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Abstract
Because of its very low titer, varicella-zoster virus (VZV) infectivity is usually transferred by passage
of trypsin dispersed infected cells. Previously, we observed that gC biosynthesis was markedly
delayed in monolayers inoculated with cell free virus. In this report, we investigated the kinetics of
gC expression in more detail and included studies of monolayers inoculated with trypsin dispersed
infected cells, the more traditional method of VZV infection. Extensive imaging analyses disclosed
that gC was detectable in some inoculum cells, but little gC biosynthesis occurred during the first 48
hpi in the newly infected underlying monolayer. In contrast, during the first 24–48 hpi, expression
of VZV gE and gB was easily detectable. Using real-time RT-PCR, we found a delay in accumulation
of VZV gC transcripts that paralleled the delay in expression of VZV gC protein. Treatment with
hexamethylene bisacetamide (HMBA) increased expression of both gC protein and gC mRNA.
HMBA treatment also increased virus titer by 4-fold, but paradoxically reduced plaque size in the
titration assay. Finally, we examined skin vesicles from cases of chickenpox and zoster in humans
and observed abundant amounts of gC expression. In short, this report documents an unexpected
delay in both gC mRNA and protein production under all conditions of VZV infection of cultured
cells.

Introduction
VZV is a very cell associated virus when propagated in cell culture. In addition, the infectivity
titers are extremely low, usually less than 100,000 plaque forming units per 25 sq. cm.
monolayer. Furthermore, the majority of viral particles produced in cell culture have an
aberrant appearance because they are envelopes without capsids (Carpenter et al., 2008).
Explanations for the above observations are a subject of continuing research. To this end, we
have been investigating the biosynthesis and maturation of several VZV structural
glycoproteins found in the envelope of the virion, including gE, gI, gB, and gH. These
glycoproteins are synthesized and traffic through the trans-Golgi network en route to the outer
plasma membrane within the expected 18–24 hour replication cycle of an alphaherpesvirus
(Grose, 2006). In sharp contrast, when we recently examined the biosynthesis of VZV gC in
infected cells after inoculation with cell free virus, we discovered that the glycoprotein was
difficult to detect in the first 48 hpi (Storlie et al., 2006).
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There have been clues that gC production is erratic in the VZV cell culture system. In early
studies with different VZV strains, the observation was made that a low passage laboratory
strain produced abundant amounts of gC, while the attenuated VZV Oka vaccine strain
apparently produced only limited quantities of VZV gC (Kinchington et al., 1990a;
Kinchington et al., 1990b). Earlier reports also suggested that VZV subcultured repeatedly in
cell culture can spontaneously lose its ability to produce gC. However, sequencing
subsequently demonstrated that some of these strains retained an intact gC gene and interest
waned. Nevertheless, our interest was rekindled when we were able to document a markedly
delayed gC biosynthesis in several VZV cell culture systems, using better antibody detection
reagents and imaging technology than was available over 15 years ago, when the earlier studies
were performed(Storlie et al., 2006). In this study, we expand our earlier studies to include
more detailed analyses of gC expression and localization after inoculation of monolayers with
trypsin dispersed infected cells under conditions used by VZV investigators in the past decades
(Gershon, Cosio, and Brunell, 1973; Grose, 1980). Further, we correlate the temporal
appearance of gC transcripts with gC gene products. Finally, we confirm that the gC protein
is actually produced in abundance during VZV infection in skin vesicles, a major site of
complete infectious virion formation in infected humans with varicella and zoster.

There is a secondary importance to this study. Because of the abundance of early and definitive
HSV replication studies (Honess and Roizman, 1974; Stingley et al., 2000), VZV investigators
have largely assumed that this related VZV alpha herpesvirus would closely follow the same
triphasic replication pattern, including a coordinated passage through immediate early (IE),
early and late phases within an 18–24 hour period(Grose and Ng, 1992). As we will show
below, the delayed VZV gC biosynthesis in cell culture indicates the opposite, namely, that
one component of VZV replication in cultured cells deviates from the HSV model in a manner
that was not predictable based on previously published data.

