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ABSTRACT

The two human neurotropic alphaherpesviruses varicella-zoster virus (VZV) and herpes simplex virus type 1 (HSV1) both estab-
lish latency in sensory ganglia. Human trigeminal ganglia are known to frequently harbor both viruses, and there is evidence to
suggest the presence of both VZV and HSV1 DNA in the same neuron. We ask here whether VZV and HSV1 can exclude them-
selves and each other and whether they can productively infect the same cells in human neurons and human foreskin fibroblasts
(HFF). Simultaneous infection (coinfection) or consecutive infection (superinfection) was assessed using cell-free HSV1 and
VZV expressing fluorescent reporter proteins. Automated analysis was carried out to detect singly and dually infected cells. We
demonstrate that VZV and HSV1 both display efficient superinfection exclusion (SE) in HFF, with each virus excluding either
itself or the other virus. While SE also occurred in neurons, it was with much lower efficiency. Both alphaherpesviruses produc-
tively infected the same neurons, whether applied simultaneously or even consecutively, albeit at lower frequencies.

IMPORTANCE

Superinfection exclusion by VZV for itself or the related neurotropic alphaherpesvirus HSV1 has been studied here for the first
time. We find that while these viruses display classic SE in fibroblasts, SE is less efficient for both HSV1 and VZV in human neu-
rons. The ability of multiple VZV strains to productively infect the same neurons has important implications in terms of recom-
bination of both wild-type and vaccine strains in patients.

Superinfection exclusion (SE; also called superinfection inhibi-
tion or homologous interference) is a phenomenon in which a

preexisting viral infection prevents infection by another virus,
whether it is of the same type, a closely related virus, or even a
different virus species. Often, however, the infection by unrelated
viruses is unaffected (1, 2). The phenomenon has been observed
for many viruses of animals and plants (3–10). It has been used as
a management tool to reduce crop losses by purposely infecting
plants with mild isolates of a virus to reduce infection and losses
due to more severe isolates, referred to as “cross-protection” (4,
5). The exclusion is thought to be a so-called “selfish” mechanism
of the virus, as the entry of additional virus relying on the same
cellular resources would decrease the progeny yield of the first
virus. SE of herpesviruses was first described for herpes simplex
virus type 1 (HSV1) (11). It was found that HSV1 SE results from
the expression of glycoprotein D (gD), a late viral protein essential
for virion entry (12), by the infected cells. After infection, gD
binds a cellular receptor and renders it inactive, making subse-
quent infection by virions highly inefficient (11, 13, 14). In addi-
tion to inactivation, HSV-1 gD causes internalization of viral re-
ceptors during HSV1 infection, reducing their availability on the
cell surface for additional virus binding (10). Studies of SE with
HSV1 and other alphaherpesviruses suggested that superinfection
exclusion occurs by 4 to 6 h postinfection (15). Most studies of SE
by herpesviruses have evaluated subsequent infection by either the
same or a very closely related virus, for example, equine herpesvi-
rus 1 and 2 (16), the two bovine alphaherpesviruses (17), and the
interaction of pseudorabies virus (14) and HSV1 (13).

To date, there has been no examination of whether the pathogen
responsible for varicella and herpes zoster, varicella-zoster virus
(VZV), shows the phenomenon of SE, either for itself or for the
closely related pathogenic virus HSV1. This is of clinical importance,

since both herpesviruses infect humans. HSV1 is a member of genus
Simplexvirus and VZV of genus Varicellovirus, both in subfamily Al-
phaherpesvirinae (Taxonomy browser: Alphaherpesvirinae [https:
//www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode
�Undef&id�10293&lvl�3&lin�f&keep�1&srchmode�1
&unlock]). Both viruses produce vesicular skin lesions, with virus
infecting epidermal and dermal cells of the skin. Importantly, both
viruses establish latent infections in neurons of somatic sensory gan-
glia whose axons infiltrate the areas of skin infection (for a detailed
comparison, see the recent review in reference 18). Furthermore,
both VZV and HSV are widespread human pathogens, with about 60
to 90% of the population latently infected by both viruses by adult-
hood (19). It has been reported that both viruses can reside latently in
the same trigeminal ganglion (19–22), and evidence from in situ hy-
bridization suggests the rare presence of both HSV1 and VZV ge-
nomes in the same cells (23). However, the ability of both viruses to
productively infect the same neuron has not been investigated.

