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Abstract

Background: Infants with congenital cytomegalovirus infection (CCMVI) may develop brain abnormalities such as ventricular
dilatation, which may potentially associate with sensorineural hearing loss. There is currently no recognized method for quantitative
evaluation of ventricle size in infants with CCMVI. Our objectives were to establish a method for quantitative evaluation of ventricle
size using computed tomography (CT) in infants with CCMVI, and determine a cut-off value associated with abnormal auditory
brainstem response (ABR) early in life.

Design/Subjects: This study enrolled 19 infants with CCMVI and 21 non-infected newborn infants as a control group. Infants
with CCMVI were divided into two subgroups according to ABR at the time of initial examination: normal ABR (11 infants) or
abnormal ABR (8 infants). Ventricle size was assessed by calculating Evans’ index (EI) and lateral ventricle width/hemispheric width
(LVW/HW) ratio on brain CT images, and was compared among groups. A cut-off ventricle size associated with abnormal ABR
was determined.

Results: EI and LVW/HW ratio were significantly higher in the CCMVI with abnormal ABR group than the control and
CCMVI with normal ABR groups. Cut-off values of 0.26 for EI and 0.28 for LVW/HW ratio had a sensitivity of 100% and
100%, respectively, and a specificity of 73% and 91%, respectively, for association with abnormal ABR.

Conclusions: We established a method for quantitative evaluation of ventricle size using EI and LVW/HW ratio on brain CT
images in infants with CCMVI. LVW/HW ratio had a more association with abnormal ABR in the early postnatal period than EIL
© 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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affects 0.31% of live newborn infants in Japan [2]
Approximately 10-15% of infants with congenital
CMV infection (CCMVI) have clinical manifestations
at birth such as jaundice, hepatosplenomegaly with or
without liver dysfunction, thrombocytopenic purpura,
chorioretinitis, and abnormalities of the central nervous
system. Of such symptomatic infants, approximately 80—
90% develop major neurological sequelae including sen-
sorineural hearing loss (SNHL) and developmental dis-
abilities {1].

Previous studies have shown that brain abnormali-
ties, including intracranial calcification and ventricular
dilatation (VD), are associated with the development
of SNHL [3-5] and can be used to predict SNHL in
infants with CCMVI [4,5]. Computed tomography
(CT) images are still considered in infants with suspected
CCMVTI in the early postnatal period to rule out calcifi-
cations or VD of their brains, although magnetic reso-
nance imaging (MRI) and ultrasound examinations
have widely spread in Japan. VD has been generally
assessed qualitatively (presence or absence of VD) or
semi-quantitatively based on CT images (mild, moder-
ate, or severe VD) [3-5]. However, because such assess-
ment has yielded inconsistent results among pediatric
radiologists [3], it is critical to establish a method for
quantitative evaluation of ventricle size that can provide
a more accurate marker of SNHL in infants with
CCMVL

Evans’ index (EI), the ratio of the maximum width of
the frontal horns of the lateral ventricles to the greatest
internal diameter of the skull, is the most well-known
index for quantitative evaluation of ventricle size on
CT images [6]. International guidelines for the diagnosis
of hydrocephalus define VD as EI > 0.3 [7,8]. The lateral
ventricle width/hemispheric width (LVW/HW) ratio is
the standard index used for evaluation of fetal VD on
ultrasound examination [9-12]. No reported studies to

_date have used either EI or LVW/HW ratio to assess
VD on CT images in infants with CCMVI.

The aims of this study were to establish a method for
quantitative evaluation of ventricle size using CT images
to obtain EI and LVW/HW ratio, and to determine cut-
off values for EI and LVW/HW ratio associated with
abnormal auditory brainstem response (ABR) in infants
with CCMVT early in life.

2. Methods
2.1. Study design

This study was conducted from April 2009 to March
2012 at Kobe University Hospital. The collections and
uses of human materials for this study were approved
by the Ethical Committee of Kobe University Graduate
School of Medicine. Written informed consent was
obtained from the parents of the enrolled infants.

Infants of mothers who had confirmed or suspected
primary CMYV infection were enrolled in this study. All
of them underwent blood testing, CMV-DNA analysis,
brain CT, ABR evaluation, and ophthalmologic exami-
nation. CMV-DNA analysis was used to allocate infants
to the CCMVI or control groups. The CCMVI group
was divided into two subgroups according to ABR:
CCMVI with normal ABR and CCMVI with abnormal
ABR. The clinical background characteristics of all
enrolled infants were recorded, including gestational
age, birth weight, gender, initial physical examination
findings, and postconceptional age at the time of brain
CT and ABR evaluation. EI and LVW/HW ratio were
obtained as shown in Fig. 1. Clinical background char-
acteristics, EI, and LVW/HW ratio were compared
among the groups (control, CCMVI, CCMVI with nor-
mal ABR, and CCMVI with abnormal ABR). Finally,
cut-off values for EI and LVW/HW ratio associated
with abnormal ABR were determined.

Evans'index (El)

lateral ventricle width/
hemispheric width ratio
(LVW/HW ratio)

Fig. 1. Quantitative evaluations of ventricle size: Evans’ index (EI)
and lateral ventricle width/hemispheric width (LVW/HW) ratio.
El = maximum width of the frontal horns of the lateral ventricles
(a)/internal diameter of the skull (b), LVW/HW ratio = maximum
lateral ventricle width (a)/hemispheric width (b).
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2.2. Diagnosis of CCMVI

Once pregnant mothers were confirmed or suspected
primary CMV infection based on positive CMV-IgM
and/or a low CMV-IgG avidity index (<45%) during
pregnancy [13], the presence of CMV-DNA in urine
specimens of their newborn infants within 1 week of
birth was tested by the urine filter-based quantitative
polymerase chain reaction (PCR) assay, and then was
confirmed by the standard quantitative real-time PCR
assay as previously described [2,14]. CCMVI of infants
with more than 3 weeks of age was diagnosed if CMV-
DNA was detected in a dried umbilical cord specimen
using the real-time PCR assay as previously described
[14,15].

2.3. Definitions of manifestations of CCMVI

Hepatosplenomegaly was confirmed by ultrasound
examination and/or abdominal X-ray. Hepatitis was
defined as serum alanine aminotransferase level
>100 U/L, thrombocytopenia as platelet count <1 x
10° pL~!, and jaundice as serum direct bilirubin level
>2 mg/dL [4,16]. Chorioretinitis was diagnosed by a
pediatric ophthalmologist. Intracranial calcification on
brain CT images was diagnosed by a radiologist. ABR
abnormality was diagnosed by using a Neuropack Sl
(Nihon Kohden Co., Tokyo, Japan) according to the
manufacturer’s recommended protocol. A non-response
to 40 dB for infants with a postconceptional age of
> 37 weeks and 50 dB for infants with a postconception-
al age of 34-36 weeks was defined as abnormal, either
unilaterally or bilaterally [17,18].

2.4. Brain CT images

All brain CT examinations were performed using a
64-slice multidetector CT scanner (Aquilion, Toshiba
Medical Systems, Tokyo, Japan). The following techni-
cal parameters were used for CT scanning: 120 kV peak
energy, 120 mA current with automated radiation expo-
sure control, and 4-mm reconstruction thickness. CT
images parallel to the orbitomeatal line were analyzed.

