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ABSTRACT




Abstract

Human cytomegalovirus (HCMV) causes congenital neurological lifelong disabilities. The study
analyzed 10 HCMV-infected human fetuses at 21 weeks of gestation to evaluate the
characteristics and pathogenesis of brain injury related to congenital human CMV (cCMV)
infection. Specifically, tissues from cortical and white matter areas, subventricular zone,
thalamus, hypothalamus, hippocampus, basal ganglia and cerebellum were analysed by: i)
immunohistochemistry (IHC) to detect HCMV-infected cell distribution, ii) hematoxylin-eosin
staining to evauate histologica damage and iii) real-time PCR to quantify tissue vira load
(HCMV-DNA). Vira tropism was assessed by double IHC to detect HCMV-antigens and
neural/neuronal markers. nestin (expressed in early differentiation stage), doublecortin (DCX,
identifying neuronal precursor cells) and neuronal nuclei (NeuN, identifying mature neurons).

HCMV-positive cells and viral DNA were found in the brain of 8/10 (80%) fetuses. For these
cases, brain damage was classified in mild (n=4, 50%), moderate (n=3, 37.5%) and severe (n=1,
12.5%) based on presence of i) diffuse astrocytosis, microglial activation and vascular changes,
i) occasiona (in mild) or multiple (in moderate/severe) microglial nodules and iii) necrosis (in
severe). The highest median HCMV-DNA level was found in the hippocampus (212 copies/5ng
of humanDNA [hDNA], range: 10-7,505) as well as the highest mean HCMV-infected cell value
(2.9 cdlls, range: 0-23), followed by that detected in subventricular zone (1.8 cells, range: 0-19).
This suggests a preferential HCMV tropism for immature neuronal cells, residing in these
regions, confirmed by the detection of DCX and nestin in 94% and 63.3% of HCMV-positive
cells, respectively. NeuN was not found among HCMV-positive cells and was nearly absent in
the brain with severe damage, suggesting HCMV does not infect mature neurons and immature
HCMV-infected neuronal cells do not differentiate into neurons. HCMV preferentia tropism in
immature neural/neuronal cells delays/inhibits their differentiation interfering with brain

devel opment processes that |ead to structural and functional brain defects.
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1.0 Cytomegalovirus

1.1 Introduction

By the early 1950s, cases of a lethal congenitattion characterized by cells with typical
intranuclear inclusions, had been described. Ef/és viral etiology was not yet known,
for this clinical condition, Wyatt et al. suggestiga term “CID, generalized cytomegalic
inclusion disease” [1,2]. Later, the etiologicatagwas independently isolated by Smith in
1956, Rowe and coworkers in 1956, and by Wellal é 1957, who proposed the name

"cytomegalovirus” [1].

1.2 Virion structure

Human cytomegalovirus (HCMV), or human herpesvisyss a highly species-specific
virus, belonging to the beta-herpesviridae subf@nitat is ubiquitous with worldwide
distribution [3,4,5]. HCMV infection in healthy alisi is usually asymptomatic or causes a
mild mononucleosis-like syndrome. However, in immoompromised hosts and infected
fetuses, HCMV causes significant morbidity and ralast [3,6]. In particular, congenital
human cytomegalovirus (cCMV) infection is also aadmg non genetic cause of
sensorineural hearing loss (SNHL) and neurodevedopah delays [4,7,8].

The mature viral particle of HCMV has a diameterl80—-200 nm and share with other
herpesviruses a common architecture (Figure 1).[B%e double-stranded DNA genome is
contained within an icosahedral capsid made up6# d@apsomeres, surrounded by an
envelope derived from portions of the host cell raeane enriched in viral glycoproteins to
control attachment and entry into cells [3,9,1@].addition, a particularly thick tegument
(or matrix) layer of virus encoded proteins liesveen the genome-containing capsids and
the viral envelope. Proteins within this layer, whee viral envelope fuses with the cell
membrane, are released into the cell upon entayind a key role in viral entry, gene
expression, and immune evasion [3,10]. HCMV is gmeesto heat, low pH and lipid-
dissolving agents. It needs to be stored at a miminef —70° C in order to maintain its
infectivity; in fact, the half-life of HCMV is appximately of 60 min at 37° C and is
unstable at —20° C [9].
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Figure 1. Electron microscope images of HCMV partiles (from Schottstedt \et al.
Transfus Med Hemother. 2010, 37(6): 365-75. [9]).

The HCMV icosahedrakapsid contains viral genome and is composed of four core
proteins: major capsid protein(MCP, encoded by UL86) including most pentons and
hexons, triplexes composed of two subunitigplex subunit 1(TRI1, encoded by UL46
gene or minor capsid protein) withplex subunit 2(TRI2, encoded by UL85 or minor
capsid protein binding protein), and thmallest capsid protei(6CP, encoded by UL48A).
For HCMV replication, all capsid proteins are neegy. In particular, during both
encapsidation and release of viral DNA, one speedl| penton composed of the portal
protein (PORT, encoded by UL104) acts as a chawgekther with two principal subunits
of the terminase, subunit 1 (TER1, encoded by UL&%) subunit 2 (TER2, encoded by
UL56). All pentons are capped by a capsid vertgppoay complex composed of UL77 and
UL93 and the proteins encoded by UL51 and UL52lyikgovide stability [3]. Capsid
assembly takes place in the infected cell nuclessimmature capsid or procapsid with
virus-encoded scaffolding proteins, which are ladegested by the action of the viral
protease, clearing the way for viral DNA packagiSgbsequent nuclear tegumentation,
nuclear egress, cytoplasmic tegumentation and epnent steps are essential for
maturation of nucleocapsids into infectious virig8sl1]. During HCMV infection, as for
other herpesviruses, different capsid forms aregein the host cell nucleus: A-, B-, and
C-capsids. C-capsids represent DNA-containing meelpsids that appear to be the closest

in form to mature virions, and are considered pr&ms to infectious virus in the process of
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maturing; while, A- and B-capsids represent aberfiorms that appear to have failed to
complete encapsidation [3,12].
The tegument layer located between the lipid envelope and theahedral protein capsid
generally appears to be unstructured or amorphgusldrtron microscopy and electron
tomography visualization of herpesvirus virionghaugh it contains proteins associated
with the capsid. [13].
Most tegument proteins are phosphorylated (thusesiams named with the prefix
phosphoprotein, pp), and many are highly immunagem addition to viral proteins,
within the tegument of HCMV virion, approximatel cellular proteins have been found.
[3,13]. All of these carry out different activitieBuring the infection, these proteins deliver
the viral genome to the nucleus, guiding nucleocapsansliocation to nuclear pore
complexes through microtubules (such as pUL47, @Jaad ppl50). In addition, the
tegument proteins control nucleocapsid stabilityirdy assembly and final envelopment
from the nucleus to the steps in egress (such 28)[df3]. The pp71 tegument protein is
the only component that has a key role in actigathre viral immediate early (IE) genes
expression needed to start of a lytic infectiorl 33, Finally, pp65 (lower matrix protein,
UL83 gene product) is the most abundant tegumemtéejprin HCMV virions. This protein,
which is highly immunogenic, is a target of MHC s34 - restricted CD8 and MHC class Il
CD4 T-cell responses. After viral entry, pp65 laoad to the nucleus of infected cells
where it plays an immunomodulatory role mitigatthg interferon-like cellular response to
viral infection. During natural infection, pp65 &so abundantly contained in the virus-
infected cells and may be transferred to neutrspitiat come into contact with HCMV-
infected cells. The detection of pp65 with quatdisathe number of HCMV-infected
leukocytes in peripheral blood neutrophils by astigmia diagnostic assay, has been
widely used for monitoring HCMV infection guidinghdrapy in patients at risk of
developing HCMYV disease [3,13,14].
The HCMV virions are surrounded by a lipid bilayemmed theenvelope that is similar in
structure and composition to host cell membrandsgugh contains virus-coded
transmembrane glycoproteins. These include glydeprdB (gB), gH, gL, gM, gN, and
gO. The site of final envelope acquisition of th€MV particles have not conclusively
identified, however different studies show thatstHayer derives from endoplasmic
4
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reticulum-Golgi intermediate compartment or endogbmembranes [3,15]. Among the
glycoproteins of envelope, most likely contributenbodulation of the host cell response to
infection, while some are involved in attachmend antry. Three glycoprotein complexes
(gc) play a key role in the attachment, entry araduration of HCMV into the host cell: gB
(gcl), gM:gN (gcll) and gH:gL (gclll). In particuta gB and gH:gL contribute to
attachment and entry, whereas gM:gN in maturatidrese glycoproteins, which during
infection, accumulate in the inner portion of thell enembranes, are the main target of
HCMV neutralizing antibodies. gB mediates bindiogheparan sulfate proteoglycan and is
a fusion protein that allows the entry directly the plasma membrane (as occurs in
fibroblasts) or through the endocytic route (asusscn epithelial and endothelial cells). In
addition, gB contributes in viral cell-to-cell speand cell-cell fusion leading to syncytia.
The complex gH:gL is involved together with gB imetcell fusion step. However, the
cellular receptor(s) for gB are still being investied and it is known that HCMV
attachment does not require dedicated subgroupfispeeceptor recognizing envelope
glycoprotein [3]. Besides the glycoproteins thamtcol the viral entry in any cell type, in
certain  settings, trimeric complex, gH:gL:.gO and ntaeneric complex,
gH:gL:pUL128:pUL130:pUL131A facilitate HCMV attaclent. In particular, the
pentameric complex acts on epithelial and endaheégll types, suggesting its important
role in viral pathogenesis [3]. In clinical sampldgferent HCMV strains are identified on
the basis of genetic polymorphism in envelope gbhyoteins, including gB, gO and gN.
Currently, HCMV genetic variability is being invesdted in correlation with viral tropism

and “pathogenic potential” [16,17].

1.3 Genome organization and viral replication

HCMV has the largest genome among human herpessirughich consists of around 235
kb linear double-stranded DNA encoding 165 gene$8[|8 The genomic architecture is
organized as two regions of unique sequences, erdmpg (UL) and unique short (US),

both flanked by two sets of inverted repeats, teatinternal repeat long TRL/IRL and

internal/terminal repeat short IRS/TRS, (Figure2). and US regions can be inserted in
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both directions between repeats, giving rise tar fggnome isomers that coexists in an
equimolar mixture [19,20].

TRL IRL IRS Short I:US) TRS

Figure 2. Structure of HCMV genome (adapted from McGregor &t al. Expert Opin
Drug Metab Toxicol. 2011, 7(10):1245-65 [20]).

HCMYV productively infects numerous cell types i thuman host (lytic infection), as well
as it establishes a latent infection in bone mamoyeloid progenitor cells. The outcome of
infection, Iytic or latent, is dependent on virl §ene expression, that leads to expression
of early and late genes [21]. In fact, followingalientry in host cells, nucleocapsid is
translocated through cytoplasmic microtubules ribcleus where viral DNA is released
and three kinetic classes of genes, |IEojpdelayed early (DE di) and late (L oty) genes,
are sequentially expressed on the basis of a awaialy regulated synthesis over the course
of lytic replication cycle (Figure 3) [3,21]. Dugrthe course of infection, the transcription
of viral genome is performed by host cell RNA ploahd related transcription machinery,
although transcription is regulated via virus erembdransactivator. The expression of
major IE gene is due to enhancers on the viral genas well as to the tegument protein
pp71.

The viral DNA synthesis depends on DE gene expmrassencoding ppUL84 which
constitutes ppUL84:IE2-p86 complex. This complelowas the activity of the oriLyt
promoter. OriLyt is a 3 kb-long DNA element locatedthe HCMV genome, where DNA
synthesis starts. This region site between the Udk¥ UL69 genes is separated into two
regions: essential region |, which contains a bictional UL84/IE2-responsive promoter
and essential region Il, which contains an RNA steop region to which UL84 binds.
This region is also rich in other direct and inedrtepeat sequences. After being delivered
to the nucleus, viral DNA destined for synthesiswarizes [3]. HCMV DNA replication
starts as theta form, subsequently switching toutarised molecule, which is the template
for amplification by rolling circle-based mode, timoduces concatemers of the genome in

head-to-tail. A viral protein complex, terminaseUb6 and pUL89) then cleaves
6
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concatemeric HCMV DNA into unit-length genomes BiYA packaging [3,11]. Finally, to
HCMV replication, other proteins are required: UL4dolymerase-associated factor),
UL54 (polymerase), UL57 (single-stranded DNA-birgliprotein), UL70 (primase-
associated factor), UL102 (helicase) and UL105{pse) [22].