In the present study, we used viruses expressing different fluo-
rescent proteins to ask whether VZV would display SE for itself
and for HSV1 and whether both viruses could productively infect
the same cell simultaneously. Our experiments revealed that
VZV-infected cells excluded additional virion infection by both
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VZV and HSV1. In addition, we showed that both viruses could
replicate in the same neuron. Finally, we made the striking obser-
vation that fibroblasts displayed a much stronger SE phenomenon
than neurons. These results are consistent with the possibility of
individual neurons harboring both latent HSV and VZV and the
coexistence of multiple VZV strains (wild type or vaccine) in the
same neurons.

MATERIALS AND METHODS
Cells and viruses. H9 (WA09; U.S. National Stem Cell Bank) human
embryonic stem cells were maintained on feeder layers of mitotically in-
activated human foreskin fibroblasts (HFF) in NutriStem medium (Bio-
logical Industries, Israel) with medium replacement every other day. The
cells were passaged weekly at the ratio of approximately 1:30. Neonatal
HFF, PA6, ARPE19 (human retinal pigment epithelium), and Vero (Af-
rican green monkey kidney epithelium) cells were maintained in Dul-
becco modified Eagle medium (DMEM) containing 10% fetal calf serum
(FCS), 2 mM glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin.

pOka-based VZV expressing green fluorescent protein (GFP) as a fu-
sion protein to open reading frame 66 (ORF66) was described elsewhere
(24, 25). We also exploited a new VZV, VZV-66mRFP, that was generated
using the Scarless recombination system of Tischer et al. (26) with the
VZV pOka bacterial artificial chromosome (BAC). Briefly, the plasmid
mRFP-kan-in (a gift from Nikolaus Osterreider, Cornell University,
Ithaca, NY) was PCR amplified using primers with 40-bp overhangs ho-
mologous to the preceding sequence and immediately following the
ORF66-initiating ATG. The oligonucleotides were designed to place the
monomeric red fluorescent protein (mRFP) gene in frame with the me-
thionine of codon 1 of ORF66. Primer sequences are available on request.
The PCR fragment was gel purified and transfected into Escherichia coli
GS1783 (a gift of Gregory Smith, Northwestern University, Chicago, IL)
harboring the VZV pOka BAC, and recombination induced by heating to
42°C for 15 min. BACs harboring the fragment were selected based on
gain of kanamycin resistance. A second round of recombination was in-
duced in conjunction with ISceI induction by growth on arabinose to
remove the kanamycin resistance cassette. Virus resulting from MeWo
cells transfected with the sequence-verified BAC expressed the mRed sig-
nal fused to the N-terminal residue of ORF66. All viruses were maintained
in ARPE19 cells, as described previously (25). HSV1 expressing GFP un-
der the promoter of the late glycoprotein C gene was described elsewhere
(27). HSV1 expressing mCherry fused to VP26 was a kind gift of Prashant
Desai (Johns Hopkins University, Baltimore, MD). HSV1 was propagated
and titrated in Vero cells.

Infectious focus assays and multiplicity of infection (MOI) calcula-
tions. For VZV, titration was carried as detailed previously (28). Briefly,
10-fold dilutions of the virus were inoculated onto triplicate 90% conflu-
ent ARPE19 monolayers in a 24-well plate and fluorescent foci were
counted 5 days postinfection. HSV1 was titrated on Vero monolayers
overlaid with 0.3% agar in medium to prevent secondary plaque forma-
tion. Fluorescent foci were counted 3 days postinfection, and the titers
were verified after visualizing plaques with 0.1% crystal violet.

