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Abstract: Human cytomegalovirus (HCMV) is a highly prevalent herpesvirus that can cause severe
disease in immunocompromised individuals and immunologically immature fetuses and new-
borns. Most infected newborns are able to resolve the infection without developing sequelae. How-
ever, in severe cases, congenital HCMYV infection can result in life-threatening pathologies and per-
manent damage of organ systems that possess a low regenerative capacity. Despite the severity of
the problem, HCMYV infection of the central nervous system (CNS) remains inadequately character-
ized to date. Cytomegaloviruses (CMVs) show strict species specificity, limiting the use of HCMV
in experimental animals. Infection following intraperitoneal administration of mouse cytomegalo-
virus (MCMYV) into newborn mice efficiently recapitulates many aspects of congenital HCMV infec-
tion in CNS. Upon entering the CNS, CMV targets all resident brain cells, consequently leading to
the development of widespread histopathology and inflammation. Effector functions from both res-
ident cells and infiltrating immune cells efficiently resolve acute MCMYV infection in the CNS. How-
ever, host-mediated inflammatory factors can also mediate the development of immunopathologies
during CMV infection of the brain. Here, we provide an overview of the cytomegalovirus infection
in the brain, local immune response to infection, and mechanisms leading to CNS sequelae.

Keywords: cytomegalovirus; congenital HCMV infection; mouse cytomegalovirus; inflammation;
latency; central nervous system; CMV tropism; immune response

1. Introduction

Human cytomegalovirus (HCMV), a 3-herpesvirus, is a highly prevalent virus in-
fecting 40-100% of the population worldwide [1]. The majority of the infected population
remains asymptomatic due to the effective immune response [2]. Upon resolution of pri-
mary infection, like other herpesviruses, HCMV establishes lifelong latency. However,
primary infection or viral reactivation can cause serious multiorgan disease in immuno-
compromised individuals. Various risk groups, such as transplant recipients, intensive
care patients, acquired immunodeficiency syndrome (AIDS) patients, and fetuses/new-
borns are susceptible to the development of HCMV-mediated disease due to the impaired
immune response [2,3]. In addition, HCMV-mediated life-threatening complications, alt-
hough rare, are also possible in immunocompetent individuals [4].

1.1. Congenital HCMV Infection

Annually, 0.2-2% of all newborns develop HCMYV infection in utero, making it the
most common congenital infection in the developed world [3,5]. Amongst the infected
newborns, 10-15% exhibit clinical findings (symptomatic congenital HCMV infection)
such as visceral organomegaly, microcephaly with intracranial calcifications, chorioreti-
nitis, jaundice, mental retardation, sensorineural hearing loss (SNHL), and skin lesions
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(petechiae and purpura). Additionally, symptoms such as prematurity, small size for ges-
tational age and neonatal death (5-10%) are also considered to define symptomatic con-
genital infection [1,3,6]. In general, congenital HCMV infection affects more children than
widely known trisomy 21 or fetal alcohol syndrome and is a leading cause of non-familial
hearing loss [7]. The majority of infected newborns lack clinically evident symptoms
(asymptomatic congenital HCMYV infection); however, they still possess a high risk of de-
veloping neurodevelopmental sequelae, such as SNHL or end-organ disease [3,5]. Studies
have reported that even infants that lack evident symptoms can shed virus in their body
fluids up to 5 years following the infection, rendering them as a source of virus spread
within group care facilities and households [8].

Maternal adaptive immunity can significantly reduce rates of intrauterine transmis-
sion, as evidenced by the difference in transmission rates between women undergoing
primary infection and women undergoing nonprimary infection [9]. As the severe disease
is not observed in the majority of cases, it is evident that most infants can resolve the acute
phase of infection without permanent consequences. Observational studies have failed to
report an evident connection between viral load in amniotic fluid and the development of
long-term sequelae, making estimates of the prognosis of individual cases challenging [6].
At birth, high viral loads in urine and peripheral blood have been correlated with a higher
risk of developing sequelae [8,10]. In severe cases, high viral loads can damage fetal organ
systems such as hepatobiliary, nervous, hematopoietic, and respiratory [11]. The inability
to efficiently resolve acute infections in organ systems that possess low regenerative ca-
pacity, such as the nervous and auditory system, can consequently lead to the develop-
ment of permanent sequelae [11]. It is suggested that the development of severe sequelae
is most closely associated with infections during the first trimester in primary infections
[12,13]. This observation could be correlated with the undeveloped fetal immune system
[14]. The transmission of HCMYV to fetus seems to be more common in the last two tri-
mesters [12].

Despite the long history of development, there is no approved vaccine for HCMV
[15]. Diagnostic and therapeutic approaches for congenital HCMV infection are still very
limited, warranting the need for understanding the pathogenesis of infection and devel-
opment of novel diagnostic and therapeutic approaches [1]. Usage of antivirals as therapy
during pregnancy remains controversial. In theory, antiviral therapy could be effective in
preventing fetal infection and in modifying disease in the infected fetuses. However, the
majority of antivirals are not approved for use during pregnancy due to their targeting of
enzymes required for DNA synthesis, thus leading to possible adverse effects, of which,
some could be long-term [12]. Novel antivirals, including letermovir, which is specific for
viral terminase, and valacyclovir, are currently being evaluated [12]. The standard post-
natal treatment for congenital HCMV infection is the use of antiviral agents such as
ganciclovir, which have been shown to control the severity of the acute infection and pos-
sibly modify the progression of neurological abnormalities, primarily SHNL [6]. Hy-
perimmunoglobulin treatment was also tested in clinical trials on pregnant women with
confirmed congenital HCMYV infection; however, to date, clinical trials have shown no
clear benefit of such treatment [16,17].

1.2. Mouse Model of Congenital HCMV Infection

Cytomegaloviruses (CMVs) show strict species specificity and therefore HCMV
pathogenesis cannot be studied in experimental animals. Due to comparable genetics and
pathogenesis, various animal CMVs have been used to model HCMYV infection [18-20].
The most commonly used animal model is the mouse model, but rat, guinea pig, and Rhe-
sus macaque are also frequently used to study CMV infection.

The Rhesus macaque CMV (RhCMYV) model is especially well suited to study con-
genital HCMYV infection in humans [21]. However, this model has major disadvantages,
including the paucity of RhCMV-seronegative macaques and the high cost of laboratory



Viruses 2021, 13, 1078

3 of 19

animals and experimental setups. The guinea pig CMV (GPCMV) is able to cross the pla-
centa, infect the embryo, and cause pathology in the nervous system [22,23]. However,
this model requires high doses of the virus for infection of dams, with consequent signif-
icant placental damage, fetal loss, and small litters. In addition, both GPCMV and RhCMV
viral genomes lack detailed characterization with an additional shortage of available im-
munological and genetic tools in comparison to the murine models [22]. Similar draw-
backs also apply to rat CMV models of congenital infection [24].

Mouse cytomegalovirus (MCMYV) infection has been used to elucidate numerous
mechanisms of infection, pathogenesis, and immune response to CMV [25]. Even though
MCMYV is unable to pass the placenta and infect the embryo, various inoculation tech-
niques have been established to model congenital infection [26-28]. Direct inoculation of
MCMYV into cerebral hemispheres or lateral ventricles of either mouse embryos or new-
born mice has been used to model congenital infection [29,30]. However, direct intracra-
nial (i.c.) inoculation of the virus does not efficiently reflect the pathogenesis of congenital
infection, including a disregard of viral spread and immune response in peripheral tissues
prior to infection of the CNS. Additionally, these methods require pretreatment anesthesia
and complex techniques and can lead to significant loss of animals in experimental groups
in comparison to intraperitoneal (i.p.) inoculation, as it can lead to collateral infections
and disruptions of the blood-brain barrier (BBB) [26,31]. Intraperitoneal inoculation of
MCMYV into newborn pups is a commonly used method for studying congenital infection
in mice [26]. The use of newborn mice is justified by the fact that the CNS of neonatal mice
corresponds developmentally to the CNS of human fetuses between gestation weeks 12
to 15 and by the highly conserved structure of the cerebellum between rodents and hu-
mans [31-33]. Following inoculation, the virus spreads hematogenously, establishing pri-
mary viremia in peripheral organs prior to infecting the CNS, which resembles the pro-
posed route of HCMV dissemination into CNS during congenital HCMYV infection [26,31].
Importantly, infected mice develop brain alterations and neurobehavioral sequelae ob-
served in congenital HCMYV infection [26,34]. Similarly, MCMV-infected newborn mice
exhibit hearing loss associated with loss of spiral ganglia neurons and degeneration of
cochlear vasculature [35,36]. Newborn mice of different strains show different levels of
susceptibility to MCMYV infection [37,38], potentially resembling differential susceptibility
for symptomatic infection in the human population. However, only BALB/c and C57BL/6
mice have been used to model congenital infection so far. The kinetics of virus replication
and virus-induced pathology are similar in newborn BALB/c and C57BL/6 mice [39—41].
Ly49H receptor, which provides MCMV resistance in C57BL/6 mice, is not expressed in
NK cells in newborn mice, explaining the lack of efficient control of MCMYV in newborn
C57BL/6 mice [41,42].

2. CMV Infection of Brain-Resident Cells
2.1. Cytomegalovirus Tropism

CMV possesses a broad cell tropism, with the majority of cell types reported to be
fully permissive for infection [43]. Cell types such as epithelial, endothelial, fibroblasts,
and smooth muscle cells are considered to be the prime targets for HCMYV infection [44].
It is presumed that HCMV enters a new host by infecting mucosal epithelium, or in the
case of congenital infection, by infecting placental trophoblasts. Upon entry, HCMV es-
tablishes myeloid cell-mediated primary infection of organs such as spleen, liver, and
lungs [45]. Efficient proliferation in ubiquitous cell types such as fibroblasts, hepatocytes,
and smooth muscle cells contributes to high viral loads in different organs [44]. Interest-
ingly, even though the liver is one of the organs with the highest viral load during acute
infection in adult mice, the hepatocyte-produced cytomegalovirus does not disseminate
[46]. Myeloid cells are considered to function as transport vehicles for viral spread, rather
than as sites of robust productive infection. Following infection of initial organs, the virus
undergoes secondary dissemination to organs such as salivary glands and kidneys [45].
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Infection of epithelial cells of glands and mucosal tissues allows the virus to spread to new
hosts via infected bodily secretions.

Three major glycoprotein complexes of cytomegalovirus, gB, gM/gN, and gH/gL,
mediate virus entry [47]. Their contributions to entry are thought to occur sequentially,
with the gM/gN complex mediating initial attachment to the host cells, gH/gL complexes
binding cell surface receptors, and gB mediating membrane fusion [48]. The binding of
gH/gL complexes to an entry receptor induces conformational changes that activate gB to
perform membrane fusion [48]. HCMV encodes two gH/gL complexes. The trimeric com-
plex consisting of gH/gL and gO (gH/gL/gO) mediates entry into all cells, most notably
fibroblasts, and is required for infectivity of cell-free virus [49]. The pentameric complex
of gH/gL with small glycoproteins UL128, UL130, and UL131 broadens the HCMYV cell
tropism, and is required for infection of epithelial cells, endothelial cells, leukocytes, and
dendritic cells, but not fibroblasts [50-53]. The ability of HCMYV to efficiently infect various
cell types can be also linked to the efficient exploitation of numerous host surface recep-
tors and co-receptors that mediate viral entry [48]. The gH/gL/gO complex mediates in-
fection of fibroblasts by binding to platelet-derived growth factor receptor-a (PDGFRa),
a receptor that is not expressed on epithelial cells [54,55]. The pentameric complex targets
neuropilin-2 (Nrp2) for efficient infection of epithelial and endothelial cells [56].