. \mmediate-early (6-24 hpd)

[ 4, Tegumant _—__—» Deiayed-sarly (2448 hpi)
i . \ate{4B-96 hpi)

: —_—
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Figure 3. HCMV temporal replication cycle: immediate early, delayed early and late
gene expression hours post-infection (hp(ardapted from Murray LA et al. Nat Commun.
2018, 9(1):4967 [22]).

The packaging of newly synthesized viral DNA intceformed capsids occurs in the
nucleus. During translocation of nucleocapsid fribke nucleus to the cytoplasm, tegument
proteins are added sequentially, providing stabdiid directing nucleocapsid trafficking to
sites of envelopment. The release of mature viiiom the host cell occurs by exocytosis
[3]. The replication cycle of HCMV requires 48 - Aurs to reach the release of progeny
and the switch from early phase to late phase diggron type of cell host. In fact, IE
gene expression is sensitive to cell cycle statush that cells in S, G2, or M phases do not

produce IE proteins until cells return to G1 [3].

1.4 Epidemiology and transmission

HCMV is ubiquitous, with a global estimated seraalence equal to 83% in the general

population, ranging from the highest seroprevalente90% in the World Health

Organisation (WHO) Eastern Mediterranean regiontite lowest 66% in the WHO

European region. [23]. The worldwide HCMV distrilaut varies greatly, depending on the
7
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socio-economic standards of countries; in fact, grevalence in industrialised regions is
lower than in developing areas, where it may red80%. In addition, the prevalence
increases with age. In industrialised countries MNCinfection occurs in two phases of
life: a first peak is reached in the first 2-3 yeand a second lower peak is reached in
adolescence and early adults, between the age6 ahd 30 years, as a result of sexual
contacts. Afterwards, the portion of seropositindividuals increases up to 50 —70% with
age. [9,24]. Primary infection is associated withalvshedding in saliva, urine, cervical
secretions, semen, breast milk and other body dl{@b]. Transmission of HCMV can
occur by several routes: horizontal transmissidra\shedding in close-contact settings,
sexual transmission, organ transplantation, viadblproducts, i.e. transfusions) or vertical
transmission (transplacental, breastfeeding andnageily for contact with infected

maternal genital tract) [9,24].

1.5 Pathogenesis

As mentioned in the previous section, HCMV has lifeocycle phases: a productive phase
(or lytic phase), where new virions are produced] a latent phase characterized by the
absence of new virion production as well as bysdricted gene transcription profile [26].
In fact, following primary productive infection, HV is able to establish a lifelong latent
infection, from which may periodically reactivat®e form new virion that can be
transmitted to other susceptible individuals [Z#je direct contact with body fluids from a
person who is shedding HCMV is required for virednsmission [28]. Active HCMV
infection could be caused by: primary infection, when the infection occurs itH&MV-
naive hostji) endogenous reactivation from latency in HCMV inéecindividuals, andi)
exogenous reinfection in HCMV-seropositive indivadiel who experience infection by a
different strain [29].

Primary HCMV infection in humans initiates on muabspithelium at a portal of entry;
oral cavity is likely the main site of viral acquiien and from which it spreads again [3,30].
The development of a leukocyte-associated virehea tetermines a systemic phase of the
infection, which can last for long periods, espligian immunocompromised subjects,

in which it was well-documented [3,31]. In all dbal conditions related to HCMV

8
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infection, the viral dissemination mediated by ratgion between endothelial cells (ECs)
and circulating leukocytes, plays a key role [332]., During acute infection, different cell
types, such as ECs, epithelial, fibroblast and hepwaetic cells in peripheral blood and
bone marrow, become infected [3]. In particularhais been shown that ECs are natural
sites of HCMV infection, through which the virus ynae spread to different districts of the
body. In fact, HCMV-infected ECs spread the virdsng the vessel walls, invading the
lumen and sometimes detaching from the vessel @aching distant body sitedowever,
the main role of ECs in the mechanism of viral pgenesis is due to the bidirectional
interaction with circulating leukocytes, polymorphoclear leukocytes (PMNL) and
monocytes (leukocytes), that allow to transfer HCNt¥m infected ECs to uninfected
leukocytes andvice versa [3,31,32]. In fact, infected ECs realised leukocyte
chemoattractant factors, in particular cellular mbkines (IL-8 and Gra) and viral a-
chemokines (encoded by UL146). After leukocytemation, the adhesion is mediated by
the interaction between the ICAM-1 (intercellulathasion molecule) expressed by ECs
and its two specific ligands: LFA-1 (lymphocyte @tion-associated antigen-1) and Mac-1
(macrophage-1 antigen), present on PMNL and momescytespectively. Transfer of
HCMV and viral material, from ECs to leukocytesmediated by transitory microfusion
events between plasma membranes of adjacent ird/oklés (Figure 4) [3,31-33]. HCMV
in PMNL and monocytes is passively transported esingal replication seems to be
blocked at the IE gene transcription. Monocytes ralgp migrate to organ tissues, where
after differentiating into macrophages they becopeemissive to virus replication. In
immunocompetent individuals the host immune respdokowing active HCMV infection

is generally effective at stopping virus replicatiand dissemination. However, virus is
never cleared by the host and persists for lifeeihtypes where latency can be established,

such as peripheral monocytes and CD34+ progenitdlge bone marrow [31,34].
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Figure 4. Transfer of HCMV from infected ECs to PMNLs and vice versa (from Gerna
G et al. J Gen Virol. 2017, 98(9):2215-34 [34]).
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1.6 Clinical manifestations of HCMV infection

HCMV infection in the immunocompetent host is getlgr asymptomatic, or in some
cases, it may result in a mononucleosis syndrontie fever, myalgia, lymphadenopathy
and hepatomegaly. HCMV lead to serious opportunisfiection in immunocompromised
individuals, such as those with advanced HIV (hunmamunodeficiency virus) infection,
transplant recipients or very premature infantse most common manifestation of HCMV
disease in HIV patients is retinitis, which is d@erized by hemorrhagic retinal necrosis
and it occurs in 85% of cases. Between 10 to 50%obfl organ transplant recipients
develop symptomatic disease during the post-transgleriod. The infection can manifest
as HCMV syndrome characterized by fever illnesshvi@ukopenia or as tissue-invasive
disease (hepatitis, enterocolitis, pneumonitis, ephalitis, nephritis, myocarditis,
chorioretinitis, cystitis, or pancreatitis). In hatapoietic stem cell transplantatigrimary
HCMV infection occur in 30% of cases while reactiva in approximately 80% of
patients and the most frequent symptoms corretatétCMV infections are: esophagitis or
gastritis, enterocolitis; pneumonitis, hepatitetjnitis and encephalitis [3,19]. However, the
most severe clinical manifestations are those @dlad cCMV infection that involve the
central nervous system (CNS). In fact, in thisisgitHCMV infection causes severe
morbidity and mortality in newborns and it is teadling infectious cause of deafness and

neurodevelopmental abnormalities [35].

11
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2.0 Congenital cytomegalovirus infection

2.1 Magnitude of cCMV infection

cCMV infection is the most common congenital infestworldwide and it is an important
public health problem in pediatric populations. Ifiact, cCMV infection
causes neurodevelopmental delay and it is therigathn-genetic cause of SNHL in the
developed countries. In many parts of the world ttumber of children with cCMV-
related disabilities is similar to or higher thdnose with better-known conditions, such as
Down syndrome or spina bifida. Nevertheless, cCMdMains largely unrecognized respect
to other childhood disability conditions for whiclscreening during pregnancy, are
routinely performed [4,36,37]. For cCMV infectioimetre is no maternal or neonatal
screening programmes and parent and clinician awgase about of infection during

pregnancy is very limited [36].

2.1.1 Epidemiology of cCMV infection

The global prevalence of cCMV infection rangingnr®.2% to 2.0% (average of 0.64%)
of pregnancies [36]. Several studies showed thateths a relationship between the
maternal seroprevalence and the incidence of cCM&fttion. In particular, in developed

countries the incidence of cCMV infection, as wadlthe maternal seroimmunity, is lower
than in poor countries. Nevertheless, within a gapkic region the maternal

seroprevalence varies widely among women with dbffe age, race, culture and
socioeconomic status [38,39]. The incidence of cCM#iéction is 0.15-2.0% in Europe,

around 0.5-1.8% in Africa and in Asia, 0.42-1.4%niorth America and about 1.8% in
south America [38]. Considering the number of livgth and the cCMV prevalence

reported by countries, a number of cCMV infecti@approximately equal to 0.12 million

and 0.7-4.5 million per year was estimated in dgvedl areas and poor countries,
respectively [40].

Transplacental transmission of HCMV infection magcur following the viremic phase

during both primary or non-primary maternal infecti In the latter setting, the infection

13
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can result by reactivation of endogenous latenisvior through reinfection with a new
HCMV strain [41]. Considering the reinfection inrgenmune women, both seronegative
and seropositive mothers have the same probabiliacquiring HCMV infection. In fact,
this risk increases by exposure to people excretings; i.e. through caring for children
(they represent the leading source of HCMV for wonoé reproductive age) or sexual
activity [39,42]. The HCMV transmission to fetusudt occur during viremic phase,
probably when infected leukocytes across the placemhere efficiently viral replication
occurs. Subsequently, HCMV-infected cells thouglet amniotic fluid could be swallowed
by the fetus, in whose oropharynx, the virus regés until it reaches the fetal circulation
[38]. Despite the mechanism by which the virus heaahe fetus may be similar in primary
infection as in that non-primary, it is well documbed that in primary HCMV infection the
risk of mother—child transmission is greater thmmon-primary infection. Transmission to
the fetus occurs in 14.2-52.4% (average of 32.40primary maternal infections, versus
1.1-1.7% (average of 1.4%) of non-primary infecsiosuggesting a protective role of pre-
existing maternal antibodies [35,40,43,44]. Newadhs, based on the high seroprevalence
of HCMV in adults, it is estimated that more thamithirds of HCMV-infected infants are
born to already seropositive women. Consequentlgn-primary infections likely
contribute to more cases of cCMV disease [40].his tatter setting, the transmission
appears mostly to be related to maternal infeatensed by a new HCMV strain; although
further studies are needed on this issue to défi@exact frequency of HCMV reinfection
and the rate of uterine transmission [39]. Despitgernal immunity contribute to reduce
the probability of mother-child transmission; theverity of cCMV disease in the infected
newborn seems similar following primary or non-paityy maternal infections [40,45-48].
The vertical transmission appears to increase eldbr gestational age at infection, while
the outcome is more severe when infection occursinguthe early stages of

pregnancy (first trimester) [4,49-51].
2.1.2 cCMV infection and clinical manifestations
Most of infants with cCMV infection (85%-90%) hawe signs or symptoms at birth, while

the remaining 10%-15% is symptomatic. Among th#searound 10% die in the newborn

14




Chapter 2 — Congenital cytomegalovirus infection

period for fulminant illness, mostly due to disseated intravascular coagulation, hepatic
dysfunction or bacterial superinfection [38,8]. Amgosymptomatic newborns the clinical
manifestation of cCMV infection at birth can rarfgem mild/transient findings to multiple
organ system involvement, which includes in mostesathe reticuloendothelial and the
CNS (Table 1) [8]. As reported by Boppana et &k, thain physical findings observed are
petechial rash, jaundice and hepatosplenomegdigwietl by neurological abnormalities,

such as microcephaly and lethargy.

Infants With

Finding Abnormality, %
Clinical findings

Petechiae 76

Jaundice 67

Hepatosplenomegaly 60

Microcephaly 53

Intrauterine growth retardation 50

Chorioretinitis/optic atrophy 20

Purpura 13

Seizures 7
Laboratory findings

Elevated AST (>80 U/L) 83

Conjugated hyperbilirubinemia 81

(direct bilirubin >4 mg/dL)
Thrombocytopenia (<100 000/mm?) T
Elevated CSF protein (>120 mg/dL) 46

Abbreviations: AST, aspartate aminotransferase; CSF, cerebrospinal fluid.

Table 1. Main clinical and laboratory findings detected in infants with symptomatic
cCMV infection (from Boppana S.B. et al. Clin Infect Dis. 2013, 57 47&81 [8]).

