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Pluripotent human stem cells are a powerful tool for the generation of differentiated cells that can be used for the study of hu-
man disease. We recently demonstrated that neurons derived from pluripotent human embryonic stem cells (hESC) can be in-
fected by the highly host-restricted human alphaherpesvirus varicella-zoster virus (VZV), permitting the interaction of VZV
with neurons to be readily evaluated in culture. In the present study, we examine whether pluripotent hESC and neural progeni-
tors at intermediate stages of differentiation are permissive for VZV infection. We demonstrate here that VZV infection is
blocked in naïve hESC. A block to VZV replication is also seen when a bacterial artificial chromosome (BAC) containing the VZV
genome is transfected into hESC. In contrast, related alphaherpesviruses herpes simplex virus 1 (HSV-1) and pseudorabies virus
(PrV) productively infect naïve hESC in a cell-free manner, and PrV replicates from a BAC transfected into hESC. Neurons dif-
ferentiate from hESC via neural progenitor intermediates, as is the case in the embryo. The first in vitro stage at which permis-
siveness of hESC-derived neural precursors to VZV replication is observed is upon formation of “neurospheres,” immediately
after detachment from the inductive stromal feeder layer. These findings suggest that hESC may be useful in deciphering the yet
enigmatic mechanisms of specificity of VZV infection and replication.

Varicella-zoster virus (VZV) replication is highly host re-
stricted, growing efficiently only in human cells. In varicella,

VZV typically infects and replicates in cutaneous fibroblasts and
epidermal cells as well as several types of immune cells. VZV in-
fections of central nervous system (CNS) vasculature are also not
uncommonly observed, the virus infecting smooth muscle actin-
expressing cells in vessel walls (16). VZV infects effectively pri-
marily in a cell-associated manner in vitro, and it is thought that
cell-to-cell spread occurs in most tissues. Cell-free virus is made in
vivo by keratinocytes and is present in cutaneous vesicles (8), and
released VZV appears to be an important component of T cell-to-
skin transmission in vivo (reviewed in reference 1).

VZV infection of neurons is essential for establishment of la-
tency and the ability to reactivate to cause herpes zoster. Initial
neuronal infection by VZV is via cutaneous axons and retrograde
transport to peripheral somatic and autonomic ganglia and/or by
infected circulating lymphocytes that infiltrate the ganglia (28).
VZV replicates in both neurons and ganglionic support cells of
somatic and cranial peripheral sensory ganglia both upon initial
infection and upon reactivation. Importantly, VZV causes a pleth-
ora of CNS diseases (due at least in part to infection of the vascu-
lature) (16) and ocular diseases (reviewed in reference 9). The
growth of VZV in neurons and the interactions that govern la-
tency and reactivation have proven to be difficult to study outside
the human host because of the species restriction of infection and
the limited availability of human neuronal tissues.

Human embryonic stem cells (hESC) are pluripotent cell lines
derived from the inner cell mass of early embryos. The ability to
grow theoretically unlimited numbers of these stem cells and gen-
erate normal (i.e., nontransformed) cells of the human body
makes them an exceptional tool for biomedical research and can-
didates for cell therapy of disease. Viral infections of hESC have
been performed for nearly a decade, primarily using lentiviruses

and retroviruses as vectors for transgenesis, gene delivery, and
expression. However, it has been reported that adenovirus does
not effectively infect and replicate in some hESC lines and infec-
tion is correlated with the expression of coxsackievirus receptor
(CAR) but not �v-integrin in naïve hESC (2). Others have re-
ported that the coxsackievirus infects several lines of undifferen-
tiated hESC (21).