Similar to HCMV, MCMYV shows broad tropism and encodes two gH/gL complexes
[47]. Mouse gH/gL/gO complex is a functional homolog of the corresponding HCMV com-
plex and it is important for infectivity of MCMYV virions and fibroblast tropism [57]. The
second complex of MCMV gH/gL is with viral chemokine-like protein, MCK-2 [58].
gH/gL/MCK-2 mediates cell-associated spread, infection of macrophages, and dissemina-
tion to salivary glands [58,59]. Interestingly, while gH/gL/gO is critical for establishing
infection, both gH/gL/MCK-2 and gH/gL/gO can mediate intra-tissue spread [60]. The role
of CMV glycoprotein complexes in infection of the CNS, spread, and neurotropism is yet
to be established.

2.2. Cytomegalovirus Infection of Neurons and Glial Cells

The viral transmission from HCMV-positive mothers to fetuses starts at the uterine-
placental junction by first infecting uterine smooth muscles and endothelial cells in the
decidua [61]. Secondly, virus interactions with trophoblast cell receptors mediate trans-
placental transmission, which consequently enables the virus to enter the fetal blood sys-
tem [61,62]. It is suggested that the virus enters the fetal circulation in a cell-free form due
to the placenta's limited permeability for maternal cells to enter fetal circulation [3]. When
HCMV crosses the placenta into the fetal blood system it undergoes replication in numer-
ous fetal organs [63]. However, the exact dissemination pathway from the maternal pla-
centa to individual organs, including the brain, is still not resolved [3].

Studies of HCMV infection in the brain during congenital infection are limited
mainly to histopathological and observational studies. Additionally, discrepancies in the
timing of fetal infection, viral burden, and wide variations in histopathological changes,
accompanied by a lack of non-invasive methods, impair direct study of HCMYV in the
brain [25]. Therefore, the mouse model has been informative in defining the kinetics of
virus spread and subsequent immune response and pathology. It has also been suggested
that the neonatal brain is more susceptible to MCMYV infection following i.c. infection as
compared to the adult brain [64]. Furthermore, peripherally infected adult mice are re-
sistant to the invasion of CMYV into the brain, due to efficient immune control [65]. As the
virus can be detected in both the plasma and blood upon i.p. inoculation of MCMYV into
newborn mice, it is assumed that it can enter the CNS in both forms, cell-free or cell-asso-
ciated; however, the exact mechanism of crossing the blood-brain barrier is still unknown
[66]. Mononuclear cells are speculated to be the entrance gates for the viral migration into
the developing CNS [26,31,65]. Following i.p. infection, the infectious virus can be isolated
from the brain starting from 7 days post-infection (d.p.i.) up to 21 d.p.i [39,40]. The virus
efficiently infects all cell types in the brain, showing no specific cell tropism in the CNS
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(Figure 1) [67]. However, the vast majority of the published data are based on in vitro
analysis from primary cell cultures [67]. Additionally, discordant findings have been re-
ported by different research groups in the capacity of resident CNS cells to support a full
viral replication cycle.
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Figure 1. Cytomegalovirus infection in developing brain. Cytomegalovirus (CMV) dissemination to the central nervous
system (CNS) is secondary to peripheral organ infection (1). Upon reaching the brain, CMV is hypothesized to cross the
blood-brain barrier (BBB) by either cell-associated (2a) or cell-free form (2b). Monocytes are proposed to mediate cell-
associated passage across the BBB. Upon crossing of the BBB, CMV infects resident cells (3). Apart from oligodendrocytes,
CMV infection of resident CNS cells was confirmed in vivo. CMV DNA was detected in cerebrospinal fluid (CSF) of con-
genitally infected infants and neural stem precursor cells (NSPCs), abundant in subventricular zones (SVZ), are a promi-
nent target of CMV infection. Figure was created with Biorender.

Astrocytes are the most abundant glial cells with a range of diverse functions ranging
from metabolic support to regulation of synaptogenesis [68]. As astrocyte foot processes
are involved in the formation and maintenance of the blood-brain barrier, they are there-
fore resident cells of the CNS that are the initial targets of neurotropic viral infections
[69,70]. During acute infection, histopathological studies of fetal brains have shown that
among resident cells, GFAP* astrocytes represent the predominant cell type infected with
HCMV (Table 1.) [71]. In vitro, astrocytes are fully permissive for HCMV and MCMYV and
support productive replication [72-76].
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Table 1. HCMV and MCMYV infection of brain-resident cells.

Acute infection ; . Selected
Cell type . ; Latent infection
In vivo In vitro references
HCMV (+) HCMV (+) . . [71]
Astrocytes MCMV (?) MCMV (+) No information (72]
) . HCMV (+) HCMV (+/-) . . [71]
Microglia MCMV (+) MCMV (+) No information [41]
HCMV (+) HCMV (+/-) Possible site of [71]
Neurons
MCMV (+) MCMV (?) latency [34]
NSPC HCMV (+) HCMV (+) Possible site of [71]
s MCMV (+) MCMV (+) latency [77]
Oligodendrocyte =~ HCMV (?) HCMV (+) . .
s MCMV (?) MCMV (?) No information [78]
HCMV (+) HCMV (+) . . [79]
Ependymal cells MCMYV (+) MCMYV (2) No information [64]

Human cytomegalovirus (HCMV), murine cytomegalovirus (MCMYV), neural stem precursor cell
(NSPC), infected (+), not infected (-), no information (?).

Microglia are yolk sac-derived, tissue-resident immune cells of the CNS [80]. During
development, microglia populate the CNS and establish a long-lived cell pool [81]. This
cell type possesses an abundance of specific proteins referred to as the sensome, that ena-
ble microglia to efficiently respond to neurotropic viruses and other microbes that invade
the CNS, rendering them essential in protection against viral encephalitis [82]. Early in
vitro analyses of HCMYV infection of enriched microglia cell cultures reported opposing
results on HCMV’s ability to infect this cell type (Table 1) [72,74,83,84]. By analyzing fetal
brains, separate research groups have confirmed that microglia are indeed susceptible to
CMV infection during acute congenital HCMV infection, embryogenesis in RCMV, and
MCMYV infection of newborn mice [41,71,85]. In the case of HCMYV infection, microglia are
not a primary target of HCMYV, accounting for approximately 10% of infected cells [71]. In
vitro, microglia were reported to be permissive for MCMYV infection and to support pro-
ductive viral replication [86]. Furthermore, MCMV productively infects both rami-
fied/quiescent and amoeboid/activated phenotypes of the BV-2 microglial cell line [87].

Neurons possess a unique cell morphology which enables them to perform vital func-
tions of receiving and sending electrical impulses [88]. One of the particular features of
neurons is limited regeneration; once fully differentiated, neurons possess poor regener-
ation capabilities upon damage [89]. Therefore, neurons have developed pro-survival
strategies to avoid destruction from cellular components of the immune system [90]. This
self-preservation evolutionary feature is often exploited by neurotropic viruses in both
the CNS and peripheral nervous system (PNS) [90]. Additionally, it is postulated that vi-
ruses exploit neuronal metabolism by hitchhiking with the axonal traffic [90]. Histopatho-
logical examination of brains from fetuses with severe manifestations of intrauterine
HCMYV infection reported on neuron infection, accompanied by increased levels of apop-
tosis (Table 1) [63,71,91]. However, neurons are reported to be infected to a lesser extent
than resident glia cells, as only a few post-mitotic HCMV-positive neurons were observed
[71]. In vitro, conflicting results have been reported on the permissiveness of HCMYV in-
fection in neurons, ranging from no infection to full permissiveness [72,92-94]. Interest-
ingly, neural stem precursor cell (NSPC) differentiated neurons were associated with a
decrease in viral replication in comparison to their undifferentiated precursors [93]. This
phenomenon is hypothesized to be correlated with either efficient control of IE major pro-
moter (MIEP) activity or viral exploitation of the poor neuronal antiviral response [93,95].
The expression of the MIEP is thought to be regulated by various transcription factors that
respond to cell differentiation or membrane polarization, while the latter can be correlated
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with low expression of MHC molecules on neurons, a phenotype that is believed to pro-
tect neurons from immune-mediated cell destruction [95,96]. MCMYV infection of neurons
has been reported in the developing brain following both peripheral and cranial inocula-
tion models [34,64,97].

During embryonic development of the CNS, both neurons and glial cells (except mi-
croglia) develop from NSPC, a common neuroepithelial precursor [98]. A population of
NSPCs is present in adulthood as well and resides in subgranular zones of the dentate
gyrus and ventricular zones of the cerebellar cortex [99]. Histopathological analysis of
brains from infants with severe congenital HCMV infection revealed a high number of
infected cytomegalic cells, and loss of germinal and radial glial cells in proximity of ven-
tricular zones (Table 1) [100]. These observations suggest that NSPCs could be a prime
target for HCMV infection. Primary NSPCs isolated from human fetuses or neonates have
been shown to be fully permissive and support active viral replication with both early and
late gene expression [92,93,101,102]. Similar data were reported for in vitro MCMV-in-
fected mouse NSPCs, which support productive viral replication [103,104]. Interestingly,
neural stem cells are more resistant to HCMYV infection in comparison to neural progenitor
cells, which have limited proliferative ability and do not exhibit self-renewal [105]. Histo-
pathological brain analysis of severe cases of intrauterine HCMYV infections established
that the virus favors ventricular regions which have abundant NSPCs [100]. Teissier et al.
reported that during intrauterine HCMYV infection, NSPCs are indeed the prime targets of
CMV infection, as the majority of HCMV-positive cells show hallmarks of NSPCs [71].
Additionally, similar extensive infection of NSPCs was reported in the murine i.c. model
of infection [77,104,106].

Oligodendrocytes are glial cells that are predominantly located in white matter and
are responsible for the myelination of axonal membranes [107]. Infection of oligodendro-
cytes with CMV is poorly characterized [78]. The human oligodendroglioma cell line
(HOG), which mimics immature oligodendrocytes, is permissive for HCMYV infection, and
productive infection was observed exclusively in stimulated HOG cells which resembled
mature oligodendrocytes (Table 1) [78].

Ependymal cells are cuboidal, glial cells that form a single layer around the ventric-
ular system of the brain and the central canal of the spinal cord. It is suggested that epen-
dymal cells provide trophic and metabolic support. Due to the direct contact with cere-
brospinal fluid (CSF), it is not unexpected that ependymal cells are targets for viral infec-
tion [108]. Histopathological examinations of congenitally infected fetuses confirmed
HCMYV infection of ependymal cells (Table 1) [79,100]. In addition, primary ependymal
cultures were also permissive for HCMV infection [109]. Ependymal cells lining the ven-
tricles have been reported to be highly susceptible to infection in the MCMYV i.c. model
[64].

