes with host chromosomes is
usually mediated by virus-encoded tethering proteins (reviewed
in Feeney and Parish, 2009; Knipe et al., 2012; Aydin and
Schelhaas, 2016; Chiu and Sugden, 2018; De Leo et al., 2020).
Previous work has shown that the hCMV IE1 protein shares
features with known tethering proteins as it binds to both viral
and mitotic cellular chromatin (Lafemina et al., 1989; Tarrant-
Elorza et al., 2014). Host chromosome association depends on a
nucleosome binding motif in the IE1 CTD (amino acids 476–
491) (Reinhardt et al., 2005; Mücke et al., 2013; Fang et al.,
2016). To study whether IE1 contributes to hCMV genome
tethering, FISH and confocal microscopy were conducted on
mitotic and interphase MRC-5 cells inoculated with equal
infectious genome equivalents of a wild-type strain (TBwt) and
two previously characterized mutant derivatives (TBdlIE1 and
TBIE11−475). TBdlIE1 is selectively deficient for IE1 expression,
and TBIE11−475 encodes a CTD-deleted IE1 (Mücke et al.,
2013; Zalckvar et al., 2013). IE11−475 accumulates with kinetics
and to levels comparable to the wild-type protein in hCMV-
infected fibroblasts (Supplementary Figure 2A) (Shin et al.,
2012; Mücke et al., 2013). However, unlike full-length IE1, the
truncated protein is unable to associate with mitotic chromatin
(Supplementary Figure 2B) (Shin et al., 2012; Mücke et al.,
2013). Viral genomes linked to the periphery of metaphase
chromosomes were observed following infection with all three
recombinant viruses. However, fewer chromosome preparations
carried at least one colocalized viral genome in infections with
TBdlIE1 (29%) compared to TBwt (64%). The difference between

TBdlIE1 and TBwt was particularly striking with regards to
three or more colocalized viral genomes per cell (3% compared
to 21%, respectively). We also observed a larger proportion of
viral genomes outside the proximity of host chromosomes in
metaphase spreads derived from TBdlIE1 compared to TBwt
infections. The average number of colocalized viral genomes
per chromosome spread was roughly 3-fold lower in TBdlIE1
compared to TBwt infections (p < 0.001) (Figure 3A). A
similar but less pronounced phenotype was observed in two
experiments with TBIE11−475. This mutant exhibited a less than
2-fold difference in the average number of colocalized viral
genomes compared to both TBwt (p ≤ 0.01) and TBdlIE1
(p < 0.001) (Figure 3A and Supplementary Figure 3). The
differences in chromosome association between TBwt, TBdlIE1,
and TBIE11−475 were not due to varying intracellular viral
genome copies as documented by very similar numbers of
virus-specific signals in interphase cells infected with the three
recombinant viruses (Figure 3B).

These results demonstrate that IE1 is not required for
the association of hCMV genomes with host chromosomes.
However, IE1 appears to serve a supportive role in putative
viral episome tethering via both CTD-dependent and CTD-
independent mechanisms.

DISCUSSION

The results from this study demonstrate for the first time that
hCMV genomes associate with host chromosomes in both non-
permissive KG-1 as well as permissive MRC-5 cells. We have
not examined whether our findings extend to cell types beyond
those two and to virus strains other than TB40E. However, it
would not be surprising if the observations from this initial
study were more generally relevant. Our results are suggestive
of a tethering mechanism that supports the maintenance of at
least some hCMV episomes during latent infection and may also
benefit the viral productive cycle.

FISH on mitotic chromosome spreads is considered the gold
standard to examine viral episome tethering (reviewed in Feeney
and Parish, 2009; Knipe et al., 2012; Aydin and Schelhaas, 2016;
Chiu and Sugden, 2018; De Leo et al., 2020). The significant
shearing forces during chromosome spreading and the stringent
washing steps following hybridization should remove untethered
viral genomes from the FISH samples. Thus, almost all viral
signals observed on the metaphase spreads should correspond
to hCMV genomes linked physically to host chromosomes.
Nonetheless, we are aware that FISH does not formally
demonstrate this physical interaction. To our knowledge, there is
no established biochemical method that could be used to confirm
a physical association between mitotic chromosomes and viral
episomes. Chromosome conformation capture (3C) methods
would be an option to examine interactions between viral and
cellular chromatin in interphase cells, especially if the interacting
DNA sequences were known. However, 3C on rare populations
of infected mitotic cells may not be feasible.

Interestingly, hCMV genomes appear to localize exclusively
to the periphery of human chromosomes. Targeting of
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FIGURE 2 | hCMV genome association with host mitotic chromosomes in fibroblasts. MRC-5 cells were mock-infected or infected with TBwt. After three days

following infection, metaphase spreads were prepared, and subjected to FISH using an hCMV-specific probe. (A) Representative confocal images (maximum

projections from z-stacks of 0.3µm slices) of mitotic chromosomes (blue) and hCMV genomes (green) are shown. More images are provided in

Supplementary Figure 1B. (B) Representative three-dimensional reconstructions of magnified cellular chromosomes with hCMV genomes attached to

perichromatin. (C) Illustration of a viral episome associated with perichromatin loops extending from condensed chromatin. Histones are not depicted. Blue, host

DNA; green, viral episome; red, tethering proteins.

viral episomes to the chromosome surface referred to as
perichromatin was previously reported in latent EBV and
KSHV infections (Deutsch et al., 2010; Rahayu et al., 2016).
Perichromatin spreads along the interface between highly
condensed chromatin domains, which may be inaccessible
for larger macromolecular aggregates, and interchromatin

channels. It is characterized by a less condensed structure and
functional importance as a major site of chromatin modification,
transcriptional activity, DNA replication, and DNA repair
(reviewed in Cremer et al., 2004; Fakan and Van Driel, 2007;
Cremer et al., 2015; Masiello et al., 2018; Cremer et al.,
2020). The nuclear localization and perichromatin association
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FIGURE 3 | hCMV IE1 and the IE1 CTD promote viral genome association with host mitotic chromosomes. MRC-5 cells were mock-infected or infected with hCMV

(TBwt and TBIE11−475) for 18 or 42 h (TBdlIE1). (A) Metaphase spreads were prepared and subjected to FISH using an hCMV-specific probe. The number of

hCMV-specific signals colocalized with human chromosomes per metaphase spread from 100 (mock), 119 (TBwt), 146 (TBdlIE1), or 182 (TBIE11−475) mitotic cells

was counted, and results are presented as percentage of spreads with 0–≥4 signals and as average number of signals per cell +/- standard error of the mean

(numbers below pie charts). Two representative confocal images (maximum projections from z-stacks of 0.3µm slices) of mitotic chromosomes (blue) and hCMV

genomes (green) from each infection are shown. The insert shows a magnified cellular chromosome tip with attached hCMV genomes from a three-dimensional

reconstruction. More images are provided in Supplementary Figure 1B. (B) Representative confocal images of interphase nuclei from the infections in (A) are shown.

hCMV-specific signals counted from 100 interphase nuclei of each infection are represented as average number of signals per cell +/- standard error of the mean.

conferred by chromosome tethering protects viral genomes
from cytoplasmic sensing and provides opportunities for
epigenetic programming, transcriptional regulation as well as
DNA replication and/or segregation.

It has been proposed that a short IE1 isoform referred to
as IE1 exon 4 may serve as a tethering protein for hCMV

episomes (Tarrant-Elorza et al., 2014). IE1 exon 4 facilitates
hCMV genome replication and maintenance in latently infected
cells by a mechanism that depends on both the acidic domain
and the CTD (Figure 4A). In contrast to other viral tethering
proteins including E2, EBNA1, and LANA, there is no evidence
for a DNA binding domain in IE1. Instead, the acidic domain
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FIGURE 4 | Models of IE1 function in hCMV genome tethering. (A) Model proposed by Tarrant-Elorza et al. (2014) based on interactions of IE1 with Sp1 and

H2A–H2B. (B) Alternative model based on interactions of IE1 with itself and H2A–H2B. (C) Hypothetical hCMV “episome body” (green circle) composed of IE1 and

multiple unknown proteins that might include the IE1 interacting proteins PML, STAT2, and/or STAT3 and chromatin-associated hCMV proteins other than IE1. The

tethering phenotype of wild-type and mutant viruses predicted for each model is indicated by +++ (full activity), ++ (slightly reduced activity), + (severely reduced

activity), – (no activity). Note that only the model shown in (C) is compatible with the results presented in this study. AD, acidic domain; Core, core domain; SUMO,

small ubiquitin-like modifier; TR, terminal repeats.

in IE1 appears to associate with the viral genome indirectly via
the cellular transcription factor SP1 which binds to the terminal
repeats, while the CTD interacts with the acidic patch formed
by H2A–H2B on the nucleosome surface (Mücke et al., 2013;
Tarrant-Elorza et al., 2014; Fang et al., 2016). It has also been
shown that IE1 forms homodimers (Scherer et al., 2014; Klingl
et al., 2015). Thus, simultaneous binding to both histones in
viral as well as cellular chromatin to mediate tethering appears
feasible, not least because hCMV genomes form nucleosomes in
infected cell nuclei (Figure 4B) (Nitzsche et al., 2008; Zalckvar
et al., 2013).