Results
Observation of delayed VZV gC expression in landscape views

In our previous paper (Storlie et al., 2006), we examined monolayers for the appearance of
specific VZV glycoproteins, usually after inoculation with cell free virus prepared by
sonication of infected cells. Three major VZV glycoproteins gE, gI and gH were detected in
the first 24 hpi but gC was not detected. This result was unexpected based on the long held
assumption that the replication cycle of VZV, an alpha herpesvirus, would mirror that of the
prototypic HSV-1 alpha herpesvirus. In our current investigation, we selected an inoculum of
trypsin-dispersed infected cells from a monolayer with advanced CPE. This technique is by
far the most common method for transfer of infectivity in all published VZV papers over the
past 40 years. Our initial goal was to demonstrate that limited expression and localization of
gC were not simply due to artifactual selection criteria. To this end, we prepared monolayers
on circular coverslips that were 12 mm in diameter. Then we inoculated the monolayers with
infected cells and collected photographs after immunostaining for gE and gC. An example of
an infected monolayer is shown in Fig. 1. We obtained 96 side-by-side images and then
assembled them in a single figure. The actual size of the figure is 4 × 6 mm, or approximately
20% of the area of the entire coverslip. The monolayer was not permeabilized, so only surface
glycoproteins were detected by the fluoroprobes. As was clearly apparent, gE expression was
abundant while gC expression was limited. Thus, we confirmed that our gC observations were
not based on biased selection criteria during microscopy.

Comparison of VZV gB expression with that of gC
In all previous studies using either cell free virus or infected cells as inocula, we had compared
the expression of three major glycoproteins gE, gI and gH with that of gC. But we had never
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investigated the temporal expression of another major VZV glycoprotein, namely gB
(Heineman and Hall, 2002; Montalvo and Grose, 1987). To extend our investigations, we
prepared replicate monolayers and inoculated them with infected cells. The non-permeabilized
monolayers were immunostained at 24, 48, 72 and 96 hpi with antibodies against gB and gC
(Fig. 2). The surface expression of gB closely followed that of gE, gI and gH, namely, gB
expression was detectable at 24–48 hpi while that for gC was delayed further, as expected.

Detection of gC on a minority of inoculum cells
As we carried out the above experiments, we repeatedly observed a small number of cells that
stained intensely for gC at early times after infection, i.e., within the first 24 hpi. Similar gC-
positive cells had never been observed in our earlier experiments, where we imaged monolayers
at multiple timepoints after inoculation with sonicated preparations of cell free virus. Thus, we
postulated that these gC-positive cells were inoculum cells. For our next VZV cell-associated
passage experiments, an infected monolayer was trypsin-dispersed, then the cells were
resuspended in medium and aliquoted onto newly passaged monolayers. Low magnification
imaging of VZV infected monolayers at 4 hpi disclosed that most inoculum cells were gE-
positive but not gC-positive. However, about 1 out of 6–7 inoculum cells stained positively
for both gE and gC (Fig. 3). Control experiments also were performed to assure that the VZV-
specific antibody reagents did not adhere to uninfected monolayers.

When imaging was performed at 24 and 48 hpi, we confirmed that strongly positive gC signals
were found on a subset of infected inoculum cells (Fig. 4 & 5). The localization of
immunostained cells was carefully defined after obtaining multiple Z-stacks of images. When
the Z-stacks were examined in either the X or the Y axis, the gC positive cells were consistently
observed at the surface of the monolayer. Occasionally at 48 hpi, projections were observed
from the gC positive cells across the monolayer (Fig. 5). When infected monolayers were
imaged at 48 hpi, we also noted that syncytia were forming beneath the gC-positive inoculum
cells but the syncytia contained no gC-positive proteins. In other words, gC continued to lag
behind that of gE.