This wide spectrum of clinical manifestation retkethe ability of HCMV to spread in fetal
organs resulting in a disseminated HCMV infectitm.a previous study performed on
tissues from 34 fetuses with cCMV infection, HCMsitive cells were detected in

different fetal organs: pancreas, lung, kidneyerj\brain and heart, that were involved in
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100%, 87%, 87%, 71%, 55% and 44% of cases, respbcib2]. Hepatosplenomegaly, as
well as jaundice and petechiae usually are duebtmranalities of the reticuloendothelial
system and are, in most of cases, transient. Oncoinérary, the neurological deficits
evident at birth persist for life [49]. In fact, symptomatic cCMV infected newborns, the
risk of long-term neurodevelopmental disabilitisshigh (around 50-90%). These long-
term sequelae include microcephaly, motor defi@s;ephalic palsy, mental retardation,
seizures, ocular abnormalities, SNHL and learnirsglallities [53]. Predictive findings of

adverse neurologic outcome, in symptomatic cCMVegtibn, include microcephaly,

chorioretinitis and the presence of other earlyrolegic signs and the detection of brain
abnormalities by cranial computed tomography (Cihiw the first month of life [8]

Finally, although 85%-90% of newborns with cCMVanfion are asymptomatic at birth,
about the 10-15% will develop long-term neurodepgient sequelae, such as SNHL

(prevalently), cognitive impairment and retinitigaple 2) [8].

Affected children, %

Sequelae Symptomatic Asymptomatic
Overall incidence 50-90 10-15
Hearing loss 50-60 7-15
Cognitive deficits 50-70 ~ 4
Microcephaly 35-40 ~2
Ocular abnormalities 25-50 ~3
Seizures 15-20 ~ 1
Motor deficits 25-30 <1

(mild to moderate)
Motor deficits (severe) 15-25 <]

*Rates reflect a range of incidence data reported in the pediatric
literature.

Table 2. Long-term sequelae in children with cCMV infection symptomatic and
asymptomatic at birth (from Schleiss MR. Curr Treat Options Neurol. 2008,10(3§-92
[53]).
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It is well documented that SNHL is the most commequela of cCMV infection occurring
in 30-65% of newborns symptomatic at birth and ib5% of infants with asymptomatic
infection. Approximately half of SNHL is late-onsetr progressive. However, the
mechanisms of pathogenesis behind HCMV-SNHL aikuwsticlear [39,54]. In a previous
study involving 20 HCMV-infected human fetuses atvizeks; HCMV-positive cells were
detected by immunohistochemistry in the inner dahe 45% of cases. In particular, the
marginal cell layer of the stria vascularis was al® infected in the positive inner ears,
followed by infection in the Reissner's membrameadidition, HCMV-antigens were found
in sensory cells of the utricle and crista ampidlarto the vestibular labyrinth. The clinical

consequences of these finding are still unknown589

2.2 Role of the placenta in mother-to-child transngsion of HCMV

infection

The mechanisms by which the HCMV crosses the ptacare still unknown. The placenta
supplies oxygen, nutrients and immunoglobulin (gjo the fetus by maternal circulation.
This hematogenous organ is composed of a fetal lpawtvn as chorionic villi (that contain
fetal blood vessels) and a maternal portion nanmesalbdecidua (attached to the uterine
wall) [55]. This structure is connected to the fetta the umbilical cord, and contacts
maternal blood within the intervillous blood spac&he exchange between fetal
compartment and maternal blood occur through diffeated cytotrophoblasts, (on the
villous surface) that fuse into multinucleate cellsamed syncytiotrophoblasts. Data
obtained by chorionic villus explants and animaldels, showed that, different cell types
into uterine-placental interface may support theMACreplication in first-trimester of
pregnancy: fibroblasts, cytotrophoblasts, ECs, @&gure 5) [55,56]. Based on these
findings, various routes by which the virus sprefids the uterine tissue to placenta, and
then to the fetus were proposed. One way involhes syncytiotrophoblast layer, that
directly contacts the maternal blood space, whe&Z&IM can be carried through leukocytes
or may infect the ECs of blood vessels [56,57]. $iecytiothrophoblast layer may allow
the passage of HCMV to underlying stratum of cytptroblast stem cells, that support the
viral replication and then the HCMV spread to fd&ls [57]. The cytotrophoblast layer
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may be also infected, by its direct interactionhHCMV-infected cells in uterine wall,
such as leukocytes and ECs [49,55-57]. Finallyvas hypnotized that HCMV exploits
maternal 1gG to cross the placenta via transcyt@sidgG-virion complexes, using the Fc
receptor expressed on the surface of syncytiotiolpists. It is postulated that, on the fetal
side, villus core macrophages may quickly neutealigG-virion complexes formed of
high-avidity neutralizing antibodies, while immuoemplexes of low avidity IgG allow
virus to escape the macrophages and infect the.f€herefore, in this model, the timing of
HCMV infection respect to the pregnancy is critidaterminant of protection [49,55].

Placenta—fetus Uterus—mother
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CTB column

Villus CTBs ) ..— Natural
Hofbauer cells/ L - NN ) killer cells

macrophages
Macrophages/
dendritic cells

. : d‘--' = * *
* # L 13,
Syncytlctrophcblasts* i i
* L '

'\” L:'NH| =1 #r

BLOOD SPACE

" Invasive
_/ CTBs

& Decidual

cells

Figure 5. Uterine-placental interface.Cell types that support HCMV replication are
indicated by red cytoplasm. The cytotrophoblastBLTayer of anchoring villi (AV) and
floating villi (FV) plays a key role in the fetalansmission of HCMV infection. BV: blood
vessel (adapted from Pereira L. Annu Rev Virol.2®(1):273-99 [55])

In the case of non-primary infection, it is possiblhat HCMV is reactivated in
macrophages of the uterine wall, causing infectadncytotrophoblast cells with the

consequent possibility of fetal infection [57].
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HCMYV infects the amniotic membranes, alters thesttgyment of the cytotrophoblast layer
causing consequently structural and functional ababties in the placenta [58,59].
Histopathological analysis of placentas from HCMWeited fetuses showed pronounced
villous maldevelopment, diffuse villitis, cytomegalcells, and areas of necrosis and
calcification [52,55,60]. In previous studies, theBndings have been associated with
functional damage of placenta and brain hypoxidéfetus [52,60].

Finally, it was proven that HCMV infection impaitlse HLA-G expression. This molecule
is a component of immune tolerance that proteaddtal cells from removal by maternal
immune cells, particularly abundant in the deciduang the first trimester of pregnancy.
Consequently, to downregulation of HLA-G, the masrimmune response could be

activating against fetal cells [56,59].

2.3 Immune responses in cCMV infection

The importance of adaptive immunity in the contwi HCMV infection is well
documented in the immunocompromised individuals].[@h the setting of cCMV
infection, it is known that women with primary icten transmit HCMV to fetus at a
higher frequency than those with preconceptualsvspecific-immunity, suggesting that
low avidity and poor neutralizing activity, of matal antibody against HCMV, increase
the probability of viral transmission [44-46,49,63lowever, the maternal antibody
response seems not protective against diseasetbacketus is infected [48,47]. In the
humoral response, gB (involved in viral attachmamd penetration) represents the major
target for HCMV neutralizing antibodies, followeg gH (implicated in the fusion between
host cell membrane and viral envelope). Some siutee evaluated the potential role of
the anti-pentamer antibodies (HCMV IgG against d¢iAl§ 128-131) in prevention of
intrauterine transmission. The authors have dematest individual differences in the
quality and kinetics of immunity responses and ssgghat these findings could explain
the variability in intrauterine transmission of HOMI62-64].

The role of cell-mediated immunity was investigatednore limited number of studies,
that prove conflicting data on the importance oflyedCMV specific T-lymphocyte

responses, to protect from intrauterine transmisgd@62,65-67]. In contrast with the
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extensive literature proving the key role of CD8+ymphocyte responses in the outcome
of HCMV-infected transplant recipients, some stadi@ cCMYV infection setting found a
stronger correlation between HCMYV specific CD4+ymphocyte responses and protection
from intrauterine viral transmission. In particylar women who transmit the virus to their
fetuses, as compared to women who do not tranardi¢)ay in the development of HCMV-
specific CD4+ T lymphocyte responses, was obseite®5,66].

In addition to adaptive immune responses, the makdnnate immunity contributes to
contrast HCMV replication, acting through effect@s natural killer cells that kill virus
infected cells. Nevertheless, throughout the coafsts co-evolution with the human host,
HCMV has developed mechanisms of interaction thedrfere with adaptive and innate
immune response to promote immune evasion or imflation and viral dissemination [5].
The main viral evasion mechanism is based on itibibof antigen presentation by major
histocompatibility complex (MHC) class | and cldssThis system, known in humans as
HLA (human leukocyte antigen), can be modulateténexpression and/or function by
HCMV, that encodes proteins to destroy and detaénexpression of HLA molecules on
the infected cell surface or to upregulate spe¢ilid\ class | molecules binding to immune
cell inhibitory receptors [68]. Moreover, HCMV em®s a homolog of the
immunomodulatory cytokine human interleukin 10 @{l@), cmvIL-10 [69,70]. This
molecule preserves the ability to bind and sighedugh the hlL-10 receptor and it exhibits
immunomodulatory functions, including suppressioh psoinflammatory cytokine in
addition to MHC activity inhibition. These strategicontribute to immune evasion during
virus infection [3,69].

Finally, recent studies showed that the fetal imenaystem, long perceived as immature,
could contribute to shape the outcome of cCMV indec[71].

2.4 HCMV infection: diagnosis in the mother, fetusand newborn

2.4.1 Diagnosis of maternal HCMV infection

Since cCMV infection is strongly dependent on madérserological status, diagnostic
testing (using serological and virological methomsyletect maternal HCMV infection, can
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assist in determining the risk of transmissionatus$ [35,36,72]. The diagnosis of primary
HCMYV infection is straightforward if seroconversias documented. When HCMV
immune status before pregnancy is unknown, thectieteof HCMV IgG and IgM should
be performed and the presence of HCMV IgM may sl s a marker of active or recent
HCMV infection. Of note, Lazzarotto et al., shovatlthe immunoblot is the gold standard
test to confirm the presence of IgM antibodiesarum and suggest to perform HCMV IgG
avidity measurements generally only when HCMV IgMilaodies are positive [36,72,73].
The detection of positive HCMV IgM together withAlemoderate HCMV 1gG avidity are
good indicators of recent primary infection [4,3§,7It is important to take into account
that low avidity results are found 18-20 weeksratte onset of symptoms [35,36,73].
Virus isolation and/or HCMV-DNA detection in boduids can only support serological
diagnosis and positive results are not associatddangreater risk of infection and damage
in fetus or neonate [72,73].

2.4.2 Prenatal diagnosis of fetal HCMV infection

A clinical suspicion or a serologic evidence of emaal HCMV infection and/or abnormal
fetal sonographic findings should prompt a detadggdmination of the fetal brain [75]. The
fetal compartment can be studied by non-invasivehatte ultrasonography (US) and
invasive prenatal diagnostic investigation (amnidesis). This latter should be performed
after 20-21 weeks of gestation, in mother with doeated primary HCMV infection or in
cases of fetal abnormalities (compatible with HCNtfection) detected by ultrasound
[36]. The presence of HCMV in amniotic fluid may téetected using viral isolation in cell
culture or polymerase chain reaction (PCR). Howethexr major limitation of the invasive
and non-invasive techniques is that ultrasoundtifies prenatally no more than 15% of
infected cases and positive results of amnioticdfiuests do not discriminate between
infants who will have symptoms at birth and thosewvill not, although quantitative PCR
might partially enable such a prediction. In sorna®s, high viral load in amniotic fluid
has been correlated with major risk of symptomatMV infection [52,73]. Of note,
combination of abnormal fetal lesions with the higtal load in amniotic fluid is currently
associated with a poor neurodevelopmental outca®e’7].
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2.4.3 Diagnosis of cCMV infection in newborn

When cCMV infection in newborn is clinically susped on maternal infection

documented, it is necessary to perform a corregraisis of infection. Infants congenitally
HCMV-infected shed large amounts of virus in sabwal urine [78,79]. Therefore, urine
and/or saliva samples, collected within the firstv8eks of life, should be used for the
detection of HCMV-DNA by PCR. However, it is impant to consider that the saliva
sample must be collected at least 1 hour laterbtieastfeeding to avoid potential viral
contamination of breast milk [36]. Neonates witmitoned cCMV infection, should be

promptly seen by pediatrics, audiology (ABR tesfimgd ophthalmology (Fundoscopic
exam) and undergo laboratory testing and brain ingadpy US, magnetic resonance
imaging (MR), and CT [80].