To our surprise, the genomes of a mutant virus (TBdlIE1)
that neither expresses canonical IE1 nor any of its smaller
isoforms still localized to chromosomes. However, chromosome
association was less efficient in the absence of IE1 compared
to wild-type virus infections. A mutant virus expressing

CTD-deleted IE1 (TBIE11−475) exhibited an even smaller
colocalization defect compared to TBdlIE1. Although unlikely,
we cannot rule out that these mutant phenotypes result from
deletion of viral DNA sequences that might be relevant to host
chromosome association irrespective of IE1 protein function.
More likely, IE1 exhibits a supporting role in putative viral
genome tethering with contributions from both CTD-dependent
and CTD-independent mechanisms. The latter may involve
cellular proteins that IE1 recruits to mitotic chromatin including
PML, STAT2 or STAT3 (Paulus et al., 2006, 2020; Huh et al.,
2008; Krauss et al., 2009; Dimitropoulou et al., 2010; Shin
et al., 2012; Reitsma et al., 2013; Harwardt et al., 2016).
Our results are consistent with complex and partly redundant
tethering mechanisms for hCMV episomes. Although highly
speculative at this point, we envision that an hCMV “episome
body” might exist that combines several proteins to recruit

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 September 2020 | Volume 10 | Article 577428311

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Mauch-Mücke et al. hCMV Chromosome Tethering

viral genomes to host chromosomes, stabilize viral episome
complexes, and program viral chromatin for transcription and
replication (Figure 4C).
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Human Cytomegalovirus (HCMV) infection may result in severe outcomes in
immunocompromised individuals such as AIDS patients, transplant recipients, and
neonates. To date, no vaccines are available and there are only few drugs for anti-
HCMV therapy. Adverse effects and the continuous emergence of drug-resistance strains
require the identification of new drug candidates in the near future. Identification and
characterization of such compounds and biological factors requires sensitive and reliable
detection techniques of HCMV infection, gene expression and spread. In this work, we
present and validate a novel concept for multi-reporter herpesviruses, identified through
iterative testing of minimally invasive mutations. We integrated up to three fluorescence
reporter genes into replication-competent HCMV strains, generating reporter HCMVs that
allow the visualization of replication cycle stages of HCMV, namely the immediate early (IE),
early (E), and late (L) phase. Fluorescent proteins with clearly distinguishable emission
spectra were linked by 2A peptides to essential viral genes, allowing bicistronic expression
of the viral and the fluorescent protein without major effects on viral fitness. By using this
triple color reporter HCMV, we monitored gene expression dynamics of the IE, E, and L
genes by measuring the fluorescent signal of the viral gene-associated fluorophores within
infected cell populations and at high temporal resolution. We demonstrate distinct
inhibitory profiles of foscarnet, fomivirsen, phosphonoacetic acid, ganciclovir, and
letermovir reflecting their mode-of-action. In conclusion, our data argues that this
experimental approach allows the identification and characterization of new drug
candidates in a single step.

Keywords: Human Cytomegalovirus, reporter assay, in vitro drug testing, live-cell imaging, herpesvirus, letermovir,
antivirals, screening
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INTRODUCTION

Cytomegalovirus (CMV) is a common opportunistic infection in
immunocompromised hosts or in congenitally infected children
(Cannon et al., 2013), where virus replication and cytopathic
effects result in tissue damage and disease (Boppana and WJ,
2013). Therefore, several antivirals thwarting virus replication
have been approved for clinical use in adult patients (Ljungman
et al., 2019).

The pharmacotherapy of CMV infection relies on compounds
that specifically target viral replication during the lytic phase, but
do not affect cellular processes. They include substances targeting
the virus DNA polymerization reaction, such as ganciclovir
(Crumpacker, 1996) or foscarnet (Chrisp and Clissold, 1991).
Ganciclovir is a guanosine analogue that specifically requires
phosphorylation by the CMV-encoded kinase UL97 prior to its
incorporation in the DNA. Therefore only in the cells expressing
the functional UL97 kinase, ganciclovir may incorporate itself in
the growing DNA strand, which slows down its elongation
(Biron, 2006). Foscarnet blocks the pyrophosphate binding to
the viral DNA polymerase and is closely related to the
phosphonoacetic acid (PAA) which is not approved for clinical
use. A newly approved antiviral called letermovir targets the
DNA terminase complex of cytomegalovirus, impairing viral
DNA packaging into capsids (Melendez and Razonable, 2015;
Gerna et al., 2019). A third class of antivirals is represented by
fomivirsen (ISIS 2922), a single-stranded phosphorothioate
oligonucleotide in antisense orientation of the essential
immediate-early 2 (IE2) gene. Fomivirsen showed a 30-fold
higher potency against CMV in vitro than ganciclovir (Azad
et al., 1993), which was assumed to depend on its binding to IE2
mRNA (Perry and Balfour, 1999), but later studies noticed that
resistance against fomivirsen could be spontaneously acquired in
a laboratory HCMV strain that was independent of mutating its
target sequence (Mulamba et al., 1998). Therefore, the antiviral
activity of fomivirsen might be partially independent of its
antisense binding, although its mode of action remains unclear.

Despite the availability of the above-mentioned antivirals in
clinics, there are substantial limitations in their use urging for the
search for novel anti-CMV compounds. Firstly, none among the
available antivirals is approved for the treatment of congenital
CMV infection. Secondly, all of the available anti-CMV
therapeutics may elicit the emergence of drug-resistance
mutations in the virus (Gerna et al., 2019; Griffiths, 2019).
Therefore, alternative therapeutic options of CMV disease are
needed to close this clinical gap.

The lytic replication cycle of cytomegalovirus divides into
three stages. The immediate-early stage initiates as soon as viral
DNA reaches the nucleus and starts the transcription of IE genes.
The early (E) stage is defined by its dependence on prior
expression of viral gene products, which act as transactivators
of viral genes expressed in the E stage. Once viral DNA
replication initiates, the virus cycle is in the late (L) stage
(Stinski, 1978). Importantly, all currently available antivirals
target the virus during the L stage of its replication. This could
be due to screening assays for the identification of CMV
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2316
antivirals, which have rested on measuring viral replication in
the presence of inhibitors.

Modern approaches to detect antiviral inhibition rely on
reporter gene expression systems, where the infection process
is discerned quickly and sensitively by means of fluorescent
proteins or reporter enzymes, such as luciferases, expressed in
transgenic mutant viruses (Ibig-Rehm et al., 2011; Sampaio et al.,
2013; Gardner et al., 2015). These approaches allow identifying
compounds that impair virus entry into cells or inhibit early
stages of the lytic cycle. However, the available approaches have
rested on the monitoring of a single infection phase, thus limiting
the assay read-out.

Here, we present a novel approach to monitor CMV infection
through all its lytic phases. Three reporter genes encoding
spectrally different fluorophores were inserted in frame with
essential genes of the immediate early, the early, and the late
phase of the TB40/BAC4 HCMV strain. We infected cells with
the HCMV3F (three fluorescent proteins) virus and treated them
with various antivirals as a proof-of-concept. When assessed by
live-cell imaging, this revealed distinct dynamic expression
profiles of each tagged gene that change characteristically upon
treatment. Finally, we demonstrated that flow cytometric
analysis complements this information by allowing lytic phase
categorization at population level and by revealing changes in the
efficiency of viral spread.
MATERIALS AND METHODS

Generation of Recombinant HCMV3F

HCMV3F was generated in three rounds of en passant
mutagenesis (Tischer et al., 2010) on a TB40/BAC4
background (GenBank: EF999921.1) (Sinzger et al., 2008).
First, the mNeonGreen gene, encoding a green fluorescent
protein (Allele Biotech, USA) (Shaner et al., 2013), linked to
the P2A peptide (Kim et al., 2011) was inserted before the start
codon of UL122/123 exon 2 as described previously (Kasmapour
et al., 2017). Next, the small capsid protein (SCP, UL48A) was
labeled with mCherry. As the UL48A ORF overlaps with UL49,
mCherry was inserted 12 bp downstream of the start codon. T2A
peptide was inserted after mCherry removing its stop codon to
maintain the ORF. The start codon and the 12 bps from the start
of UL48 were reinserted reconstituting the intact start of UL48A.
Lastly, a fusion sequence encoding an SV40-NLS, mTagBFP2
and P2A was introduced at the 5’-end of the E1 (UL112/UL113)
coding region leaving the start codon of E1 intact. Cloning design
was done with SnapGene software (GSL Biotech, USA). The
recombinant BAC was transfected into RPE-1 cells using FuGene
HD (Promega, USA) and the reconstituted virus was
expanded on HFFF-Tet cells for 10–14 days (Stanton et al.,
2010). Virus stocks were generated by removing cell debris
through centrifugation (500 × g, 10 min) and pelleting viral
particles via ultracentrifugation at 24,000 × g, for 4 h at 4°C. This
was followed by two steps of homogenization using a Dounce
homogenizer and ultracentrifugation in 15% sucrose-containing
January 2021 | Volume 10 | Article 536150
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buffer. HCMV3F was titrated as described before (Kasmapour
et al., 2017).