For the experiments described here, 2.5 � 104 HFF were seeded in each
well of a 24-well plate. For neurons, the exact number of the cells in each
well was variable but was estimated to be between 2,000 and 20,000 cells;
this variation is due to the difference in both the size of the spheres them-
selves and the exact numbers of the spheres seeded in each well. The
resulting MOIs for VZV were approximately 0.1 for fibroblasts and 0.1 to
1 for neurons. For HSV1, the MOI for fibroblasts was 1, while for neurons,
it was estimated to have been 1 to 10. In experiments using both viruses,
the MOI of HSV1 was adjusted to match that of the VZV.

Neuronal differentiation from hESC. Neurons were differentiated
from human embryonic stem cells (hESC) as described previously, where
it was shown that that �90% of the cells in the cultures stained positive for
the intermediate neurofilament proteins (28).

Generation of cell-free VZV for infections. Cell-free VZV was gener-
ated as detailed previously (28). Briefly, ARPE19 cells were infected with
VZV in a cell-associated manner and harvested upon the development of
an extensive cytopathic effect. Cells washed in phosphate-buffered saline
(PBS) were then freeze-thawed and sonicated. Following low-speed cen-
trifugation to remove cellular debris, the supernatant (cell-free virus) and
the pellet (cell debris) were aliquoted in PSGC (PBS-sucrose-glutamate-
serum) buffer and stored in liquid nitrogen. The virus titer of the debris in
the pellet was about 1 order of magnitude higher than the titer of the free
virus in the supernatant (up to 106 versus 105 PFU/ml, respectively).
Therefore, the debris fraction was used throughout this study. The pellets
did not contain any live or intact cells, as tested by microscopy and by
plating the debris and examining the culture for live, dividing cells.

Viral infections. VZV sonicates were thawed, diluted 1:1 in DMEM-
F12 medium (to decrease the toxic effect of serum on neurons), and al-
lowed to adsorb to cultured cells at 37°C in a volume of 150 �l/well of a
24-well-plate. After 2 h, the inoculum was replaced with growth medium.
Infection, as detected by fluorescence, was observed after 2 or 3 days.
Infection by conventionally prepared cell-free HSV1 was performed as
described above for VZV, and fluorescence was observed within 24 h.

Each pair of viruses was assayed for both coinfection (the application
of the two viruses simultaneously) and superinfection (sequential appli-
cation of the two viruses), using duplicate or triplicate wells. As a positive
control, the infectiveness of each individual viral preparation by itself was
assessed in parallel in every experiment. Only those experiments in which
the single infection was evident within 2 days were analyzed. In superin-
fection experiments, the times between applications of viruses were 8 h
after HSV1 introduction and 1 day after VZV introduction. Cells were
checked for viability by morphology under phase-contrast microscopy
before superinfections were performed. In one experiment, we verified
that HSV1-infected fibroblasts were still viable when superinfected by
vital propidium iodide staining. No nuclei were stained, indicating intact
plasma membranes of the cells (not shown).

For experiments using inactivated VZV, virus was placed under a UV
lamp for 10 min. The effectiveness of the inactivation was complete, as
demonstrated by the lack of mRFP expression by cells treated with the
inactivated virus at 5 days postinfection, while cells treated with the orig-
inal stock displayed widespread fluorescence within the same period after
exposure to the virus.

Data analysis. In all superinfection experiments, the red-fluorescent
virus was applied first. At set times after application (see Results), digital
micrographs of living cultures were made using the appropriate filter sets
on an Olympus IX70 inverted microscope with a 20� objective. Three to
10 fields from each well were imaged using both filter sets. For fibroblasts,
random cell-containing fields were imaged. In neuronal cultures, the
fields covered most of the cells on the coverslips, since most of the cells
were initially plated as clumps.

The threshold was set manually for each set of images. A dilation
morphological filter was then applied, and the pairs of resulting binary
images were merged into the R and G channels of RGB images using the
ImageJ-based image analysis program Fiji (29). The RG2B colocalization
plugin (http://rsbweb.nih.gov/ij/plugins/rg2bcolocalization.html) was
then used to determine which pixels contained both red and green fluo-
rescence individually in both channels. At the magnification used in the
analysis, a typical fibroblast contained about 40 by 50 pixels if round and
40 by 100 pixels if still elongated. At the same magnification, the typical
dimensions of neuronal cell bodies were about 20 by 20 pixels.