2.5 Treatment of congenitally HCMV-infected neonats

Despite anti-HCMV treatment, the most of neurolagimanifestations are irreversible. In
addition, the use of antiviral therapy in cCMV igafien is limited by the potential risks that
must be evaluated together with possible bene@tsical randomized trials provided
evidence of reduction in hearing loss and mild iovement of manifestations in
symptomatic newborns treated at birth [43,81]. Basa these results, currently the
antiviral treatment is recommended for newbornfwibderately to severely symptomatic
cCMV infection. The therapy should be administenathin the first month of life for 24
weeks, during which a defined follow up, includioghthalmological and audiological
examination should be performed. The therapy ctssis administration of valganciclovir
16 mg/kg per dose orally/twice a day [36]. The \@rdl treatment was not recommended
for asymptomatic cCMV infected newborns in orderpi@vent the later developing of
sequelae.

It is well documented that infants with early diagis of NSHL improve cognitive function
respect to those with later diagnosis. For thisoeathe neonatal screening for cCMV

infection has become the focus of many studiescemt years [36].
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2.6 Prevention of maternal infection and transmissin in utero

A lot progress has been made in recent years feelole an efficacy vaccine to prevent
HCMV infection. Clinical trials evaluating a recombant HCMV gB vaccine, showed
some efficacy in prevention of infection in youngmen. However, currently there is no
licensed vaccine and only the HCMV educational laygienic measures have the potential
to prevent exposure to HCMV in pregnant women [3[8]. Research could be useful to
identify education content and methods effectivgreventing HCMV maternal infection
[36,83].

Finally, passive immunization with HCMV hyperimmugiobulin, as a potential means to
prevent HCMV transmission to the fetus in pregnaomen with primary cytomegalovirus
infection, has been investigated. Data from a ramded, placebo-controlled study, suggest
that the treatment with hyperimmunoglobulin did sagnificantly modify the course of
primary HCMV infection during pregnancy [33,36,84].
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3.0 Brain damage in congenital HCMV infection

3.1 Development of the human central nervous system

The development of the CNS is briefly describedteih order to understand the potential
pathological role of HCMV in congenital infection.

The organogenesis of the CNS begins with a procaksd neurulation that starts at 18
days of gestation and results in the developmetiteheural tube at 4 weeks. Within 4-7
weeks, this neural tube enlarges in its cranialt parthree primary vesicles called
prosencephalon, mesencephalon, and rhombencepffigure 6) [85,86].In the fifth
week, the prosencephalon develops into the telératep and diencephalon, while the
rhombencephalon becomes the metencephalon and mogplealon. The telencephalon
evaginates into two later vesicles, the future Ispimeres, and basal nuclei. The
diencephalon will give rise to the thalamus, hyptdmus, and retinas; the myelencephalon
will become the medulla, the metencephalon willnfothe pons and cerebellum and
mesencephalon will develop into the midbrain, idahg superior and inferior colliculi
(Figure 7 and 8) [87]. During the 8-16 weeks, threay formed structures increase in
volume and corpus callosum develops. In this petiate is the emergence of cortical
plate (CP) with synapse formation, biochemical mattan and glial cell differentiation.
The CP includes distinct layers of neurons. In,fatthe end of the fourth week, radial glia
cells, originating from precursor in the ventriauine, form a gap junction between their
basal processes and ventricular surface. Contratlgir apical processes enlarge and
contact the basal lamina at the pial surface, mglthe external boundary of CNS. These
glial fibers provide a scaffold for neuron migratito the cortical layer (Figure 9). In fact,
the young neurons, originating from precursor ¢efiggrate and during the 8th-16th weeks
bypass the early formed layers building a morerezgidayer in the cortex. When neurons
arrive in CP, they lose their glial attachment. Asilon molecules allow the migratory
movements of the neurons through glial fibers. Thithe radial migration mode, however
the neurons could also migrate departing from ganigl eminence, in the subventricular
region, to move in tangential direction. In thisveaperiod, other cells differentiate in

astrocytes and oligodendroglial cells. In a smafiqd, the neurons migration defines
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different layers in encephalic hemispheres that faven external to internal: external
marginal layer, CP, subcortical layer, the interratdl zone (with the subplate, this
represents the future white matter that will depgland the ventricular zone with cells in
mitotic activity [85]. After 16 weeks, there is arcreasing thickness of the cortex and the
growing of hemisphere surface due to an increasimgber of synapses. The limiting
intracranial surface leads to multiple gyri in @@rtex. Finally, during brain development
the angiogenesis starts to form at 5 weeks, wthie,myelinization starts to form in the
second half of pregnancy [85,87]. The oligodendr®cy the CNS cell type responsible for
production of the myelin sheath. The stem cells @GNS generate both neurons and glial
cells that include oligodendrocytes and astrocyldsese latter provide structural and
trophic support for neurons, induce formation oé thlood brain barrier (BBB), and

regulate CNS synaptogenesis. In addition, in th&s@iere are the resident immune cells,

located within the brain parenchyma behind the BB8t constitute the microglial cells
[88,89].

3 weeks 6 weeks at birth
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Prosencephalon Diencephalon
Mesencephalon
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Figure 6. Human CNS: neural tube and derived struatres (adapted from Cocco L et al,
Anatomia Umana. Edises 2004, 334-505 [90]).
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Figure 7. Development of human brain(from Potter's. Mosby Elsevier. Second Edition.
2007, 1:1959-76 [85]).
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Figure 9. Schematic representation of cortical pla (CP) development. Modes of
neuronal migration in the CNS: A) Radial migration and (B) tangential migration
(adapted from Amini R et al. Neuronal migration dachination in the vertebrate retina.
Front Neurosci. 2017, 11: 742 [91]).

3.2 Neuroimaging findings in cCMV infection

The neurological manifestation of newborns with ¢CNhfection, including lethargy,
hypotonia, seizures, mental retardation and endieppalsy, are the results of injury in
CNS, such as: intracranial calcification, lisser@dp, polymicrogyria, ventriculomegaly,
periventricular calcifications, white matter altéoas and microcephaly. Currently, these
pathological findings are evaluated and charaadrizy US, MR imaging, and CT. The
intracranial calcifications are the most frequeasion observed in cCMV infection
occurring in 34-70% of cases and may be localizedifferent sites: brain parenchyma,
basal ganglia and periventricular regions. Thitetais the most common area were the
calcification are present (Figure 10). The intrachcalcification is the imaging findings

more associated with developmental delays tharr att@ormalities [92,93].
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Figure 10. Intracranial calcifications. UnenhancedCT image shows periventricular
calcifications in patients with cCMV infection (from Fink KR et al. Radiographics. 2010,
30(7):1779-96 [92]).

The ventriculomegaly is detected in the 45% of cChges. This is associated often with
encephalic volume loss, as well as the microcepledysed by encephalic or cerebellar
hypoplasia) that occurs in 27% of patients with &CMfection. In these cases, the loss of
glial and neuronal volume lead to poor neurologitcome.

Others common brain lesions detected in cCMV if@atewborns are the white matter
abnormalities (Figure 11) that are present in 22Popatients. These findings could
represent a delayed myelinisation and often arailoex in parietal or temporal lobe.

In the 10% of patients with cCMV infection migratal abnormalities are detected, such as
lissencephaly and diffuse or focal polymicrogyrigiglire 12) [92,94]. Specifically,
lissencephaly is the absence of sulcation in criézeas that appears as smooth brain
surface. This condition is associated to thickeoedical layer that reflect the neuronal
loss. The lissencephaly is indicative of fetal atfen during early age of gestation and it is
associated to worse outcome. On the contrary &ericephaly, polymicrogyria is the
presence of multiple small abnormal gyri that seerbe presented by an area of thickened
cortex. This abnormality is correlated to a HCMVeittion occurring later in the fetal life

period than lissencephaly.
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Figure 11. The axial T2 — weighted MR image displayhyperintense posterior white
matter lesion (arrow) in patient with cCMV infection (from Fink KR et al.
Radiographics. 2010, 30(7):1779-96 [92]).

Figure 12. Axial T2 weighted MR image of migrationdabnormalities in patients with
cCMV infection: lissencephaly (left figure) and poymicrogyria (right figure) (from
Fink KR et al. Radiographics. 2010, 30(7):1779-98]].

Other imaging findings may be found in newbornshwdCMV infection, such as
periventricular cysts, ventricular adhesions amdidelostriate. The periventricular cysts in

temporal lobe with abnormalities of white matteften considerate specific for HCMV
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infection (Figure 13) [92,94]. However, while whitmatter abnormalities can occur
throughout fetal life, each lesion, detected bygmg methods, reflects the timing of fetal
infection. Specifically, lissencephaly, intracrdnéalcifications, encephalic or cerebellar
hypoplasia, are more frequently present in fetukas acquire infection before 18 weeks.
Polymicrogyria, migrational abnormalities and celédr hypoplasia are more frequent in
fetal infection acquired within 18-24 weeks. Theafenfection acquire after these periods

have less severe neurological manifestations [92,95

Figure 13. T2-weighted MR image show anterior tempm@l cyst (arrow) and adjacent
white matter disease (arrowheads) in patient with €MV infection (from Fink KR et al.
Radiographics. 2010, 30(7):1779-96 [92]).

3.3 Potential pathogenic mechanisms of brain damage cCMV infection

In contrast to clinical signs that are transitigeich as anemia, hepatosplenomegaly, and
jaundice), the neurodevelopmental sequelae cause€llV infection are almost always
persistent for life, as a result of irreversiblendae in the CNS [49,96]. To date, the
pathogenesis of brain injury HCMV-related is unkmol9]. Several studies have tried to
explain the route by which HCMV reach the develgpietal CNS, because it is still
insufficiently defined. However, species-specifictf HCMV has limited the study in
animal models. Nevertheless, since the cCMV inbectin humans is most frequently

acquired during the early periods of the seconadsier of pregnancy and the neonatal
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mouse has a CNS embryologically equivalent to humetuns at 15 weeks of gestation,
some studies were performed in this animal modg]. [Bhe obtained results showed that,
during hematogenous spread, murine CMV (MCMV) dissates to the CNS and

replicates in the brain parenchyma [96,97]. Howgtke exact mechanism by which

HCMV cross the BBB is still unknown [96,97]. It$ikeen hypothesized that the entry of
the virus into the CNS could be due to loss ofgrtg of BBB or mediated by the ECs

constituting the BBB, through which the virus sgie#o the astrocytic processes [98-100].
Alternatively, as hypothesized for HCMV in casesntephalitis, the virus could reach the
CNS through the cerebrospinal fluid following viraplication in infected epithelial cells

of the choroid plexus [98,101,10Zfinally, HCMV infection of ECs induces monocyte
extravasations. This could be an additional viradchanism to reach the CNS and
disseminate into the brain; in fact HCMV-infecteldddd monocyte-derived macrophages
could serve as carrier of the virus entry into depmg CNS (Figure 14) [49, 98,103].
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Figure 14. Possible mechanisms by which HCMV couldeach CNS: i) infection of
ECs, ii) loss of BBB integrity andiii) transport within infected monocytes (adapted
from Slavuljica | et al. Cell Mol Immunol. 2015, (2:180-91 [96]).