2.3. Cytomegalovirus Latency in Brain

One of the signatures of the herpesvirus family is the establishment of a life-long
latency from which the virus intermittently reactivates [110]. By limiting viral replication
during latency, CMV efficiently avoids host immune cell activation, while maintaining
the viral genome in host cells. Even though CMV latency is extensively studied, this viral
state is still not well understood [111-113]. In contrast to herpes simplex virus 1 (HSV-1),
where latency-associated transcripts (LATs) are well characterized, genes expressed dur-
ing CMYV latency are not latency-specific, as their expression was observed also during the
lytic cycle [112,114,115]. Consistent with these observations, recent studies indicate that a
hallmark of HCMYV latent infection is a low-level expression of a broad spectrum of ca-
nonical viral lytic genes [116-118].

In primitive neural stem cell (pNSC) culture, HCMV genomes were detectable up to
one month after infection, without any detectable IE1 expression, suggesting NSPCs as a
reservoir of latent HCMV (Table 1) [119]. In contrast, by using fetal-derived NSPCs it was
suggested that neurons act as a reservoir of latent HCMV [92]. The human embryonal
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carcinoma cell line NTera2, which can be differentiated into neurons upon retinoic acid
treatment, was used to determine molecular mechanisms of latency in neuronal progeni-
tor cells [111,113]. It was observed that stimulation of the cAMP signaling pathway acti-
vates viral reactivation in NTera2 cells, suggesting a possible role in CMV latency
[120,121].

MCMYV can be reactivated from latency in brain slice cultures of mice infected as
newborns [122]. A high degree of infection was observed around ventricular zones fol-
lowing reactivation, suggesting that NSPCs could function as a viral reservoir during la-
tency. Furthermore, upon loss of immune control MCMYV reactivates in the brain in vivo
in mice infected as newborns [40,123]. Depletion of either CD8* or CD4* T lymphocytes
was sufficient to achieve reactivation; however, the identity of cells reactivating MCMV
in this context remained undetermined [40,123].

The impact of latent CMV infection on the homeostasis and function of the nervous
tissue is currently unclear. It was demonstrated that latent MCMYV infection in the brain
promotes the development of glioma [124]. This is in line with the hypothesis that HCMV
could be an oncomodulatory agent in developing gliomas [125]. Therefore, latent CMV in
CNS could be involved in the development of a range of diseases.

3. Immune Response to Cytomegalovirus Infection in Developing Brain

Upon cytomegalovirus infection of the brain, different resident and infiltrating cells
mediate protection (Figure 2) [126]. Astrocytes are probably the first brain cells exposed
to infection due to their location surrounding blood vessels. So far, there is no definitive
evidence of astrocyte-mediated control of CMV infection. However, as seen in other in-
fections, astrocytes could have an important role in CNS innate immunity as they express
various pattern recognition receptors (PRRs). Activation of PRRs such as Toll-like recep-
tors (TLR) leads to downstream expression of interferon-stimulated genes, consequently
establishing an antiviral immune response [127]. Supernatants of HCMV-infected pri-
mary astrocyte cultures contain high levels of chemokines that could attract microglia to
the infection site [84]. The migration of microglia to the infection foci is probably a source
of proinflammatory cytokines and mediators of antiviral response [84]. By using i.p.
MCMYV infection of newborn mice we have shown that microglia acquire a proinflamma-
tory phenotype and transcriptional profile, proliferate, and produce antiviral cytokines
during acute infection [41]. While the direct role of microglia in the control of MCMV
infection has not been shown, microglia likely have a major role in orchestrating immune
response in the brain. Besides microglia, CNS-associated macrophages are activated and
peripheral blood monocytes infiltrate the brain early after infection [26,39,128,129]. Acti-
vated microglia are not limited to the viral foci, but are rather equally distributed, favoring
the hypothesis that virus infection of the developing brain results in a widespread pro-
inflammatory response [129]. Expression of genes involved in interferon response (IRF-1,
IRF-7, USP18, LRG-47, IFIT1, STAT1), pro-inflammatory cytokines (TNFa, IFNf, IL-1f3,
IFNY), chemokines (CXCL10, CCL2, CCL5, CCL21), and both MHC class I and MHC class
II molecules are shown to be significantly elevated and widely expressed in the cerebel-
lum of infected animals [26,128,129]. NK and ILC1 cells infiltrate the brain as well and
produce IFN-vy (Figure 2a). This early IFN-y production leads to polarization of microglia;
however, it does not contribute to virus control in the brain [41]. Recent studies suggested
that neurons are actively involved in the CNS immune response [96]. However, the in-
volvement of neurons in immune responses to CMV infection is yet to be determined.

The importance of adaptive immunity, especially T cells, in controlling CMV infec-
tion is well established in immunocompromised individuals and murine models [130].
Both CD4* and CD8* T cells infiltrate the brain following the infection of newborn mice
[39]. Virus replication in the CNS is shown to resolve gradually following the increasing
levels of infiltrating CD8* T cells (Figure 2a) [39,40]. Depletion of CD8* T cells results in a
significant increase in viral load in the brain and peripheral organs and mortality [39].
Even though the levels of CD4* T cells are much lower as compared to CD8* T cells in the
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brain of infected mice, they are similarly important for the control of virus replication in
the brain and resolution of productive infection [123]. It is well established that maternal
antibodies reduce the risk of HCMYV transmission to the fetus, as well as improve disease
outcome [131]. Similarly, we have shown that offspring of MCMV-immunized mothers
are protected from MCMYV infection [132,133]. In addition, adoptive transfer of immune
sera or monoclonal antibodies specific for viral glycoproteins can reduce MCMYV levels in
newborn mice, as well as the development of pathology [134].

The control of the latent virus in the brain is less well understood. Following resolu-
tion of MCMYV infection, T cells persist in the brain of mice for the lifetime of the animal
[40]. Persisting T lymphocytes are characterized by the establishment of a tissue-resident
memory phenotype (Trm), as CD8* T cells express CD69 and CD103, and CD4* T cells ex-
press CD11a and CD69. In addition, CD8* Tru cells express elevated levels of PD1, CD44,
TCR, and co-receptor CD8, and are long-lived slowly proliferating cells [40]. Phenotypic
and functional analysis of CD4* Tru cells has shown that they express Th1 markers (T-bet
and CXCR3) and cytokine IFN-y [40,123]. Importantly, Trm populations are functionally
competent and provide protection upon reinfection (Figure 2b) [40]. Long-term depletion
of either CD4* or CD8* T cells from latently infected brains results in the appearance of
MCMV IE1* cells in the brain [40,123]. Interestingly, depletion of CD4* T cells from the
brain results in the loss of Trm marker CD103 expression by CD8* T cells. Whether loss of
CD103* population of CD8* T cells results in impaired control of latent virus remains un-
determined. The importance of CD8* T cells is not limited to control of virus reactivation,
but they also provide control of the inflammatory response in latently infected CNS [40].
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Figure 2. Immune response to cytomegalovirus infection in the brain. (a) Acute infection. Upon crossing of the blood—
brain barrier (BBB), cytomegalovirus (CMV) infects resident cells (1). Astrocyte-derived chemokines recruit microglia to
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the infection site (2a). Microglia are activated via pattern recognition receptors and cytokines. Activated microglia produce
proinflammatory cytokines (2b), which mediate immune cell recruitment into the brain (3) and orchestrate immune cell
response (4). Infiltrating NK cells and ILC1 cells produce IFN-y and myeloid cells produce TNF-a, leading to organ-wide
polarization of microglia (5); infiltrating T cells provide direct control of productive infection (6). CD8* and CD4* T cells
recognize virus-infected cells in the context of MHC I and MHC II molecules and provide virus control by cytolytic mech-
anisms (gzmB) or by non-cytolytic mechanisms (IFN-v). (b) Latent infection. Following resolution of acute CMV infection,
T cells are retained in the brain as tissue-resident cells (Trm) and control latent/reactivating CMV. CD8* Tru cells are char-
acterized by expression of CD69 and integrin CD103, while CD4* Trum cells express CD69 and CD11a. Both cytolytic mech-
anisms (gzmB) and cytokines (IFN-y) could mediate the control of latent and reactivating CMV in the CNS. Trum cells are
suggested to persist in the brain of mice for a lifetime without or with minimal replenishment from the circulation. Acti-
vated microglia probably contribute to maintenance and functional capacity of TRM cells in the brain. Figure was created
with Biorender.

Pathogenesis of Congenital CMV Infection in The Brain

Congenital HCMYV infection-induced neuropathology in the CNS is widespread. Le-
sions are found in different regions of the brain such as the hippocampus, olfactory bulb,
eyes, and inner ears, which leads to impaired perceptual senses (SNHL, chorioretinitis) or
neurological diseases accompanied with structural deformity [12,100]. Histopathological
changes are manifested in the form of cerebellar and cortical hypoplasia (underdevelop-
ment or incomplete development of the brain), microcephaly (reduction in head size), me-
ningoencephalomyelitis (inflammation of the meninges, brain, and spinal cord), neuronal
heterotopia (atrophy of the cortical plate and rupture of the glia limitans), ventriculomeg-
aly (larger ventricles than normal), calcifications in the form of nodules, hemorrhagic le-
sions, hemosiderosis (iron overload disorder), necrosis, and cellular loss [100]. Due to the
limitations of observational studies, the exact mechanism of pathogenesis remains unre-
solved. It is suggested that it involves disruption in the microvasculature of the develop-
ing brain, damaged blood-brain barrier, altered synaptogenesis, loss of NSPCs, and al-
tered cell migration manifested in disordered cellular positioning [26,66,100,134].

The MCMV model of congenital infection efficiently recapitulates many aspects of
the neuropathology associated with congenital HCMYV infection [26]. Namely, focal and
non-necrotizing encephalitis are observed in brains of i.p.-infected newborn mice, accom-
panied by mononuclear cell infiltrates and alterations in cerebellar morphology and size
[26]. No striking differences were observed in the cerebrum of infected animals [26,134].
However, the cerebellum is part of the brain that undergoes extensive postnatal develop-
ment as opposed to the cerebrum, making it highly susceptible to viral-mediated pertur-
bation [135]. The observed cerebellar pathology parallels the viral kinetics in the CNS.
Upon resolution of acute viral infection, the cerebellar growth is normalized, suggesting
virus-mediated growth retardation [26,39,40]. Importantly, similar morphological
changes in cerebellum size are observed in acute cases of congenital HMCV infection
[136]. Additionally, global histopathological lesions such as edema, micronodular gliosis,
perivascular cuffing, and reactive gliosis are also observed in the brains of infected new-
borns and can persist to a lower extent following resolution of acute infection [134].