The fraction of the area (pixels of each color/total pixels) of the image
for each color channel and for dual fluorescence were then determined.
The sum of the area fractions was defined to be 100%, and the area frac-
tions are given as percentages of the total fluorescence. The proportions of
the differently infected (and colored) cells are depicted in all figures by the
height of the column colored according to the fluorescent labeling of
the viruses, with yellow depicting dual fluorescence. An illustration of the
counting and analysis procedure is shown in Fig. 1.
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In order to validate this analysis procedure, red, green, and dually
fluorescent cells were both counted visually and analyzed by computer-
ized image processing in approximately 40 micrographic fields. The ex-
periment analyzed was superinfection of HSV1 VP26-mCherry-infected
cells (either fibroblasts or neurons, 20 micrographs each) with HSV1 gC-
GFP. For both fibroblasts and neurons, analysis with both procedures
resulted in similar results: the same percentage of dually fluorescent (yel-
low) cells and percentages of colocalized red and green pixels were ob-
tained (Fig. 2). When individual colors were measured, the percentages of
cells and the percentages of fluorescence were slightly less in agreement
than in the dual-labeling experiments, but all the values fell within 10% of
each other. Since visual counting of fluorescent cells is subject to some
variability due to individual judgment and we were looking for semiquan-
titative phenomena rather than absolute values, we believe that our auto-
mated and potentially less biased measurement procedure provides a
valid estimate for the levels of infection for fluorescent protein-tagged
viruses.

RESULTS
Coinfection of and superinfection exclusion by human fibro-
blasts and neurons exposed to two differently labeled HSV1 vi-
ruses. We first examined HSV1 infection of human foreskin fibro-
blasts (HFF), as both HSV1 and VZV primary infections involve
infection of cutaneous fibroblasts. Preliminary experiments
showed that the percentage of fluorescent pixels was a valid sur-
rogate for the number of cells infected (Fig. 2), so we use the term
“infection” to describe the proportion of pixels in micrographs
displaying fluorescence.

Two recombinant HSV1 viruses, labeled with mCherry (red)
or green fluorescent protein (GFP; green), were applied either

simultaneously (coinfection) or sequentially (superinfection) at
the same MOI (Fig. 3). When both viruses were added simultane-
ously (Fig. 3, left) similar amounts of infection of the fibroblasts by
each virus were observed. A significant population of fibroblasts

FIG 1 Experimental procedures and analysis. (A) A graphic representation of the infection methods used in this study. Neonatal human foreskin fibroblasts or human
embryonic stem cell-derived neurons were infected with cell-free preparations of red and green fluorescently labeled VZV or HSV1. Second infections were carried out
either at the same time (coinfection) or after a time interval (superinfection). (B) An illustrated flowchart of the computerized method of analysis. After extensive
infection was present, as determined by fluorescence, digital images of both red and green channels were made. Thresholds were set manually for fluorescent color, and
the fractions of the field displaying each color and overlapping fluorescence were determined. The total amount of fluorescent pixels above the threshold was defined as
100%, and the proportions of pixels of each color are depicted in the histogram labeled “% Fluorescence.”

FIG 2 Automated analysis of fluorescence correlates with manual counting of
infected cells. Approximately 40 micrographs of fibroblasts and neurons in-
fected with red-fluorescent HSV1 and superinfected with green-fluorescent
HSV1 were made with a 20� objective. The numbers of red, green, and yellow
(dually fluorescent) fluorescent cells were counted (manual), and the percent-
age of the fields with fluorescence of each color was analyzed by the automated
analysis procedure described in the text (auto). For both fibroblasts and neu-
rons, very similar amounts of dual infection (yellow) were detected by both
measurement methods. When the counts of singly infected cells and percent
fluorescence of the individual channels were compared, the agreement was less
good, but the values fell within �10% of each other. The values shown are the
means � standard errors of the means (SEM).
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(13%) displayed dual fluorescence, indicating simultaneous pro-
ductive infection when coinfected with the two HSV1 viruses. In
contrast, fibroblasts infected with HSV1 VP26-mCherry very ef-
fectively excluded HSV1 gC-GFP infection when the red-fluores-
cent virus was applied 8 h earlier, as indicated by the much higher
proportion of red-fluorescent virus infection (96% red and 3.5%
green). In this superinfection experiment, virtually no dually flu-
orescent cells were observed.