How the virus plays its direct pathogenic role omeehe brain has been evaluated by

different hypothesis, including that HCMV is tergém. Studiesn vitro using human
fibroblast have found that these cells infectechWHiCMV during the S phase of the cell
cycle showed two specific breaks at position 1g4@ ag21 into the chromosome 1. This
effect could be inhibited through an incubatiortté virus with neutralizing antibodiel
addition, the two break positions are located nbar loci DFNA7 and USH2A. The
DFNA7 seems to be involved in an inheritance aut@dodominant form of progressive
hearing loss [49,104,105], while the USH2A geneoeles a protein involved in an
autosomal recessive disorder responsible for binldriess and SNHL [49,106,107]. This
evidence could be potentially correlated with thmsei of SNHL and visual impairment
caused by HCMV [49]. However, in animal model andiitro studies, other mechanisms
were investigated to elucidate the direct effecHQMYV replication in brain parenchyma.
In particular, an interference of HCMV infectionttvithe apoptotic signalling pathway was
observed [49]. The apoptotic process is a crititefense mechanism to eliminate, during
organogenesis, the damaged or poorly developed asliwell as the virus infected cells
from the host [49]. Viral replication in astrocytesduces the expression of proapoptotic
cell protein p53, which is sequestered by HCMV-IEhibiting or delaying the late
apoptotic event [49,108,109]. Two molecules are alscoded by antiapoptotic viral genes,
UL36 and UL37, to prevent cell death. The homolofghese genes were also identified in
rodent and macaque CMVs [49,110-113]. The inhihitid cell death can be necessary to
complete the slow HCMV replication cycle. Post-neartexamination of brain tissue from
patients with neurological symptoms caused by cCivféction, also showed a rare or
absent apoptosis of infected neuronal or glialsddl®,114]. In addition, viral antigens were
absent in areas with neuronal apoptosis. This sigge indirect role of HCMV in the
neuronal loss through apoptosis process, that cdadd caused by virus induced
neuroinflammatory responses [49]. In fact, in pnegeof inflammation or tissue injury, the

expression of extrinsic apoptosis signals is udetgd playing an important role in normal
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brain development. HCMV can have developed an imemenvasion strategy, that in turn
may lead to apoptotic damage of bystander cellsld8116]. In addition, brain injury
related to cCMV infection, could be also mediatgdcitokines. It is known that immune
responses in CNS are due to both, resident brdle aad immune effectors able to
infiltrate brain tissue during infection or damagdde resident glial cells (astroglial and
microglial cells) produce chemokines and cytokitiest have neuroprotective function,
controlling viral spread. However, their overexmies may result in neurodegeneration
and CNS injury. In particular, chemokines also wégoeripheral immune cells in the brain,
such as T-lymphocytes producing additional promfi@atory cytokines that potentially
could contribute to cause neurotoxicity during HCNAx&ain infection [49]. In a previous
study, involving human fetuses with cCMV infectiothe presence of inflammatory
response and immune-mediate damage was showedfi&Ggc in HCMV infected brain
tissues, diffuse microglial activation, astrocyspsiascular changes and microglial nodules
(mainly composed by activated CD8+ T-lymphocyte®ravfound. In the same study,
placental diffuse villitis and necrosis were detelcin fetuses with severe brain damage
suggesting that placental insufficiency and hypfyston could contribute to the
pathogenesis of brain abnormalities [60].

Finally, HCMV directly interacts with regulatory protein eling the cell cycle progression
of infected cells. With this strategy the virus mage the cellular DNA replication
machinery [49]. Somén vitro studies showed that HCMV productively infects ceéfiat
are able to undergo mitotic division in vivo, suaf neural precursor cells (NPCs) and
astrocytes. On the contrary, differentiated ceflety, as neurons, do not support HCMV
replication, while differentiated glial cells retaiheir susceptibility to viral infection. [49,
117,118]. In murine model, the MCMV infection iniigothe proliferation of neural stem
cells and reduce their capacity to differentiate® ineurons. These could be due to the
alteration of cellular cycle virus-induced [117]n&lly, in the same animal model, as for
differentiated neurons, primordial embryonic steellscare not susceptible to MCMV
infection, suggesting that the susceptibility toaliinfection depends on the cellular
differentiation state. During fetal life, the prapon of cells susceptible to viral infection in

the brain varies at different gestational age &l ¢ould be responsible for the variability
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of clinical manifestations related to cCMV infectip49]. Studies on distribution of HCMV
susceptible cells in fetal brain could help to explthe neuropathogenesis related to cCMV
infection. To date, the neuronal development waduasted mainly in animal model aird
vitro experiments, while few studies were performed uman adult and fetal brain and
these are mostly focused on some encephalic atd®1P1]. However, it is generally
acknowledged that neurogenesis involved differékirads of cells identified mainly by
immunohistochemical studies using specific markgigure 15) [119-121]. In particular,
nestin was used frequently as a marker to idemfyral stem/precursor cells. This is an
intermediate filament protein expressed in unddifeiated CNS cells and downregulated in
mature cells. Despite the fact that stem/precurstis can express also other markers, such
as GFAP (glial fibrillary acidic protein), nestirs iwidely used to their identification
[120,122]. The doublecortin (DCX), is a brain sfiecmicrotubule associated protein
expressed by migrating, differentiating neuroblestsl it is used to identify these cells
[122,123]. Finally, NeuN (neuronal nuclei, or newmb nuclear antigen) localized
in nuclei and perinuclear cytoplasm of mature nesirs detectable exclusively in post-
mitotic neurons and is absent in neural progengba, oligodendrocytes and astrocytes.
Other markers of mature neurons are calretinincatioindin, but the mostly used is NeuN
[120,121,124].

The distribution of NeuN expression in the humatalf@ervous system was reported by
Sarnat HB et al. showing the presence of few matatgons in the early stage of gestation
(Table 3) [125].
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Mitotic Postmitotic
% 5I-§ — ~ — . W
Stage 1
— box
Type-1 Type-2a Type-2b Type-3 _
(putative (putative (putative (putative Immature Mature
stem cell) progenitor cell) progenitor cell)  progenitor cell) granule cell granule cell
Unlimited (?) Limited Limited Limited Postmitotic Postmitotic
self-renewal self-renewal self-renewal self-renewal
Probably lineage Lineage Lineage
determined determined determined

Figure 15. Schematic representation of the neurogesis processStage 1: stem cell,
stage 2-4: progenitor cells that differ throughitholiferative potential and increasing
neuronal differentiation, stage 5: postmitotic stagtage 6: mature cell (adapted from
Kempermann G et al. Trends Neurosci. 2004, 27(8)32L [121]).

Gleeson JG demonstrate that DCX is widely expresseatigrating neurons (Table 4)
[126,127]. Finally, Yin X et al. evaluated the nestin expreasianalyzing by
immunohistochemistry tissues from different areafiaman brain in fetuses at various
weeks of gestation. The authors found that the adlvproportion of nestin positive cells
reduced in all examined sites with the increasgdstational age. However, among the
different regions, the higher proportion of nestuositive cells were detected in
hippocampus, followed by subventricular zone amitsim (Figure 16, and Table 5). In
this study, similar results were obtained for thetedtion of nestin mRNA by in situ

hybridization in the same tissues [128].
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Region Gestational age (weeks)
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Table 3. NeuN expression in various regions of tHeuman fetal nervous systen{from

Sarnat HB et al. Brain Dev.1998, 20(2):88-94. [125]

Age DCX

MZ cP W VZ

ghial cell  axon

9-10 GW — +/ — - —
11-15 GW 1+ 2+ - 1+ 2+
16-20 GW /- 2+ +/— 24 1+
21-30 GW - 2+ 1+ 1+ 1+
31-40 GW - 1+ 2+ +/— 1+
1-24 months  — 1+ 2+ - iy -
2—10 years — 1+ 1+ — iy -
11-29 years — 1+ - — +/—

MZ: marginal zone, CP: cortical plate, WM: white matter, VZ: ventricular zone, GW: gestational weeks

Table 4. DCX, immunoreactivity in the developing human brairs (adapted from Qin J
et al. Brain Res. 2000, 863(1-2):225-32. [127])
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40
30 1
B hippocampus
20 - [ subventricular zone

Bl striatum
[ frontal lobe

Proportion of NSCs positive for nestin protein

e [] temporal lobe
[ parietal lobe
0 [] occipital lobe

S16W  =20W  =24W  =28W  =32W  =36W

W= week of gestation
Figure 16. Proportion of nestin positive cells (neal stem cells, NSCs) at different
sites of fetal brain(from Yin X et al. Int J Clin Exp Pathol. 2013; @)1 2757-64 [119])

Siizup/ hippocampus subv;r:;r;cular strigtum frlzr;’ieal terl‘r;pt))(;ral pellgllial oclzﬁ(letal \ Pvalue
16 W 46.47 41.42 28.51 14 95 1212 10.1 9.0 2364408 <0.01
20W 36.5 355 24.83 13.76 12.57 9.68 797 15712.73 <0.01
24 W 30.4 27.36 20.32 12.58 11.03 7.33 6.31 1081192 <0.01
28 W 22.35 20.57 17.68 11.31 9.28 6.12 482 7108268 <0.01
32W 19.36 17.38 15.31 9.97 8.22 498 2.88 6928515 <0.01
36 W 15.76 13.21 10.48 7.86 538 4.45 148 6150.322 <0.01
X2 9855.902 8848.345 3697819 4336.394 1170.125 1435.392 2156.375

P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

W= WG: week of gestation

Table 5. Proportion of nestin positive cells at dferent sites of fetal brain(from Yin X
et al. Int J Clin Exp Pathol. 2013; 6(12): 2757+649])

The predominant localization of the neural stengprsor cells in the hippocampus and in

subventricular zone could be correlated with thiétglmf HCMV to replicate effectively in
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these cells; explaining the neuronal damage imhbwapatients with cCMV infection often
located around the periventricular zone [49]. Hwosve in order to confirm these
hypotheses and to understand the mechanism of pethapenesis of HCMV-related brain
damage, further studies will be needed to evaltiaedifferentiation stage of HCMV-

infected neural/neuronal cells during cCMV infeatio
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4.0 Aim of the study

cCMV infection is the major cause of abnormalitiegshe CNS, that are irreversible and
persist for life [43,52]. In fact, although HCMV raaffect multiple organs, the most
important sequelae of intrauterine infection aresthrelated to lesions in the CNS, likely
because fetal brain is not able to fully regeneitgdeparenchyma [52]. Neurological
outcomes in cCMV infection may include encephabtsyp, mental retardation, SNHL, and
visual impairments [53]. These clinical conditioase the result of brain lesions mainly
studied by imaging methods, which showed: intraatanalcifications, microcephaly,
abnormal periventricular signals, white matter desi intraventricular adhesions,
ventriculomegaly, altered sulcation/gyral patteaind cerebellar abnormalities [92].

To date, the pathogenesis of injury related to cCiméction in the developing fetal brain
is not yet very well known [5,49]. Recent studieginly performed in animal and vitro
models, suggested that encephalic damage in cCM¥ction could be due to a
multifactorial process, that include the effectsdakct viral replication, and the indirect
effects occurring at two different levels: in theain, where the infection can induce
immune-mediated damage, and in the placenta, wtereinfection may cause severe
placental necrosis with placental insufficiency andnsequently, hypoxic brain damage
[49,52,60,96]. However, the direct viral replicatim CNS seems to play a key role in the
pathogenic mechanism of brain injury related to a&Cidfection. Infected cells inside the
CNS have altered intercellular communication aniicamt response to neurotransmitters.
During fetal development, this condition can afféa normal proliferation and migration
patterns of neurons, leading to altered brain &¥chire and function [49,60,128]. In
addition, few studies performed on cultured braetisc showed a preferential tropism of
CMVs for some type of cells, such as the immature proliferating neural/neuronal cells
[49,129,130]. These evidences could also suggesteaific brain localization of viral
infection, as well as those described for othepéegrviruses, such as the herpes simplex
virus -1 (HSV-1), for which temporal lobe abnorniak are commonly reported in patients
with herpes simplex encephalitis [131,132]. Alldbdindings were poorly investigated in

studies involving human cases of cCMV infection.
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The aim of this project was to study the brain dgenan human fetuses with cCMV
infection in order to implement the knowledge ornthhadhistological characteristics of
encephalic injury and the mechanism of viral spremthe CNS with potential clinical

consequences. In particular, brain tissues from N@Mected fetuses were analyzed in
order to evaluate, in different encephalic arepshe distribution of the HCMV-infected

cells,ii) the tissue viral load and) the potential viral tropism.