Cell Culture and Viral Infection
RPE-1 cells (ATCC Cat# CRL-4000, RRID : CVCL_4388) were
cultured in DMEM F-12 HAM, supplemented with 5% fetal calf
serum (FCS), and 20 nM glutamine. MRC-5 cells (ATCC Cat#
CCL-171, RRID : CVCL_0440) were cultured in MEM
supplemented with 10% FCS, 20 nM glutamine, and 1 nM
sodium pyruvate. Both cell lines were maintained at 37°C, 5%
CO2, and 100% air humidity. Cells were split twice per week at
1:10. Infection with HCMV3F was done by diluting the virus to
the appropriate MOI in fresh cell medium, adding this medium
to the vessel and centrifuging the cells for 10 min at room
temperature at 800 × g. Then, medium was replenished by fresh,
virus-free medium and cells were incubated at 37°C, 5% CO2,
and 100% air humidity until further experimental procedures.

Antiviral Treatment
All antiviral reagents, except for fomivirsen, were added
immediately following infection. Fomivirsen/ISIS2922 was
purchased from Metabion (Planegg, Germany) as fully
phosphorothioated oligonucleotide (5’- GCG TTT GCT CTT
CTT CTT GCG -3’) and used at 5 µM final concentration, being
added to cell culture 1 h before viral infection. Foscarnet
(Selleckchem, USA) was used at 200 µM, ganciclovir (Merck,
Germany) at 50 µM, phosphonoacetic acid (PAA; Carl Roth,
Germany) at 1.8 mM, and letermovir (Cayman Chemicals, USA)
at 10 nM final concentration.

Live-Cell Imaging and Quantification
For live-cell imaging, MRC-5 or RPE-1 cells were seeded at a
density of 2 × 105 cells/ml medium onto an eight-well chamber
slide (ibidi, Germany). Following viral infection and antiviral
treatment, cell nuclei were labeled with SiR-DNA (Spirochrome,
Switzerland) at 0.5 µM final concentration. Image acquisition
was done using either a Leica SP5 or a Zeiss LSM980 confocal
laser-scanning microscope, both equipped with an incubation
chamber, maintaining 37°C, 5% CO2, and 100% air humidity.
Pictures were done every 20–30 min and image stacks were
analyzed using ImageJ and custom macros. For single-cell
analysis, cell nuclear fluorescence was segmented based on the
SiR-DNA signal. Segmentation for population averaging image
analysis was done using the mNeonGreen-ie1/2 signal. Virus
growth area measurement was done with a Sartorius IncuCyte S3
automated fluorescence microscope. Data was analyzed using
Microsoft Excel 2016 (Microsoft, USA) and GraphPad Prism 8
(GraphPad Software, USA).

RNA-FISH
Custom Stellaris® FISH Probes were designed against HCMV ie1
by utilizing the Stellaris® RNA FISH Probe Designer (Biosearch
Technologies, Inc., Petaluma, CA, USA) available online at www.
biosearchtech.com/stellarisdesigner (Version 4.2). The HCMV
ie1 were hybridized with the Stellaris RNA FISH Probe set
labeled with Quasar570 (Biosearch Technologies, Inc.),
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3317
following the manufacturer’s instructions available online at
www.biosearchtech.com/stellarisprotocols.

Flow Cytometry
For flow cytometric analysis, cells were seeded onto flat bottom
96-well plates (ThermoFisher Scientific, USA) at a density of 2 ×
105 cells/ml medium. Before measurements, cells were
trypsinized, washed, and resuspended in PBS with 2% FCS.
Cell suspensions were then transferred onto a U-bottom 96-
well plate (ThermoFisher Scientific, USA) and fluorescence
signals were measured in a LSR II (BD Biosciences, USA)
equipped with High Throughput Sampler (HTS). Data analysis
was done with FlowJo v10 software (Treestar, USA).
RESULTS

Integration of Fluorescence Reporter
Genes Into the HCMV Genome
Tracking the expression of essential genes allows the
identification of antiviral effects by observing a decrease or
absence of the reporter signal. Therefore, our reporter virus is
convenient for screens of antiviral substances and a rapid
identification of compounds that block the virus at a defined
stage of its replication cycle. However, modification of CMV
genomes to create recombinant reporter strains may lead to
losses of viral fitness, especially if endogenous viral promoters
driving essential viral genes are used to express reporter genes.
Hence, reporter genes driven by ectopic promoters, or those
regulating non-essential genes are often used, but they do not
accurately reflect viral gene regulation and the impact of antiviral
treatment. To bridge this gap, we inserted fluorescence reporter
genes directly under control of endogenous HCMV promoters
controlling essential viral genes and positioned 2A peptide-
encoding sequences that ensure ribosomal skipping (Szymczak
and Vignali, 2005) between the reporter gene and the viral gene
(Figure 1A), allowing co-expression of two separate proteins
from a shared transcript. Therefore, the reporter genes in our
system accurately reflected viral gene expression while
attenuating effects from fusion proteins were prevented.

Experimental methods to sensitively detect blocks and delays
in the specific phases of the virus cycle are not available.
Therefore, we generated a recombinant virus that expresses
reporter genes that represent each of the three lytic phases.
Fluorescence protein coding sequence were inserted into the
sequence of the TB40/BAC4 strain (Sinzger et al., 1999)
maintained as a bacterial artificial chromosome (BAC) in E.
coli. We used en passant mutagenesis, to introduce reporter
genes followed in-frame by the 2A peptide sequence directly in
front of the start codon of the respective viral gene. These HCMV
genes encode pleiotropic factors that are essential during their
respective replication cycle phase. Ie1 and ie2 (UL122 and
UL123), e1 (UL112/113), and SCP (UL48A) are necessary for
transactivation, genome replication, and capsid formation
among other important functions, respectively. To minimize
the risk of unwanted recombination events, we chose
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fluorescence genes with low levels of sequence similarity as
well as two different 2A peptide sequences (P2A and T2A).
In addition, mNeonGreen, mTagBFP2, and mCherry are strictly
monomeric proteins. This property prevents multimerization
not only of the fluorescence proteins but also of products
of occasional read-through, known to occur with 2A peptides
(Donnelly et al., 2001). mTagBFP2 tagging the e1 gene was
in addition fused with a nuclear localization sequence (NLS)
to label nuclei of infected cells. Total ectopic sequences
introduced to encode three fluorescence reporters and 2A
peptides were 2450 bp, accounting for only ~1% of the viral
genome. Altogether, iterative modifications using en passant
mutagenesis guided a genetic design that came with minimal
sequence alterations to create a trifluorescent reporter virus
termed HCMV3F.
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HCMV3F Represents Lytic Phases
of the Virus
Upon infection of naïve human cells, bright fluorescence signals
could be observed in live-cell confocal microscopy. Distribution
of fluorescence signals also revealed cellular structures, such as
the virus assembly compartment as a dim large intracytoplasmic
area (Figure 1B). Cell-to-cell spread of the virus was visible from
2–3 days postinfection (dpi). However, we observed considerable
variability between cells in terms of timing of reporter
expression. Therefore, the values stated here represent
averages. Altogether, the order of signal appearance within
individual cells matched the expected sequence of activation of
viral genes during the lytic cycle and is congruent with published
data (Stern-Ginossar et al., 2012). Sequence alterations of the
CMV genome can alter its growth properties by changing
A B