After demonstrating that fluorescently labeled HSV1 recapitu-
lated the well described SE phenomenon for this virus when using
our computerized analysis in HFF, we then repeated these exper-
iments using neurons generated from human embryonic stem
cells. When both HSV1 viruses were applied simultaneously,

many neurons were observed to be singly infected. Strikingly,
however, the percentage of double infection among neurons was
more than double that observed when fibroblasts were coinfected.
With sequential application of two HSV1 viruses, although there
was clear SE, we observed that a small but significant percentage of
the neurons were dually infected. The higher percentages of dually
infected neurons in both the co- and superinfection experiments
suggests that neurons are less efficient than fibroblasts at inducing
SE for HSV.

Coinfection of and superinfection exclusion by human fi-
broblasts and neurons exposed to two differently labeled VZV
viruses. The ability of VZV-infected cells to exclude VZV (or
HSV) has not yet been reported. In experiments studying SE for
HSV1, relatively high MOIs of infecting virus are used in order to
ensure that all cells are infected with the first virus. It is well known
that obtaining high-titer cell-free VZV is not readily achievable
from tissue cultures in research laboratories (30). Indeed, most
experiments studying VZV in vitro are performed using cell-asso-
ciated infection. We have recently described a method for gener-
ating relatively high titers of cell-free VZV (28). Using the cellular
debris fraction, which had the higher cell-free viral titer, of
ARPE19 cells infected with VZV expressing red (VZV-66mRFP)
or green fluorescent (VZV-66GFP) reporters, we were not able to
achieve the desired MOI of more than 1. However, as described
below, the titer achieved was sufficient to give qualitative answers
to whether VZV-infected cells display SE.

When both GFP- and mRFP-labeled VZV viruses were incu-
bated simultaneously with fibroblasts, the percentage of cells in-
fected by each virus was similar (Fig. 4A). However, when the
VZV-66mRFP was applied �24 h before the VZV-66GFP, the
GFP-labeled virus was efficiently excluded by the mRFP-labeled
virus, as shown by the lower proportion of GFP fluorescence than
was seen in the simultaneous infection experiments. The exclu-
sion of the second virus applied in fibroblasts was not as effective
as that observed for HSV1, probably due to the much lower MOI
used in the VZV experiments.

After determining that VZV displayed SE in fibroblasts, we
performed parallel experiments using neurons. As was observed
for HSV1, more dually infected neurons than fibroblasts were seen
following exposure to the two viruses in both simultaneous and

FIG 3 HSV1 infection of fibroblasts and neurons excludes subsequent HSV1
infection. (A) Representative micrographs of coinfection (Co) and superinfec-
tion (Sup) by fluorescent HSV1 strains after thresholds were set. (B) Graphic
representation of the mean percentage of the field displaying fluorescence of
each color, with yellow depicting colocalization of both colors. The values
shown are the means � standard errors of the means (SEM) of 4 independent
experiments. Red-fluorescent-HSV1-infected fibroblasts and neurons were
able to exclude green-fluorescent HSV1 when superinfected. The amount of
double infection (yellow) was higher for neurons than for fibroblasts.

FIG 4 VZV infection of fibroblasts and neurons excludes subsequent VZV infection. (A) Graphic representation of the mean percentage of fields displaying
fluorescence of each color, with yellow depicting colocalization of both colors. The values shown are the means � SEM of 3 experiments. Red-fluorescent VZV
excluded green-fluorescent VZV superinfection in both fibroblasts and neurons. The percentage of double-infected cells (yellow) was higher for neurons than for
fibroblasts, as was observed for HSV1. VZV SE is less effective than that of HSV1, probably due to the lower MOI used in VZV infections (see the text). (B) In order
to ensure there was no bias present due to higher infectivity or visibility of one of the two recombinant viruses used, a superinfection experiment of VZV on
fibroblasts was carried out twice, using both possible sequences of viral application (red then green and green then red). Similar percentages of the cells were
infected in both experiments, and the SE effect was clearly present regardless of the order of application of the viruses.
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sequential infections. While there was exclusion of infection by a
second VZV in neurons, the SE was less effective than that seen in
fibroblasts.