2.5. Quantitative evaluations of ventricle size

EI and LVW/HW ratio were used to quantitatively
evaluate ventricle size (Fig. 1). An expert radiologist,
who was blinded to detailed clinical findings, reviewed
all CT scans. EI was calculated as the ratio of the max-
imum width of the frontal horns of the lateral ventricles
to the largest internal diameter of the skull. The maxi-
mum width of the frontal horns was measured on the
slice with the largest width, and the largest internal
diameter of the skull was measured on the same slice
[6]. LVW/HW ratio was calculated as the ratio of the
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maximum lateral ventricle width to the maximum hemi-
spheric width on the left side. The maximum lateral ven-
tricle width was measured on the slice with the largest
width, and the maximum hemispheric width was mea-
sured on the same slice [9,10].

2.6. Statistical analysis

Statistical analyses were performed using the Mann—
Whitney nonparametric rank test for comparison of two
independent data sets. Differences were deemed statisti-
cally significant at p <0.05. Cut-off values for EI and
LVW/HW ratio associated with abnormal ABR were
determined using receiver operating characteristic curve
(ROC) analyses [19]. Sensitivity, specificity, negative
predictive value, positive predictive value, and likeli-
hood ratio for positive and negative results were
calculated.

3. Results

3.1. Clinical background characteristics of enrolled
infants

This study enrolled 19 infants in the CCMVT group
and 21 infants in the control group. Of the 19 CCMVI
infants, 18 were diagnosed by CMV-DNA detection in
urine specimens and one was diagnosed by CMV-
DNA detection in a dried umbilical cord specimen.
Ten infants with CCMVI were asymptomatic and nine
had some manifestations at the time of initial examina-
tion as follows: eight had abnormal ABR, four had
hepatosplenomegaly, three had hepatitis, one had jaun-
dice, two had thrombocytopenia with petechiae, two
had chorioretinitis, and five had intracranial calcifica-
tions. Baseline characteristics of infants in the CCMVI
and control groups are shown in Table 1. There were
no significant differences in gestational age, birth weight,
gender, or postconceptional age at the time of brain CT
or ABR evaluation between these two groups. There
were also no significant differences in gestational age,
birth weight, gender, or postconceptional age at the time
of brain CT or ABR evaluation between the CCMVI
with normal ABR group (n = 11) and the CCMVI with
abnormal ABR group (n=8; five with bilateral and
three with unilateral abnormality). No infants with
abnormal ABR were found in the control group.

3.2. EI and LVWIHW ratio in infants without and with
CCMVI

In infants without CCMVI, the median EI was 0.23
and the median LVW/HW ratio was 0.19 (Fig. 2).

Fig. 2 shows comparisons of EI and LVW/HW ratio
between the CCMVTI and control groups. EI and LVW/
HW ratio were significantly higher in the CCMVI group
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Table 1
Clinical background characteristics of enrolled infants.

Control, n =21 CCMVI

Total, n =19 Normal ABR, n =11 Abnormal ABR, n =28

Gestational age (weeks) 38 (36-41) - 38 (31-41) 38 (35-41) 37 (31-39)
Birth weight (g) 2822 (2218-3688) 2868 (1378-3840) 3074 (2362-3840) 2334 (1378-3160)
Male/female 9/12 6/13 3/8 3/5
Postconceptional age at the 38 (36-42) 40 (34-52) 42 (38-45) 38 (34-52)
time of brain CT (weeks)
Postconceptional age at the 39 (36-42) 40 (34-48) 42 (39-45) 38 (34-48)

time of ABR evaluation (weeks)

Data are expressed as median (range) or number. CCMVI = congenital cytomegalovirus infection; ABR = auditory brainstem response;

CT = computed tomography.
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Fig. 2. Comparisons of Evans’ index (a) and lateral ventricle width/
hemispheric width (LVW/HW) ratio (b) between the congenital
cytomegalovirus infection (CCMVI) and control groups. Data are
expressed as median and range. ABR = auditory brainstem response.
p-Values between any two groups are shown. n.s. = not significant.

than the control group (p < 0.05 for EI and p < 0.001 for
LVW/HW ratio). EI and LVW/HW ratio were signifi-
cantly higher in the CCM VI with abnormal ABR group

than the control and CCMVI with normal ABR groups.
However, there were no significant differences in EI or
LVW/HW ratio between the control and CCMVI with
normal ABR groups.

3.3. Cut-off values associated with abnormal ABR

EI and LVW/HW ratio in infants with CCMVI with
normal or abnormal ABR were analyzed by ROC anal-
yses (Fig. 3). Area under curve for EI and LVW/HW
ratio was 0.847 and 0.955, respectively. The cut-off val-
ues associated with abnormal ABR were 0.26 for EI and
0.28 for LVW/HW ratio. The test performance charac-
teristics were as follows. A cut-off value of 0.26 for EI
had sensitivity of 100%, specificity of 72.7%, negative
predictive value of 100%, positive predictive value of
72.7%, and likelihood ratio for positive and negative
results of 3.67 and 0. A cut-off value of 0.28 for LVW/
HW ratio had sensitivity of 100%, specificity of 90.9%,
negative predictive value of 100%, positive predictive
value of 88.9%, and likelihood ratio for positive and
negative results of 11.0 and 0.

4. Discussion

This is the first study to report a method for quanti-
tative evaluation of ventricle size using EI and LVW/
HW ratio on brain CT in infants with CCMVI. We
found that VD was associated with abnormal ABR in
infants with CCMVT early in life. The cut-off values
associated with abnormal ABR in infants with CCMVI
were 0.26 for EI and 0.28 for LVW/HW ratio. Interest-
ingly, LVYW/HW ratio had a more association with
abnormal ABR than EIL

We selected EI and LVW/HW ratio for quantitative
evaluation of ventricle size, because these are the most
popular indexes of VD in adult patients with hydroceph-
alus [6-8] and in fetuses [9-12]. Infants with and without
CCMVI sometimes have asymmetrical ventricle sizes.
We calculated LVW/HW ratios on the right and left
sides in the CCMVI group, but found no significant dif-
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Fig. 3. Receiver operating characteristic curve analyses of Evans’
index (EI) and lateral ventricle width/hemispheric width (LVW/HW)
ratio for associating with abnormal auditory brainstem response
(ABR) in infants with congenital cytomegalovirus infection (CCMVI).
The cut-off values were 0.26 for EI and 0.28 for LVW/HW ratio.
LVW/HW ratio had a more association with abnormal ABR in infants
with CCMVI than EIL

ference between sides (data not shown). LYW/HW ratio
was therefore calculated only for the left side in this
study.

To our knowledge, this is the first study reporting EI
and LVW/HW ratio on brain CT in newborn infants
with and without CCMVI. We suggest that EI and
LVW/HW ratio can be used for quantitative evaluation
of ventricle size, and for assessment of changes in ventri-
cle size after treatment, in infants with CCM VI or other
conditions causing VD such as intraventricular hemor-
rhage, congenital brain anomaly, or tumor. EI and
LVW/HW ratio were significantly higher in infants with
CCMVI with abnormal ABR than infants with CCMVI
with normal ABR early in life. These data suggest that
VD was associated with abnormal ABR in infants with
CCMVI. Previous studies have reported that calcifica-
tions, cysts, white matter changes, or VD on CT or
ultrasound examination predicted SNHL in infants with
CCMVI [3-5]. CMV infection in utero may cause injury
to the brain and inner ears, resulting in auditory nerve
injury in infants with VD, although we have not known
the mechanisms of their associations. On the other hand,
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Rivera et al. reported that the presence of microcephaly
and other neurologic abnormalities was not predictive of
SNHL including late-onset SNHL [20]. A reason for the
difference between our and their results may be whether
the study subjects include late-onset SNHL (30% and
0% of enrolled CCMVI patients in Rivera’s and our
reports) [20]. Further studies involving larger numbers
of infants with CCMVI and VD are needed to confirm
this association. The mechanisms for simultaneous inci-
dence of VD and abnormal ABR also should be
clarified.