We recently reported that VZV productively infects differenti-
ated neurons derived from hESC in vitro (14) and proposed this
system as a novel model for studying virus-neuron interactions of
this highly human-specific neurotropic herpesvirus. Neural in-
duction of hESC is performed in our lab by the widely used
method of coculture with the murine stromal cell line PA6 origi-
nated by Sasai (11). Neurons derived from hESC differentiate
from cycling neural precursors/progenitors, presumably mimick-
ing the in utero progression from the pluripotent cells of the inner
cell mass to differentiated neuronal phenotypes. Although some
have succeeded in growing hESC-derived neural precursors as ad-
herent cultures (i.e., reference 12), most laboratories differentiate
and expand these neural precursors/progenitors in suspension.
hESC are neurally induced using specific feeder lines (i.e. refer-
ence 18) and/or growth factors (i.e., reference 10) and maintained
under nonadherent conditions to generate “neurospheres” anal-
ogous to those produced from the CNS of adult and fetal mam-
mals.
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In the present study, we asked whether pluripotent hESC and
neural progenitors at intermediate stages of differentiation are
susceptible to VZV infection. We found that VZV did not replicate
in naïve pluripotent hESC. In contrast, alphaherpesviruses HSV-1
and pseudorabies virus (PrV) readily productively infect naïve
hESC. VZV is also unable to infect neural precursors adherent to
the stromal cells before generation of the neurospheres, but it can
infect and replicate in hESC-derived neurospheres immediately
after they are placed into suspension. Study of the ontogeny of
competence for infection/replication of cells generated from
hESC by VZV may provide a tool to address the mechanisms of
entry and permissiveness for VZV infection and for the study of
intrinsic antiviral mechanisms in human pluripotent stem cells.

MATERIALS AND METHODS
Tissue culture. H9 (WA09; US National Stem Cell Bank) or HUES9 (4)
human embryonic stem cells were maintained on feeder layers of mitoti-
cally inactivated human foreskin fibroblasts (HFF) in NutriStem medium
(Biological Industries, Israel) with medium replacement every other day.
The cells were passaged weekly at a ratio of approximately 1:30. Human
neonatal foreskin fibroblasts (HFF) and the PA6, MeWo, ARPE, and Vero
lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal calf serum (FCS), 2 mM glutamine, 50 U/ml peni-
cillin, and 50 �g/ml streptomycin. In some experiments, a line of hESC
stably expressing enhanced green fluorescent protein (EGFP) under the
control of the EF1� promoter was used (Lina Gamarnik, unpublished
data).

Neural differentiation of hESC to neural precursors and neurons.
Neurospheres were prepared from hESC as detailed previously (18).
Briefly, hESC were seeded as a single-cell suspension on the murine stro-
mal line PA6 and cultured for 14 days. Colonies with a specific morphol-
ogy were dissected from the PA6 cells and cultured in suspension as neu-
rospheres for 2 weeks prior to plating. Neurospheres were then broken up
mechanically and seeded on laminin-coated coverslips in a differentiation
medium containing 10 ng/ml nerve growth factor (NGF), 5 ng/ml brain-
derived neurotrophic factor (BDNF), and 10 ng/ml neurotrophin 3
(NT3).

Viruses. Recombinant VZV parent Oka (POka)-based viruses used in
this study were derived using the bacterial artificial chromosome (BAC)
recombineering methods detailed previously (7). The VZV used here con-
tained EGFP fused to the amino terminus of open reading frame 23
(ORF23), derived using the VZV BAC (14), fused to the amino terminus
of ORF66 protein kinase (derived using the cosmid systems) (6), or ex-
pressed GFP under an independent simian virus 40 (SV40) immediate
early (IE) promoter (a kind gift from Hua Zhu, New Jersey Medical
School) (29). A new VZV expressing monomeric red fluorescent protein
(mRFP) fused to the amino terminus of ORF23 was constructed in a
manner identical to that detailed previously (14), using an mRFP with an
internal kanamycin cassette in an mRFP construct (a kind gift of N.
Osterreider, Cornell University, Ithaca, NY). The insertion of the mRFP
gene used the two-step scarless � red recombination system (25), with
kanamycin selection to obtain BACs with the mRFP gene insertion, fol-
lowed by a second recombination step to remove the kanamycin cassette,
following IsceI linearization of BAC at the kanamycin cassette. The bac-
terial strain pGS1783 was used as host for recombination (a kind gift from
Gregory Smith, Northwestern University).

Generation of herpes simplex virus 1 (HSV-1) gCp-GFP, which ex-
presses EGFP from the glycoprotein C promoter, was detailed previously,
(5), and the strain was grown in Vero cells. PrV expressing GFP as a fusion
to the C terminus of the IE180 protein was developed from the PrV Becker
BAC (a generous gift from Lynn Enquist, Princeton University, Princeton,
NJ) (23) using a PCR-amplified EGFP-kanamycin cassette engineered
with 45-bp homologous flanking sequences to place GFP in frame with
IE180, as detailed in the construction of VZV-IE62-GFP BACs (14).