In order to ensure that the results obtained were not dependent
on different replication kinetics or attenuation of one of the re-
combinant viruses, we performed the sequential infection exper-
iment in the reverse order, i.e., by exposing the fibroblasts to the
GFP-labeled virus first. A similar percentage of the cells were in-
fected by the virus that was introduced first, regardless of the label
(Fig. 4B).

The observed exclusion of the virus introduced second could
have been due to an effect on the infected cells by the VZV intro-
duced first, causing, for example, virion host shutoff, which is well
documented in HSV1 and has also been described for VZV (31,
32). In order to evaluate this possibility, HFF were treated with
nonreplicating, UV-inactivated virus. Pretreatment of the cells
with UV-inactivated VZV-66mRFP was able to reduce the infec-
tion by green virus by 85% compared to the results for parallel
cultures of uninfected cells (Fig. 5). In contrast, pretreatment of
the cells with debris derived from uninfected cells (mock) did not
have an effect on subsequent VZV infection compared to the re-
sults for uninfected cells. Therefore, the reduction of infection by
the virus introduced second is dependent upon the first viral in-
fection.

VZV- and HSV1-infected fibroblasts show mutual exclusion
in superinfection experiments. SE is often defined as the ability of
identical or closely related viruses to exclude infection by one an-
other: for example, HSV-1 glycoprotein D expression can exclude
HSV1, pseudorabies virus (PrV), or bovine herpesvirus (BHV)
(33). To determine whether VZV and HSV1 would each exclude
infection by the other, HFF were exposed to VZV-66mRFP and
HSV1 gC-GFP together (coinfection) or to the VZV before apply-
ing the HSV1 24 h later (superinfection), using approximately the
same MOIs.

When the two viruses were applied simultaneously to HFF,
many more cells were infected by HSV1 than by VZV (Fig. 6), due
to the low level of infection achievable with cell-free VZV. Very

few cells were dually infected under these experimental condi-
tions. Sequential application of the viruses revealed that VZV-
infected fibroblasts were able to successfully exclude subsequent
infection by HSV1, as shown by the lower percentage of GFP flu-
orescence from HSV1 present in cultures previously infected with
VZV. Performing a similar set of experiments with neurons re-
vealed that neurons infected by VZV were able to prevent subse-
quent infection by HSV1. The SE between the viruses was less
effective in neurons than in fibroblasts, with 7% of coinfected and
11% of sequentially infected neurons displaying both red and
green fluorescence. These results are consistent with the results
described above for HSV1-HSV1 and VZV-VZV SE and suggest
that neurons can be productively coinfected, as well as superin-
fected, with two different alphaherpesviruses. This possibility was
examined in greater detail as described below.

FIG 5 UV-inactivated VZV excludes infective VZV. (A) A schematic representation of the experimental protocol. Either live (red) or UV-treated (red outlines)
VZV-66mRFP was allowed to adsorb to fibroblasts; infective VZV-66GFP was then added to the cells after 24 h (green). As a control, the same virus and
concentration were used to infect either naive fibroblasts (gray) or fibroblasts inoculated with uninfected ARPE19 debris (black outlines). (B) Fold change of HFF
infection by VZV-66GFP after pretreatment with UV-inactivated or infective VZV. Micrographs were captured 5 days after the infection with VZV-66GFP, and
automatic analysis was carried out. The amount of VZV-66GFP infection of naive, uninfected cells was taken as 100%. The addition of UV-inactivated
RFP-labeled virus prevented �85% of the infection when VZV-66GFP was applied after 24 h. The values shown are the means � SEM of 2 independent
experiments.