DC

FIGURE 1 | Design and function of a trifluorescent reporter HCMV. (A) Novel strain TB40/BAC4 HCMV3F was generated by minimally invasive genetic integrations.
Cassettes encoding a fluorescent protein and a 2A peptide were positioned replacing the START codons of UL122/123 (ie1/2), UL112/113 (e1), and SCP (UL48A).
(B) Expression of mNeonGreen (green), mTagBFP2 (blue), and mCherry (magenta) during the course of primary infection of MRC-5 fibroblasts in live-cell microscopy.
(C) In vitro growth curves of TB40/BAC4 HCMV3F and the parental TB40/BAC4WT virus in MRC-5 fibroblasts. (D) Virus growth area measurement. MRC-5 cells
were infected with HCMV3F on 96-well plates and mean areas per well showing mNeonGreen-ie1/2 fluorescence were determined microscopically at 5 dpi. (mean
values +/− SD; n = 3; PFU, plaque-forming units; DL, detection limit; dpi, days postinfection; D: ****p < 0.0001 with one-way ANOVA and Dunnett’s multiple
comparisons test).
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abundance, localization, stability, and/or function of viral factors
encoded. In order to assess the level of alteration introduced, we
performed a growth assay comparing the recombinant virus with
its parental clone TB40/BAC4. MRC-5 human fibroblasts were
infected at a multiplicity of infection (MOI) of 0.1 and cultivated
for 2 weeks, sampling the supernatant every 2 days (Figure 1C).
The infectious titer in supernatants was determined by
conventional plaque assays. Viral progeny released from
infected cells was detected from 5 dpi, reaching peak levels at 7
dpi and remaining at high levels throughout the course of the
experiment for both HCMV3F and the parental virus. While
HCMV3F produced lower viral titers from 5 to 12 dpi,
TB40/BAC4 levels never exceeded those of HCMV3F by more
than 10-fold. Given the exponential nature of viral growth as well
as the similarity of growth curve shapes between the wild type
and HCMV3F, we conclude that our recombinant virus
can visualize viral dynamics qualitatively while quantitative
results have to be considered carefully. In order to determine
whether HCMV3F allows the detection of growth inhibition by
substances with known antiviral activity, we assessed the
expansion of mNeonGreen-ie1/2 fluorescent areas in cell
culture (Figure 1D). Drugs targeting the replication of viral
DNA (foscarnet, ganciclovir, phosphonoacetic acid) or the
terminase complex (letermovir) effectively limited cell-to-cell
spread of the virus.

In summary, these experiments reveal that HCMV3F

visualizes gene expression dynamics in live infected cells of all
three lytic phases of CMV replication while remaining sensitive
to treatment with anti-herpesviral drugs.

Live-Cell Analysis Reveals HCMV Dynamic
Gene Expression Patterns
We used our newly developed HCMV3F to dynamically monitor
reporter gene expression by confocal live-cell microscopy at high
temporal resolution, and thus to monitor the CMV infection
dynamics in cell culture over the course of 3 days. We considered
two strategies for such monitoring, and their inherent
limitations: on the one hand, measuring gene expression by
averaging the signal from infected cell populations bears the
inherent risk to misinterpret temporal profiles, since they may
originate from cell-to-cell heterogeneity or phenotypically
distinct subpopulations. On the other hand, single-cell tracking
requires fine-tuned image analysis methods and is not an
established technique in most labs. Thus, we aimed to identify
conditions where averaged signals from microscopic imaging of
HCMV3F infected cells resolve infection dynamics in a manner
that reflects effects observed at the single cell level. To reduce
sources of heterogeneity, we used relatively high multiplicities of
infection and synchronized infection through a short (10 min)
exposure to virus that was enhanced by centrifugation (Osborn
and Walker, 1968). To assess the remaining degree of
heterogeneity, we first tracked fluorescence signals from
individual cells (Figure 2A). mNeonGreen-ie1/2 expression is
biphasic in the highly permissive fibroblastic cell line MRC-5.
Earliest detectable signals above background started at 4.6 hpi
(+/− 3.0 h) [mean +/− standard deviation (SD)], increasing until
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5319
19.7 hpi (+/− 13.2 h). mNeonGreen-ie1/2 signals started to
increase again at around 36.2 hpi (+/−17.7 h) in most of the
cells, which proceeded beyond 72 hpi (Figure 2A). Interestingly,
the early phase reporter mTagBFP2-e1 did not exhibit this
biphasic behavior, but rather showed a continuous increase
throughout the experiment, starting at 8.2 hpi (+/− 5 h)
(Figure 2A). The mCherry-SCP expression as a late gene
reporter followed the second phase of the mNeonGreen-ie1/2
signal and started at 48.0 hpi (+/− 15.4 h), although some gene
expression was surprisingly detected in some of the cells at early
times, before 12 hpi (Figure 2A). Late-gene expression is known
to require the amplification of viral genomes by the UL54-
encoded viral DNA polymerase. mCherry-SCP expression in
our model might be regarded as an indirect indicator for this step
in lytic HCMV infection. We found that these dynamic gene
expression profiles were accurately represented in signal curves
averaged over multiple cells (Figure 2C, colored lines). While the
average signal represents the expected expression pattern, there
is clearly considerable variation from the average at the single cell
level. Biphasic mNeonGreen-ie1/2 signals, as well as the
temporal order of reporter expression was consistent across all
cells analyzed, suggesting that under these conditions,
phenotypic cell-to-cell variability does not prohibit cell
population averaging.

In order to compare the kinetic of HCMV3F reporter signals
with wild type HCMV transcripts, we performed fluorescence in
situ hybridization of mRNAs (RNA-FISH) of those genes that
were labeled in HCMV3F (Figure 2B). Transcript levels of all
three genes essentially recapitulated the patterns seen by
monitoring fluorescent reporter gene expression. We observed
a temporal delay between RNA-FISH and the reporter protein
signal that may be explained by the delays between transcription
and translation. In IE1, we noticed the biphasic kinetic of gene
expression recapitulated as two distinct peaks of mRNA levels.
This early peak was absent from E1, which is known to require
IE2 transduction for its gene expression (Malone et al., 1990).
and which showed a burst of mRNA levels at 12 hpi.
Interestingly, the low level of SCP reporter gene expression at
early times was consistent with a surprising initial peak of SCP
mRNA at 3 hpi. Taken together, the reporter gene kinetics
reflected aggregated mRNA levels observed at distinct times
post infection (Figure 2C), if one allows for a time delay
between transcription and translation.

In summary, temporal profiles of HCMV gene expression
across all three phases of lytic replication as reported by
HCMV3F are dynamic, specific and rather homogeneous,
allowing a highly sensitive read-out in primarily infected
cell populations.

Dynamic Virus Reduction Assay Reveals
Specific “Fingerprints” of Antivirals
The identification of substances and procedures that inhibit
viral infection greatly depends on assay sensitivity. To test the
applicability of our dynamic virus reduction assay as a tool for
the identification of novel antivirals, we assessed our
experimental model with well-characterized anti-CMV drugs.
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These substances covered four different molecular targets. The
nucleoside analogue ganciclovir slows DNA elongation when it
is incorporated into replicating CMV genomes. At suboptimal
in vitro dosage, ganciclovir blocked the second expression
phase of mNeonGreen-ie1/2 and dampened the mCherry-
SCP signal in MRC-5 cells (Figure 3A), but did not
discernibly affect the first 24 h of infection. The inhibition
profile in RPE-1 cells was consistent with that of MRC-5 cells
upon ganciclovir treatment (Figure 3A). Therefore, the results
were in line with a specific antiviral effect in the late phase and
affecting the expression of viral genes that depended on
replicated viral DNA. Foscarnet, which binds to the
pyrophosphate exchange site of the viral DNA polymerase,
directly inhibits its enzymatic activity, and thus also blocks viral
genome replication. Not surprisingly, the gene expression
profile in foscarnet or ganciclovir treated cells was almost
identical. Foscarnet at 200 µM concentration, dampened
mCherry-SCP expression and the second phase of
mNeonGreen-ie1/2 in both tested cell lines (Figure 3B). In
order to confirm this fingerprint of inhibition, we employed a
different pyrophosphate analogue, phosphonoacetic acid
(PAA), which is not approved for clinical use. PAA required
higher concentrations to be effective against HCMV gene
expression. At 1.8 mM, mCherry-SCP and the second phase
of mNeonGreen-ie1/2 expression were fully suppressed,
arguing for effects in the late phase of the virus cycle.
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Additionally, a decrease in the mNeonGreen-ie1/2 signal in the
immediate early phase activation and in the mTagBFB2-e1 signal
were observed, arguing for additional antiviral effects in the ie and
e phases of the virus cycle. (Figure 3C). This may indicate a less
specific activity and potential off-target effects of PAA. Fomivirsen
(ISIS2922) is an anti-sense oligonucleotide (ASO) that targets the
transcript of the viral ie2 gene, although additional and less specific
antiviral effects have been described (Mulamba et al., 1998). In
accordance, fomivirsen blocked HCMV gene expression already at
the immediate early stage, thus preventing subsequent early and
late gene expression (Figure 3D). Letermovir, a recently approved
“first-in-class” anti-CMV drug, targets the viral terminase
complex. HCMV3F reporter expression was minimally altered in
MRC-5 cells during the first 72 hpi upon treatment with
letermovir (Figure 3E). This was consistent with the prediction
that letermovir inhibits the virus only after late genes have been
expressed and the replicated DNA has been packaged into mature
virions. Interestingly, letermovir repressed all three classes of viral
genes in RPE-1 cells, which may indicate additional antiviral
effects in this cell type. We conclude that our fingerprinting
approach to viral gene expression dynamics, based on live-cell
imaging of HCMV gene expression in real-time, indicates the
mode-of-action of various classes of antiviral drugs, but also may
serve to identify hitherto unrecognized antiviral effects. Therefore,
it represents a comparably fast (72 h) and sensitive method to
identify and classify novel drug candidates.
A B C