Alterations in NSPC differentiation and migration can lead to extensive malfor-
mations in cortical development and manifest as severe pathology [137]. NSPCs have a
reduced ability to proliferate and differentiate into neuronal and astrocyte lineage during
productive HCMV infection as shown in vitro [101,102]. It is proposed that these altera-
tions in differentiation correlate with IE1-specific targeting of STAT3 phosphorylation,
which consequently decreases levels of SOX2 expression, a transcription factor (TF) cru-
cial in NSPCs pluripotency and self-renewal [138]. Besides the STAT3-50X2 pathway, IE1
is shown to function as E3 ubiquitin ligase, which targets and downregulates Hes1, a TF
involved in downstream Notch signaling, essential in NSPC differentiation and brain de-
velopment [139]. The ability of CMV to induce NSPC apoptosis is still unclear as conflict-
ing findings have been reported in studies to define the role of HCMYV in NSPC apoptosis
in vitro [93,102]. However, histopathological examination of HCMV-infected brains re-
ported extensive cell loss and necrosis in brain zones abundant with NSPCs [100].
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Similar data were reported for in vitro MCMV-infected mouse NSPCs that support
productive viral replication and have reduced ability to proliferate and differentiate. Ad-
ditionally, alternations in cellular processes such as DNA synthesis, self-renewal, migra-
tion, and downregulation of MHC class I molecules were also observed [103,104]. These
data were validated by i.c. MCMYV infection of newborn mice, resulting in infection of
NSPCs and causing a substantial decrease in NSPC number, proliferation, and self-re-
newal while also disrupting their differentiation into a neuronal lineage. Disruption in
neurogenesis was linked with decreased expression levels of neurotrophins such as brain-
derived neurotrophic factor (BNDF) and neurotrophin-3 (NT3) [77]. Whole-genome ex-
pression analysis on cultured human NSPCs infected with HCMYV also reported altera-
tions in gene expression and mRNA levels of genes important for NSPC differentiation.
The authors suggested that this change in gene expression likely correlates with prema-
ture and abnormal differentiation [140].

In MCMV-infected newborn mice, increased thickness of the cerebellar external gran-
ular layer (EGL) and decreased thickness of the internal granular layer (IGL) and molec-
ular layer (ML) can be observed [26,128,129,134]. The thicker EGL is correlated with an
increase in cellularity of granule neuron precursor cells (GNP), while decreased thickness
of the IGL is hypothesized to develop secondary, as a result of reduced granular neuron
migration [26,128,129]. The Purkinje cell body size did not differ between the infected and
control group. However, lower cell numbers of Purkinje cells were observed, accompa-
nied by impaired alignment and decreased dendrite arborization, consequently leading
to a decreased thickness in the ML [26,134]. It was suggested that GNP cells have lower
proliferation and migration rates, while increased levels of apoptosis were not observed
[26]. Further studies indicated the increased ratio of GNP cells in the S phase without a
decrease in the number of cycling cells [128,129]. This observation would suggest that
CMV infection blocks or delays GNP proliferation downstream from glil and N-myc, ef-
fectors of granular neuron proliferation in the Sonic hedgehog (SHH) pathway that are
elevated during MCMYV infection [128,129,141]. Prolongation in the GNP cell cycle would
delay the expression of developmental genes that are directly connected to adequate po-
sitioning and differentiation of GNPs, consequently leading to a reduction in cerebellar
foliation and cerebellar size, and altered EGL thickness. Additionally, MCMYV infection
decreased activation of neurotrophin receptors, which are actively involved in postnatal
cerebellar development [26,142]. Furthermore, differentiation of GNP cells has also been
shown to be altered with an observed reduction in the expression of molecular markers
for granular neuron differentiation and differentiated neurons [26,128,129]. The reported
data are somewhat similar to the reported data on NSPC infection in vitro as CMV infec-
tion efficiently alters normal GNP processes such as proliferation and differentiation.

The involvement of other CNS cell types in altered neurodevelopment is poorly stud-
ied. Analysis of MCMV-infected neurons reported impaired homeostatic processes, such
as neuronal conductivity, attenuation in generating action potentials, and synaptic activ-
ity, while maintaining normal morphology during MCMYV infection [73,143]. MCMV in-
fection of primary astrocytes alters intercellular communication in vitro [73]. The ob-
served increase in levels of intracellular calcium (Ca?*) in MCMV-infected astrocytes con-
sequently diminished neuronal synaptic activity and intercellular communication be-
tween astrocytes [73]. Interestingly, perturbations in Ca?* signaling were reported to alter
neurogenesis in ventricular zones, while also increasing susceptibility for neuron infection
in the HSV-1 model [144]. These data suggest a possible connection between CMV-medi-
ated alteration in intercellular communication and consequently diminished neurogene-
sis. Whether oligodendrocytes are involved in altered neurodevelopment during congen-
ital HCMYV infection is not known. In humans, myelination begins around gestation week
30, and continues extensively in the postnatal period and during the first year, and there-
fore it is possible that oligodendrocytes and myelination are not significantly affected by
HCMYV infection prior to birth [145].
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While the protective role of the host inflammatory response is clear, there is a delicate
balance between neuroprotection and neuropathology [126,146]. Infection can cause ex-
cessive activation of astrocytes and microglia, consequently overproducing proinflamma-
tory mediators. This immune imbalance can lead to oxidative stress, tissue degeneration,
neuronal death, and cognitive decline [146]. Additionally, an excessive immune response
can mediate various neurodevelopmental disorders [147]. Therefore, one can argue that
host immune response to CMV infection in the brain is neuropathologic, as observed mor-
phological alterations are not limited solely to adjacent foci of infection or to immune cell
infiltrations but are rather more globally distributed. This could suggest that the observed
morphological changes are not directly correlated with viral cytopathic activity, but rather
with the host pro-inflammatory response [31,66]. Indeed, we have previously shown that
glucocorticoid treatment of MCMV-infected newborn mice attenuates CNS inflammation
and limits deficits in cerebellar development, while minimally affecting virus replication
[128]. Such treatment limited morphogenic abnormalities, normalized the expression of
developmentally regulated genes within the cerebellum, and normalized GNPC prolifer-
ation deficits. Further studies indicated that TNF-a is a major component of the inflam-
matory response associated with altered neurodevelopment in the MCMV-infected devel-
oping brain, with key effector cells in this process being myeloid cells [128]. NK/ILC1 cell-
derived IFN-y similarly exerts a detrimental impact on cerebellar development in the in-
fected developing brain [41]. Conversely, blocking of TNF-a or IFN-v, or depletion of NK
cells, normalizes cerebellar development. Altogether, these studies demonstrate that lim-
iting the proinflammatory response can alleviate the CMV-induced pathology and open
the potential therapeutic avenues. Similar mechanisms could be responsible for CMV in-
duced hearing loss, as decreasing cochlear inflammation by corticosteroid treatment of
MCMV-infected mice resulted in preservation of spiral ganglion neurons and improved
auditory function [35]. Whether other immune cells play a detrimental role in altered neu-
rodevelopment in MCMV-infected developing brain is not known. Furthermore, the se-
quence of events leading to altered neurodevelopment, as well as interactions of inflam-
matory mediators and cells, are currently unknown.

4. Closing Remarks and Future Perspectives

Many important aspects of congenital HCMYV infection in the CNS, such as mecha-
nisms of viral entry and dissemination, induction of immune response, and development
of pathologies, remain ill-defined and incompletely understood. The mouse model of con-
genital HCMV infection provides an opportunity to define some of these mechanisms.
While it is clear that CMVs can infect (almost) all brain cell types, the mechanisms which
mediate virus dissemination to the CNS, the spread of the virus in the CNS, and the con-
sequences of infection of individual cell types, are still unknown. Major viral glycoprotein
complexes, and especially gH/gL complexes, could be essential in guiding the virus to the
CNS and are considered to be an important target of neutralizing antibodies. Therefore,
future studies should address their involvement in CMYV infection of CNS, as well as the
potential of their blocking. Host immune response can be regarded as a double-edged
sword; besides providing virus control, neurodevelopmental pathology can be corrected
by suppressing the immune response. Defining mechanisms of immunity mediating these
detrimental outcomes could potentially provide hints for the development of interven-
tional therapies. Once the acute infection is resolved in the CNS by an efficient host im-
mune response, primarily CD4* and CD8* T cells, the virus establishes latency, from which
it can reactivate upon loss of immune control. However, the impact of the latent virus on
the homeostasis and function of this delicate tissue is currently unknown. The lifelong
persistence of T cells in the CNS, which provide control of the latent virus, warrants the
need for future studies to define their role in the development of different pathological
conditions.



Viruses 2021, 13, 1078 13 of 19

Author Contributions: Conceptualization—1.B. and F.K.; writing —original draft preparation —1.B.
and F.K; writing—review and editing—LB., S.J., and W.J.B.; funding acquisition—ILB., S.J., and
W.].B.; All authors have read and agreed to the published version of the manuscript.

Funding; This publication was supported by the grant “Strengthening the capacity of CerVirVac for
research in virus immunology and vaccinology”, KK.01.1.1.01.0006, awarded to the Scientific Centre
of Excellence for Virus Immunology and Vaccines and co-financed by the European Regional De-
velopment Fund (Stipan Jonji¢), “Research Cooperability” program of the Croatian Science Foun-
dation funded by the European Union from the European Social Fund under the “Operational Pro-
gramme Efficient Human Resources 2014-2020" (PZS-2019-02-7879, Ilija Brizi¢), University of Rijeka
(uniri-biomed-18-297, Ilija Brizi¢), and the National Institutes of Health (1 R01 DC015980-01A1,
Stipan Jonji¢. and William J. Britt).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Astrid Krmpoti¢ and Daria Kvestak for critically reading the
manuscript.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

Cannon, M.].; Grosse, S.D.; Fowler, K.B. The Epidemiology and Public Health Impact of Congenital Cytomegalovirus Infec-
tion. In Cytomegaloviruses From Molecular Pathogenesis to Intervention; Caister Academic Press: London, UK, 2013; pp. 26-43.
Griffiths, P.; Baraniak, I, Reeves, M. The pathogenesis of human cytomegalovirus. ]. Pathol. 2015, 235, 288-297,
doi:10.1002/path.4437.

Boppana, S.B.; Britt, W.]. Synopsis of Clinical Aspects of Human Cytomegalovirus Disease. In Cytomegaloviruses From Molec-
ular Pathogenesis to Intervention; Caister Academic Press: London, UK, 2013; pp. 1-26.

Rafailidis, P.I.; Mourtzoukou, E.G.; Varbobitis, 1.C.; Falagas, M.E. Severe Cytomegalovirus Infection in Apparently Immuno-
competent Patients: A Systematic Review. Virol. ]. 2008, 5, 47, doi.org/10.1186/1743-422X-5-47.

Schleiss, M.R. Cytomegalovirus Vaccine Development and Target Population Congenital HCMV Infection: A Major Public
Health Problem The Problem of Congenital HCMV Infection Is Unquestionably the Major Driving. In Curr. Top. Microbiol. Im-
munol. Springer Press: Heidelbe, Berlin, Germany, 2008, pp. 361-382.

Adler, S.P.; Nigro, G. Human Cytomegalovirus. In Cytomegaloviruses From Molec-ular Pathogenesis to Intervention; Caister
Academic Press: London, UK, 2013; pp. 55-73.

Cannon, M.J. Congenital cytomegalovirus (CMV) epidemiology and awareness. |. Clin. Virol. 2009, 46, S6-S10,
d0i:10.1016/j.jcv.2009.09.002.

Cannon, M.].; Hyde, T.B.; Schmid, D.S. Review of cytomegalovirus shedding in bodily fluids and relevance to congenital cyto-
megalovirus infection. Rev. Med Virol. 2011, 21, 240-255, doi:10.1002/rmv.695.

Britt, W.J. Maternal Immunity and the Natural History of Congenital Human Cytomegalovirus Infection. Viruses 2018, 10, 405,
doi:10.3390/v10080405.