Further evidence about localization of gC-containing inoculum cells
In order to document with greater certainty that the gC-containing cells were indeed the
inoculum cells, we carried out an additional series of imaging experiments with phase contrast
microscopy and differential interference contrast (DIC). Phase contrast microscopy enhances
the contrast of phased objects in the sample being imaged, in other words, a phased object
shifts the phase of light as the light passes through it. An infected inoculum cell is more optically
dense than a normally transparent uninfected cell. Likewise, DIC microscopy enhances the
contrast of optically dense material in a transparent and unstained sample by presenting an
image of the interference between two beams of polarized light that have taken slightly different
paths through the sample (because of prisms in the microscope). As shown in Fig. 6, newly
transferred inoculum cells were often rolled into optically dense spheres resting on the surface
of an optically less dense monolayer. These dense inoculum cells on the cell surface were
immunostained simultaneously with both anti-gC MAb and anti-gC polyclonal antibodies
(panels B and C).

Passaging of inoculum cells directly onto glass coverslips
In all prior experiments about gC production by inoculum cells, we passaged the trypsin
dispersed cells onto an uninfected monolayer. In order to observe the pattern of gC biosynthesis
in the absence of an underlying monolayer, we passaged trypsin dispersed inoculum cells
directly onto glass coverslips. The cells were taken from an infected monolayer with 75% CPE
at 72 hpi. The cultured cells were immunostained with anti-gC and anti-gE antibodies (Fig 7).
At 24 hr after subculturing, gC was detectable in a few inoculum cells while gE was found in
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most cells, in a pattern similar to that seen in Fig. 3 above. At 48 hr after subculturing, gC was
seen in a majority of the inoculum cells. Thus, gC biosynthesis in an infected cell was
accelerated by the process of trypsin dispersion and adherence to a glass surface.

Treatment of infected cells with HMBA
We have previously demonstrated that VZV gC production is accelerated by hexamethylene
bisacetamide (HMBA) treatment of monolayers after inoculation with cell free virus (Storlie
et al., 2006). HMBA is also known to increase the titer of other herpesviruses under certain
conditions, e.g., herpes simplex virus-1 and Marek’s Disease Virus (Denesvre et al., 2007;
Yang et al., 2002). To further define the conditions whereby VZV replication is affected by
HMBA treatment, we added HMBA to the medium overlying monolayers inoculated with
infected cells. The results demonstrated that HMBA treatment promoted an earlier expression
of VZV gC, which was detected approximately 24 hr before its appearance in untreated infected
cells (data not shown). In other words, the imaging results were very similar to those previously
described after treatment of infected monolayers inoculated with cell free virus, namely,
appearance of gC was accelerated (Storlie et al., 2006).

Analysis of gC transcripts in newly infected cells
Earlier researchers who had reported the absence of gC protein from certain VZV strains had
hypothesized a transcriptional mechanism for this absence (Kinchington et al., 1990a). We
tested whether a delay in gC transcript accumulation could account for the delay in protein
expression. Additionally, we compared levels with and without HMBA treatment. As noted
earlier in this report, most of the gC protein immunolabeling during the first 48 hpi was on the
inoculum cells. These inoculum cells would be older and more differentiated. In order to avoid
the potentially confusing detection of gC transcripts in inoculum cells, we decided to measure
gC transcripts in cells inoculated with cell free virus. We selected real-time RT-PCR to
determine if delayed VZV gC expression resulted from a parallel delay in gC transcript
appearance. We treated cells at 0 hpi and added fresh HMBA every 24 hpi thereafter. Two
independent real-time RT-PCR experiments were carried out; both revealed a remarkable delay
in the appearance of gC transcripts (Fig. 8). HMBA treatment led to increased gC transcript
levels 24 hours earlier than untreated (Fig. 8). Relatively high gC transcript levels were not
found until 96 hpi in the untreated sample. Thus, these mRNA findings corroborated our earlier
imaging results about the delayed appearance of gC protein.