Oligonucleotide sequences will be provided upon request. The PrV BAC
and resulting virus BAC and virus contain only one copy of IE180 linked
to GFP. PrV expressing IE180 GFP was derived after transfection of the
BAC into Vero cells and propagated in Vero cells, and plaques were picked
five times based on GFP fluorescence. Supernatant was collected from
HSV-1/PrV-infected cultures showing 100% fluorescence and cytopathic
effect following low-multiplicity infection, and aliquots were stored at
�80°C.

Mitotic inhibition of MeWo and ARPE cells and primary human
foreskin fibroblasts. MeWo and ARPE cells were infected with recombi-
nant VZV and maintained until about 70% of the monolayer expressed
GFP or mRFP. Cell lines infected with VZV and primary human foreskin
fibroblasts used as feeders for hESC were mitotically inhibited as detailed
previously (14) using 10 �g/ml mitomycin C for 3 h, washed 3 times with
phosphate-buffered saline (PBS), trypsinized, and frozen in 90% FCS–
10% dimethyl sulfoxide (DMSO).

Infection of stem cells and neurons. Mitotically inhibited VZV-
infected MeWo or ARPE cells were thawed and immediately seeded in
dishes containing hESC, neural precursors on PA6, or just-plated neuro-
spheres or neurons, or they were incubated with neurospheres in suspen-
sion in nonadhesive petri dishes. In one experiment, nonmitotically in-
hibited VZV-infected MeWo cells were seeded on naïve hESC. Figure 1 is
a schematic representation of the methods used for cell-associated VZV
infection. Media containing HSV-1 and PrV were added to cultures at
multiplicities of infection of 0.5 and 0.01, respectively, based on plaque
assays. Infection by all viruses was monitored by daily observation of
fluorescence in living cultures. Immunostaining was performed as de-
scribed in reference 14. The antibodies used were mouse monoclonal
anti-Oct4 (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit poly-
clonal anti-GFP (Molecular Probes). Secondary antibodies were Alexa
594 (anti-mouse) and Alexa 488 (anti-rabbit) conjugates (Molecular
Probes). Nuclei were counterstained with Hoechst.

Transfections. BACs containing VZV-ORF23-GFP or PrV-GFP were
transfected into human neonatal foreskin fibroblasts, MeWo, ARPE, and
hESC, using Trans-IT transfection reagent (Mirus Bio, WI) according to
the manufacturer’s recommendations.

Microscopy and photography. Preparations were viewed with Olym-
pus IX70 (live cultures) and BX51 (immunostainings) microscopes, pho-
tographed using digital cameras (Scion, Frederick, MD, and Jenoptiks,
Jena, Germany), and processed using ImageJ software. Images were en-
hanced using ImageJ and Paint-Shop-Pro software with all changes in the
images (i.e., contrast, brightness, gamma, and sharpening) made evenly
across the entire field, and no features were removed or added digitally.

RESULTS
VZV does not infect naïve human embryonic stem cells. VZV
were shown recently to infect and replicate efficiently in neurons
derived from human embryonic stem cells (hESC), leading to re-
lease of infectious progeny virus into the extracellular milieu (14).
In that study, neurons were terminally differentiated for at least 10
days from neural precursor-containing “neurospheres” (18). We
asked here whether VZV was able to infect the cells that give rise to
these neurons: hESC before beginning their differentiation as well
as hESC-derived cells at intermediate steps of differentiation to
neurons.