Boppana, S.B.; Fowler, K.B.; Pass, R.F.; Rivera, L.B.; Bradford, R.; Lakeman, F.D.; Britt, W.J. Congenital Cytomegalovirus Infec-
tion: Association between Virus Burden in Infancy and Hearing Loss. ] Pediatr. 2005, 146, 817-823,
doi:10.1016/j.jpeds.2005.01.059.

Britt, W. Manifestations of Human Cytomegalovirus Infection: Proposed Mechanisms of Acute and Chronic Disease. In Current
Topics in Microbiology and Immunology; Springer Press: Heidelbe, Berlin, Germany, 2008; pp 417-470, doi:10.1007/978-3-540-
77349-8_23.

Leruez-Ville, M.; Foulon, I; Pass, R.; Ville, Y. Cytomegalovirus infection during pregnancy: state of the science. Am. J. Obstet.
Gynecol. 2020, 223, 330-349, d0i:10.1016/j.ajog.2020.02.018.

Zavattoni, M.; Rustico, M.; Tassis, B.; Lombardi, G.; Furione, M.; Piralla, A.; Baldanti, F. Risk of congenital disease in 46 infected
fetuses according to gestational age of primary human cytomegalovirus infection in the mother. . Med Virol. 2015, 88, 120-126,
doi:10.1002/jmv.24313.

Rechavi, E.; Somech, R. Maturation of the immune system in the fetus and the implications for congenital CMV. Best Pr. Res.
Clin. Obstet. Gynaecol. 2019, 60, 35-41, doi:10.1016/j.bpobgyn.2019.03.002.

Krause, P.R.; Bialek, S.R.; Boppana, S.B.; Griffiths, P.D.; Laughlin, C.A.; Ljungman, P.; Mocarski, E.S.; Pass, RF.; Read, ].S.;
Schleiss, M.R,; et al. Priorities for CMV vaccine development. Vaccine. 2013, 32, 4-10, doi:10.1016/j.vaccine.2013.09.042.

Nigro, G.; Adler, S.P.; La Torre, R.; Best, A.M. Passive Inmunization during Pregnancy for Congenital Cytomegalovirus Infec-
tion. New Engl. ]. Med. 2005, 353, 1350-1362, doi:10.1056/nejmoa043337.



Viruses 2021, 13, 1078 14 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Revello, M.G.; Lazzarotto, T.; Guerra, B.; Spinillo, A.; Ferrazzi, E.; Kustermann, A.; Guaschino, S.; Vergani, P.; Todros, T.; Frusca,
T.; et al. A Randomized Trial of Hyperimmune Globulin to Prevent Congenital Cytomegalovirus. New Engl. ]. Med. 2014, 370,
1316-1326, doi:10.1056/nejmoal310214.

Brizi¢, I; Lisni¢, B.; Brune, W.; Hengel, H.; Jonji¢, S. Cytomegalovirus Infection: Mouse Model. Curr. Protoc. Immunol. 2018, 122,
e51, doi:10.1002/cpim.51.

Schleiss, M.R.; McVoy, M.A. Guinea pig cytomegalovirus: a model for the prevention and treatment of maternal-fetal cytomeg-
alovirus transmission. Futur. Virol. 2010, 5, 207-217, d0i:10.2217/fv1.10.8.

Yue, Y.; Barry, P.A. Chapter 5 Rhesus Cytomegalovirus. A Nonhuman Primate Model for The Study of Human Cytomegalovi-
rus. In Advances in Virus Research; Springer press: Cham, Switzerland, 2008; pp. 207-226

Powers, C.; Friih, K. Rhesus CMV: an emerging animal model for human CMV. Med Microbiol. Immunol. 2008, 197, 109-115,
doi:10.1007/s00430-007-0073-y.

Schleiss, M.R.; Lacayo, ].C.; Belkaid, Y.; McGregor, A.; Stroup, G.; Rayner, ].; Alterson, K.; Chulay, ].D.; Smith, ].F. Preconceptual
Administration of an Alphavirus Replicon UL83 (pp65 Homolog) Vaccine Induces Humoral and Cellular Immunity and Im-
proves Pregnancy Outcome in the Guinea Pig Model of Congenital Cytomegalovirus Infection. J. Infect. Dis. 2007, 195, 789-798,
do0i:10.1086/511982.

Griffith, B.P.; Lucia, H.L.; Hsiung, G.D. Brain and Visceral Involvement during Congenital Cytomegalovirus Infection of Guinea
Pigs. Pediatr. Res. 1982, 16, 455-459, doi:10.1203/00006450-198206000-00010.

Loh, H.-S.; Mohd-Lila, M.-A.; Abdul-Rahman, S.-O.; Kiew, L.-J. Pathogenesis and vertical transmission of a transplacental rat
cytomegalovirus. Virol. J. 2006, 3, 42, doi:10.1186/1743-422X-3-42.

Reddehase, M.].; Lemmermann, N.A.W. Mouse Model of Cytomegalovirus Disease and Immunotherapy in the Immunocom-
promised Host: Predictions for Medical Translation that Survived the “Test of Time.” Viruses. 2018, 10, 693,
d0i:10.3390/v10120693.

Koontz, T.; Bralic, M.; Tomag, J.; Pernjak-Pugel, E.; Bantug, G.; Jonjic, S.; Britt, W.J. Altered development of the brain after focal
herpesvirus infection of the central nervous system. J. Exp. Med. 2008, 205, 423-435, doi:10.1084/jem.20071489.

Kosugi, I.; Kawasaki, H.; Arai, Y.; Tsutsui, Y. Innate Inmune Responses to Cytomegalovirus Infection in the Developing Mouse
Brain and Their Evasion by Virus-Infected Neurons. Am. J. Pathol. 2002, 161, 919-928, d0i:10.1016/s0002-9440(10)64252-6.

Wu, C.A;; Paveglio, S.A,; Lingenheld, E.G.; Zhu, L.; Lefrancois, L.; Puddington, L. Transmission of Murine Cytomegalovirus in
Breast Milk: a Model of Natural Infection in Neonates. J. Virol. 2011, 85, 5115-5124, doi:10.1128/jvi.01934-10.

Ishiwata, M.; Baba, S.; Kawashima, M.; Kosugi, I.; Kawasaki, H.; Kaneta, M.; Tsuchida, T.; Kozuma, S.; Tsutsui, Y. Differential
expression of the immediate-early 2 and 3 proteins in developing mouse brains infected with murine cytomegalovirus. Arch.
Virol. 2006, 151, 2181-2196, doi:10.1007/s00705-006-0793-0.

Li, L.; Kosugi, I.; Han, G.-P.; Kawasaki, H.; Arai, Y.; Takeshita, T.; Tsutsui, Y. Induction of cytomegalovirus-infected labyrinthitis
in newborn mice by lipopolysaccharide: a model for hearing loss in congenital CMV infection. Lab. Investig. 2008, 88, 722-730,
do0i:10.1038/labinvest.2008.39.

Britt, W.]., Cekinovi¢, D.; Jonji¢, S. Cytomegaloviruses From Molecular Pathogenesis to Intervention; Caister Academic Press: London,
UK, 2013; pp. 119-141.

Treuting, P.M.; Dintzis, S.M. Comparative Anatomy and Histology: A Mouse and Human Atlas; Elsevier Press: Waltham, USA; 2012.
Clancy, B.; Kersh, B.; Hyde, J.; Darlington, R.B.; Anand, K.J.S.; Finlay, B.L. Web-based method for translating neurodevelopment
from laboratory species to humans. Neuroinformatics. 2007, 5, 79-94, d0i:10.1385/ni:5:1:79.

Ornaghi, S.; Hsieh, L.S.; Bordey, A.; Vergani, P.; Paidas, M.].; van den Pol, A.N. Valnoctamide Inhibits Cytomegalovirus Infec-
tion in Developing Brain and Attenuates Neurobehavioral Dysfunctions and Brain Abnormalities. ]. Neurosci. 2017, 37, 6877-
6893, doi:10.1523/J]NEUROSCI.0970-17.2017.

Sung, C.Y.W.; Seleme, M.C.; Payne, S.; Jonjic, S.; Hirose, K.; Britt, W. Virus-induced cochlear inflammation in newborn mice
alters auditory function. JCI Insight 2019, 4, 4, d0i:10.1172/jci.insight.128878.

Bradford, R; Yoo, Y.-G.; Golemac, M.; Pugel, E.P.; Jonjic, S.; Britt, W.]. Murine CMV-Induced Hearing Loss Is Associated with
Inner Ear Inflammation and Loss of Spiral Ganglia Neurons. PLOS Pathog. 2015, 11, e1004774, doi:10.1371/journal.ppat.1004774.
Fitzgerald, N.A ; Papadimitriou, ].M.; Shellam, G.R. Cytomegalovirus-Induced Pneumonitis and Myocarditis in Newborn Mice
- A Model for Perinatal Human Cytomegalovirus Infection. Arch. Virol. 1990, 115, 75-88.

Shellam, G.R.; Flexman, J.P. Genetically determined resistance to murine cytomegalovirus and herpes simplex virus in newborn
mice. J. Virol. 1986, 58, 152-156, doi:10.1128/jvi.58.1.152-156.1986.

Bantug, G.R.B.; Cekinovic, D.; Bradford, R.; Koontz, T.; Jonjic, S.; Britt, W.J. CD8+T Lymphocytes Control Murine Cytomegalo-
virus Replication in the Central Nervous System of Newborn Animals. ]. Immunol. 2008, 181, 21112123, doi:10.4049/jim-
munol.181.3.2111.

Brizié, L; Suak, B.; Arapovi¢, M.; Huszthy, P.C.; Hirsl, L.; Kvestak, D.; Jurani¢ Lisni¢, V.; Golemac, M.; Pernjak Pugel, E.; Tomac,
J.; et.al. Brain-Resident Memory CD8+ T Cells Induced by Congenital CMV Infection Prevent Brain Pathology and Virus Reac-
tivation. Eur. |. Immunol. 2018, 48, 950-964.

Kvestak, D.; Juranié¢ Lisni¢, V.; Lisni¢é, B.; Tomac, J.; Golemac, M.; Brizi¢, 1.; Indenbirken, D.; Cokari¢ Brdovcak, M.; Bernardini,
G.; Krstanovi¢, F.; et.al. NK/ILC1 Cells Mediate Neuroinflammation and Brain Pathology Following Congenital CMV Infection.
J. Exp. Med. 2021, 218, €20201503. doi.org/10.1084/jem.20201503.



Viruses 2021, 13, 1078 15 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Brizi¢, L; Lenac Rovis, T.; Krmpotié, A.; Jonji¢, S. MCMV Avoidance of Recognition and Control by NK Cells. Semin. Immuno-
pathol. 2014, 36, 641-650.

Boeckh, M.; Geballe, A.P. Cytomegalovirus: pathogen, paradigm, and puzzle. |. Clin. Investig. 2011, 121, 1673-1680,
doi:10.1172/jci45449.

Sinzger, C.; Digel, M.; Jahn, G. Cytomegalovirus Cell Tropism. In Current Topics in Microbiology and Immunology; Springer Press:
Heidelbe, Berlin, Germany, 2008; pp. 63-83, doi:10.1007/978-3-540-77349-8_4.