42




CHAPTER 5

Material and methods




Chapter 5 — Material and methods

5.0 Material and methods

5.1 Study design
HCMV-infected human fetuses at 21 weeks of gestatwith or without ultrasound
abnormalities, from women who opted to terminatrtpregnancies were examined. The
study was approved by the Ethical Committee ofd8$ola Polyclinic, University Hospital,
Bologna, ltaly &pproval numbers: 14/2017/U/tess of 14/03/2017;08010/Sper of
13/02/2010. The fetal tissues were analyzed after receivirigrmed consent from the
parents, according to the policies of the Ethicamthittee and to the regulation of the
Italian Ministry of Health.
For each fetus, tissues from different brain regiovere analyzed: the 4 cortical areas
(frontal, temporal, occipital, parietal) and ungery white matter, subventricular zone,
thalamus, hypothalamus, hippocampus, basal gaagtiacerebellum.
All brain regions were analysed by:

- immunohistochemical staining for the detection mected brain cells expressing

HCMV-antigens;

- haematoxylin-eosin staining to evaluate the higficlal damage;

- real-time PCR to quantify the tissue viral load.
In addition, the ability of HCMV to infect neuralaronal fetal brain cells was evaluated in
correlation with their differentiation stages fo8@etuses with HCMV-positive cells and
HCM-DNA in the brain. This analysis was performesing double immunohistochemical
staining for simultaneous detection of HCMV-antigemith markers of neural/neuronal
cells.
All the brain tissue analyses described above ab@ performed in a case control that was a
fetus at 21 weeks of gestation from a HCMV serotiegavoman who opt to terminate the
pregnancy due to fetal cardiac malformation.
The study was carried out in the Laboratory of gy, Operative Unit of Clinical
Microbiology - St. Orsola Polyclinic, University Kpital, Bologna, Italy, in collaboration
with:
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- the Unit of Obstetrics and Prenatal Medicine, Stsala Polyclinic, University
Hospital, Bologna, Italy;
- the Operative Unit of Pathology, St. Orsola Poljicli University Hospital,
Bologna, Italy;
- the Operative Unit of Pathology, St. Maria Nuovaspital, Reggio-Emilia, Italy.
In this study the terms “brain” or “encephalon” aeéerred to the current definition of

cerebrum, the brainstem and the cerebellum.

5.2 Study population

Ten fetuses at 21 weeks of gestation, with docueteRtCMV infection were analysed.
Specifically, 2 and 8 cases were prospectively @atbspectively enrolled, respectively.
All fetuses were from pregnant women with primar€MV infection arising before the
twelfth week of gestation and documented by thed®n of anti-HCMV IgM with anti-
HCMV low IgG avidity. The diagnosis of fetal inféah was based on positive results for
the detection of HCMV-DNA in amniotic fluid at 21eeks of gestation, obtained by real-
time PCR. In addition, at the time of amniocentasisasound examination was performed
in all pregnant women, in order to detect poterféédl abnormalities. The results obtained
by invasive and non-invasive prenatal diagnosigeperted in Table 6.

An additional fetus at 21 weeks of gestation fro@NH seronegative woman who opt to
terminate the pregnancy due to fetal cardiac malédion was analysed as control case.
For each fetus, sections obtained from paraffinodled blocks of tissue, previously fixed

in 4% formaldehyde, were analyzed.
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HCMV-DNA o
Case _ Ultrasound findings
in AF )
No. _ at 21 weeks of gestation
(copies/mL)
Encephalic periventricular hyperechogenicity,
1 >1,250,000 P P P J y
hyperechogenic bowel
2 >1,250,000 Normal
3 182,000 Normal
4 >1,250,000 Normal
5 948,473 Normal
6 323,300 Normal
7 >1,250,000 Normal
8 489,000 Normal
Encephalic periventricular hyperechogenicity,
9 >1,250,000 P P P J Y
hyperechogenic bowel
10 270,000 Normal

AF: amniotic fluid

Table 6. Results obtained by invasive and non-inga&ve prenatal diagnosis

5.3 Histological brain damage evaluation

To study the histological abnormalities correlatedHCMV infection in the brain, one

section of 3 microns from each encephalic area am@alyzed by hematoxylin-eosin

staining, performed by standard method. In pamicuthe presence of the following

pathological findings, was evaluated in each bragions:

- necrosis, characterized by focal or diffussath of cells in the tissue;

- microglial nodules (occasional or multiple), cmtieg in clusters of activated microglial

cells involved in immune response to HCMV-infectedls;
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- microglial activation, proved by microglial bodglls with various morphologies: small
rod-shape, amoeboid-like and spherical ¢ells

- astrocytosis, characterized by cell body expangloypertrophy) and cells with clear
nuclei (named Alzheimer type Il célis

- vascular changes, consisting in increased nunabewvessels with hypertrophy of
endothelial cells (that showed plump, cuboidal famal protruded into the lumen).

In addition to the presence, the frequency andriggwe the above described pathological
finding were considered in order to assess bramagg. However, taking into account that
the microglial activation, astrocytosis and thecwdar changes are often observed in viral
encephalitis, brain damage was classified as seweoslerate or mild, according the
following criteria analyzed:

- severe brain damagepresence of tissue necrosis and multiple micabgtiodules
(=3/brain region);

- moderate brain damageo tissue necrosis, but presence of multiple ogigal nodules
(=3/brain region);

- mild brain damageno tissue necrosis, but presence of occasionatogiial nodules
(<3/brain region).

In all brain regions, 5 fields at 20 high-poweldi¢HPF) were evaluated.

5.4 Detection of infected brain cells expressing H@V-antigens

To identify the HCMV-positive cells, one section ®fmicrons from each encephalic area
was analyzed by immunohistochemical staining, peréal usinganti-CMV [8B1.2,
1G5.2, 2D4.2] mouse monoclonal primary antibodyll(@®rque, USA), that reacts with
immediate early, delayed early, and late HCMV-amigreparation. The HCMV-infected
cells distribution in the brain was assessed aira)ys fields at 10 HPF for each encephalic

area. The results were expressed as mean of HCMimocells detected in the 5 fields.
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5.5 Quantification of brain tissue viral load

To quantify the brain tissue viral load, 2 sectioh8 microns were analysed, as follows..
After the sections were mounted on glass slidessélected brain areas were anatomically
identified and dissected by scraping it off wittstarile single-use scalpel. Each selected
tissue area was placed in a 1.5 mL tube, whered#@paraffinization procedure was
performed using 160 pL of the Deparaffinizationu@ioin (Qiagen, Germany) with 200 pL
of tissue lysis buffer (buffer ATL, Qiagen, Germauayd 20 pL of protease (Proteinase K,
Qiagen, Germany). After one hour of incubation & & followed by one hour of
incubation at 90°C, DNA extraction was performedingsthe QIAsymphon§SP
instrument with the QIAsymphony DSP DNA Mini Kit {&gen, Germany). Purified DNA
was eluted in 5QL and the contained human DNA (hDNA) was quantifiesing a real-
time PCR assays, QuantififeHuman DNA Quantification Kit (Life Technologies,S34),
which amplifies a region of the housekeeping genERIT. Five nanograms of hDNA were
processed for HCMV-DNA quantification, carried auging a real-time PCR assay, CMV
ELITe MGB™ kit (ELITech Group, Italy). Amplificatio, detection and analysis were
performed using the 7500 real-time PCR System (i&gpBiosystems, USA). The tissue
viral load was reported as number of copies/SngfIA. The lower limit of detection was
10 copies/5ng of hDNA, while the lower limit of quidication (LLoQ) was equal to 13
copies/5 ng of hDNA. Positive results below the QLwere censored with a value equal to
10 copies/5ng hDNA.

Although all brain regions were anatomically idéad, the tissue viral load in the
subventricular zone was not evaluated due to tffecudties to dissect and scrape the

extremely thin layer of the periventricular region.

5.6 Differentiation stage of the HCMV-infected neual/neuronal cells

To evaluate the differentiation stage of the HCMected neural/neuronal cells, double
immunohistochemical stainings for simultaneouslytediton of HCMV-antigens with
markers of neural/neuronal cells were performeghdrticular, nestin was used as a marker

to recognize cells in the early stage of neuralettgyment, DCX was used as a marker to
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identify neural cells with lineage determined an@uN for postmitotic neural cells

detection (see Chapter 3, Figure 15).

Briefly, serial sections of 3 microns from eachasin block containing the selected brain
areas were cut and quickly processed for autondaatlle immunohistochemical staining
in a Benchmark Ultra immunostainer (Ventana Medi&jistems, USA). The first

immunohistochemical reaction was always the antMCBtaining (pre-diluted mouse

monoclonal anti-CMV, clone 8B1.2 1G5.2&2D4.2, Cklarque USA), visualized using

the OptiView DAB detection kit (brown color), folleed by the second antibody
represented by monoclonal anti-nestin clone 10@nt5 Cruz Biotech, USA) diluted

1:400, polyclonal anti-NeuN (Abcam Ltd, UK) diluted300 or monoclonal anti-DCX

clone 2G5 (Millipore USA) diluted 1:600. The secomdmunoreaction was visualized
using the Alkaline phosphatase UltraView detectidit (red color). Sections were

counterstained using hematoxylin and Bluing read@idwing instrument’s manufacturer
instructions. All reagents other than the aboveorepl antibodies were from Ventana

Medical Systems, USA. Staining protocols are sunmedrin Table 7.

Test AR 1% Antibody (CMV) 2" Antibody

CMV UltraCC1 x 32 min at 95°C 16 min - 36°C -
HCMV-Nestin  UltraCC1 x 40 min at 95°C 8 min - 36°C Nestin 36 min - RT
HCMV-NeuN UltraCC1 x 32 min at95°C 8 min - 36°C Neu 40 min - RT
HCMV-DCX UltraCC1 x 32 min at95°C 8 min - 36°C DCX 28 min — 36°C

AR: Antigen Retrieval; UltraCC1: Tris-HCI pH 8.2;TRRoom Temperature

Table 7. Double immunohistochemical staining protoals

5.7 Statistical analysis
Statistical analysis was not performed due to thallssample size (10 fetuses) evaluated in

this study.
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6.0 Results

6.1 Detection of HCMV in the different brain regions

The immunohistochemical staining for HCMV-antigeaspression, performed in brain
tissues of all 10 fetuses with cCMV infection, ralea HCMV presence in the brain of 8
cases (80%), confirmed also by the detection of NMaDNA (Figure 17, Table 8). In the
remaining 2 cases (20%), no HCMV-positive cells amal viral DNA inall brain
regions were observed. On the basis of these fiysdiior the subsequent examinations, the
attention was focused on the cases that presentttephalic involvement of HCMV
infection (cases 1,2,3,4,5,7,8,9). Among the 8desuwith HCMV-positive brain cells, a
viral load more than fOcopies/mL was detected in amniotic fluid of 5 caf82.5%) and
in 2/8 cases (25%) ultrasound abnormalities wenadoat 21 weeks of gestation (Table 8).
In both these fetuses the pathological findingsoiwed the brain, where a encephalic
periventricular hyperechogenicity was observed.

Figure 17. HCMV-positive cells detected by immunotstochemical staining.Brain cells
expressing HCMV-antigens are identified by browairshg (arrow). Frontal lobe (10
HPF).
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HCMV-IHC HCMV-DNA HCMV-DNA
in brain in brain in AF Ultrasound findings at 21 WG
tissues tissues (copies/mL)

Case

Encephalic periventricular hyperechogenicity,

1 Positive Positive >1,250,000 .
hyperechogenic bowel

2 Positive Positive >1,250,000 Normal
3 Positive Positive 182,000 Normal
4 Positive Positive >1,250,000 Normal
5 Positive Positive 948,473 Normal
7 Positive Positive >1,250,000 Normal
8 Positive Positive 489,000 Normal

Encephaligeriventricular hyperechogenici

9 Positive Positive >1,250,000 .
hyperechogenic bowel

6 Negative ~ Negative 323,300 Normal

10  Negative  Negative 270,000 Normal
IHC: Immunohistochemistry, AF: amniotic fluid, Wi@eeks of gestation

Table 8. HCMV-positive cells and HCM-DNA detected n brain tissues and findings

detected by invasive and non-invasive prenatal diagsis.