FIGURE 2 | Immediate early, early, and late gene expression dynamics of HCMV. RPE-1 or MRC-5 cells were infected with TB40/BAC4 HCMV3F at MOI 0.5 or MOI
5, respectively, and subjected to live-cell confocal microscopy acquiring images at 20 min intervals. (A) Fluorescence profiles of single cells for mNeonGreen-ie1/2,
mTagBFP2-e1, and SCP-mCherry [curves were generated by smoothing raw data using the Savitzky-Golay algorithm (10-neighbor), n = 19]. (B) RNA-FISH was
performed on RPE-1 cells infected with TB40/BAC4 wild type HCMV-infected cells at indicated times postinfection (0 h = not infected). Fluorescence intensity of the
fluorescently labeled probe was integrated over whole cell bodies. Each dot represents one cell (n ≥ 20; error bars represent SD). (C) Averaged and normalized
signals (mean: thick line; SD: dotted line) of fluorescence reporter signals in A (green: mNeonGreen-ie1/2; blue: mTagBFP2-e1; magenta: mCherry-SCP) are
compared to averaged and normalized RNA-FISH signals from (B). Error bars and error lines represent SD.
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Quantification of Infected Population
Dynamics Altered by Antivirals
Resolving details of antiviral drug action can be done by real-
time gene expression fingerprinting of HCMV3F-infected cells—
without the need for single-cell tracking. However, this method
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7321
was not suitable to identify drugs that block the release of mature
virions and viral cell-to-cell spread. Classically, infectious
particles released to the supernatant (or associated with
infected cells) are titrated using plaque assays. Incomplete lysis
of cells within CMV-associated plaques and the need to incubate
A

B

D

E

C

FIGURE 3 | Reporter gene expression dynamics characterize antiviral action of different drugs. Fluorescence signals of RPE-1 or MRC-5 cells infected with HCMV3F

at MOI 0.5 or MOI 5, respectively. Cells were either left untreated (solid lines) or treated at the time of infection (except for fomivirsen which was given 1 h before
infection) with antiherpesviral drugs (dashed lines) followed by live-cell imaging. Graphs represent mean fluorescence intensity of infected cells within fields of view.
Treatment of cells was done with 50 µM ganciclovir (A), 200 µM foscarnet (B), 1.8 mM PAA (C), 5 µM fomivirsen (D), or 10 nM letermovir (E), or 10 nM letermovir.
Data represents mean values (n ≥ 3).
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supernatants for up to additional 10 days following inoculation
make this approach time consuming. In order to test whether the
dynamic virus reduction assay with HCMV3F may overcome
these limitations, we assessed population frequencies of cells
expressing each of the reporter genes by flow cytometry.
Progressive gating informed by previous live-cell imaging
results (cf. Figures 2 and 3) was done to classify i. uninfected,
ii. mNeonGreen-ie1/2+, iii. mTagBFP2-e1+, and, iv. mCherry-
SCP+ phenotypic subpopulations (Figure 4A). mCherry-SCP+

cells showed a distinct bimodal distribution after 2–3 dpi,
indicating the existence of a “very late” lytic stage. Therefore,
we subcategorized cells into mCherry-SCPint and mCherry-
SCPhi populations. mCherry-SCPhi cell frequencies were small
but showed distinct changes over time. This feature could not be
detected in microscopic analysis performed in Figures 2 and 3,
probably due to the averaging of signals over the cell population.
Sampling cells at 24 h intervals for 5 days allowed quantifying
primary as well as secondary infection indicated by the increase
of infected cells at 96 hpi in MRC-5 fibroblasts and from 72 hpi
in RPE-1 cells (Figure 4B). We chose to visualize lytic phase
frequencies in logarithmic scales to allow representing also small
size fraction changes. All antivirals applied prevented cell-to-cell
spread of the virus (except for PAA given at suboptimal doses to
prevent excessive cytotoxicity). Antiviral effects of all tested
drugs were shown by the increased frequency of uninfected
cells throughout the experiment. Over the course of the
experiment, cell proliferation even exceeded viral proliferation
upon ganciclovir, foscarnet, or letermovir treatment, leading to
increases in frequencies of uninfected cells over time. Treatment
with PAA at suboptimal doses allowed HCMV3F to spread but
decreased the frequency of SCP-mCherryhi cells indicating an
effect on lytic cycle progression that is still detectable.
Fomivirsen, in line with our results depicted in Figure 3,
almost entirely prevented infection with no more than 2% of
cells escaping this protective effect. Letermovir did not interfere
with the lytic cycle progression of HCMV. Its effects were visible
as continuously decreasing rates of infected cells consistent with
its specific interference with the viral terminase complex. In
summary, these results show that quantifying phenotypic
subpopulation frequencies of HCMV3F infected cells can
complement the identification and characterization of
antivirals, especially in terms of their effects on viral cell-to-
cell spread.
DISCUSSION

Contemporary advances in transcriptome analysis have exposed
a surprising complexity of CMV gene expression over time
(Marcinowski et al., 2012; Stern-Ginossar et al., 2012; Weekes
et al., 2014; Shnayder et al., 2018; Erhard et al., 2019). The pattern
of the viral gene expression varies not only between different cell
lines (Towler et al., 2012), but also at the single cell level (Erhard
et al., 2019; Shnayder et al., 2020). This implies that no single
viral gene can be a reliable proxy of CMV infection in all settings.
We reasoned that an accurate assessment of the infection process
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8322
requires simultaneous monitoring the expression of multiple
viral genes. Any such system would require that the virus
replication matches the real-life conditions and that the
reporter genes are driven by endogenous promoters driving the
expression of essential viral genes.

Here, we show a novel concept for antiviral compound
characterization in a single assay, covering the expression of
essential genes from all three phases of the CMV lytic cycle. We
aimed at overcoming disadvantages of previous approaches,
which focused on single steps of the viral infection, like entry
(Sampaio et al., 2013), or allowed only one-dimensional
screening (Gardner et al., 2015; Aryal et al., 2019), required
the genetic modification of the host cell (McCormick et al.,
2018), or lack temporal resolution (Khan et al., 2017).
Shortcomings of existing experimental strategies to screen for
antivirals were overcome by the genetic design of the
recombinant HCMV3F reporter virus: three fluorescence
proteins report the activation of essential viral genes in the
same cell (Figure 1). This setup revealed distinct dynamic
profiles of the ie1/2, e1, and SCP genes over the course of 3–5
dpi (Figures 2 and 3) that were consistent with published
transcriptomic data (Stern-Ginossar et al., 2012). A unique
feature of this system is that it allows combining drug
identification and preliminary characterization in a single
step. The advantage of this approach is to rapidly identify
drugs that act at early stages of the cycle, before genome
replication can occur. This means that the virus replication is
inhibited by targeting the genetic product of the incoming virus
genome, instead of gene products from a population of
replicating genomes in the same cells, which should reduce
the occurrence of escape mutants. We compared mNeonGreen-
P2A-ie1/2 signal dynamics with ie1 mRNA levels at the single-
cell level and found a decrease of transcript levels between 3 and
24 hpi that is not reflected at reporter level, probably due to the
stability of the fluorescence protein (Figure 2C). Using a
destabilized reporter protein could enable to follow transcript
dynamics more accurately and reflect better the expression of
the short-lived ie2 compared to the rather stable ie1 protein
alongside other differential regulations of the two splice
variants [reviewed in (Adamson and Nevels, 2020)]. The gene
expression profiles were rather conserved in the two cell types
that we tested, but were characteristically bent by the treatment
with different antivirals. To test in detail how HCMV infection
changes in the presence of specific antiviral compounds, we
designed two complementary experimental strategies. Firstly,
live-cell imaging clearly distinguished between antivirals acting
at the level of viral DNA synthesis (ganciclovir, PAA, and
foscarnet) and immediate early transcripts (fomivirsen).
Secondly, flow cytometric measurements assessed secondary
infection events, identifying the effect of drugs targeting very
late stages of the cycle, including one that takes effects only at
the stage of releasing mature virions from the infected cell
(letermovir) (Figure 4). It is important to note that the two
systems provide complementary evidence on the virus
replication cycle, where the live cell imaging data showed
the overall expression levels of the reporter gene, whereas
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A