Jackson, J.W.; Sparer, T. There Is Always Another Way! Cytomegalovirus’ Multifaceted Dissemination Schemes. Viruses. 2018,
10, 383, doi:10.3390/v10070383

Sacher, T.; Podlech, J.; Mohr, C.A.; Jordan, S.; Ruzsics, Z.; Reddehase, M.].; Koszinowski, U.H. 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. 2008, 3, 263-272, d0i:10.1016/j.chom.2008.02.014.

Nguyen, C.C.; Kamil, ]J.P. Pathogen at the Gates: Human Cytomegalovirus Entry and Cell Tropism. Viruses. 2018, 10, 704,
doi:10.3390/v10120704.

Connolly, S.A; Jardetzky, T.S.; Longnecker, R. The structural basis of herpesvirus entry. Nat. Rev. Genet. 2021, 19, 110-121,
doi:10.1038/s41579-020-00448-w.

Zhou, M.; Lanchy, J.-M.; Ryckman, B.J. Human Cytomegalovirus gH/gL/gO Promotes the Fusion Step of Entry into All Cell
Types, whereas gH/gL/UL128-131 Broadens Virus Tropism through a Distinct Mechanism. ]. Virol. 2015, 89, 8999-9009,
doi:10.1128/jvi.01325-15.

Hahn, G.; Revello, M.G.; Patrone, M.; Percivalle, E.; Campanini, G.; Sarasini, A.; Wagner, M.; Gallina, A.; Milanesi, G.; Koszinow-
ski, U.; et al. Human Cytomegalovirus UL131-128 Genes Are Indispensable for Virus Growth in Endothelial Cells and Virus
Transfer to Leukocytes. J. Virol. 2004, 78, 10023-10033, doi:10.1128/jvi.78.18.10023-10033.2004.

Gerna, G.; Percivalle, E.; Lilleri, D.; Lozza, L.; Fornara, C.; Hahn, G.; Baldanti, F.; Revello, M.G. Dendritic-cell infection by human
cytomegalovirus is restricted to strains carrying functional UL131-128 genes and mediates efficient viral antigen presentation
to CD8+ T cells. J. Gen. Virol. 2005, 86, 275-284, d0i:10.1099/vir.0.80474-0.

Wille, P.T.; Knoche, AJ.; Nelson, J.A.; Jarvis, M.A_; Johnson, D.C. A Human Cytomegalovirus GO-Null Mutant Fails To Incor-
porate GH/GL into the Virion Envelope and Is Unable To Enter Fibroblasts and Epithelial and Endothelial Cells. J. Virol. 2010,
84, 2585-2596.

Ryckman, B.J.; Jarvis, M.A.; Drummond, D.D.; Nelson, J.A.; Johnson, D.C. Human Cytomegalovirus Entry into Epithelial and
Endothelial Cells Depends on Genes UL128 to UL150 and Occurs by Endocytosis and Low-PH Fusion. ]. Virol. 2006, 80, 710—
722.

Kabanova, A.; Marcandalli, ].; Zhou, T.; Bianchi, S.; Baxa, U.; Tsybovsky, Y.; Lilleri, D.; Silacci-Fregni, C.; Foglierini, M.; Fernan-
dez-Rodriguez, B.M.; et al. Platelet-derived growth factor-a receptor is the cellular receptor for human cytomegalovirus
gHgLgO trimer. Nat. Microbiol. 2016, 1, 1-8, d0i:10.1038/nmicrobiol.2016.82.

Wu, Y,; Prager, A.; Boos, S.; Resch, M.; Brizic, I.; Mach, M.; Wildner, S.; Scrivano, L.; Adler, B. Human cytomegalovirus glyco-
protein complex gH/gL/gO uses PDGFR-« as a key for entry. PLOS Pathog. 2017, 13, €1006281, d0i:10.1371/journal.ppat.1006281.
Martinez-Martin, N.; Marcandalli, J.; Huang, C.S.; Arthur, C.P.; Perotti, M.; Foglierini, M.; Ho, H.; Dosey, A.M.; Shriver, S.;
Payandeh, J.; et al. An Unbiased Screen for Human Cytomegalovirus Identifies Neuropilin-2 as a Central Viral Receptor. Cell
2018, 174, 1158-1171.e19, d0i:10.1016/j.cell.2018.06.028.

Scrivano, L.; Esterlechner, J.; MuhlbachH.; Ettischer, N.; Hagen, C.; GrunewaldK.; Mohr, C.A.; Ruzsics, Z.; Koszinowski, U.;
Adler, B. The m74 Gene Product of Murine Cytomegalovirus (MCMYV) Is a Functional Homolog of Human CMV gO and De-
termines the Entry Pathway of MCMV. |. Virol. 2010, 84, 44694480, do0i:10.1128/jvi.02441-09.

Wagner, F.M.; Brizi¢, I; Prager, A.; Trsan, T.; Arapovi¢, M.; Lemmermann, N.A.W; Podlech, J.; Reddehase, M.].; Lemnitzer, F.;
Bosse, ].B.; et al. The Viral Chemokine MCK-2 of Murine Cytomegalovirus Promotes Infection as Part of a gH/gL/MCK-2 Com-
plex. PLOS Pathog. 2013, 9, 1003493, d0i:10.1371/journal.ppat.1003493.

Noda, S.; Aguirre, S.A.; Bitmansour, A.; Brown, ].M.; Sparer, T.E.; Huang, J.; Mocarski, E.S. Cytomegalovirus MCK-2 controls
mobilization and recruitment of myeloid progenitor cells to facilitate dissemination. Blood. 2006, 107, 30-38, d0i:10.1182/blood-
2005-05-1833.

Lemmermann, N.A.W.; Krmpotic, A.; Podlech, J.; Brizic, L; Prager, A.; Adler, H.; Karbach, A.; Wu, Y.; Jonjic, S.; Reddehase, M.];
et al. Non-redundant and Redundant Roles of Cytomegalovirus gH/gL Complexes in Host Organ Entry and Intra-tissue Spread.
PLOS Pathog. 2015, 11, e1004640, doi:10.1371/journal.ppat.1004640.

Pereira, L.; Tabata, T.; Petitt, M.; Fang-Hoover, J. Cytomegalovirus Replication in the Developing Human Placenta. In Cytomeg-
aloviruses From Molec-ular Pathogenesis to Intervention; Caister Academic Press: London, UK, 2013; pp.74-87.

Ledn-Juarez, M.; Martinez—Castillo, M.; Gonzalez-Garcia, L.D.; Helguera-Repetto, A.C.; Zaga-Clavellina, V.; Garcia-Cordero, J.;
Pliego, A.F.; Herrera-Salazar, A.; Vazquez-Martinez, E.R.; Reyes-Mufioz, E. Cellular and molecular mechanisms of viral infec-
tion in the human placenta. Pathog. Dis. 2017, 75, 93, doi:10.1093/femspd/{tx093.

Gabrielli, L.; Bonasoni, M.; Santini, D.; Piccirilli, G.; Chiereghin, A.; Petrisli, E.; Dolcetti, R.; Guerra, B.; Piccioli, M.; Lanari, M.;
et al. Congenital cytomegalovirus infection: patterns of fetal brain damage. Clin. Microbiol. Infect. 2012, 18, E419-E427,
doi:10.1111/j.1469-0691.2012.03983.x.

van den Pol, AN,; Reuter, ].D.; Santarelli, J.G. Enhanced Cytomegalovirus Infection of Developing Brain Independent of the
Adaptive Immune System. J. Virol. 2002, 76, 8842-8854, d0i:10.1128/jvi.76.17.8842-8854.2002.



Viruses 2021, 13, 1078 16 of 19

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Reuter, J.D.; Gomez, D.L.; Wilson, ].H.; van den Pol, A.N. Systemic Inmune Deficiency Necessary for Cytomegalovirus Invasion
of the Mature Brain. . Virol. 2004, 78, 14731487, doi:10.1128/jvi.78.3.1473-1487.2004.

Slavuljica, I.; Kvestak, D.; Huszthy, P.C.; Kosmac, K.; Britt, W.].; Jonji¢, S. Immunobiology of congenital cytomegalovirus infec-
tion of the central nervous system—the murine cytomegalovirus model. Cell. Mol. Immunol. 2014, 12, 180-191,
doi:10.1038/cmi.2014.51.

Cheeran, M.C.-].; Lokensgard, J.R.; Schleiss, M.R. Neuropathogenesis of Congenital Cytomegalovirus Infection: Disease Mech-
anisms and Prospects for Intervention. Clin. Microbiol. Rev. 2009, 22, 99-126, doi:10.1128/cmr.00023-08.

Matias, I.; Morgado, J.; Gomes, F.C.A. Astrocyte Heterogeneity: Impact to Brain Aging and Disease. Front. Aging Neurosci. 2019.
doi.org/10.3389/fnagi.2019.

Giovannoni, F.; Quintana, F.J. The Role of Astrocytes in CNS Inflammation. Trends Immunol. 2020, 41, 805-819,
doi:10.1016/.it.2020.07.007.

Sofroniew, M. V; Vinters, H.V. Astrocytes: Biology and Pathology. Commun. Acta Neuropathol. 2010, 119, 7-35.

Teissier, N.; Fallet-Bianco, C.; Delezoide, A.-L.; Laquerriere, A.; Marcorelles, P.; Khung-Savatovsky, S.; Nardelli, J.; Cipriani, S.;
Csaba, Z.; Picone, O.; et al. Cytomegalovirus-Induced Brain Malformations in Fetuses. ]. Neuropathol. Exp. Neurol. 2014, 73, 143~
158, d0i:10.1097/nen.0000000000000038.

Lokensgard, J.R.; Cheeran, M.C.; Gekker, G.; Hu, S.; Chao, C.C.; Peterson, P.K. Human cytomegalovirus replication and modu-
lation of apoptosis in astrocytes. J. Hum. Virol. 1999, 2, 91-101.

Ho, W.S.C; van den Pol, A.N. Bystander Attenuation of Neuronal and Astrocyte Intercellular Communication by Murine Cy-
tomegalovirus Infection of Glia. J. Virol. 2007, 81, 7286-7292, doi:10.1128/jvi.02501-06.

Lecointe, D.; Héry, C.; Janabi, N.; Dussaix, E.; Tardieu, M. Differences in kinetics of human cytomegalovirus cell-free viral re-
lease after in vitro infection of human microglial cells, astrocytes and monocyte-derived macrophages. J. NeuroVirol. 1999, 5,
308-313, doi:10.3109/13550289909015817.

van den Pol, A.N; Mocarski, E.; Saederup, N.; Vieira, J.; Meier, T.]. Cytomegalovirus Cell Tropism, Replication, and Gene Trans-
fer in Brain. J. Neurosci. 1999, 19, 10948-10965, doi:10.1523/jneurosci.19-24-10948.1999.

Cheeran, M.C.-].; Hu, S.; Gekker, G.; Lokensgard, J.R. Decreased Cytomegalovirus Expression Following Proinflammatory Cy-
tokine Treatment of Primary Human Astrocytes. J. Immunol. 2000, 164, 926-933, d0i:10.4049/jimmunol.164.2.926.

Mutnal, M.B.; Cheeran, M.C.-].; Hu, S.; Lokensgard, J.R. Murine Cytomegalovirus Infection of Neural Stem Cells Alters Neuro-
genesis in the Developing Brain. PLOS ONE. 2011, 6, e16211, d0i:10.1371/journal.pone.0016211.