We found that LVW/HW ratio had a more associa-
tion with abnormal ABR in infants with CCMVI than
EIl. Neural stem cells are the predominant cell type in
the fetal brain, and are located predominantly in the
subventricular and subgranular zones of the hippocam-
pus. These cells are damaged by CMV infection during
fetal development [21]. In Alzheimer’s disease, the hip-
pocampus is one of the first regions of the brain to show
damage. The size of the body of the lateral ventricle and
LVW/HW ratio were found to be better predictors of
Alzheimer’s disease than the width between the frontal
horns of the lateral ventricles or EI [22]. This study indi-
cates that in infants with CCMVI, using EI as a marker
of abnormal ABR is more likely to give false-positive
results than using LVW/HW ratio.

CT scanning requires the additional risk and expense
of transporting a seriously ill infant. It is already known
that detection of VD is correlated between CT and ultra-
sound examinations [23]. Fetal ultrasound examination
is routinely performed during pregnancy [9-12], and it
has been reported that detection of VD using LVW/
HW ratio in the fetus can assist with diagnosis of mye-
lomeningocele or meningitis due to intrauterine infec-
tion in the early postnatal period [12]. We suggest that
ultrasound evaluation of ventricle size using LVW/
HW ratio in fetuses with CCMVI may be used as an
early predictor of hearing impairment in the early post-
natal period. Further studies are needed to investigate
the association between ventricle size in fetuses with
CCMVI and the development of abnormal ABR after
birth.

The limitations of our study are as follows. First,
abnormal ABR has not been proved to cause by VD
alone in the previous reports [3-5]. Correlations between
VD and other neurological symptoms, such as micro-
cephaly, intracranial calcification and cortical dysplasia
should be analyzed. However, we could not correctly
assess their correlations as this study enrolled only a
small number of infants with these neurological symp-
toms. Second, we investigated the association between
VD on brain CT images and abnormal ABR in the early
period after birth in this study. There are some reports
that patients who were infected CMV during late preg-
nancy did not present VD, but showed progressive
SNHL [24,25]. Because asymptomatic CCMVI infants
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sometimes develop late-onset SNHL, long-term audi-
tory outcomes are needed to investigate in this study
subjects to show the association between VD on brain
CT images and all congenital CMV-associated SNHL.
Finally, because MRI provides more information of
white matter lesions and malformations of cortical
development in addition to VD and calcifications simul-
taneously, quantitative evaluation of ventricle size for
CCMVT infants should be studied using MRI in the
early postnatal period.
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LETTERS

Newborn screening of
congenital cytomegalovirus
infection using saliva can be
influenced by breast feeding

Congenital  cytomegalovirus  (cCMV)
infection occurs in 0.2-2% of all births in
developed countries and causes develop-
mental abnormalities.' In addition to
patients symptomatic at birth, asymptom-
atic newborns can develop late-onset
sequelae, including sensorineural hearing
loss and developmental delay. As the early
identification of congenitally infected
newborns may allow early intervention
and antiviral treatment options, it is
important to establish newborn cCMV
screening programmes.

Since newborn screening assays using
dried blood spots for cCMV infection
were shown to have a limitation in their
sensitivity, Boppana et al* reported an
alternative assay using saliva specimen last
year. Even with a consideration of CMV
secretions into the breast milk of carrier
mothers, the overall frequency of false-
positive results for their saliva-based PCR
assay was reported to be less than 0.03%.
However, there remains a concern that
carry-over from breast milk may generate
false-positive results as CMV appears in
breast milk within a few days after
parturition.’

To validate their assay, we examined the
presence of CMV DNA in breast milk and
saliva specimens that were collected, with
informed consent, within 6 days after
parturition from 11 mothers and their
newborns (table 1). Two of the mothers

were found to have secreted CMV into
their breast milk that was collected a few
times after parturition. Two saliva speci-
mens collected within 30 min after breast-
feeding were CMV positive, although
none of those collected before feeding
contained detectable levels of CMV. CMV
strains isolated from baby No.1’s saliva
specimens and her mother’s breast milk
were found to be identical by sequencing
their genomes.

These results suggest that the timing of
specimen collection is critical to ensure
proper implementation of saliva-based
screening  programmes.  Alternatively,
CMYV screening can be done by collecting
urine onto filter paper placed in diaper, as
we reported recently.*
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Human cytomegalovirus induces apoptosis in
neural stem/progenitor cells derived from
induced pluripotent stem cells by generating
mitochondrial dysfunction and endoplasmic
reticulum stress
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Hajime Okita®, Nobutaka KiyokavvaB, Akihiro Umezawa?, Ken-Ichi Imadome', Naoki Inoue®
and Shigeyoshi Fujiwara'

Abstract

Background: Congenital human cytomegalovirus (HCMV) infection, a leading cause of birth defects, is most often
manifested as neurological disorders. The pathogenesis of HCMV-induced neurological disorders is, however, largely
unresolved, primarily because of limited availability of model systems to analyze the effects of HCMV infection on
neural cells.

Methods: An induced pluripotent stem cell (iPSC) line was established from the human fibroblast line MRC5 by
introducing the Yamanaka's four factors and then induced to differentiate into neural stem/progenitor cells (NSPCs)
by dual inhibition of the SMAD signaling pathway using Noggin and SB-431542.

Results: iPSC-derived NSPCs (NSPC/iPSCs) were susceptible to HCMV infection and allowed the expression of both
early and late viral gene products. HCMV-infected NSPC/iPSCs underwent apoptosis with the activation of caspase-3
and =9 as well as positive staining by the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL). Cytochrome ¢ release from mitochondria to cytosol was observed in these cells, indicating the
involvement of mitochondrial dysfunction in their apoptosis. In addition, phosphorylation of proteins involved in
the unfolded protein response (UPR), such as PKR-like eukaryotic initiation factor 2a kinase (PERK), c-Jun NH2-
terminal kinase (JNK), inositol-requiring enzyme 1 (IRE1), and the alpha subunit of eukaryotic initiation factor 2
(elF2a) was observed in HCMV-infected NSPC/iPSCs. These resuilts, coupled with the finding of increased expression
of mRNA encoding the C/EBP-homologous protein (CHOP) and the detection of a spliced form of X-box binding
protein 1 (XBP1) mRNA, suggest that endoplasmic reticulum (ER) stress is also involved in HCMV-induced apoptosis
of these cells.

Conclusions: iPSC-derived NSPCs are thought to be a useful model to study HCMV neuropathogenesis and to
analyze the mechanisms of HCMV-induced apoptosis in neural cells.

Keywords: Human cytomegalovirus, iPS cells, Neural stem/progenitor cells, Apoptosis, ER stress

* Correspondence: nakamura-hry@ncchd.gojp

"Department of Infectious Diseases, National Research Institute for Child
Health and Development, 2-10-1 Okura, Setagaya-ku, Tokyo 157-8535, Japan
Full list of author information is available at the end of the article

© 2013 Nakamura et al, licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative

{ @é@M Centra] Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

141



Nakamura et al. Herpesviridae 2013, 4:2
http://www.herpesviridae.org/content/4/1/2

Background

Congenital cytomegalovirus (CMV) infection is a major
cause of birth defects resulting mainly from primary CMV
infection during pregnancy. At birth, approximately 5 to
10% of congenitally infected newborns are estimated to be
symptomatic exhibiting multi-organ disorders including
neurological defects such as mental retardation, sensori-
neural hearing loss, and microencephaly [1,2]. A latest study
showed that if laboratory findings including those from
magnetic resonance imaging (MRI) images of the brain are
considered, up to 30% of congenitally infected newborns ex-
hibit some abnormal signs [3]. Sixty to 90% of congenitally
infected children who are symptomatic at birth, and 10 to
15% of those who are asymptomatic at birth develop one or
more long-term sequelae. Although CMYV infects a wide
variety of cell types, infection of the nervous system gives
most serious and long-lasting damages to the host.