6.2 Detection of pathological findings and evaluatn of brain injury

In the 8 fetuses with encephalic HCMV-infected sedind HCMV-DNA in the brain,
various pathological findings were observed in #xamined encephalic regions. In
particular, microglial activation (proved by incseal rod-shaped cells as showed in Figure
18) diffuse astrocytosis (represented in Figureagells with clear nuclei), and vascular
changes (as plump endothelial cells reported irurei20) were detected in all cases,
without differences in brain region distribution.hdse evidences showed a diffuse
encephalic inflammatory reaction. However, as rigabin the previous chapter (section
5.3), considering the severity and the frequencyhefremaining histological encephalic

abnormalities, such as necrosis and microglial fesjua different degree of brain injury in
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the 8 fetuses was identified and classified asree{fe cases, 12.5%), moderate (3 cases,
37.5%) and mild (4 cases, 50%) (Table 9). In paldic microglial nodules, showed in
Figure 21 as clusters of activated microglial gellsre detected in all fetuses. Nevertheless,
in 4 cases the frequency of microglial nodules a@sasional (< 3/brain region), showing a
mild encephalic injury. Among the remaining fetys8spresented multiple microglial
nodules £ 3/brain region) defining a moderate brain damagd & case showed the
presence of multiple microglial nodules with caatinecrosis (Figure 22). The latter case
was classified as fetus with severe brain damagedescribed for astrocytosis, microglial
activation and vascular changes, also the microgbaules were not localized in some
encephalic regions, but uniformly distributed irttte brain. On the contrary, cortical
necrosis was mainly detected in layer Ill. The tbraith severe injury also showed the
following lesions: diffuse macrophage infiltratiaf the leptomeninges, polymicrogyria
and periventricular leukomalacia (white matter nsi®). The cerebellum showed extensive

parenchymal hemorrhage with scarce residual tismrdified.
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Figure 18. Diffuse microglial activation: increased number of rod-shaped cells
(arrows). Hippocampus, hematoxylin-eosyn stainingd0 HPF).
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Figure 19. Astrocytosis: cell with clear nuclei, nmed Alzheimer type Il cell (arrow).

Temporal lobe, white matter, hematoxylin-eosyn staing (40 HPF).

Figure 20. Vascular changes: plump endothelial ceprotruding into the vassal lumen
(dashed arrow). Temporal lobe, white matter, hemateylin-eosyn staining (40 HPF)
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Case Brain HCMV-DNA
in AF Ultrasound findings
No. damage (copies/mL)
Encephalic periventricular hyperechogenicity,
9 Severe >1,250,000 P P _ P J y
hyperechogenic bowel
Encephalic periventricular hyperechogenicity,
1 Moderate >1,250,000 > . ) b . y
hyperechogenic bowel
2 Moderate >1,250,000 Normal
7 Moderate >1,250,000 Normal
4 Mild >1,250,000 Normal
8 Mild 489,000 Normal

AF: amniotic fluid
Table 9. Different degree of brain damage detectenh 8 fetuses with HCMV-positive
cells and HCMV-DNA in the brain
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Figure 21. Microglial nodule: cluster of activated microglial cells (arrow).
Hypotalamus, hematoxylin-eosin staining (20 HPF)

55




Chapter 6 — Results

Figure 22. Necrosis in cortical layer Il (betweenthe arrows) and polymicrogyria.
Temporal lobe, hematoxylin-eosin staining (4 HPF)

In all cases with severe/moderate encephalic dantagh viral load in amniotic fluid
(>1¢ copies/ml) were found, and 50% of these cases athauitrasound pathological

findings involving the brain (Table 9).

6.3 Quantification and distribution of tissue viral load into the brain

Brain tissue viral load was quantified in all 8 us¢s with HCMV-positive cells and
HCMV-DNA in the encephalon, analyzing different iorareas, except the subventricular
zone that was not evaluated due to the difficulttedissect and scrape the very thin layer
of the periventricular region.

The median HCMV-DNA levels detected in the casehwsevere and moderate brain
damage were higher than those found in the fetwss mild encephalic injury: 92
copies/5ng hDNA (range: 20-380 copies/5ng hDNA) &7dcopies/5ng hDNA (range:
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100-7°'505 copies/5ng hDNA) versus 10 copies (rarige248 copies/5ng hDNA). The
median levels of tissue viral load detected in darein area were reported in Figure 23.
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Median HCMV-DNA levels (copies/Sng hDNA)

Figure 23. Distribution of tissue viral load in different brain regions. The levels of
HCMV-DNA were reported in relation to 5 ng of humangenomic DNA (hDNA).

Different distribution of HCMV-DNA levels, in therhin, was found. In particular, the
highest median viral load, equal to 212 copies/GBBINA (range 10-7'505 copies/5ng
hDNA), was detected in the hippocampus; followedtly median HCMV-DNA levels

present in the temporal lobe (80 copies/5ng hDNge 0-238 copies/5ng hDNA), basal
ganglia (68.5 copies/5ng hDNA, range 0-114 copieg/B8DNA), and thalamus (48.5
copies/Sng hDNA, range 0-744 copies/5ng hDNA). Madvalues found in other brain
regions were: 36 copies/s5ng hDNA (range 13-280esipng hDNA) in occipital lobe, 34
copies/5ng hDNA (range 0-899 copies/5ng hDNA) irebellum, 23.5 copies/5ng hDNA
(range 10-300 copies/5ng hDNA) in frontal lobe, &pies/5ng hDNA (range 0-197
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copies/5ng hDNA) in hypothalamus and 5 copies/5SBdNA (range 0-107 copies/5ng
hDNA) in parietal lobe.

Similar results were obtained stratifying the madevels of tissue viral load in correlation
with the degree of brain damage (Figure 24). I, fdwe highest median HCMV-DNA
levels were again identified in the hippocampusemghvalues equal to 380 copies/5ng
hDNA, 910 copies/5ng hDNA (range 105-7'505 copiag/f\DNA) and 93 copies/5ng
hDNA (range 10-248 copies/5ng hDNA) were detectethe cases with severe, moderate
and mild brain damage, respectively. However, frese brain damage, the tissue viral
load detected was referred to the only case avail&ip addition, in this case, the HCMV-

DNA values found in the cerebellum may be biasarhbse it was severely hemorrhagic.
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*The values reported for severe brain damage were referred to single case

Figure 24. Median of HCMV-DNA levels stratifying in correlation with the degree of
brain damage.
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6.4 Quantification and distribution of HCMV-positiv e cells into the brain

In all brain regions HCMV-positive cells includingeuronal, glial and endothelial cells
were found (Figure 25, 26, 27). In the analyzedephalic regions HCMV-positive cells
were present as both solitary and grouped togatheusters. In particular, in some cases,
the clusters of HCMV-infected cells were detectedd dastributed along the migration
pathway defined by radial glial fibers (Figure 28).

Considering the number of HCMV-infected cells cathin each fold over the different
brain regions, the mean values of HCMV-positivdscdétected in the case with severe and
moderate encephalic injury were higher than thandbin the fetuses with mild brain
damage: 2.49 cells (range: 0-9 cells) and 1.5% dedinge: 0-23 cells) versus 0.22 cells
(range: 0-11 cells).

#

Figure 25. HCMV-infected neuronal cell (brown-staired pyrenophora and axon)
detected by IHC in hippocampus (40 HPF).
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Figure 26. HCMV-infected endothelial cell (brown-sained cell in the wall of vassal)
detected by IHC in white matter of temporal lobe (9 HPF).

»

Figure 27. HCMV-infected radial glial cell (brown-gained cell with apical and basal
processes) detected by IHC in white matter of tempal lobe (40 HPF).
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/"

Figure 28. HCMV-infected cells (brown-stained cells along the migration pathway
defined by radial glial fibers from subventricular zone (filled arrow) to cortex (dashed
arrow) in temporal lobe (4 HPF).

Analyzing the mean values of HCMV-positive cellstive different brain regions, results
similar to those obtained for the quantificationtisue viral load were observed. In fact,
the highest mean value of HCMV-infected cells wasd in the hippocampus with a value
equal to 2.9 cells (range: 0-23 cells) (Figure Z29pwever, in the analysis of HCMV-
positive cell distribution in the brain, also thabgentricular zone was included. This area
as well as the hippocampus, during fetal life cmstehigh proportion of immature and
proliferating brain cells. After the hippocampusg thighest mean value of HCMV-positive
cells was detected in subventricular zone, inclgdire periventricular zone in each lobe
and the ganglionic eminence, with value equal &cklls (range: 0-19 cells). In addition,
the number of HCMV-infected cells observed in theriyentricular region (germinal
matrix) were evaluated in each brain lobe and coatpwith those detected in the cortical

area and in white matter (Figure 30).
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Mean HCMV-positive cell values

Figure 29. Distribution of mean HCMV-infected cellvalues in different brain areas.
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Figure 30. Mean value of HCMV-positive cells in thegerminal matrix, white matter
and cortical area of each brain lobe.
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In each brain lobe, the mean value of HCMV-positiedls detected in the germinal matrix
were higher than those observed in the corticah aned in white matter (3.5 cells in
germinal matrix [range 0-19 cells], 0.8 cells initghmatter [range: 0-7 cells] and 0.5 cells
in cortex [range: 0-4 cells]). In particular, thiglest mean value of HCMV-positive cells
was observed in the periventricular region of terapdobe. Finally, analyzing the

distribution of HCMV-infected cells in the cerehet, the highest mean value of HCMV-

positive cells was found in the white matter (FeyGd.).
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0,8 -
0,6 -
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0,0 +< . . ¥
cortex white matter germinal matrix

Mean HCMV-positive cell values

Figure 31. Distribution of mean values of HCMV-podive cells in the cerebellum

6.5 Developmental stage of the HCMV-infected neuradeuronal cells

The differentiation stage of HCMV-infected neuralinonal cells was evaluated in 6 out of
the 8 fetuses with HCMV-positive cells in the braicases: 1,2,5,7,8,9. The results,
obtained by double immunohistochemical stainingdimnultaneous detection of HCMV-
antigens and nestin as marker identifying neurdls da early stage of differentiation,
showed that the 63.3% (441/646) of HCMV-positivéscexpressed nestin (Figure 32).
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Figure 32. HCMV-positive cells expressing nestin ahHCMV-antigens are identified
by both red and brown staining (filled arrow); uninfected cells expressing only nestin
are identified by red staining (dashed arrow). Subgntricular zone (40 HPF)

In the brain of studied cases, nestin was mainfyressed in the subventricular zone and
hippocampus, while in the white matter and corteaswveakly detected. In thalamus,
hypothalamus and basal ganglia, this marker wasxmiessed. However, the positive cells
for both HCMV-antigens and nestin were found in lain regions, including the area
where nestin was not expressed by non infectecaheelis (Figure 33 and 34).

Considering the results obtained using DCX as mrask@euronal precursor cells, almost

all HCMV-positive cells showed to express this nearl®4% (Figure 35).
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Figure 33. Percentage of HCMV-positive cells expresg nestin in different brain
regions. The HCMV-positive cells in the different lobes weanalyzed and reported all
together as mean values of HCMV-positive cellsartex and white matter.

Figure 34. HCMV-positive cell expressing nestin antHCMV-antigens (brown and red
stained, filled arrow). The cell is surrounded by minfected cells that do not express
nestin (dashed arrow). White matter, neuronal migréion zone (40 HPF).
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Figure 35. HCMV-positive cell expressing DCX and H®V-antigens (red and brown
stained, filled arrow) surrounded by uninfected cdb expressing only DCX (red
stained, dashed arrow). Hippocampus (40 HPF).

In the brain of studied fetuses, DCX was diffusekpressed in each region, moreover,
cells positive for both HCMV-antigens and DCX weletected in all encephalic areas.

Finally, no HCMV-positive cells expressing NeuN waand in the brain of studied fetuses
(Figure 36). This marker, used to identify matueunmons, were mainly detected in the
cortex, it was less express in white matter and matsfound in subventricular zone and

hippocampus of studied cases.

Figure 36. HCMV-positive cell not expressing NeuNbfown cell, arrow) surrounded
by uninfected cells positive for NeuN (red cells)Cortex, temporal lobe (40 HPF)
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When comparing the same brain region for fetuséis different degree of brain damage,
in the case with severe encephalic injury, the esgion of NeuN resulted almost absent

compared to fetuses with moderate or mild brainagen(Figure 37).

Figure 37. Expression of NeuN (red cells) in cortad area of temporal lobe in case with
severe (a) moderate (b) and mild (c) encephalic dage. (4 HPF)

6.6 Control case

In the brain of control case, no pathological fimgi observed in the encephalon of cases
with cCMV infection were found.

The nestin resulted expressed mainly in hippocamgne subventricular zone, it was
weakly detected in the white matter and corticalaaand it was absent in the thalamus,
hipotalamus and basal ganglia.

DCX was diffusely found in all brain regions, whiddeuN was mainly detected in the
cortical area, it was less present in white mattelamus and hypothalamus and absent in
subventricular zone and in the hippocampus.
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7.0 Discussion and conclusion

Although cCMV infection is the leading cause ofrsfggant damage in brain development,
little is known about the neuropathogenic mechasidiy which viral infection lead to
human fetal cerebral injury [49]. The knowledgetbe neuropathogenesis behind cCMV-
related neurological disabilities mainly derivesnir studies performed on animal models of
cerebral infection and cultured human brain cel133].