Effect of gC expression on syncytial spread and titer
VZV is renowned for its low titer in infected cells. Based on our results described above, we
postulated that HMBA treatment would increase the titer of virus. To examine this question,
we first infected multiple monolayers with untreated trypsin-dispersed infected cells as
inoculum. One set of monolayers was simultaneously treated with HMBA and another set was
left untreated. After 72 hpi, these monolayers were disrupted and the titers were assayed. These
cultures were photographed prior to harvesting them for titration. Unexpectedly, we observed
that the HMBA treated monolayers generally had noticeably smaller syncytia than those in
untreated infections. The areas within each syncytium were calculated with a NIH software
program called Image J. Examples of syncytial sizes are illustrated in Fig. 9, where syncytia
are outlined in both untreated and treated cells at a 72 hpi time point. In an untreated monolayer,
a small syncytium including tens of cells was 40 × 150 um or 6000 sq um, a medium sized
syncytium was 300 × 500 um or 150,000 sq um, while a large syncytium was 10× larger or
1,500,000 sq um. Paradoxically, although HMBA treatment resulted in a reduction in average
syncytial size, the same treatment led to a four fold increase in titer when compared to untreated
cells (Fig. 10).
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VZV gC protein in human zoster vesicles
Whether or not VZV gC is produced in human zoster vesicles has never been investigated,
because reagents were not available in the past. In a much earlier report, we investigated which
viral proteins were detected in human varicella and zoster vesicles by our first panel of MAb
reagents; these antibodies were produced after immunization of mice with live VZV infected
cultured cells (Weigle and Grose, 1983). But we did not probe with any anti-gC antibody
reagents. Therefore, we retrieved the same skin biopsy samples in order to examine whether
gC protein was expressed in these vesicles. When we immunolabeled human varicella and
zoster vesicles with MAb 233 and a secondary fluorophore, we observed an abundance of gC-
specific staining in all vesicles (Fig. 11). We purposely included serial images through an entire
vesicle because of the necessity to document that we exerted no selection bias when preparing
the figure.

As a positive control experiment, we also immunostained vesicles for the gE glycoprotein and
the IE62 major regulatory protein (Fig. 12). As anticipated, gE was easily detectable and present
in similar amounts to gC within every examined vesicle. We had not previously tested an anti-
IE62 antibody on human vesicles. The IE62 protein was distributed in a less organized pattern
than either gE or gC, although still detectable in every vesicle sample tested. Control samples
incubated with secondary antibodies alone were negative (Fig. 12). Thus, these new
experiments both confirmed and expanded our original investigations of VZV protein
production within a human vesicle, which were carried out 25 years ago with less sophisticated
imaging technology (Weigle and Grose, 1983).

Discussion
Our results document under all conditions of VZV infection an unexpected pattern for delayed
gC expression that is completely different from four other major VZV glycoproteins (gE, gI,
gH and gB), and markedly different from any HSV glycoprotein also. The studies illustrated
in the figures were carried out with VZV-32 strain, a completely sequenced strain. We also
repeated many of the studies herein with the commonly used but non-sequenced VZV-Ellen
strain; the results were very similar (data not shown). In HSV-1 infection, the true late gC gene
product is the last major glycoprotein to be expressed; its mRNA is relatively abundant by 5
hpi and the protein is expressed at high levels within a single HSV replication cycle of about
14 hours (Levine et al., 1990; Swain, Peet, and Galloway, 1985; Zhang et al., 1987).