FIG 6 VZV infection of fibroblasts and neurons prevents subsequent HSV1
infection. Graphic representation of the mean percentage of the field display-
ing fluorescence of each color, with yellow depicting colocalization of both
colors. When cell-free VZV-infected (red) human fibroblasts and neurons
were superinfected with HSV1 (green), HSV1 infection was less extensive than
when the viruses were coinfected. The percentage of double-infected cells was
significantly higher for superinfected neurons than for fibroblasts (P � 0.01).
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VZV and HSV1 can productively infect the same neuron. It is
well known that trigeminal ganglions from human cadavers har-
bor both HSV1 and VZV genomes (21). It has even been reported
that transcripts of both viruses can be localized to the same neuron
by in situ hybridization (23). The last experiment described above
indicated that exposure of human neurons to recombinant VZV
and HSV1 resulted in dually fluorescent neurons, indicating si-
multaneous productive infection with both viruses. To further
demonstrate the possibility of HSV1 and VZV coinfection of neu-
rons, we stained the HSV1- and VZV-infected cultures (both
coinfected and superinfected) for the heavy subunit of the neuro-
filament protein (Fig. 7). Cells displaying red and green fluores-
cence were also immunopositive for neurofilament, establishing
that active synthesis of proteins from both viruses can occur to-
gether in neurons. These results demonstrate that human neurons
can be simultaneously infected by both alphaherpesviruses in a
productive manner.

DISCUSSION

This study addresses for the first time the phenomenon of VZV SE.
As has been shown and studied for more rapidly replicating alpha-
herpesviruses, as well as viruses of various families that infect an-
imal and plants, infection of cells such as fibroblasts by VZV es-
tablishes a state that prevents the subsequent infection of the same
cell by additional VZV. We also addressed SE for VZV and the
related human alphaherpesvirus, HSV1, since it was feasible that
both could establish infections of the same cells in vivo, and found
that VZV infection effectively prevented infection of fibroblasts by
HSV1. The SE caused by VZV infection was not absolute, in all
likelihood due to the difficulty of obtaining efficient infections
with cell-free VZV, but by comparison of sequential to simultane-
ous infection events, the SE phenomenon was clearly demon-
strated.

It is known that HSV1 self-mediated SE is gD dependent (11–
13, 34, 35). Other nonhuman viruses of the same family were also
shown to exclude each other by a similar mechanism (2, 17, 33,
36). However, VZV and the related simian varicella virus (SVV)
are the only known alphaherpesviruses that do not encode any

obvious gD ortholog, and therefore, they must use different gly-
coproteins to mediate infection and SE. Studies have suggested
that VZV gE in conjunction with gI may mediate both the initial
receptor binding and cell-to-cell infections (37, 38). gE/gI form a
heterodimeric complex, and gE is the most abundantly expressed
VZV glycoprotein, with expression occurring rapidly after the ini-
tiation of infection (39); therefore, these proteins are candidates
for participating in VZV SE. It is also possible that prevention of
infection with a second virus is mediated through nonspecific in-
teractions with glycosylated heparan sulfate residues on the cells,
as described for HSV1 and PrV (40, 41). Indeed, a recent tran-
scriptome study in our laboratory showed that the core protein
heparan sulfate proteoglycan 2 (HSPG2) (42) is downregulated
during VZV infection in human fibroblasts but not in hESC-de-
rived neurons (A. Markus, H. Waldman BenAsher, P. R. Kinch-
ington, and R. S. Goldstein, submitted for publication). The
downregulation of this general alphaherpesvirus receptor may
partially account for the exclusion of both VZV and HSV1 by VZV
being more efficient in fibroblasts than in neurons. Another pos-
sible mechanism might be via receptor occupancy, which would
physically interfere with virion binding to the cells. This mecha-
nism has been reported for HSV1 and other alphaherpesviruses
(11, 13, 14). A third possibility is that VZV may employ an entirely
different SE mechanism, such as that recently detailed for vaccinia
virus in which the early expression of surface glycoproteins in
newly infected cells signals the spread of virus by promoting actin
tail projections (43).