As a part of understanding the HCMV neuropatho-
genesis, it is important to scrutinize the cellular response to
CMYV infection in neural cells. Some human neural cell
lines can be infected with HCMV with different permissive-
ness to HCMV gene expression and replication [4-7]. A re-
cent study has shown that neural progenitor cells isolated
from developing human brain tissues are susceptible to
CMV infection and undergo apoptosis following infection
[8,9]. However, the amount of neural cells obtainable from
human brain tissues is limited.

Pluripotent stem cells, including embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), are
characterized by the ability to differentiate into tissues de-
rived from any of the three embryonic germ layers. Recent
advances in the method to induce efficient differentiation
of either ESCs or iPSCs into specific cell lineages offer an
opportunity to establish model systems for viral infections
of various cell types, including neural cells. Furthermore,
differentiated cells derived from pluripotent stem cells are
obtainable in potentially unlimited amounts. Previous
works revealed that while mouse ESCs are not susceptible
to murine CMV (MCMYV), NSPCs that are differentiated
from them are susceptible and their proliferation and
differentiation are suppressed by MCMV [10-13]. Experi-
ments with human ESCs are, however, complicated with
ethical problems.

In this study, to analyze the pathological effects of HCMV
on neural cells, we prepared NSPCs from human iPSCs and
examined whether NSPCs are susceptible to HCMV infec-
tion. The results indicated that NSPCs are susceptible to
HCMYV infection and undergo apoptosis caused by mitochon-
drial dysfunction and endoplasmic reticulum (ER) stress.

Methods

Cells and viruses

The human fetal lung fibroblast MRC5 was grown
in Dulbecco’s modified Eagle’s medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS;
Invitrogen, Carlsbad, CA). The human foreskin fibroblast
cell line hTERT-BJ1 immortalized with the human telomer-
ase reverse transcriptase (Clontech, Palo Alto, CA) was
grown in a medium consisting of 4 parts of DMEM and 1
part of medium 199 (Sigma) supplemented with 10% FBS,
1 mM sodium pyruvate (Sigma), and 2 mM glutamine
(Invitrogen). HCMV laboratory strain Towne (ATCC VR-
977) was propagated in hTERT-BJ1 cells. The human iPSC
line MRC-iPS-25 that was established from MRC5 by
retroviral vector-mediated transduction of the c-Myc, Oct-
4, KlIf4, and Sox2 genes [14,15] were cultured on mitomycin
C-treated mouse embryonic fibroblasts (MEFs) in an iPSC
medium consisting of Knockout DMEM/F12 (Invitrogen)
supplemented with non-essential amino acids (0.1 mM,
Invitrogen), glutamax I (1 mM, Invitrogen), 20% Knockout
Serum Replacement (Invitrogen), B-mercaptoethanol
(55 uM, Invitrogen) and basic fibroblast growth fac-
tor (10 ng/mL; Peprotech, Rocky Hill, NJ).

Induced differentiation on iPSCs into neural stem cells
MRC-iPSC-25 cells cultured under feeder-free condi-
tions were induced to differentiate into neural stem/pro-
genitor cells (NSPCs) by the method of dual inhibition
of the SMAD signaling pathway described previously
[16]. In brief, feeder-free iPSCs were treated with the
mTeSR1 medium (StemCell Technologies, Vancouver,
BC, Canada) containing Y27632 (Wako Pure Chemicals,
Osaka, Japan) and maintained with a daily medium
change for 4 days. Then the medium was replaced with
iPSC medium supplemented with SB431542 (10 nM,
Wako Pure Chemicals) and Noggin (500 ng/ml, Wako
Pure Chemicals). This date was designated day 0. On
day 2, culture medium was replaced with a medium
consisting of 3 parts of iPSC medium and 1 part of N2
medium (Knockout DMEM/F12 containing 1x N2 sup-
plement) supplemented with SB431542 (10 nM) and
Noggin (500 ng/ml). On day 4, culture medium was re-
placed with a medium consisting of 1 part of iPSC medium
and 1 part of N2 medium supplemented with SB431542
(10 nM) and Noggin (500 ng/ml). On day 6, cells were ex-
panded in StemPro NSC SFM (Invitrogen). MRC-iPSC-25
cells cultured under feeder-free conditions and NSPC/
iPSCs were infected with the Towne strain HCMV at a
multiplicity of infection (MOI) of 1 plaque forming unit
(PFU) per cell. To detect infectious virions produced from
HCMV-infected NSPC/iPSCs, supernatant was collected
and replaced with fresh medium every two days after infec-
tion. hTERT-BJ1 cells were inoculated with the supernatant
and examined by IFA for expression of IE1/IE2.

Antibodies
Antibodies used were as follows: rabbit anti-Sox2, rabbit
anti-Nanog, rabbit anti-Oct-4, rabbit anti-cleaved caspase-
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3, rabbit anti-cleaved caspase-9, rabbit anti-phospho-
elF2a (Ser51), rabbit anti-phospho-PERK (Thr980), and
rabbit anti-phospho-SAPK/INK (Thr183/Tyr185)(Cell Sig-
naling Technology, Beverly, MA); mouse anti-CMV IE1/
IE2, rabbit anti-Musashi-1, and rabbit anti-cytochrome c
(Millipore, Temecula, CA); rabbit anti-Nestin and mouse
anti-a-tubulin (Sigma-Aldrich, St. Louis, MO); rabbit anti-
Pax6 (Covance, Princeton, NJ), mouse anti-CMV gB
(Abcam, Cambridge, MA); mouse anti-pp65 (Virusys
Corporation, Sykesville, MD); rabbit anti-phosphorylated
IREla (Pierce/Thermo Scientific, Rockford, IL); Alexa
Fluor 488-conjugated goat anti-mouse IgG and Alexa
Fluor 594-conjugated goat anti-rabbit IgG (Molecular
Probes, Eugene, OR); horseradish peroxidase-conjugated
donkey anti-rabbit IgG and horseradish peroxidase-
conjugated sheep anti-mouse IgG (GE Healthcare, UK).

Immunofluorescence microscopy and immunoblot analysis
Cells were fixed with 4% parafolmaldehyde in PBS (Wako
chemicals) at room temperature (RT) for 15 min. After
fixation, cells were treated with 1.0% Triton X-100 in PBS
for 15 min at RT and blocked with 10% goat serum in PBS
for 30 min. Cells were incubated with the primary anti-
body at 4°C overnight, followed by washing in PBS and
incubation with the corresponding secondary antibody
at 37°C for 1 h. Nuclei were stained with DAPI. For the
assessment of cell death, terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP nick-end labeling (TUNEL)
assay was performed according to the manufacturer’s in-
structions (Roche). Immunoblot analyses were performed
as described previously [17].