hESC are propagated in a pluripotent “undifferentiated” state,
usually on feeder cells. Seeding MeWo cells containing VZV ex-
pressing GFP as a fusion protein with capsid protein ORF23
(VZV-GFP23) (14) or under an independent SV40 early promoter
(VZV-GFP) (29) resulted in infection of the supporting foreskin
fibroblast (HFF) feeder cells (as indicated by GFP expression) 2
days after addition of VZV-infected MeWo cells. In contrast,
EGFP expression was not detected in hESC cells, even those in
direct contact with GFP-positive fibroblasts at the edges of colo-
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FIG 1 Naïve hESC are not infected by VZV. (A) Schematic of the infection of hESC and their neurally differentiated derivatives. VZV-infected MeWo or ARPE
cells (green) were treated with mitomycin C to prevent proliferation and overrunning the hESC cultures (indicated by red x over cells). Mitotically inhibited
VZV-MeWo cells were then mixed with one of four different targets: I, pluripotent hESC cells (yellow) growing on foreskin fibroblasts (gray); II, neurally induced
hESC colonies (round yellow balls) on PA6 stromal feeders (gray); III, hESC-derived neurospheres (yellow balls) in suspension; or IV, hESC-derived neural
precursors differentiated by plating on a laminin substrate (dark yellow neurons). (B and C) VZV-GFP-infected MeWo cells were added to hESC grown on
human fibroblasts, and the live cultures were photographed 7 days later. The fibroblast feeders are infected with the virus and express GFP, whereas the hESC
colonies are devoid of GFP expression. Panel B is a phase-contrast micrograph with several large hESC colonies demarcated by dashed yellow lines adjacent to
infected, GFP-expressing feeder fibroblasts. Panel C is a combined fluorescence and phase-contrast micrograph. (D and E) hESC cells stably expressing GFP
under the control of the EF1� promoter grown on a human fibroblast feeder layer were infected with mitomycin-treated VZV-RFP23-containing MeWo cells
and imaged 3 days later. Again, the virus infected and labeled the feeders red, and the GFP-expressing hESC are not infected. Panel D is a phase-contrast
micrograph of a large hESC colony demarcated by a dashed yellow line, and panel E shows only fluorescence. Red fluorescence is only observed outside the
GFP-expressing hESC colonies. (F to I) Lack of evidence for VZV virion/capsid entry into undifferentiated hESC cells. Mitotically inhibited VZV-GFP23-
containing ARPE cells were added to a culture of hESC. Two days later, cultures were fixed and immunostained for GFP (green) and Oct-4, a marker for
pluripotent stem cells (red), and examined with a 100� oil-immersion objective. A strongly infected fibroblast displays GFP fluorescence in both its nucleus and
cytoplasm (arrow), whereas an apparently more recently infected fibroblast (arrowhead) displays GFP only in its nucleus, and no ORF23-GFP is yet apparent in
its cytoplasm. Pluripotent (Oct-4 immunopositive; red) hESC (asterisks) adjacent to the fibroblast whose cytoplasm is filled with GFP are completely devoid of
GFP immunofluorescence. (F) Composite of all fluorescence channels; (G) GFP (ORF23) fluorescence only; (H) Oct-4 labeling only; (I) nuclear Hoechst staining
(blue). Scale bars are 100 �m in panels B and C, 200 �m in panels D and E, and 20 �m in panels F to I.
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nies (Fig. 1B and C). The fluorescence in the HFF spread with
time, in spite of the fact that these feeder cells were mitotically
inhibited prior to use as hESC feeders, suggesting productive in-
fection. This experiment was performed more than 10 times using
both MeWo and ARPE cells, each experiment with at least three
coverslips. Even after incubation periods of up to a week with
MeWo/ARPE containing VZV, no hESC colonies expressing GFP
were ever observed.

In order to demonstrate this in a visually more direct manner,
MeWo cells containing VZV expressing mRFP as a fusion with
ORF23 (VZV-mRFP23) were seeded on a line of hESC stably ex-
pressing GFP (Fig. 1D and E). Three days after addition of the
input cells, most HFF were infected by VZV, as indicated by mRFP
expression, while the EGFP-fluorescing hESC colonies were de-
void of red fluorescence. Again, even those hESC at the periphery
of colonies adjacent to the input cells did not express mRFP after
prolonged direct contact. These results were obtained using the
very widely used hESC line H9. Since there is variability in infec-
tivity of different hESC lines by adenovirus (2), we repeated the
experiments with an unrelated and non-genetically modified
hESC line, HUES9 (4), using MeWo cells containing VZV ex-
pressing GFP. Again, the hESC were completely devoid of GFP
expression even after massive infection of the supporting HFF
(data not shown). These observations are consistent with the in-
ability of VZV to infect pluripotent hESC.