In the present study, brain tissues from 10 hunednsés at 21 weeks of gestation with
cCMV infection were analyzed in order to providgfommation on encephalic viral
replication and on pathogenesis of HCMV-inducedrbirgjuries.

The results show encephalic viral infection in 8(8/d.0) of studied fetuses, proved by the
detection of HCMV-positive cells and HCMV-DNA in ghbrain. In the remaining two
cases (20%), no evidence of encephalic infectios ¥oaind, suggesting that not all
HCMV-infected fetuses show cerebral involvementvohl replication, as reported in
previous studies [52,54,60]. In the subsequent éxation, the attention was focused on
those 8 cases with HCMV-positive cells and HCMV-DNMAtected in the brain. In these
cases, different encephalic regions (cortical amed underlying white matter of frontal,
occipital, parietal and temporal lobes, subvenlaicuzone, thalamus, hypothalamus,
hippocampus, basal ganglia and cerebellum) werlyzath Taking into consideration the
frequency and severity of brain pathological firgiinn these fetuses, a different degree of
encephalic injury was found and classified as ssvwaoderate and mild in 1 (1/8, 12.5%),
3 (3/8, 37.5%) and 4 (4/5, 50%) cases, respectivelyparticular, astrocytosis, microglial
activation and vascular changes were diffusely dfoumthe encephalon of all 8 fetuses,
showing a disseminate inflammatory response [134]1B®]. Microglial nodules were also
observed in all analyzed brains, however theirrithstions were occasional in cases with
mild injury and multiple in those with severe/moalerdamage. This histological lesion is a
neuropathological characteristic of viral CNS infex [137-142]. In the encephalitis
caused by HSV-1 and HCMV, the microglial cells, time nodules, are involved in
phagocytosis of degenerating infected brain cehsclv are killed by CD8+ cytotoxic T-
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lymphocytes [137,140,142]. The presence of actd/&B8+ T-cells in microglial nodules,
containing HCMV-positive cells, were also demortstlain a previous study, where the
encephalic inflammatory infiltrate, in human fetsisavith cCMV infection, were
characterized [60]. In addition to the above dématipathological findings, in the studied
case with severe brain damage, an extensive dortex@osis with diffuse macrophage
infiltration, polymicrogyria and periventriculardkomalacia, were also found. The necrosis
was mainly localized in cortical layer Ill. Thissien in the cortex of HCMV-infected
fetuses was detected in a previous study and dieairzd by inflammatory and apoptotic
cells with and without viral inclusion; it could loie not only to direct viral replication, but
also to hypoxic condition caused by placental mCMV-induced [60].

Except for cortical necrosis and periventriculaukiemalacia detected in fetuses with
severe encephalic injury, the remaining histoldgi¢amdings (microglial nodules,
astrocytosis, microglial activation and vasculaamies) were not localised in specific brain
areas, but uniformly distributed, probably represgna diffuse inflammatory reaction into
the encephalon.

Among the 4 cases with severe/moderate brain danibgeinvasive prenatal diagnosis
showed a high viral load in amniotic fluid, withlvas more than f&opies/mL in all cases
(100%). In the 50% of cases, pathological findingse detected by non-invasive prenatal
diagnosis (ultrasound examination). The data iagreement with literature reporting that
the presence of high viral loads in the amniotidgdfl sampled at the appropriate time,
combined with ultrasound evidence of abnormalitrethe CNS, are highly suggestive of
fetal cCMV infection with poor outcome [72,143,144]

Analyzing the brain tissue viral load, higher medldCMV-DNA values were found in
cases with severe/moderate encephalic damage cednjmathe value detected in case with
mild brain injury. Overlapping results were founhkiating the mean values of HCMV-
positive cells. This confirms a correlation betwedba degree of damage and the level of
viral replication, as already reported [60]. In didadh, in the brain, a different distribution
of tissue viral load through the various studiediors was observed and the highest
median level of viral genome were identified in tippocampus (212 copies/5ng hDNA,
range: 10-7'505 copies/5ng hDNAJhis area showed the highest median HCMV-DNA
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values also stratifying the tissue viral load dmttion in correlation with the encephalic
damage. Moreover, evaluating the localization ofMACGpositive cells in the brain, the
highest mean value of HCMV-infected cells was deig@gain in the hippocampus. This
cerebral region resulted to be mainly involved alten brain infection was caused by
other neurotropic viruses, such as HSV-1. In fasyeral studies, focused on acute
encephalitis due to HSV-1, reported a pathologioablvement of select brain regions,
such as the limbic structure, where the hippocangpaspreferential and highly susceptible
target of infection. To date, the tropism of HSV#ir this cerebral area remains
unexplained [145-149]. A preferential replicationGMVs in the cells of dentate gyrus (in
the hippocampus) and cerebral subventricular zevexe observed mainly in animal
models and in culture cell experiments [100,159]htiman subjects, the main localization
of HCMV infection in these cerebral regions wasvam in few studies, some of which
involving adult immunocompromised patients and meme infants with lethal cCMV
infection [150,151].

In the 8 studied fetuses, the tissue viral loasulbventricular zone was not evaluated due to
difficulties in the dissection of the very thin pantricular region from 8 micron sections.
However, the analysis of HCMV-positive cells, instlterebral area, showed the highest
mean value of HCMV-infected cells (1.8 cells, ran@€l9 cells) after those detected in
hippocampus 4.9 cells, range: 0-23 cells In addition, considering the part of
subventricular zone (germinal matrix) limited tafaerebral lobes, the highest mean value
of HCMV-positive cells detected in each lobe wasnid in the germinal matrix with
respect to cortex and with matter, suggesting amiaal replication in germinal matrix.

Yin X et al., studying human fetuses at differergeks of gestation, observed that during
fetal life, the highest proportion of neural/neumbnprecursor cells reside in the
hippocampus, followed by the amount of these akgcted in subventricular zone [119].
Therefore, taking into account these findings, thighest viral load detected in
hippocampus and the higher HCMV-infected cell valtend in both hippocampus and in
subventricular zone, could indicate a prefererti@MV replication in the cerebral areas
where neural/neuronal precursor cells reside. Muntodels of MCMV infection, showed
that the immature neural cells were the main tamgfetviral replication [152,153].
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Moreover, studies performed on human neural precusll cultures, demonstrated the
greatest susceptibility to HCMV of these cells,which the effects of viral replication
depend on their differentiation state [129,130,154]

In order to confirm these evidences, in 6 out cft@died fetuses, that showed different
degree of brain damage, the differentiation stagd@\V-infected neural/neuronal cells
was investigated by double immunohistochemicalnstgi for the detection of HCMV-
antigens with markers of mitotic and postmitoticira/neuronal cells. The results showed
that the main neural/neuronal marker expressed ®yY4-positive cells was DCX (94%),
the antigen identifying the immature neuronal ceNgh a determined lineage (as
neuroblasts). Nestin, that is the marker detecthey neural cells in an early stage of
differentiation, was found in the 63.3% of HCMV-jtoge cells, while no HCMV-infected
cell resulted positive for NeuN, the antigen expeesby mature neurons. These findings
showed that the HCMV-infected cells were mainly naéwand precursor neuronal cells,
confirming the preferential tropism of HCMV for inature and proliferating cells of
neuronal lineage. On the contrary, the total absefcHCMV-infected cells expressing
NeuN, could be explain by the evidence obtainetiuman cell culture studies, showing
that the mature neurons are refractory to HCMVicagibn [49].

The HCMV-positive cells that did not express nefmelronal markers, probably were cells
different from those of neuronal lineage. Since HEMV-infection cause cytomegalic
effect in the cells, these cells are not morphaally identifiable and specific antigens
expression could be detected to identify the typpeeti HCMV-infected. However, in this
study, only a few infected glial and endotheliallcevere identified by their localization
and by the presence of peculiar cell structuresT#iin agreement with literature, which
reports the ability of HCMV to infect different tgmf cells in the brain [60].

The high proportion of HCMV-positive cells expreggiDCX could reflect the diffuse
expression of this marker in all brain regions efuses with cCMV infection. The same
distribution of neural precursor cells was foundbioth control case and literature data
regarding fetuses at 21 weeks of gestation. Howeterould also speculate that the
massive DCX expression among the HCMV-positivescatlay be due to a preferential

viral replication in neuronal precursor cells rathigan in neural stem cells; however, to
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confirm this hypothesis other analysis should befopmed (for example, using
immunohistochemical staining for the simultaneoetedtion of HCMV-positive cells with
multiple neural markers). Finally, the very highnmer of HCMV-positive cells expressing
DCX could be also explained by an altered abilitynéected neuronal precursor cells to
differentiate into mature neurons. The total abseott HCMV-positive cells expressing
NeuN, in the studied cases, may support this hgswh In addition, human cell culture
studies demonstrated that the HCMYV infection in iatune neural/neuronal cells lead to the
inhibition or delaying of differentiation process these cells [49,129,155]. Analyzing the
HCMV-infected cells expressing nestin, in corraatwith the expression of this marker in
the brain regions, interesting data was found emiural/neuronal stage of differentiation.
In particular, as expected for fetuses at 21 weskgestation, in fetuses with cCMV
infection as well as in control case, nestin amtiggas mainly expressed in the
subventricular zone and in hippocampus, it was \yeddtected in white matter and cortex
and it resulted absent in the remaining areas. ieps, HCMV-infected cells expressing
nestin was found in all brain regions, also in arednere this marker was not present,
confirming that HCMV infection interfere with neural differentiation. In addition,
evaluating the NeuN expression in control caseiarderature data, this marker resulted
mostly expressed in the cortex and weakly presenthe white matter. Nevertheless,
comparing the NeuN expression in the brain withesevdamage with that found in cases
with moderate/mild injury, the expression of Newdsulted almost absent in the cortex area
of encephalon with severe damage. Excluding thesawmdfected by necrosis, in the
remaining cortex and white matter areas this ctelé further proof that HCMV infection
interfere with neuronal differentiation.

Finally, the presence of HCMV-infected cells in thathways of neuronal migration,
confirm that these cells retain their ability togmate, although this can occur aberrantly, as
reported by Cheeran et al [49]. Moreover, becauS&iM-infected cells were found in all
subventricular zone, including periventricular wgiand ganglionic eminence, where
immature cells depart for radially and tangentialguronal migration, respectively, both
migration modes could be affected. For the cerabella different migration pathway is

described. In fact, the neurons that reside in lbihésn region derived from two distinct
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germinal zones: the ventricular zone and the rbdtambic lip [155]. Therefore, the main
localization of HCMV-positive cells detected in thdiite matter of cerebellum could be
explained by the peculiar migration mode in thigitbarea.

In conclusion, this study demonstrated in humarusies with cCMV infection, a
preferential viral tropism for neural/neuronal presor cells, that lose or delay their
capacity to differentiate, while retain their atyilio migrate. All these findings may result
in reduced proliferation of immature neural celig/lular signalling alterations and cell
death and aberrant neuronal migration that leaigiaficant effects in the architecture and
function of the fetal brain in development, such adracranial calcification,
polymicrogyria, lissencephaly and other consequenitequently detected in cCMV
infection. The pathological findings detected imstetudy show the brain condition at 21
weeks of gestation and it is difficult to establible later evolution of the injury. However,
the fetus with severe pathological findings coutdvdr had a poor outcome, since necrosis,
periventicular leukomalacia and polymicrogyria geenchymal brain lesions associated
with serious, permanent neurological manifestations

In the light of these results that show the direteé of HCMV in the pathogenesis of brain
damage cCMV-related, additional features of celabjary will have to be investigated in
all encephalic regions, such as the effects ofitiraune responses and the development
degree of additional infected cells type involvedhe neurogenesis, as the glial cells.
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List of abbreviations

BBB: blood brain barrier

cCMV: congenital human cytomegalovirus
CMVs: cytomegaloviruses (human and non-human)
CNS: central nervous system

CP: cortical plate

CT: computed tomography

DCX: doublecortin

ECs: endothelial cells

HCMV: human cytomegalovirus

hDNA: human DNA

HLA: human leukocyte antigen

HPF: high-power field

HSV-1: herpes simplex virus -1

MCMV: murine cytomegalovirus

NeuN: neuronal nuclei

PMNL: polymorpho-nuclear leukocytes
PCR: polymerase chain reaction

SNHL: sensorineural hearing loss

US: ultrasonography
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