The SE we observed could also have been a consequence of
the alterations in the environment of the infected cell, such as
the virion host shutoff response. This response is characterized
by degradation of mRNA mediated via interaction with the
cellular translation initiation machinery (44, 45). The virion
host shutoff response of VZV is delayed compared to that of
HSV1, and VZV ORF63 was found to mediate part of the host
shutoff response, in addition to the activity of the ORF41 virion
host shutoff protein (32). However, our results with UV-inac-
tivated virus indicate that even VZV that is unable to make viral

FIG 7 VZV and HSV1 can productively infect the same neuron. hESC-derived neurons were infected with red-fluorescent VZV and superinfected with
green-fluorescent HSV1 after 1 day. Three days after infection with VZV, the culture was immunostained for a neuron-specific marker (neurofilament-H, blue).
(E) Some neurons were productively infected with both viruses (yellow arrows), while others in the field were singly infected by either VZV or HSV1 (red and
green arrows, respectively). (F) HSV1 and VZV fluorescence overlaid with a Nomarski optics image. NF, neurofilaments. Scale bar � 20 �m.
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proteins or replicate is still able to exclude live, infectious virus
applied subsequently, at levels similar to those observed with
live virus. The SE takes place only when the cells are pretreated
with virus, as mock treatment with debris made from unin-
fected ARPE19 followed by live VZV results in the same level of
infection as obtained in naive, untreated cells. Therefore, some
virus-dependent mechanism, such as receptor occupancy, is
likely to be responsible for the SE observed, rather than a host
shutdown response.

SE was observed for both VZV and HSV1 in human neurons
derived from hESC, and while each virus was able to exclude both
itself and the other virus, co- and superinfection were observed to
occur. Importantly, human neurons infected with one of these
viruses were significantly less effective than fibroblasts at prevent-
ing superinfection by another alphaherpesvirus. The conse-
quences of VZV infection of neurons and nonneuronal cells, in-
cluding apoptosis and the ability to support latent infection, are
known to differ (46, 47). The difference in SE between fibroblasts
and neurons could be due to different mechanisms used by the
two cell types, differences in innate immunity-related responses,
or the expression of genes involved in apoptosis. Less efficient SE
in neurons than in other cell types has been described for vectors
derived from the Semliki Forest virus (10). The demonstration of
coinfection of neurons with HSV1 and VZV, leading to apparent
productive infections in the same neuron, establishes the potential
for a single neuron to harbor both viruses at low frequencies in
vivo, as previously suggested (23).

An important clinical aspect of the neuronal superinfection we
describe here regards the potential for genetic recombination be-
tween VZV strains. There is evidence that infection by different
VZV strains in individual neurons may occur in vivo in natural
infections, since signs of genomic recombination between differ-
ent clades of VZV have been described (48, 49). It is possible that
multiple wild-type infections with VZV may occur throughout
life, resulting in subclinical boosting of cellular immunity, with
disease only occurring with the primary infection. It is unlikely
that recombination events would occur in fibroblasts or other
nonneuronal cells due to the fact that they undergo lytic cell death
as a result of infection. Our demonstration of simultaneous pro-
ductive infection by two VZV strains in one neuron is consistent
with the possibility that that the site of viral recombination is in
neurons of infected ganglia.

The varicella vaccine is routinely administered to children in a
number of countries, including the United States, Canada, Ger-
many, Greece, and Israel (50, 51). Studies examining the interac-
tion between the wild-type and vaccine strains have been pub-
lished (52–54), but there is not yet extensive information about
the incidence of coinfection with both strains in the same person.
The in vitro model used in the present study could be used as a tool
with which to investigate recombination between wild-type and
vaccine strains of VZV.

Our study only evaluated productive infections of neurons
with VZV (and HSV-1). An important and clinically relevant issue
is whether SE occurs within neurons that were infected at a prior
time and now harbor the virus in a latent state. Another related
question is whether VZV or HSV1 latently infected neurons can be
“reactivated” by superinfection with one of the viruses. These
questions are now being tested with the hESC-derived neuron
model.
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