In several experiments, we attempted to find VZV-GFP23 vi-
rions/capsids entering hESC at high magnification using wide-
field fluorescence (Fig. 1F to I) or confocal microscopy (not
shown). In order to distinguish the fibroblasts from the hESC at
high magnification, coverslips were stained with antibodies to
markers for pluripotent hESC (i.e., Oct-4 [Fig. 1F to I] or SSEA-4
[not shown]) and GFP to enhance the fluorescence of the VZV.
Although newly infected fibroblasts were observed adjacent to
strongly GFP fluorescent fibroblasts, no GFP was observed in the
adjacent hESC cells that expressed pluripotency markers (Fig. 1F
to I).

In more than 10 independent experiments using mitotically
inhibited input cells, we did not observe any infected hESC. Mi-
totically inhibited VZV-infected cells are somewhat less “infec-
tive” than uninhibited ones, so we repeated this experiment with
VZV-GFP-containing MeWo input cells that had not been mitot-
ically inhibited. The MeWo cells rapidly overgrew the hESC cul-
tures and infected the fibroblast feeders. Focusing through the
overlying MeWo revealed that the hESC colonies that were in
contact with VZV-infected MeWo cells were not infected, but it
was not possible to visualize individual hESC due the density of
the MeWo cells. We again repeated this experiment with non-
mitotically inhibited ARPE cells that divide more slowly than
MeWo cells and found that only a few, rare hESC at the edges of
colonies expressed GFP (data not shown). It is well known that 5
to 10% of cells at the edges of hESC colonies undergo differentia-
tion under normal culture conditions and that stress causes hESC
differentiation. It is therefore likely that these few infected hESC
had begun to differentiate with enhanced stress due to the input
cells that overgrew the culture and were being killed by the VZV.

Alphaherpesviruses HSV-1 and PrV readily infect naïve
hESC. We then asked whether the lack of infection of pluripotent
hESC was a general characteristic of alphaherpesviruses or was
specific to VZV. This was performed by attempting to infect the
stem cells with fluorescent recombinant HSV-1 and PrV, allowing

visualization of infection in living cultures. Both HSV-1 and PrV
have a much wider host range and infect in both cell-free and
cell-associated manners in vivo and in vitro. Strikingly, pluripotent
hESC expressed abundant levels of EGFP by 3 days postinfection
by recombinant cell-free HSV-1 and PrV (Fig. 2A to D), in con-
trast to the experiments with VZV described above. HSV-1 infec-
tion was apparent in both hESC and feeder fibroblasts less than 1
day after incubation with virus, with the stem cells at the periphery
of colonies showing higher expression of GFP. PrV appeared to
infect the hESC even more efficiently than the surrounding feed-
ers and produced plaques in the centers of the colonies.

VZV does not replicate in naïve human embryonic stem cells.
Possible reasons for the failure to observe EGFP fluorescence in
hESC after seeding of VZV-infected cells include (i) the inability
of the virus to enter the stem cells and (ii) the inability of the virus
to replicate in the hESC and express viral proteins. Viral genomes
may be silenced in hESC, as suggested by low EGFP expression
from the cytomegalovirus promoter (26; personal observations).
We therefore asked whether hESC support viral replication inde-
pendent of our observed lack of infection. This possibility was
addressed by introducing BAC-derived VZV genomes into hESC
via transfection, thus “bypassing” restrictions to viral entry. Re-
combinant BACs containing GFP fused to the VZV IE62 (VZV-
GFP62) (14) were cotransfected into hESC with a plasmid
expressing the IE62 VZV transactivator to enhance VZV
transduction (15). In parallel, the BAC and plasmids were trans-
fected into cells of the ARPE retinal pigmented epithelial line.
Transfection of hESC cells with the VZV BAC did not result in
GFP-expressing cells after 5 days, while ARPE cells transfected in
parallel with the same DNA yielded many GFP� foci (40 and 97
foci in two separate experiments) whose size increased over time
(Fig. 3A to D). This experiment was repeated with a different BAC,
VZV-GFP23, with both MeWo and ARPE cells as controls. Once
again, the hESC colonies did not express GFP, in contrast to the
many fluorescent foci indicating VZV capsid expression present in
MeWo and ARPE cultures. The lack of GFP fluorescence in hESC
was not due to their inability to be transfected by viral-genome-
containing BACs, since when hESC were transfected under the
same conditions used in the previous experiments with a BAC
containing PrV-GFP, colonies of fluorescent hESC displaying cy-
topathic effects surrounding cell-free plaques were observed (Fig.
3E to H). These experiments strongly suggest that VZV replication
is blocked in hESC.