Spiller, O.B.; Morgan, B.P.; Borysiewicz, L.K. Development of a model for cytomegalovirus infection of oligodendrocytes. ]. Gen.
Virol. 1997, 78, 3349-3356, d0i:10.1099/0022-1317-78-12-3349.

Gabrielli, L.; Bonasoni, M.P.; Lazzarotto, T.; Lega, S.; Santini, D.; Foschini, M.P.; Guerra, B.; Baccolini, F.; Piccirilli, G.;
Chiereghin, A.; et al. Histological findings in foetuses congenitally infected by cytomegalovirus. J. Clin. Virol. 2009, 46, S16-521,
d0i:10.1016/j.jcv.2009.09.026.

Miron, V.E.; Priller, J. Investigating Microglia in Health and Disease: Challenges and Opportunities. Trends Immunol. 2020, 41,
785-793, d0i:10.1016/j.it.2020.07.002.

Réu, P.; Khosravi, A.; Bernard, S.; Mold, J.E.; Salehpour, M.; Alkass, K.; Perl, S.; Tisdale, J.; Possnert, G.; Druid, H.; et al. The
Lifespan and Turnover of Microglia in the Human Brain. Cell Rep. 2017, 20, 779-784, doi:10.1016/j.celrep.2017.07.004.
Chhatbar, C.; Prinz, M. The roles of microglia in viral encephalitis: from sensome to therapeutic targeting. Cell. Mol. Immunol.
2021, 18, 250258, d0i:10.1038/s41423-020-00620-5.

Pulliam, L. Cytomegalovirus Preferentially Infects a Monocyte Derived Macrophage/Microglial Cell in Human Brain Cultures:
Neuropathology Differs between Strains. ]. Neuropathol. Exp. Neurol. 1991, 50, 432-440.

Cheeran, M.C.-].; Hu, S.; Yager, S.L.; Gekker, G.; Peterson, P.K.; Lokensgard, ].R. Cytomegalovirus induces cytokine and chem-
okine production differentially in microglia and astrocytes: Antiviral implications. ]. NeuroVirology. 2001, 7, 135-147,
doi:10.1080/13550280152058799.

Cloarec, R.; Bauer, S.; Luche, H.; Buhler, E.; Pallesi-Pocachard, E.; Salmi, M.; Courtens, S.; Massacrier, A.; Grenot, P.; Teissier,
N.; et al. Cytomegalovirus Infection of the Rat Developing Brain In Utero Prominently Targets Immune Cells and Promotes
Early Microglial Activation. PLOS ONE. 2016, 11, e0160176, d0i:10.1371/journal.pone.0160176.

Schut, R.L.; Gekker, G.; Chao, C.C.; Jordan, M.C.; Peterson, P.K.; Hu, S.; Pomeroy, C. Cytomegalovirus Replication in Murine
Microglial Cell Cultures: Suppression of Permissive Infection by Interferon-y. J. Infect. Dis. 1994, 169, 1092-1096,
doi:10.1093/infdis/169.5.1092.

Kuci¢, N.; Racki, V.; Jurdana, K.; Marceli¢, M.; Grabusi¢, K. Inmunometabolic Phenotype of BV-2 Microglia Cells upon Murine
Cytomegalovirus Infection. ]. Neurovirol. 2019, 25, 496-507.

Holt, C.E.; Martin, K.C.; Schuman, E.M. Local translation in neurons: visualization and function. Nat. Struct. Mol. Biol. 2019, 26,
557-566, doi:10.1038/s41594-019-0263-5.

Steward, M.M,; Sridhar, A.; Meyer, ].S. Neural Regeneration. In Current Topics in Microbiology and Immunology; Springer Science
and Business Media LLC, 2012; Vol. 71, pp. 163-191.

Koyuncu, O.0.; Hogue, 1B.; Enquist, LW. Virus Infections in the Nervous System. Cell Host Microbe 2013, 13, 379-393,
doi:10.1016/j.chom.2013.03.010.

DeBiasi, R.L.; Kleinschmidt-DeMasters, B.K.; Richardson-Burns, S.; Tyler, K.L. Central Nervous System Apoptosis in Human
Herpes Simplex Virus and Cytomegalovirus Encephalitis. . Infect. Dis. 2002, 186, 1547-1557, d0i:10.1086/345375.



Viruses 2021, 13, 1078 17 of 19

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Luo, M.H.; Schwartz, P.H.; Fortunato, E.A. Neonatal Neural Progenitor Cells and Their Neuronal and Glial Cell Derivatives
Are Fully Permissive for Human Cytomegalovirus Infection. J. Virol. 2008, 82, 9994-10007, doi:10.1128/jvi.00943-08.

Cheeran, M.C.-J.; Hu, S.; Ni, H.T.; Sheng, W.; Palmquist, ].M.; Peterson, P.K.; Lokensgard, ].R. Neural precursor cell suscepti-
bility to human cytomegalovirus diverges along glial or neuronal differentiation pathways. J. Neurosci. Res. 2005, 82, 839-850,
doi:10.1002/jnr.20682.

Poland, S.D.; Bambrick, L.L.; Dekaban, G.A.; Rice, G.P.A. The Extent Of Human Cytomegalovirus Replication In Primary Neu-
rons Is Dependent On Host Cell Differentiation. J. Infect. Dis. 1994, 170, 1267-1271, d0i:10.1093/infdis/170.5.1267.

Wheeler, D.G.; Cooper, E. Depolarization Strongly Induces Human Cytomegalovirus Major Immediate-Early Promoter/En-
hancer Activity in Neurons. J. Biol. Chem. 2001, 276, 31978-31985, d0i:10.1074/jbc.m103667200.

Tian, L.; Rauvala, H.; Gahmberg, C. Neuronal regulation of immune responses in the central nervous system. Trends Immunol.
2009, 30, 91-99, doi:10.1016/j.it.2008.11.002.

Arai, Y.; Ishiwata, M.; Baba, S.; Kawasaki, H.; Kosugi, L; Li, R.-Y.; Tsuchida, T.; Miura, K.; Tsutsui, Y. Neuron-Specific Activation
of Murine Cytomegalovirus Early Gene el Promoter in Transgenic Mice. Am. ]. Pathol. 2003, 163, 643652, d0i:10.1016/s0002-
9440(10)63691-7.

Ladran, I; Tran, N.; Topol, A.; Brennand, K.J. Neural stem and progenitor cells in health and disease. Wiley Interdiscip. Rev. Syst.
Biol. Med. 2013, 5, 701-715, doi:10.1002/wsbm.1239.

Martinez-Cerdefio, V.; Noctor, S.C. Neural Progenitor Cell Terminology. Front. Neuroanat. 2018, 12,
d0i:10.3389/fnana.2018.00104.

Adle-Biassette, H.; Teissier, N. Cytomegalovirus Infections of the CNS. In Infections of the Central Nervous System; Wiley: NJ, US,
2020; Vol. 1, pp. 65-76.

Odeberg, J.; Wolmer, N.; Falci, S.; Westgren, M.; Sundtrom, E.; Seiger, Ake; Soderberg-Nauclér, C. Late human cytomegalovirus
(HCMV) proteins inhibit differentiation of human neural precursor cells into astrocytes. . Neurosci. Res. 2007, 85, 583-593,
doi:10.1002/jnr.21144.

Odeberg, J.; Wolmer, N.; Falci, S.; Westgren, M.; Seiger, A.; Soderberg-Nauclér, C. Human Cytomegalovirus Inhibits Neuronal
Differentiation and Induces Apoptosis in Human Neural Precursor Cells. ]. Virol. 2006, 80, 8929-8939, d0i:10.1128/jvi.00676-06.
Kosugi, I; Shinmura, Y.; Kawasaki, H.; Arai, Y.; Li, R.-Y.; Baba, S.; Tsutsui, Y. Cytomegalovirus Infection of the Central Nervous
System Stem Cells from Mouse Embryo: A Model for Developmental Brain Disorders Induced by Cytomegalovirus. Lab. Inves-
tig. 2000, 80, 1373-1383, doi:10.1038/labinvest.3780145.

Cheeran, M.C.-],; Jiang, Z.; Hu, S.; Ni, H.T.; Palmquist, ]. M.; Lokensgard, J.R. Cytomegalovirus infection and interferon-y mod-
ulate major histocompatibility complex class I expression on neural stem cells. . NeuroVirology. 2008, 14, 437-447,
do0i:10.1080/13550280802356845.

D’Aiuto, L.; Di Maio, R.; Heath, B.; Raimondi, G.; Milosevic, J.; Watson, A.M.; Bamne, M.; Parks, W.T; Yang, L.; Lin, B.; et al.
Human Induced Pluripotent Stem Cell-Derived Models to Investigate Human Cytomegalovirus Infection in Neural Cells. PLOS
ONE. 2012, 7, €49700, doi:10.1371/journal.pone.0049700.

Kawasaki, H.; Kosugi, I; Arai, Y.; Tsutsui, Y. The Amount of Immature Glial Cells in Organotypic Brain Slices Determines the
Susceptibility to Murine Cytomegalovirus Infection. Lab. Investig. 2002, 82, 1347-1358, d0i:10.1097/01.1ab.0000032376.58688.d4.
Michalski, J.-P.; Kothary, R. Oligodendrocytes in a Nutshell. Front. Cell. Neurosci. 2015, 9, 340, doi:10.3389/fncel.2015.00340.

Del Bigio, M.R. Ependymal cells: biology and pathology. Acta Neuropathol. 2010, 119, 55-73, doi:10.1007/s00401-009-0624-y.
Abdi, K,; Lai, C.-H.; Paez-Gonzalez, P.; Lay, M.; Pyun, J.; Kuo, C.T. Uncovering inherent cellular plasticity of multiciliated ep-
endyma leading to ventricular wall transformation and hydrocephalus. Nat. Commun. 2018, 9, 1-16, doi:10.1038/s41467-018-
03812-w.

Goodrum, F. Human Cytomegalovirus Latency: Approaching the Gordian Knot. Annu. Rev. Virol. 2016, 3, 333-357,
doi:10.1146/annurev-virology-110615-042422.

Dupont, L.; Reeves, M.B. Cytomegalovirus Latency and Reactivation: Recent Insights into an Age Old Problem Introduction:
The Opportunistic Pathogen. Rev. Med. Virol. 2017, 26, 75-89.

Forte, E.; Zhang, Z.; Thorp, E.B.; Hummel, M. Cytomegalovirus Latency and Reactivation: An Intricate Interplay With the Host
Immune Response. Front. Cell. Infect. Microbiol. 2020, 10, 130, doi:10.3389/fcimb.2020.00130.

Collins-McMillen, D.; Buehler, J.; Peppenelli, M.; Goodrum, F. Molecular Determinants and the Regulation of Human Cyto-
megalovirus Latency and Reactivation. Viruses. 2018, 10, 444, doi:10.3390/v10080444.

Bloom, D.C.; Giordani, N.V.; Kwiatkowski, D.L. Epigenetic regulation of latent HSV-1 gene expression. Biochim. et Biophys. Acta
(BBA) - Bioenerg. 2010, 1799, 246-256, doi:10.1016/j.bbagrm.2009.12.001.