Reverse transcriptase (RT)-PCR and real-time quantitative
RT-PCR

Total RNA was isolated from mock- or HCMV-infected
cells using TRIzol reagent (Invitrogen). Reverse tran-
scription was performed on each RNA sample (5 pg)
using SuperScript III First-Strand Synthesis System for
RT-PCR (Invitrogen). Primer sequences are shown in
Table 1. RT-PCR products were resolved by electrophor-
esis on 2% agarose gel and then visualized by ultraviolet
illumination after ethidium bromide staining. Real-time
quantitative RT-PCR was performed using TagMan™
Universal Master Mix II with UNG (Applied Biosystems)
on a StepOne Plus PCR System (Applied Biosystems).
Amplifications were achieved in a final volume of 25 pl
containing TagMan probes labeled with FAM on the 5-
end and MGB on the 3’-end. The primers and probes
for UL136 were: forward primer, 5-GGCCGTTGAAC
GGAGCTAT-3’ and reverse primer, 5-CCATTTCCAC
CGTGTCGAA-3, and TagMan probe, 5-FAM-TACT
ACGGCAGCGGCT-MGB-3'. The forward and reverse
primers and reporter probes for HCMV [E1, UL89, and
Human G6PD were described previously [18].
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Table 1 List of primer sequences for RT-PCR

Gene Forward primer Reverse primer

IET* ATGGAGTCCTCTGCCAAGAG ATTCTATGCCGCACCATGTCC

IE2* ATGGAGTCCTCTGCCAAGAG CTGAGACTTGTTCCTCAGGTCCTG
viL-10% ATGCTGTCGGTGATGGTCTCTTCC CTTTCTCGAGTGCAGATACTCTTCG
UL36* GACCTACGGGACACGCTGATG TGTGGAAGTGGTCGCAGTGAC
uL38 GACTACGACCACGCATAGCA GGGAACAGAGCGTTCCAATA
pp65 CGCAACCTGGTGCCCATGG CGTTTGGGTTGCGCAGLGGG
Nanog*  GCTTGCCTTGCTTTGAAGCA TTCTTGACCGGGACCTTIGTC

Oct-4 GAGCAAAACCCGGAGGAGT TTCTCTTTCGGGCCTGCAC

Sox1 GCGGAAAGCGTTTTCTTTG TAATCTGACTTCTCCTCCC

Sox2 ATGCACCGCTACGACGTGA CTTTTGCACCCCTCCCATTT

Pax6* AACAGACACAGCCCTCACAAACA  CGGGAACTTGAACTGGAACTGAC
Nestin* CAGCGTTGGAACAGAGGTTGG TGGCACAGGTGTCTCAAGGGTAG
MAP2* CCACCTGAGATTAAGGATCA GGCTTACTTTGCTTCTCTGA

GFAP* GTACCAGGACCTGCTCAAT CAACTATCCTGCTTCTGCTC

osp* ACTGCTGCTGACTGTTCTTC GTAGAAACGGTTTTCACCAA
XBP1* CCTTGTAGTTGAGAACCAGG GGGGCTTGGTATATATGTGG
CHOP* TGGAAGCCTGGTATGAGGAC TCACCATTCGGTCAATCAGA
B-actin®  ACCATGGATGATGATATCGC TCATTGTAGAAGGTGTGGTG
GAPDH*  CCACCCATGGCAAATTCCATGGCA  TCTAGACGGCAGGTCAGGTCCACC

Asterisks (*) indicate that amplified fragments contain splicing junctions.
Amplified fragments for UL38, pp65, Oct-4, Sox1, and Sox2 did not contain
splicing junctions, and therefore control experiments without reverse
transcriptase confirmed the RNA origin of the PCR products.

Results

Preparation of human iPSC-derived neural stem/progenitor
cells

Figure 1A demonstrates that MRC-iPS-25 cells have
a typical iPSC colony morphology. The expression of
pluripotency markers of iPSCs such as Nanog and
Oct-4 in MRC-iPS-25 cells was confirmed by indi-
rect immunofluorescence assay (IFA) (Figure 1B). The
HCMV-encoded proteins IE1/IE2 were not detected in
MRC-iPS-25 cells following inoculation with the virus,
indicating that MRC-iPS-25 cells are either not sus-
ceptible to HCMYV infection or do not support expres-
sion of the IE genes (Figure 1B).

NSPC/iPSCs prepared by induced differentiation of
MRC-iPS-25 cells proliferated in a monolayer and displayed
a rounded, immature neural morphology (Figure 1A). IFA
(Figure 1C) showed that NSPC/iPSCs expressed the NSC
markers Nestin, Sox2, and Pax6, indicating that NSPC/
iPSCs have the authentic NSPC phenotype.

In vitro HCMV infection of iPSC-derived NSPCs

To examine the susceptibility of NSPC/iPSCs to HCMV in-
fection, these cells were inoculated in vitro with the HCMV
Towne strain at an MOI of 1 PFU per cell (Figure 2A). On
the second day post-infection (dpi), NSPC/iPSCs started to
show morphological changes including increased cell vol-
ume and cell fusion, and the number of cells with these
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Figure 1 Differentiation of MRC-iPS-25 cells to neural stem/progenitor cells. (A) Phase-contrast images of MRC-iPS-25 cells cultured on a
feeder layer of MEFs (left) and NSPC/iPSCs (right). (B) Immunofluorescence analysis of Towne-infected MRC-iPS-25 cells cultured under feeder-free
conditions at 2 dpi stained with primary antibodies for pluripotent markers (Nanog or Oct-4) and HCMV IE1/IE2 proteins. Antigen proteins were
detected with Alexa Fluor 488-conjugated goat anti-mouse IgG or Alexa Fluor 594-conjugated goat anti-rabbit IgG antibody. Nuclei were stained
with DAPI. (C) Immunofluorescence analysis of NSPC markers Nestin, Sox2, and Pax6 in NSPC/iPSCs. NSPC/iPSCs were fixed and reacted with anti-
Nestin (green), anti-Sox2 (red), and anti-Pax6 (red) antibodies, followed by detection with secondary antibodies. Immunofluorescence signals were

obtained using a fluorescence microscope IX71. Representative results from three independent experiments are shown.

changes increased until 7 dpi (Figure 2A). To examine
whether NSPC/iPSCs were capable of supporting HCMV
gene expression, total RNA extracted from the infected
NSPC/iPSCs was analyzed by RT-PCR. As shown in
Figure 2B, mRNAs encoding IE1, IE2, vIL-10, and pp65 as
well as those encoding HCMYV anti-apoptotic proteins, such
as UL36 and UL38, were detected. The kinetics of HCMV
gene expression was analyzed by quantitative real-time RT-
PCR (Figure 2C). IE1 mRNA was detected first on 1 dpi
and increased steadily until 5 dpi. mRNAs for UL89 and
UL136 were detected somewhat later and increased grad-
ually until 7 dpi. The results showed the NSPC/iPSCs are
susceptible to HCMYV infection and allow the expression of
several viral genes of both early and late functions.
Expression of HCMV genes in NSPC/iPSCs was evaluated
at the protein level by immunoblot analysis on day 1, 2, 5,
and 7 following HCMYV infection. As shown in Figure 2D,
the immediate-early protein IE1 was first detected at 1 dpi
and its level increased until 5 dpi. Another immediate-early
protein IE2 was detected a little later, becoming visible at 5
dpi. The expression of the HCMV lower matrix protein

pp65 (ppUL83), already visible at 1 dpi, was markedly ele-
vated at 5 and 7 dpi. The HCMV envelope glycoprotein B
(gB; UL55) was detected at 5 to 7 dpi. Thus the expression
of HCMV proteins of both immediate-early and late func-
tions was demonstrated in NSPC/iPSCs.