B

FIGURE 4 | Lytic phase frequency gating of HCMV3F-infected cells. MRC-5 or RPE-1 cells were infected with HCMV3F using centrifugal enhancement to achieve
10–20% initially infected cells, respectively. Cells were then either left untreated or treated at the time of infection (except for fomivirsen which was given 1 h before
infection) with antiherpesviral drugs and analyzed by flow cytometry at 24 h intervals for 5 days. (A) Gating strategy to classify stages of lytic infection in MRC-5 cells.
(B) Infected MRC-5 and RPE-1 cells were gated into four mutually exclusive lytic stage phases: mNeonGreen-ie1/2+, mTagBFP2-e1+, SCP-mCherryint, and SCP-
mCherryhi. (B) Frequency distribution of lytic stage phases. Representative data from one out of three independent experiments are shown.
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flow-cytometry revealed the frequency of cells in the stage of
the replication cycle represented by the same reporter. Hence,
the results were mostly, but not always overlapping, as for
instance was the case in cells treated with ganciclovir, where
imaging (Figure 3) showed a more pronounced effect, while
flow-cytometry merely showed a reduction of cells in the gate
with high fluorescent indices of the late reporter gene (Figure
4). This however would be consistent with ganciclovir effects on
late gene expression from replicating genomes, where the
second peak of the IE gene and the large expansion of scp are
thwarted (Figure 3A) by a drug that blocks DNA polymerase
activity. Finally, one has to note that we provided antivirals only
at the time of infection, and thus the effects of antiviral drugs
that target immediate early genes were more pronounced than
those acting on the late genes. This might be due to half-life
issues of the late acting drugs, so that they might have in part
decayed at stages when the virus was reaching the late stage of
its replication cycle. A pending question, is how to identify drug
candidates for pre-emptive therapy, which would target HCMV
latent infection. In contrast to lytic infection, the virus’ gene
expression during latency is less well understood, and recent
research conflicts about the presence or absence of a latency-
associated transcriptional program (Cheng et al., 2017;
Shnayder et al., 2018). However, our approach may contribute
to the clarification of this question, because the development of
reporter viruses driven by the UL138 promoter may provide
clear answers on its dynamic of gene expression in latently
infected cells and may be addressed in future research. Our
approach lays the foundation for such efforts and opens the
door to a better understanding of viral transcriptional regulation
and replication.
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Human cytomegalovirus (HCMV) is an important pathogen in immunocompromised
individuals and neonates, and a paradigm for viral immune evasion. We previously
developed a quantitative proteomic approach that identified 133 proteins degraded
during the early phase of HCMV infection, including known and novel antiviral factors.
The majority were rescued from degradation by MG132, which is known to inhibit
lysosomal cathepsins in addition to the proteasome. Global definition of the precise
mechanisms of host protein degradation is important both to improve our understanding
of viral biology, and to inform novel antiviral therapeutic strategies. We therefore developed
and optimized a multiplexed comparative proteomic analysis using the selective
proteasome inhibitor bortezomib in addition to MG132, to provide a global mechanistic
view of protein degradation. Of proteins rescued from degradation by MG132, 34–47
proteins were also rescued by bortezomib, suggesting both that the predominant
mechanism of protein degradation employed by HCMV is via the proteasome, and that
alternative pathways for degradation are nevertheless important. Our approach and data
will enable improved mechanistic understanding of HCMV and other viruses, and provide
a shortlist of candidate restriction factors for further analysis.

Keywords: human cytomegalovirus, HCMV, quantitative proteomics, protein degradation, proteasome inhibitors,
tandem mass tag (TMT), proteasome, lysosome
INTRODUCTION

Human cytomegalovirus (HCMV) is a ubiquitous betaherpesvirus that persistently infects the
majority of the human population worldwide (Cannon et al., 2010). Following primary infection
under the control of a healthy immune system, a latent infection is established that persists lifelong
(Reeves et al., 2005). Although primary infection is mostly asymptomatic in healthy individuals,
HCMV may lead to significant morbidity or mortality in immunocompromised patients,
particularly transplant recipients and AIDS patients (Griffiths et al., 2015). Vertical transmission
of HCMV is a leading cause of congenital infection, resulting in deafness and intellectual disability
in newborns (Manicklal et al., 2013). Existing therapies that either target the viral polymerase or
terminase are associated with significant toxicity and/or sporadic resistance (El Helou and
Razonable, 2019). The identification and characterization of critical facets of host innate
immunity that are targeted for degradation by HCMV proteins thus has important implications
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for antiviral therapy, since such interactions may be inhibitable
by small-molecules, facilitating endogenous inhibition of viral
replication (Nathans et al., 2008).

HCMV has been reported to disrupt interferon (IFN)
production (Kim et al., 2017; Goodwin et al., 2018), neutralize
the IFN response (Le-Trilling and Trilling, 2015; Le-Trilling et al.,
2020), inhibit natural killer (NK) cell activation (Patel et al., 2018),
and avoid T cell surveillance via downregulation of MHC
molecules (Jackson et al., 2011). Additionally, diverse effects on
other key cellular functions have been observed including on cell
cycle regulatory proteins and ubiquitin ligases themselves (Weekes
et al., 2014; Clark and Spector, 2015; Koshizuka et al., 2016;
Koshizuka et al., 2018). A common final pathway for many host
protein targets is proteasomal or lysosomal degradation (Halenius
et al., 2015; Le-Trilling and Trilling, 2020). HCMV facilitates viral
replication by degrading components of cellular promyelocytic
leukemia nuclear bodies (PML-NB) Sp100, MORC3, and DAXX
that act as restriction factors (Kim et al., 2011; Tavalai et al., 2011;
Schreiner and Wodrich, 2013; Sloan et al., 2016). We previously
developed three orthogonal proteomic/transcriptomic screens to
quantify protein degradation early during HCMV infection,
identifying 133 degraded proteins that were enriched in antiviral
restriction factors. The power of this approach was demonstrated
by our identification of helicase-like transcription factor (HLTF) as
a novel restriction factor that potently inhibited early viral gene
expression and was targeted by the HCMV protein UL145
(Nightingale et al., 2018). However, a global approach to identify
themechanism of HCMV-induced protein degradation is lacking.
Our previous study employed the broad, non-selective inhibitor
MG132, which is known to affect lysosomal cathepsins in addition
to the proteasome (Wiertz et al., 1996), and leupeptin which is a
naturally occurring protease inhibitor that can inhibit some
proteasomal proteases in addition to the lysosome (Nightingale
et al., 2018).

In this study, we used the selective proteasome inhibitor
bortezomib (Chen et al., 2011) to identify proteins specifically
targeted for proteasomal degradation during HCMV infection.
This identified that the majority of proteins rescued from
degradation by MG132 were also rescued by bortezomib,
highlighting the role of viral subversion of the proteasome in
immune evasion. Our data additionally provide a shortlist of
proteins degraded by the proteasome early during infection that
are enriched in known antiviral factors for further investigation.
MATERIAL AND METHODS

Cells and Cell Culture
Primary human foetal foreskin fibroblast cells (HFFFs)
immortalized with human telomerase (HFFF-TERTs, kindly
provided by Dr. Richard Stanton at School of Medicine,
Cardiff University) (McSharry et al., 2001) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% v/v foetal bovine serum (FBS), 100 U/ml penicillin, and
100 mg/ml streptomycin at 37°C with 5% CO2 (DMEM/FBS/PS).
HFFF-TERTs have been tested at regular intervals since isolation
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2327
to confirm that human leukocyte antigen (HLA) and MHC Class
I Polypeptide-Related Sequence A (MICA) genotypes, cell
morphology, and antibiotic resistance are unchanged.

Virus and Virus Titration
The recombinant HCMV (RCMV1111) used was derived by
transfection of a BAC clone of HCMV strain Merlin, the genome
of which is designated the reference HCMV sequence by the
National Centre for Biotechnology Information and was
sequenced after three passages in vitro (Dolan et al., 2004;
Stanton et al., 2010). Virus stocks were prepared from HFFF-
TERTs as described previously (Nobre et al., 2019). Tissue
culture supernatants were kept when a 100% cytopathic effect
was observed, and were centrifuged to remove cell debris. Cell-
free virus was pelleted from supernatant by centrifugation at
15,000×g for 2 h and then resuspended in fresh DMEM. Residual
debris was removed from the resulting virus stocks by
centrifugation at 10,000xg for 1 min. Virus titration was
achieved by intracellularly staining HCMV IE1/2 in HFFF-
TERTs that had been infected with serially diluted HCMV.
Cells were harvested 24 h post-infection, fixed in 4%
paraformaldehyde, permeabilized with ice-cold methanol,
blocked with human TruStain FcX Fc receptor blocking
solution (Biolegend) and then subjected to primary (anti-
HCMV IE1/2, mouse monoclonal 6F8.2, Millipore) and
secondary (anti-mouse IgG conjugated with Alexa Fluor 488,
Thermo) antibody incubation. Data was acquired by
FACSCalibur (BD biosciences) and analyzed with FlowJo
software (BD biosciences). The percentage of infected cells was
determined by the percentage of IE1/2 positive cells, which was
used to calculate the titre of virus stock.