VZV infects and replicates in neural precursors within neu-
rospheres in suspension, but not while still attached to induc-
tive stromal cells. Taken together with our published observa-
tions (14), the results presented above suggest that hESC cells are
not infected by VZV, while neurons differentiated from them are
infected by and replicate and release VZV. The method used in our
laboratory for generating neurons from hESC involves (i) induc-
tion by coculture with the murine stromal cell line PA6, (ii) me-
chanical dissection of specific colonies from the stromal cells and
culture in suspension resulting in the generation of neurospheres,
and (iii) plating the neurospheres in medium lacking mitogens
but containing neuronal survival factors (14, 18, 30). We therefore
tested hESC-derived neural progenitors at each of these stages for
their ability to be infected by VZV. MeWo containing one of two
types of EGFP-expressing VZV (VZV-GFP and VZV-GFP23)
were seeded on hESC-PA6 cultures at the end of the induction
period (14 days after addition of the hESC) (as shown in the
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diagram in Fig. 1AII). Even at 4 days after addition of virus-
containing cells, no infection of either the murine stromal cells or
the hESC-derived colonies was observed (Fig. 4A and B). In strik-
ing contrast, as soon as 1 day after colonies were removed from the
PA6 and allowed to form spheres and mixed in suspension with
VZV-GFP (Fig. 1AIII), the spheres were highly permissive for
VZV infection and replication, as shown by extensive EGFP fluo-
rescence (Fig. 4C and D) that appeared 1 day after input cells were
added. As expected, neurospheres plated for 1 day to induce ter-
minal differentiation were also permissive to infection and repli-
cation (Fig. 4E and F), as we have shown for terminally differen-
tiated hESC-derived neurons 10 days to 2 weeks after plating (14).
Together, these results indicate that pluripotent hESC and early
stage hESC-derived neural precursors are unable to support VZV
replication, and this block is released upon transfer to suspension
culture and generation of neurospheres.

DISCUSSION

We present evidence here that naïve hESC are not permissive to
VZV infection and replication. The data obtained from three dif-
ferent fluorescent protein-expressing VZV strains suggest that the
lack of productive infection of pluripotent hESC is due at least
partially to the lack of the ability of the virus to bind and/or enter
hESC. Attempting to infect hESC with VZV-GFP, a virus in which
the expression of GFP is driven by an independent SV40 promoter
(and not a VZV protein fusion), also did not result in GFP expres-
sion, consistent with lack of entry of VZV. Although VZV infec-
tion of several cellular phenotypes has been studied in the labora-
tory in the past decade or so (neurons, fibroblasts, immune cells,

and keratinocytes), the virus has been suggested to infect several
cell types during VZV disease, including intestinal smooth muscle
cells (19) as well as pneumocytes of the lung and liver hepatocytes
(17). The potential of VZV to infect several cellular phenotypes
makes the inability of the virus to infect pluripotent (“undifferen-
tiated”) hESC even more unique and intriguing.

Insulin-degrading enzyme (IDE) has been proposed as one
possible receptor for VZV entry into cells (13), but reverse tran-
scription (RT)-PCR analysis revealed that naïve hESC of both the
H9 and HUES9 lines used in this study contain abundant tran-
scripts for this gene (not shown). Therefore, it is apparently not
the lack of this molecule that is responsible for lack of VZV infec-
tion/replication into pluripotent stem cells in our study.

The apparent inability of VZV to enter and productively
infect pluripotent hESC is in striking contrast, however, to our
demonstration of the ability of two other alphaherpesviruses,
HSV-1 and PrV, to productively infect these cells. We have also
obtained preliminary data on the inability of a gammaherpes-
virus (KSHV; human herpesvirus 8 [HHV-8]) to infect hESC.
Like VZV, KSHV strains do not infect naïve hESC, but readily
infect the neighboring mitotically inhibited HFF feeders. Oth-
ers have found that human cytomegalovirus (HCMV) estab-
lishes a latent or latent-like infection in hESC (R. Penker and
R. F. Kalejta, presented at the 36th Annual International Her-
pesvirus Workshop, Gdansk, Poland, 24 to 28 July 2011). Fu-
ture experiments may reveal what these disparate herpesviruses
have in common that prevents their productive infection of
naïve hESC.