We next examined the expression of cellular mRNAs
encoding the pluripotency and neural differentiation
markers (Figure 2E). Expression of the iPSC markers
Nanog and Oct-4 remained at low levels following infec-
tion with HCMYV, although that of Nanog tapered. While
expression of the NSPC markers Sox2 and Pax6 were
kept at high levels following HCMYV infection, that of
another NSPC marker Nestin was markedly suppressed
at 7 dpi. In addition, expression of the neuronal marker
microtubule-associated protein 2 (MAP2), the astrocyte
marker glial fibrillary acidic protein (GFAP), and the
oligodendrocyte marker oligodendrocyte-specific protein
(OSP) was detected at low levels. Interestingly, Sox1, a
marker specific to the neuroectodermal lineages [19],
was markedly upregulated following infection with
HCMYV. Expression of the NSPC markers was evaluated
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Figure 2 Analysis on the expression of viral and cellular gene products in NSPC/iPSCs. (A) Morphological changes of Towne-infected
NSPC/iPSCs were observed under the inverted microscope before infection (a), 2 dpi (b), 5 dpi (c), and 7 dpi (d). (B) RT-PCR analysis of HCMV-
encoding gene expression. Total RNAs isolated from NSPC/iPSCs harvested before () HCMV infection or at 1, 2, 3, 5, and 7 dpi with HCMV
Towne strain were subjected to RT-PCR assays. GAPDH gene expression was assayed for the control. (C) The kinetics of mRNA expression for [E1,
UL89, and UL136 in Towne-infected NSPC/iPSCs was examined by real-time quantitative RT-PCR assay. The mRNA expression was normalized to
that of G6PDH gene. Real-time PCR data was analyzed by the 2-AACT method. The fold induction was calculated as the ratio of mRNA levels
detected at each time point to that detected at 1 dpi. The y-axis represents fold induction of IET and UL136 mRNA (left y-axis) and UL89 mRNA
(right y-axis). (D) Immunoblot analysis of HCMV protein expression in HCMV-infected NSPC/iPSCs. Whole-cell lysates of NSPC/iPSCs harvested
before (=) HCMV infection or at 1, 2, 5, and 7 dpi with HCMV Towne strain were separated by SDS-PAGE and analyzed by immunoblotting with
antibodies against IE1/IE2, pp65, gB, and a-tubulin. (E) RT-PCR analysis of pluripotency and neural differentiation marker gene expression in
HCMV-infected NSPC/iPSCs. (F) Immunoblot analysis of neural differentiation marker protein expression in HCMV-infected NSPC/iPSCs. Whole-cell
lysates of NSPC/iPSCs were analyzed by immunoblotting with antibodies against Musashi-1, Pax6, and Nestin. (G) hTERT-BJ1 cells inoculated with
culture supernatant collected from mock-infected NSPC/iPSCs (upper panel) or Towne HCMV-infected NSPC/iPSCs (lower panel) at 8 dpi were
subjected to immunofluorescence test with anti-IE1/IE2 antibody (green). Nuclei were stained with DAPI. Representative results from two
independent experiments are shown.
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also at the protein level by immunoblot analysis on 1, 2, 5,
and 7 dpi (Figure 2F). In accordance with the results with
RT-PCR, expression of Pax6 and Nestin was confirmed,
and that of Nestin was found markedly decreased 7 dpi.
Another NSPC marker Musashi-1 was also detected. To
examine whether HCMV-infected NSPC/iPSCs produce
infectious virions, culture supernatants collected from
Towne HCMV-infected NSPC/iPSCs were inoculated
to hTERT-BJ1 cells. Inoculated cells expressed IE1/IE2
indicating that infectious virions were produced from
HCMV-infected NSPC/iPSCs (Figure 2G). The super-
natant contained 30 PFU/mL of HCMV at 4, 6, 8 dpj,
while no plaque forming virus was detected at 2 dpi.

HCMYV infection induces apoptosis in iPSC-derived NSPCs
To examine whether HCMYV infection in NSPC/iPSCs
induces apoptotic responses, we performed the TUNEL
assay combined with IFA using an antibody specific to
HCMV gB. As shown in Figure 3A, NSPC/iPSCs ex-
pressing gB was positive for TUNEL staining and those
without gB expression was consistently negative. We
also performed IFA to analyze the activation status of
caspases using antibodies specific to the activated forms
of caspase-3 and caspase-9. The results show that the
activated forms of caspase-3 and caspase-9 were specif-
ically detected in more than 80% of HCMV-infected
NSPC/iPSCs expressing IE1/IE2 proteins (Figure 3B and
3C), but not in mock-infected NSPC/iPSCs (Figure 3E).
To see whether mitochondrial dysfunction is involved in
the activation of caspase 9, intracellular distribution of
cytochrome ¢ was analyzed in HCMV-infected cells by
IFA. As shown in Figure 3D and 3E, strong signals of
cytochrome ¢ were detected in the cytosol of cells ex-
pressing IE1/IE2 proteins, while only faint signals of
cytochrome ¢ were detected in cells not expressing IE1/
IE2 proteins or in mock-infected cells. These results in-
dicate that HCMYV infection of NSPC/iPSCs activated
apoptotic responses involving release of mitochondrial
cytochrome c and serial activation of caspases.

Unfolded protein response in HCMV-infected NSPC/iPSCs

The unfolded protein response (UPR), induced by the
accumulation of improperly folded proteins within the
ER lumen (ER stress), is associated with multiple cellular
responses such as neurodegeneration and apoptosis. ER
stress sensor molecules, such as PKR-like eukaryotic ini-
tiation factor 2a kinase (PERK) and inositol-requiring
enzyme 1 (IRE1), are activated on UPR and engage
downstream signaling pathways. To examine whether
the caspase-9 activation in HCMV-infected NSPC/iPSCs
(Figure 3C) is associated with UPR, we analyzed phosphor-
ylation status of IREla and its downstream target c-Jun
NH2-terminal kinase (JNK) in immunofluorescence assays.
Both IRElax and JNK were specifically phosphorylated in
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HCMV-infected NSPC/iPSCs (Figure 4A and 4B), but not
in mock-infected NSPC/iPSCs (Figure 4C). In concordance
with the previous reports that activated IREla catalyzes the
non-conventional splicing of the mRNA encoding X-box
binding protein 1 (XBP1) [20,21], the spliced XBP1 mRNA
increased gradually after HCMV infection in NSPC/iPSCs
(Figure 4D). We also analyzed phosphorylation status of an-
other sensor molecule PERK, an ER-associated serine/
threonine protein kinase, and its downstream target the
alpha subunit of eukaryotic initiation factor 2 (elF2a). Phos-
phorylated forms of PERK and elF2a were specifically
detected in HCMV-infected NSPC/iPSCs (Figure 4E and
4F), but not in mock-infected NSPC/iPSCs (Figure 4G).
The transcription factor activating transcription factor 4
(ATF4), that is preferentially translated on activation of
PERK, induces the expression of C/EBP-homologous
protein (CHOP/GADDI153), a transcription factor with
proapoptotic functions [22]. In accordance with these pre-
vious findings, the mRNA level of CHOP increased grad-
ually after HCMYV infection in NSPC/iPSCs (Figure 4H).
These results suggest that UPR is involved in the activation
of caspase cascade leading to apoptosis in HCMV-infected
NSPC/iPSCs.