Virus Infections and Inhibitors
1x106 HFFF-TERTs were plated in a 25 cm2

flask. After 24 h, the
medium was changed to DMEM lacking FBS but with 4 mg/ml
dexamethasone, as this approach has been shown to improve
infection efficiency (Tanaka et al., 1984). After 24 h, the medium
was changed to DMEM containing the requisite volume of
HCMV strain Merlin stock to achieve MOI 5. Cells were
gently rocked (5 rpm) for 2 h, and then the medium was
changed to DMEM/FBS/PS. MG132 (Sigma) at 10 mM or
bortezomib (Sigma) at a range of concentrations was added to
the cell culture 12 h prior to sample collection. Bortezomib was
used at final concentrations between 50 nM–2 µM. Inhibitors
were dissolved in dissolved in dimethyl sulfoxide (DMSO,
Sigma), which was used at the same final concentration in
both treated and untreated samples. For 12 hpi experiments,
inhibitors were added to the initial viral mixture used for
infection, which was replaced with drug-containing fresh
DMEM after the 2 h of incubation.

Quantitative Tandem-Mass-Tag Based
Proteomics Analysis and Statistical
Analysis
Methods of proteomics analysis were described in our previous
publication (Nightingale et al., 2018), and are briefly described
January 2021 | Volume 10 | Article 578259
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here with a detailed description in the supplementary
information. Whole cell lysates were digested into peptides
with LysC and trypsin, and equal amounts of peptide labelled
with 10-plex tandem-mass-tag (TMT) reagents. (Thermo, Cat #
90110). Enriched, labelled peptides were subjected to liquid
chromatography coupled with multi-stage mass spectrometry
(LC-MS3) prior to quantification of ~2,500 proteins in a single
mass spectrometry analysis using an Orbitrap Fusion Lumos
(Thermo). To acquire more comprehensive data, TMT-labelled
peptide samples were subjected to high pH reversed-phase
fractionation (HpRP) to generate 12 combined peptide
fractions prior to mass spectrometry. Mass spectra were
processed using a SEQUEST-based software pipeline for
quantitative proteomics, “MassPike”, through a collaborative
arrangement with Professor Steven Gygi’s laboratory at
Harvard Medical School. Experiments were performed in one
biological replicate. The method of significance A was used to
estimate the p-value that each ratio was significantly different to
1 using Perseus version 1.5.1.6 (Cox and Mann, 2008). Values
were adjusted for multiple hypothesis testing using the method
of Benjamini-Hochberg (Cox and Mann, 2008).

Immunoblot
Cells were lysed with RIPA buffer (Cell Signaling) containing
Complete Protease Inhibitor Cocktail (Roche) and then lysates
were sonicated with Bioruptor Pico (Diagenode). Protein
concentration was measured by BCA kit (Thermo). Lysates
were reduced with 6X Protein Loading Dye (Tris 375 mM pH
6.8, 12% SDS, 30% glycerol, 0.6 M DTT, 0.06% bromophenol
blue) for 5 min at 95°C. Thirty mg of protein for each sample was
separated by PAGE using 4–15% TGX Precast Protein Gels (Bio-
rad), then transferred to PVDF membranes using Trans-Blot
Systems (Bio-rad). The following primary antibodies were used:
anti-GLG1 (MAB78791, R&D Systems) and anti-GAPDH
(MAB374, Millipore). Secondary antibodies were IRDye
680RD goat anti-mouse (925-68070, LI-COR) and IRDye
800CW goat anti-rabbit (925-32211, LI-COR). Fluorescent
signals were detected and quantified using a LI-COR Odyssey
scanner and Image Studio software (LI-COR).
RESULTS

Optimization of Bortezomib Concentration
for Experiments in HFFF-TERTs
Bortezomib has been employed in a number of studies of human
cell lines as a specific inhibitor of the proteasome. However, a
wide range of concentrations have been used, from 0.1 to 20 µM
(Price et al., 2011; Chui et al., 2019). To optimize conditions for
proteomic analysis in HCMV-infected immortalized primary
human foetal foreskin fibroblasts (HFFF-TERTs), a range of
bortezomib concentrations were compared with 10 mMMG132,
a concentration we previously showed to provide efficacious
inhibition of protein degradation (Figures 1, S1A–B)
(Nightingale et al., 2018). TMT peptide labels and MS3 mass
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spectrometry enabled very precise protein quantitation, as well
as multiplexed analysis of up to 16 samples in the
same experiment.

For each protein, ratios of (HCMV with bortezomib)/HCMV
and (HCMVwithMG132)/HCMVwere compared to quantify the
relative efficacy of protein rescue. Here, we define “rescue” as the
increased expression of a given protein in the presence of inhibitor
in the context of viral infection. In order to make an appropriate
comparison of fold rescue by both drugs, it was necessary to ensure
that a difference could confidently be quantified upon addition of
either drug. At lower bortezomib concentrations, rescue ratios
were close to 1 with a compressed range of values, making it
difficult to assess significance of any given change (Figure S1B).
The trend of linear correlation and slope of the trend line both
increased with increasing bortezomib concentration, with a
gradient near to one for 2 µM bortezomib. At this concentration,
the degree of rescue was most similar between MG132 and
bortezomib, enabling the same fold-change cut off to be applied
for bothMG132 and bortezomib analyses and 2 µMbortezomib at
12 h post infection (hpi) was therefore selected for detailed
assessment (Figures 1A, B). A comparison of mock infection in
the presence of either inhibitor at optimized concentration
identified very similar protein changes (Figure S1C), suggesting
that although theremay be off-target effects of either inhibitor, at a
protein level at least these are similar. Furthermore, comparison of
protein changes in the presence of MG132 at 12 h of HCMV
infection from this and our previous study showed positive
correlation, albeit in some cases with different effect sizes on an
individual protein level (Figure S2, Table S4).

Multiple Host Proteins Are Targeted for
Proteasomal Degradation Early During
HCMV Infection
To build a comprehensive picture of host protein degradation
during the first 12 h of HCMV infection, data from experimental
samples described in Figure 1A (that included the 2 µM
bortezomib condition) was analyzed in detail. Overall, 7,192
host proteins were quantified, 145 of which were down-regulated
by HCMV >1.5-fold (with p < 0.01) compared to mock infection.
MG132 and bortezomib “rescue ratios” were calculated for each
protein, obtained by comparing protein abundance during
HCMV infection +/- inhibitor with protein abundance during
mock infection +/- inhibitor (Figure 2A).

For simplicity and consistency with our previous study
(Nightingale et al., 2018), a rescue ratio of >1.5-fold with
p<0.01 was set as a threshold to identify proteins rescued by
either MG132, bortezomib or both (Figures 2A, Table S1).
Using these criteria, 64/145 (44%) proteins were considered to
be rescued by either inhibitor, with 34/64 proteins rescued by
both drugs. Notably, this group contained the known HCMV
restriction factors Sp100, MORC3, DAXX, and HLTF in addition
to cell cycle regulating protein ANAPC1, all of which have been
reported to be degraded during HCMV infection by ourselves
and others (Figure 2B) (Tran et al., 2010a; Chen et al., 2011; Kim
et al., 2011; Tavalai et al., 2011; Schreiner and Wodrich, 2013;
Sloan et al., 2016; Nightingale et al., 2018).
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Data from all proteomic experiments in this study are shown
in Table S2. Here, the worksheet “Plotter” is interactive, enabling
generation of graphs of protein expression of any of the
proteins quantified.

Certain proteins exhibited a greater degree of rescue with
MG132 compared to bortezomib (Figure 2B, yellow dots). Of
the 21 proteins only rescued >1.5 fold by MG132, 13 (62%)
exhibited bortezomib rescue ratios of >1.25 and <1.5, suggesting
that many of this group of proteins may nevertheless be
proteasomally degraded. These included the PDZ domain
containing protein 11 (PDZD11) and transcriptional repressor
BENDomainContaining 3 (BEND3) (Figure S3,Tables S1–2). In
contrast, 8/21 proteins appeared genuinely to be selectively rescued
by MG132 but not bortezomib (bortezomib rescue ratio <1.25),
including the fibroblast growth factor receptor Golgi Glycoprotein
1 (GLG1), E3 ligase NEDD4, and carbohydrate sulfotransferase 14
(CHST14) (Figure 2Cmiddle panel, Table S1). Similar data were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4329
obtained for treatments with 500 nM and 1 µM bortezomib,
validating these findings, and differential effects of MG132 and
bortezomib on GLG1 protein were validated by immunoblot
(Figures 3A, B). Interestingly, Gene Ontology annotation of all 8
proteins indicated an association with either the cell membrane,
theGolgi apparatus, or vesicle secretion. Furthermore, comparison
of data with our previous study examining protein rescue by
MG132 or leupeptin indicated that GLG1, NEDD4, and CHST14
were also significantly rescued by treatment with the lysosomal
protease inhibitor leupeptin (Figure 3A), suggesting that a
proportion of the proteins rescued by MG132 alone are
degraded lysosomally.