In addition to VZV’s inability to enter hESC, we also found that

FIG 2 Alphaherpesviruses HSV-1 and PrV productively infect naïve hESC. hESC grown on a feeder layer of mitotically inhibited human foreskin fibroblasts were
infected with cell-free GFP-expressing HSV-1 (A and B) or PrV (C and D) and photographed 2 and 4 days after introduction of virus, respectively. Both the hESC
(surrounded by dashed lines) and the surrounding feeder cells express GFP, indicating infection by the viruses. Many hESC show cytopathic effects after infection
with these viruses, and cell-free plaques left by dead and detached hESC are seen in the middle of colonies infected with PrV. In panels A and C, micrographs are
phase contrast only, whereas, in panels B and D, GFP fluorescence is shown. Scale bars, 100 �m.
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when viral entry is bypassed by introduction of its genome into
hESC by transfection, prevention or shutdown of viral genome
expression occurs at a very early stage, prior to IE gene transcrip-
tion. This suggests that hESC and their immediate progeny have
intrinsic restrictive factors or lack cellular factors required for
VZV replication. This intrinsic anti-VZV activity is apparently
shut off at the stage in our system when hESC neural precursors
are detached from their inducing stromal feeders. Recently, pro-
myelocytic leukemia (PML) body entrapment of VZV has been

shown to be a cell-intrinsic inhibition of VZV replication (20, 27).
Interestingly, naïve hESC have PML bodies with an atypical dis-
tribution and composition (3), and it is possible that they have a
role in the inability of VZV genomes to express viral genes in
hESC, albeit by a different mechanism from that described for
fibroblasts. An alternative explanation for the lack of EGFP ex-
pression in hESC after transfection with genome-containing
BACs is that the virus immediately enters a latent state and does
not transcribe even IE genes in the process. Future experiments

FIG 3 VZV is unable to replicate in hESC when infection is bypassed by transfection of BAC DNA containing the VZV genome. hESC and ARPE cells were
transfected with BACs containing VZV-GFP62 or PrV-GFP and photographed 6 days later. None of the hESC colonies displayed GFP, indicating VZV-GFP62
infection (A and B) in contrast to the many fluorescent foci resulting from viral replication in the ARPE cells (C and D). Transfection of PrV genome-containing
BACs into hESC results in viral replication, as demonstrated by the GFP fluorescence after transfection with PrV-GFP (E and F). Transfection of PrV-GFP BACs
in parallel to MeWo cells also leads to viral replication (G and H). Panels A, C, E, and G are phase-contrast micrographs, and panels B, D, F, and H are fluorescence
photomicrographs of the same fields, with hESC colonies delineated by yellow dashed lines. Scale bars, 100 �m.
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will evaluate whether the lack of VZV gene expression we observed
after transfection of a VZV-containing BAC into hESC is due to a
form of latent infection or intrinsic antiviral mechanisms.

HSV-1 and PrV productively infect hESC, so any intrinsic an-
tiviral property of hESC that blocks VZV replication is either in-
sufficient to stop the replication of these viruses or in some way
specific for VZV. We do not have an explanation for this disparity
in the ability to replicate between HSV-1 and PrV on the one hand
and VZV on the other. One can conjecture it is related to the
ability of the former viruses to infect in a cell-free manner, while
VZV infection is generally performed in a cell-associated manner.
The replication of PrV in hESC after transfection of virus-
containing BAC DNA suggests that this difference is not only due
to the infection process itself. It should be pointed out that others
have observed that naïve hESC shut off the cytomegalovirus
(CMV) promoter when nonreplicating lentiviral vectors are used

for hESC transgenesis (26), consistent with the existence of some
mechanism in pluripotent hESC impeding viral gene expression.

Finally, we observed that there is an abrupt transition to per-
missivity to VZV infection when hESC-derived neurally induced
progenitors are placed in suspension. With scaling up of hESC
production using bioreactors (24) to produce sufficient numbers
of neural precursors, differences in global gene expression in the
permissive and nonpermissive states will be assayable, and thus
specific information as to mechanisms involved in the inability of
VZV to enter and replicate in hESC may be obtained. This exper-
imental model may provide insight into the mechanisms and host
factors required for the specificity of productive VZV infection.
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