Umbach, J.L.; Kramer, M.F; Jurak, I.; Karnowski, H-W.; Coen, D.M.; Cullen, B.R. MicroRNAs expressed by herpes simplex virus
1 during latent infection regulate viral mRNAs. Nat. Cell Biol. 2008, 454, 780-783, d0i:10.1038/nature07103.

Shnayder, M.; Nachshon, A ; Krishna, B.; Poole, E.; Boshkov, A.; Binyamin, A.; Maza, L; Sinclair, J.; Schwartz, M.; Stern-Ginossar,
N. Defining the Transcriptional Landscape during Cytomegalovirus Latency with Single-Cell RNA Sequencing. MBio. 2018, 9,
9, d0i:10.1128/mbio.00013-18.

Schwartz, M.; Stern-Ginossar, N. The Transcriptome of Latent Human Cytomegalovirus. J. Virol. 2019, 93, 93,
doi:10.1128/jvi.00047-19.



Viruses 2021, 13, 1078 18 of 19

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Cheng, S.; Caviness, K.; Buehler, ].; Smithey, M.; Nikolich—Zugich, J.; Goodrum, F. Transcriptome-wide characterization of hu-
man cytomegalovirus in natural infection and experimental latency. Proc. Natl. Acad. Sci. 2017, 114, E10586-E10595,
doi:10.1073/pnas.1710522114.

Belzile, ].-P.; Stark, T.J.; Yeo, E.; Spector, D.H. Human Cytomegalovirus Infection of Human Embryonic Stem Cell-Derived
Primitive Neural Stem Cells Is Restricted at Several Steps but Leads to the Persistence of Viral DNA. J. Virol. 2014, 88, 4021-
4039, doi:10.1128/jvi.03492-13.

Keller, M.J.; Wheeler, D.G.; Cooper, E.; Meier, J.L. Role of the Human Cytomegalovirus Major Immediate-Early Promoter’s 19-
Base-Pair-Repeat Cyclic AMP-Response Element in Acutely Infected Cells. J. Virol. 2003, 77, 6666—6675,
doi:10.1128/jvi.77.12.6666-6675.2003.

Keller, M.].; Wu, AW.; Andrews, ].I; McGonagill, P.W.; Tibesar, E.E.; Meier, ]J.L. Reversal of Human Cytomegalovirus Major
Immediate-Early Enhancer/Promoter Silencing in Quiescently Infected Cells via the Cyclic AMP Signaling Pathway. J. Virol.
2007, 81, 6669-6681, doi:10.1128/jvi.01524-06.

Tsutsui, Y.; Kawasaki, H.; Kosugi, I. Reactivation of Latent Cytomegalovirus Infection in Mouse Brain Cells Detected after
Transfer to Brain Slice Cultures. J. Virol. 2002, 76, 7247-7254, d0i:10.1128/jvi.76.14.7247-7254.2002.

Brizié, L; Hirgl, L.; Sustié, M.; Golemac, M.; Britt, W.J.; Krmpoti¢, A.; Jonji¢, S. CD4 T Cells Are Required for Maintenance of CD8
TRM Cells and Virus Control in the Brain of MCMV-Infected Newborn Mice. Med. Microbiol. Immunol. 2019, 208, 487-494.
Krenzlin, H.; Behera, P.; Lorenz, V.; Passaro, C.; Zdioruk, M.; Nowicki, M.O.; Grauwet, K.; Zhang, H.; Skubal, M.; Ito, H.; et al.
Cytomegalovirus promotes murine glioblastoma growth via pericyte recruitment and angiogenesis. J. Clin. Investig. 2019, 129,
1671-1683, doi:10.1172/jci123375.

Joseph, G.P.; McDermott, R.; Baryshnikova, M.A.; Cobbs, C.S.; Ulasov, 1.V. Cytomegalovirus as an oncomodulatory agent in
the progression of glioma. Cancer Lett. 2017, 384, 79-85, doi:10.1016/j.canlet.2016.10.022.

Brizi¢, I.; Hirsl, L.; Britt, W.J.; Krmpoti¢, A.; Jonji¢, S. Immune Responses to Congenital Cytomegalovirus Infection. Microbes
Infect. 2018, 20, 543-551.

Sofroniew, M.V. Astrocyte Reactivity: Subtypes, States, and Functions in CNS Innate Immunity. Trends Immunol. 2020, 41, 758
770, d0i:10.1016/;.it.2020.07.004.

Seleme, M.C.; Kosmac, K.; Jonjic, S.; Britt, W.]. Tumor Necrosis Factor Alpha-Induced Recruitment of Inflammatory Mononu-
clear Cells Leads to Inflammation and Altered Brain Development in Murine Cytomegalovirus-Infected Newborn Mice. J. Virol.
2017, 91, e01983-16, d0i:10.1128/jvi.01983-16.

Kosmac, K.; Bantug, G.R.; Pugel, E.P.; Cekinovic, D.; Jonjic, S.; Britt, W.J. Glucocortiocoid Treatment of MCMYV Infected New-
born Mice Attenuates CNS Inflammation and Limits Deficits in Cerebellar Development. PLOS Pathog. 2013, 9, €1003200,
doi:10.1371/journal.ppat.1003200.

Podlech, J.; Reddehase, M.].; Holtappels, R.; Steffens, H.P.; Wirtz, N. Reconstitution of CD8 T cells is essential for the prevention
of multiple-organ cytomegalovirus histopathology after bone marrow transplantation. J. Gen. Virol. 1998, 79, 2099-2104,
d0i:10.1099/0022-1317-79-9-2099.

Fowler, K.B.; Stagno, S.; Pass, R. Maternal Inmunity and Prevention of Congenital Cytomegalovirus Infection. JAMA. 2003, 289,
1008-1011, doi:10.1001/jama.289.8.1008.

Hirsl, L; Brizi¢, I; Jenus, T.; Lisni¢, V.J.; Reichel, J.].; Jurkovi¢, S.; Krmpoti¢, A.; Jonji¢, S. Murine CMV Expressing the High
Affinity NKG2D Ligand MULT-1: A Model for the Development of Cytomegalovirus-Based Vaccines. Front. Immunol. 2018, 9,
991, doi:10.3389/fimmu.2018.00991.

Slavuljica, I.; Busche, A.; Babi¢, M.; Mitrovi¢, M.; Gasparovi¢, I; Cekinovi¢, D.; Car, EM.; Pugel, E.P.; Cikovi¢, A.; Lisni¢, V.].;
Britt, W.J.; Koszinowski, U.; Messerle, M.; Krmpoti¢, A.; Jonji¢, S. Recombinant Mouse Cytomegalovirus Expressing a Ligand
for the NKG2D Receptor Is Attenuated and Has Improved Vaccine Properties. J. Clin. Invest. 2010, 120, 4532-4545.

Cekinovi¢, B; Golemac, M.; Pugel, E.P.; Tomac, J.; Cicin-SainL.; Slavuljica, I.; Bradford, R.; Misch, S.; Winkler, T.H.; Mach, M.;
et al. Passive Immunization Reduces Murine Cytomegalovirus-Induced Brain Pathology in Newborn Mice. J. Virol. 2008, 82,
12172-12180, d0i:10.1128/jvi.01214-08.

Butts, T.; Green, M.].; Wingate, R.J.T. Development: For advances in developmental biology and stem cells; The Company of Biologists
Ltd. Press: Cambridge, England, 2014, pp. 4031-4041.

De Vries, L.S.; Gunardi, H.; Barth, P.G.; Bok, L.A.; Verboon-Maciolek, M.A.; Groenendaal, F. The Spectrum of Cranial Ultra-
sound and Magnetic Resonance Imaging Abnormalities in Congenital Cytomegalovirus Infection. Neuropediatrics. 2004, 35, 113—
119, d0i:10.1055/s-2004-815833.

Penisson, M.; Ladewig, J.; Belvindrah, R.; Francis, F. Genes and Mechanisms Involved in the Generation and Amplification of
Basal Radial Glial Cells. Front. Cell. Neurosci. 2019, 13, 381. d0i:10.3389/fncel.2019.00381

Wu, C.-C; Jiang, X.; Wang, X.-Z.; Liu, X.-J.; Li, X.-J.; Yang, B.; Ye, H.-Q.; Harwardt, T.; Jiang, M.; Xia, H.-M.; et al. Human
Cytomegalovirus Immediate Early 1 Protein Causes Loss of SOX2 from Neural Progenitor Cells by Trapping Unphosphorylated
STATS3 in the Nucleus. J. Virol. 2018, 92, e00340-18, doi:10.1128/jvi.00340-18.

Liu, X.-J.; Yang, B.; Huang, S.-N.; Wu, C.-C.; Li, X.-].; Cheng, S.; Jiang, X.; Hu, F.; Ming, Y.-Z.; Nevels, M.; et al. Human cytomeg-
alovirus IE1 downregulates Hesl in neural progenitor cells as a potential E3 ubiquitin ligase. PLOS Pathog. 2017, 13, e1006542,
doi:10.1371/journal.ppat.1006542.



Viruses 2021, 13, 1078 19 of 19

140.

141.

142.

143.

144.

145.

146.
147.

Luo, M.H.; Hannemann, H.; Kulkarni, A.S.; Schwartz, P.H.; O'Dowd, J.M.; Fortunato, E.A. Human Cytomegalovirus Infection
Causes Premature and Abnormal Differentiation of Human Neural Progenitor Cells. ]. Virol. 2010, 84, 3528-3541,
doi:10.1128/JV1.02161-09.

Wang, L.; Liu, Y. Signaling pathways in cerebellar granule cells development. Am. |. stem cells. 2019, 8, 1-6.

Carter, A.R.; Chen, C.; Schwartz, P.M.; Segal, R.A. Brain-Derived Neurotrophic Factor Modulates Cerebellar Plasticity and Syn-
aptic Ultrastructure. J. Neurosci. 2002, 22, 1316-1327, d0i:10.1523/jneurosci.22-04-01316.2002.

van den Pol, A.N.; Robek, M.D.; Ghosh, P.K.; Ozduman, K.; Bandi, P.; Whim, M.D.; Wollmann, G. Cytomegalovirus Induces
Interferon-Stimulated Gene Expression and Is Attenuated by Interferon in the Developing Brain. J. Virol. 2007, 81, 332-348.
Weissman, T.; Riquelme, P.A ; Ivic, L.; Flint, A.C.; Kriegstein, A.R. Calcium Waves Propagate through Radial Glial Cells and
Modulate Proliferation in the Developing Neocortex. Neuron. 2004, 43, 647-661, doi:10.1016/j.neuron.2004.08.015.

van Tilborg, E.; de Theije, C.G.M.; van Hal, M.; Wagenaar, N.; de Vries, L.S.; Benders, M.].; Rowitch, D.H.; Nijboer, C.H. Origin
and dynamics of oligodendrocytes in the developing brain: Implications for perinatal white matter injury. GLIA; Wiley: NJ, US;
2018; pp 221-238.

Sochocka, M.; Diniz, B.S.; Leszek, J. Inflammatory Response in the CNS: Friend or Foe?. Mol. Neurobiol. 2017, 54, 8071-8089.
Garay, P.A.; McAllister, A.K. Novel Roles for Inmune Molecules in Neural Development: Implications for Neurodevelopmen-
tal Disorders. Front. Syn. Neurosci. 2010, 2, 136. doi:10.3389/fnsyn.2010.00136.