Discussion
Important findings in this study are as follows: i) NSPC/
iPSCs derived from MRC-iPS-25 cells were susceptible to
HCMYV infection and allow the expression of viral gene
products of both early and late functions and production
of infectious virions. In contrast, MRC-iPS-25 cells before
induction of differentiation was either resistant to HCMV
or did not support the expression of HCMV immediate-
early genes; ii) the HCMV-infected NSPCs undergo apop-
tosis; and iii) the mechanism of the apoptosis included
cytochrome c release from mitochondria to cytosol and
activation of UPR-related signaling pathways.
Neuropathogenesis of HCMV infection has been stud-
ied mainly with neural cells isolated from human brain.
These studies demonstrated that HCMYV can infect hu-
man neural precursor cells (NPCs) isolated from fetal
brains and interfere with their differentiation. Luo et al.
[23] showed that HCMYV infection in primary NPCs re-
duced the expression of Nestin, suggesting that HCMV
affects the differentiation potential of NPCs. Similar re-
sults were also obtained from experiments with mouse
NSCs infected with MCMV [10,13,24]. Those previous
findings obtained from experiments with primary cul-
tures of brain-derived neural cells were thus mostly
reproduced in our experiments using NSPC/iPSCs. In
addition, similar to the results of Odeberg et al. [8] that
used NPCs derived from human brain, we also demon-
strated that HCMV infection induced apoptosis in
NSPC/iPSCs obtained from iPSCs. It is thus supposed
that neural cells differentiated from iPSCs are a useful
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Figure 3 HCMV-induced apoptosis of NSPC/iPSCs. (A) Towne-infected NSPC/iPSCs at 6 dpi were subjected to TUNEL assay followed by
immunofluorescence test with an anti-gB antibody. TUNEL-positive nuclei were stained in red. The anti-gB antibody was detected with Alexa Fluor
488-conjugated goat anti-mouse IgG antibody (green). Nuclei were stained with DAPI. (B-D) Towne-infected NSPC/iPSCs at 3 dpi were subjected to
immunofluorescence test with anti-IE1/IE2 antibody in combination with anti-cleaved caspase 3 (B), anti-cleaved caspase 9 (C), or anti-cytochrome ¢
(D) antibody. Alexa Fluor 488-conjugated goat anti-mouse IgG (green) or Alexa Fluor 594-conjugated goat anti-rabbit IgG antibody (red) was used as a
secondary antibody. Nuclei were stained with DAPL. (E) Mock-infected NSPC/iPSCs were subjected to immunofluorescence test with anti-IE1/IE2
antibody in combination with anti-cleaved caspase 3 (upper panel), anti-cleaved caspase 9 (middle panel), or anti-cytochrome ¢ (lower panel) antibody.
Nuclei were stained with DAPI. Representative results from two independent experiments are shown.

model to investigate neural pathogenesis of HCMV. In
the human brain, NSCs are predominantly found in the
subventricular region where CMV infections preferen-
tially occur [25,26]. Analysis on the effects of HCMYV in-
fection on NSPCs can be therefore particularly relevant.
In the regulation of cellular apoptotic responses, mito-
chondrial dysfunction and ER stress are involved in the
activation of the initiator caspase caspase-9 that

functions as a trigger of cascade protease reactions lead-
ing to cell death. The finding of cytochrome c release
from mitochondria to cytoplasm in HCMV-infected
NSPC/iPSCs indicates that mitochondrial dysfunction is
involved in the activation of caspase-9 in these cells. In
addition, the demonstration of phosphorylated forms of
proteins involved in UPR, including PERK, JNK, IRElq,
elF2a, as well as that of unconventional splicing of
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Figure 4 HCMV-induced UPR in NSPC/iPSCs. (A and B) Towne-infected NSPC/iPSCs at 3 dpi were subjected to immunofluorescence test with
anti-lE1/IE2 antibody in combination with anti-phosphorylated IRE1a (A) or anti-phosphorylated JNK (B) antibody. Nuclei were stained with DAPL. (C)
Mock-infected NSPC/iPSCs were subjected to immunofluorescence test with anti-IE1/IE2 antibody in combination with anti-phosphorylated IRETa
(upper panel) or anti-phosphorylated JNK (lower panel) antibody. Nuclei were stained with DAPI. (D) Detection of XBP1 (u, unspliced) and XBP1 (s,
spliced) mRNAs in HCMV-infected NSPC/iPSCs. Total RNAs isolated from NSPC/iPSCs harvested before (—) HCMV infection or at 1, 2, 3, 5, and 7 dpi with
HCMV Towne strain were subjected to RT-PCR assays. Amplified DNA fragments were separated in a 2% agarose gel and then photographed. Beta-
actin gene expression was assayed for the control. (E and F) Towne-infected NSPC/iPSCs at 3 dpi were subjected to immunofluorescence test with
anti-IE1/IE2 antibody in combination with anti-phosphorylated PERK (E) or anti-gB antibody in combination with anti-phosphorylated elF2a (F)
antibody. (G) Mock-infected NSPC/iPSCs were subjected to immunofluorescence test with anti-E1/IE2 antibody in combination with anti-
phosphorylated PERK {upper panel) or anti-phosphorylated elF2a (lower panel) antibody. Nuclei were stained with DAPI. (H) Expression of CHOP
MRNA in HCMV-infected NSPC/iPSCs. Total RNAs isolated from NSPC/iPSCs harvested before (-) HCMV infection or at 1, 2, 3, 5, and 7 dpi with HCMV
Towne strain were subjected to RT-PCR assays. Representative results from three independent experiments are shown.

XBP1 mRNA and up-regulation of CHOP, indicate that HCMYV is known to encode anti-apoptotic proteins such
ER stress also plays a role in HCMV-induced apoptosis  as viral inhibitor of caspase-8-induced apoptosis (vICA)
of NSPC/iPSCs. These results are in accordance with the encoded by UL36 [28], and pUL38 which protects
work reported by Isler et al. [27] who demonstrated that  against ER stress-induced cell death by modulating the
HCMV-induced UPR in human foreskin fibroblasts. = UPR pathway [29]. Our RT-PCR analysis demonstrated
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that such viral anti-apoptotic genes were expressed at
transcription level in NSPC/iPSCs following HCMV in-
fection (Figure 2B). Although these viral anti-apoptotic
proteins did not block apoptosis of NSPC/iPSCs, they
might have contributed for efficient viral replication by
delaying apoptosis.

iPSCs are expected to be an innovative tool for not
only regenerative medicine but also for the elucidation
of pathogenesis of various diseases. Recent studies have
shown that human iPSCs can be used also for modeling
viral infection. Hepatocyte-like cells derived from human
iPSCs were shown to be susceptible to hepatitis virus C
infection and supported its replication [30,31]. Sensory
neurons derived from human iPSCs were reported to be
susceptible to infection with both varicella-zoster virus
and herpes simplex virus [32]. While the present work
was in progress, D’Aiuto and others reported on the
preparation of an iPSC-derived model of HCMV infec-
tion in neural precursor cells [33]. Whereas our data de-
scribed in the present study is largely consistent with
their results, we further analyzed the mechanisms of
apoptosis induction and elucidated the involvement of
mitochondrial dysfunction and ER stress.