Of proteins exhibiting a greater degree of rescue with
bortezomib compared to MG132 (Figure 2A, purple dots), 8/9
(89%) exhibited MG132 rescue ratios >1.25 but <1.5 (examples
in Figure S2, 2C bottom panel), suggesting that the majority of
all proteins in this class were in fact rescued by both inhibitors.
A

B

FIGURE 1 | Optimization of bortezomib concentration by comparison with 10 µM MG132. (A) Schematic of the experimental workflow. HFFF-TERT cells were
infected with Merlin strain HCMV (MOI 5) or mock infected and simultaneously treated with 10 µM MG132, 500 nM, 1 µM, or 2 µM bortezomib. Samples were
harvested at 12 hpi to maximize the ability to study very early infection as we previously described (Nightingale et al., 2018). Whole cell lysates were digested into
peptides, which were labelled with TMT reagents followed by MS3 mass spectrometry. (B) Comparison of 10 µM MG132 with 500 nM, 1 µM, or 2 µM bortezomib
during HCMV infection. Each dot represents a protein quantified in the experiment. The x-axis shows the fold change of protein abundance +/- 10 µM MG132 during
HCMV infection. The y-axis shows the fold change of protein abundance +/- 500 nM, 1 µM, or 2 µM bortezomib during HCMV infection. The equations and
correlation coefficients of the linear trend lines are shown.
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The one exception was LIM domain-containing protein AJUBA,
whose MG132 rescue ratio was 1.16 in this data (Figure 2C
bottom panel), but neared significance in our previous study
(Table S2); these differences may reflect relatively poor
quantitation by only two or one peptides respectively.

Proteasomal Regulation of Viral Proteins
The application of MG132 during infection led to significant
changes in the abundance of several viral proteins. Overall, 82
viral proteins were quantified, including 77 canonical proteins
and 5 novel open reading frames (ORF). Two, ORF1872 and
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US34, were up-regulated by both MG132 and bortezomib
(Figure 4, Table S5), suggesting they were readily degraded via
the proteasome during early infection. We previously identified
ORF1872 as a putative unstructured and inherently unstable
protein (Nightingale et al., 2018). Only glycoprotein gH (UL75)
was up-regulated by MG132 in the absence of substantial
upregulation by bortezomib (Figure 4, Table S5). gH was
quantified in our previous multiplexed MG132/leupeptin
analysis (Nightingale et al., 2018). Its rescue by MG132 and
leupeptin but not bortezomib is likely to reflect lysosomal
proteolysis after virion entry through endocytosis.
A

B

C

FIGURE 2 | Identification of proteins targeted for degradation by HCMV using an inhibitor-based proteomic screen. (A) Results of the inhibitor-based screen. All 145
proteins downregulated >1.5 fold are plotted, with down-regulated proteins divided into 4 groups using rescue ratios of >1.5 as cut-offs. The table shows the
number of proteins in each group. For rescue ratios, the denominator (mock with drug)/mock was limited to a minimum of 1 to prevent artificial ratio inflation.
(B) Examples of positive controls from the existing literature that were validated in this screen. (C) Examples of degraded proteins rescued >1.5-fold by both
inhibitors (top panels), MG132 but not bortezomib (middle panels), and bortezomib but not MG132 (bottom panels).
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A

B

FIGURE 3 | Proteins rescued by MG132 but not bortezomib are also rescued by Leupeptin. (A) Results for GLG1, NEDD4 and CHST14, proteins selectively
rescued by MG132 but not bortezomib. The left hand panels show data from the complete MG132/bortezomib screen and the right hand panels show the MG132
(10 µM)/Leupeptin (200 µM) screen (12 hpi) described previously (Nightingale et al., 2018). (B) (Left panel) Immunoblot showing differential effects of proteasome
inhibitors MG132 (MG) and bortezomib (bort) on GLG1 protein during HCMV infection (MOI 5, 12 hpi). (Right panel) Quantitation of GLG1 relative to GAPDH (internal
loading control).
FIGURE 4 | Regulation of 82 viral proteins by proteasome inhibitors. Viral proteins up- or down-regulated >2-fold by both proteasome inhibitors are marked in
purple, with proteins up- or down-regulated >2-fold by one proteasome inhibitor, but <2-fold by the other inhibitor marked in green.
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DISCUSSION

HCMV is known to be a master regulator of host immunity,
achieving lifelong persistence in infected individuals by utilizing
a wide range of strategies to modulate host protein expression.
These include the deployment of proteins to target host factors
for degradation. Here, we provide a searchable database that
systematically details the route of degradation of cellular proteins
during the establishment of a productive HCMV infection.
Furthermore, this data can be used to predict molecules of key
importance in antiviral immunity to HCMV on the basis of
their degradation.

MG132 is a less selective proteasomal inhibitor than
bortezomib, having previously been reported to inhibit lysosomal
degradation pathways via inhibition of calpains and cathespsins
(Kisselev and Goldberg, 2001), in addition to the proteasome. In
our previous publication, 75% of proteins rescued by leupeptin at
12 h of infection were also rescued by MG132. The usefulness of
comparing this broad proteasomal/lysosomal inhibitor with the
specific proteasomal inhibitor bortezomib is the identification that
62–85% (34–47 proteins) of proteins rescued byMG132 were also
rescued by bortezomib, suggesting that the proteasome is the
predominant route for early protein degradation at 12 h post-
HCMV infection. Overall, of all downregulated proteins, 44%were
rescued by at least one of MG132 or bortezomib. It is possible that
in order to downregulate certain proteins, HCMV must employ
degradative pathways in order to achieve sufficiently rapid change
in protein abundance.

We and others have previously shown thatmembrane proteins
are targeted for lysosomal degradation during HCMV infection
(Weekes et al., 2013; Fielding et al., 2014; Hsu et al., 2015; Fielding
et al., 2017), and data here identified that all proteins rescued by
MG132 but not bortezomib had a membrane origin. Certain
proteins were exclusively degraded by a non-proteasomal route,
including GLG1 and CHST14. Extension of these inhibitor studies
to examining membrane-enriched samples, for example samples
enriched for plasma membrane proteins (Weekes et al., 2013;
Weekes et al., 2014) would therefore be of substantial interest, and
may identify a distinct degradative route for proteins originating
from these compartments.

Comparison of data from this study with our previous
transcriptional analysis of host gene expression during infection
at 24 hpi (Nightingale et al., 2018) suggested that 44 of the 81
proteins (54%) with MG132 and bortezomib rescue ratios <1.5
were more than 1.5-fold transcriptionally downregulated, which
would be expected to be a major mechanism of protein
downregulation in the absence of degradation (Tirosh et al.,
2015). The fold change cut off of 1.5 for both downregulation by
HCMV, and rescue by either inhibitor was based on a significance
threshold of p <0.01, however had the effect of excluding proteins
with “borderline” rescue ratios of >1.25 but <1.5. 39/81 proteins
with MG132 and bortezomib rescue ratios <1.5 exhibited rescue
ratios for MG132 or bortezomib or both that were nevertheless
>1.25, suggesting that this group of proteins included some
candidates that downregulated by degradation, at least in part.

Proteasome activity is necessary for efficient viral gene
transcription and viral replication (Prösch et al., 2003; Kaspari
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7332
et al., 2008; Tran et al., 2010b; Le-Trilling et al., 2016). More viral
proteins were down- than up-regulated upon application of
proteasome inhibitors at 12 hpi, including seven down-regulated
>2-fold by both MG132 and bortezomib. One reason could be that
cellular factors hindering viral gene transcription (e.g. ND10
components) are no longer degraded during HCMV infection in
the presence of proteasome inhibition, leading to impaired
expression of viral genes. This highlights that there are at least two
mechanisms that could lead to the stabilization of a given host
protein. The first is degradation of the host protein along the
pathway inhibited by the drug. A second possibility is reduction
by the drug of the abundance of a viral protein responsible for the
degradationprocess. For instance,US22,whichwasdown-regulated
by MG132 and bortezomib, has been reported to function as an
RNA-associated viral protein, thus has the potential to regulate gene
expression post transcriptionally (Lenarcic et al., 2015). Although
none of the viral proteins downregulated >2-fold by both MG132
and bortezomib orMG132 alone are known to target host proteins
for degradation, their downregulation could potentially provide an
alternative explanation for some of the changes we observed.

Overall, this analysis of host protein degradation during
HCMV infection has not only identified proteasomal
degradation as a key mechanism subverted by the virus early
during infection, but has also generated a shortlist of
proteasomally degraded proteins enriched in known HCMV
restriction factors. Further investigation into the role of the
other proteins in this shortlist is warranted to determine if
they also have restrictive capabilities. Identification of HCMV
restriction factors, understanding the mechanism by which they
restrict infection and identification of viral antagonists that target
these factors for degradation are of fundamental interest due to
the potential for therapeutic intervention.
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