In conclusion, human NSPCs derived from iPSCs can
be a useful model to study HCMV neuropathogenesis
associated with congenital HCMV infection. They can
be particularly valuable in analyzing the mechanisms of
HCMV-induced apoptosis in neural cells.
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SUMMARY

Background: Cytomegalovirus (CMV) is the most common cause of congenital virus infection. However,
the risk factors for infection in utero and for progression to a severe clinical outcome remain uncertain.
Recent studies have identified associations of specific single nucleotide polymorphisms (SNPs) in Toll-
like receptor (TLR) genes with susceptibility to infections of some viruses and with their clinical
outcome.
Methods: Genetic polymorphisms in the TLR-2, TLR-4, and TLR-9 genes were analyzed in 87 children
with congenital CMV infections by the TagMan allelic discrimination assay. The frequencies of genotypes
in the general Japanese population were obtained from the National Center for Biotechnology
Information (NCBI) databases. Associations between the analyzed SNPs and congenital CMV infection or
disease were evaluated.
Results: The CC genotype at SNP rs3804100 in the TLR-2 gene was significantly associated with
congenital CMV infection but not with congenital CMV disease. Furthermore, the AG genotype at SNP
rs1898830 in the TLR-2 gene tended to be identified less frequently in children with congenital CMV
infection. There were no statistically significant associations between SNPs in the TLR-4 and TLR-9 genes
and congenital CMV infection or disease.
Conclusion: TLR-2 polymorphisms may have some association with congenital CMV infection, although
the mechanism underlying this effect remains to be clarified.

© 2013 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.

1. Introduction

megaly, and thrombocytopenia, while the remaining 85-90% are
asymptomatic at birth.> In addition, CMV causes late-onset

Human cytomegalovirus (CMV) is a leading cause of congenital
virus infections in developed countries, such as the USA, where
rubella has been eliminated and antiviral treatment is available for
HIV." The risk of transmission of CMV to the fetus due to primary
maternal infection during pregnancy ranges from 14% to 52%.>> As
many as 10-15% of infants with congenital CMV infection exhibit
severe, classic ‘cytomegalic inclusion disease’, characterized by
intrauterine growth retardation (IUGR), jaundice, hepatospleno-

* Corresponding author. Tel.: +81 3 4582 2663; fax: +81 3 5285 1180.
E-mail address: ninoue@nih.go.jp (N. Inoue).

neurological sequelae, such as sensorineural hearing loss (SNHL)
and developmental delay. In our congenital CMV screening
program, we analyzed 21 272 newborns and identified 66 cases
with congenital CMV infection (0.31%).* Thirty percent of the cases
had typical clinical manifestations and/or showed abnormalities in
brain images at birth.

The potential risk factors for congenital CMV infection or
disease may include both viral and host factors. For example, viral
loads in the blood but not viral genotypes may influence clinical
outcomes.®”’ Host factors may include CMV-IgG avidity levels in
pregnant women, and cytotoxic T lymphocyte responses and
innate immunity in fetuses.®~'° There have been few studies on the

1201-9712/$36.00 - see front matter © 2013 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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association between innate immunity and congenital CMV infec-
tion.!! As fetuses and newborns have poor acquired immunity, the
innate immune system seems to have an important role.”'?

A growing accumulation of data has indicated that specific single
nucleotide polymorphisms (SNPs) in several Toll-like receptor (TLR)
genes have some association with an altered susceptibility to, or
clinical outcome of, infectious diseases.'® SNPs in the TLR genes are
associated with CMV disease in transplant recipients.’*"'® It is
considered that CMV glycoproteins B and H stimulate the TLR-2
signal pathway, resulting in nuclear factor kappa B (NF-«B)
activation and the production of inflammatory cytokines.'”
Although the direct involvement of TLR-4 in CMV recognition has
not been reported, dendritic cells stimulated by TLR ligands enhance
CMV-specific CD4+ and CD8+ T cell responses.'® TLR-9 is critical to
the process of CMV sensing to assure rapid antiviral responses.?®?!
Here we examined whether SNPs in the TLR-2, TLR-4, and TLR-9
genes have any predictive values for congenital CMV infection and
for progression into CMV disease.

2. Methods
2.1. Human subjects

This study was approved by the ethics committee on human
subjects of each participating institute. We obtained informed
consent from the parents of enrolled participants. In this study, the
following 87 cases with congenital CMV infection (group B,
Figure 1) were analyzed. (1) Forty-eight cases (nine symptomatic
and 39 asymptomatic at birth, and four developed a late-onset
disease) identified in our prospective study: we previously
conducted a urine filter-based screening program for congenital
CMV infection and identified 66 cases from 21 272 babies born at
25 diverse study sites in six geographically separate areas of Japan,
without any selection bias.? Blood specimens of 48 out of the 66
cases were used in this study based merely on their availability. (2)
Twenty-one cases who visited one of the study sites because of
developmental delay or SNHL and were diagnosed with congenital
CMV infection by retrospective assay using dried umbilical cord
specimens;?? 15 of them were asymptomatic at birth. (3) Eighteen
cases who were suspected of congenital CMV infection before or at
birth and were conclusively diagnosed both by PCR detection and
by virus isolation of CMV in urine within 3 weeks after birth;>?*

General population
(Group A, n = 83%, databasc)

e1093

three of them were asymptomatic at birth and two developed a
late-onset disease(s).

Instead of recruiting healthy infants as a control group, we used
the information from the database for the general Japanese
population as described below.

2.2. Clinical evaluation

Clinical information for all participants, including clinical man-
ifestations and results of audiological tests and brain imaging, were
extracted from their medical records. All infants diagnosed at birth
were followed up for 3.18 + 1.14 years (range 1.5-5.8 years). There was
no statistical difference in the follow-up periods of groups E and F. Mental
and physical development was closely monitored at outpatient clinics.
Audiological tests were performed using auditory brainstem responses
and/or auditory steady-state responses, and brain imaging was done by
computed tomography and/or magnetic resonance imaging. All
participants underwent audiological tests and brain imaging.

We defined ‘symptomatic cases at birth’ (group D) as any infant
with one or more clinically significant manifestation at birth,
including microcephaly, chorioretinitis, SNHL, and a combination
of petechiae, hepatosplenomegaly, and jaundice. IUGR alone and
manifestations that are not pathognomonic for congenital CMV
infection, such as arrhythmia and ventricular septal defect (VSD),
were excluded from the category. Cases ‘symptomatic at birth and/or
developed permanent sequelae’ (group F) included (1) ‘symptomatic
cases at birth’ (group D), (2) any infants with CMV-associated major
abnormalities in their brain imaging at birth or later on, such as
intracranial calcifications, ventriculomegaly, and white matter
disease, and/or (3) any infants with late-onset symptoms, including
SNHL, chorioretinitis, and developmental delay (group H). ‘Asymp-
tomatic cases’ (group E) were defined as those who were not
categorized into group D in their follow-up periods. In addition to
cases without any manifestations, four cases with IUGR, one with
VSD, and two with arrhythmia were classified into group E.

2.3. Analysis of SNPs
Genomic DNA was extracted from peripheral blood mononuclear
cells or from dried umbilical cord specimens, using a commercial kit.

Integrity and quantity of the extracted DNA specimens were
evaluated by qPCR using the human albumin gene as a target.??

Total enrolled
(Group B, n=87)

‘Asymptomatic

cascs at birth’
(Group C, n=157),

‘Symptomatic

cases at birth’
(Group D, n=30)

Cases ‘without’
late-onset SNHL or
developmental delay

late-onset SNHL and/or

Cases ‘with”

developmental delay
(Group H, n=18)

(Group G, n=139)
1

Cases without any
CM V-associated
manifestations

(n=34)

abnormal

(n=35)

Cascs only with

brain imaging

‘Asymptomatic cases’
(Group E, n=34)

Cases ‘symptomatic at birth and/or
developed permanent sequelac’

(Group F, n = 53)

Figure 1. Grouping of the cases in the study cohort. To analyze the associations between target gene SNPs and congenital CMV infection or disease, participants were divided
into the groups as shown. The group codes are used in Tables 1 and 2. *Samples of rs3804100 in TLR-2 obtained from the database. Number of samples of other SNPs shown in

the text. (SNHL, sensorineural hearing loss.)
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