The extended delay in VZV gC expression in the newly infected monolayer until 48–72 hr
after inoculation may explain some of the anomalous and sometimes conflicting findings about
VZV gC in the literature. For example, the interesting observation that VZV variants producing
little or no gC arise spontaneously after multiple passages in cell culture may be explained by
the results in this report (Kinchington et al., 1990a; Kinchington et al., 1990b). In the latter
situation, if a monolayer were inoculated with cells obtained from an infected monolayer before
maximal gC production, and if this process were repeated multiple times, eventually the newly
infected monolayer would exhibit little or no gC expression (even though the virus contained
an intact gC gene and still could produce gC if given sufficient incubation time). Prior
comparisons between a gC null virus and a gC positive parental virus may need to be re-
investigated under conditions that assure substantial gC production by the gC positive parent
(Cohen and Seidel, 1994). Similarly, prior experiments demonstrating inhibition of VZV entry
by heparin may have been influenced by variable gC expression (Zhu et al., 1995). In general,
we conclude that most prior studies of VZV infection in cultured cells by ourselves and others
over the past decades have been carried out under conditions in which gC production was
markedly delayed. We cannot yet say whether this delay in gC expression is restricted to gC
alone or may signal unanticipated alterations in expression of other gene products in the late
phase of VZV replication.
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Following the identification of a delay in protein expression, we postulated that delayed
transcription may account for the delayed gC expression. To this end, we examined VZV
glycoprotein C at the transcript level. We wished to identify if the extremely low levels we
found at the protein level correlated with extremely low levels of gC RNA and to test the effect
of HMBA on gC transcript levels. Our real time RT-PCR results correlated with our previous
findings at the protein level, supporting the hypothesis that gC expression was delayed in cell
culture. While they do not rule out the possibility that a posttranscriptional block also exists
to gC expression, the RT-PCR data showed that a delay in transcript accumulation alone could
account for the delay in gC protein expression. Our results also explain why some VZV
microarray analyses have detected gC mRNA at relatively early timepoints after infection.
Namely, these VZV studies have used infected cells as the inoculum (Cohrs et al., 2006). Thus,
the investigators have carried over gC mRNA in inoculum cells that will produce small amounts
of gC protein in the first 24 hpi. Another group examined VZV gene expression at a single late
time point after co-cultivation at a 1:1 ratio of infected and uninfected cells (Kennedy et al.,
2005). Their method of infection leads to more rapid progression of cytopathic effect, whereby
their time point at 72 hpi would be equivalent to our time point at 96 hpi (Fig. 8). Since their
cultures were harvested only at maximal cytopathic effect, they did not detect the relative delay
in gC transcription observed by us during the first 24–48 hpi.

The associations between (i) increased gC production and increased cell free virus in vivo and
(ii) increased gC production and decreased syncytial size in vitro are not without precedent.
Genomic analyses have revealed that VZV gC shares high homology with Marek’s disease
virus glycoprotein C. Interestingly, MDV is another alpha herpesvirus that has been termed
highly cell associated. Because MDV also fails to produce cell free virus in cell culture,
infectivity is usually transferred within cells in the same manner as VZV. For years it has been
noticed that MDV gC production tends to decline with repeated passaging in cultured cells and
that strains lacking gC altogether are attenuated (de Boer, Pol, and Oei, 1987). Furthermore,
MDV gC deletion mutants have a more syncytial phenotype in tissue culture (Tischer et al.,
2005). In its natural host, a MDV gC frameshift mutant strain has been shown to have lost its
ability to spread from chicken to chicken. Repair of the MDV gC gene, in conjunction with
two other ORFs: UL13 (VZV ORF47 protein kinase ortholog) and US2, which VZV lacks,
resulted in restoration of horizontal transmission (Jarosinski et al., 2007). Finally, in order to
facilitate production of infectious virus, cytodifferentiating agents such as n-butyrate and
HMBA are frequently added to MDV infected monolayers (Denesvre et al., 2007; Parcells et
al., 2001).

The positive effect of HMBA treatment on VZV titer has at least three possible explanations,
some of which may be overlapping. The first is the model proposed by Yang et al. (2002) in
their studies of HSV-1 lacking VP16, namely, that HMBA treatment enhances the overall
expression of HSV IE and early genes. The second model was suggested by Storlie et al.
(2006), namely, that HMBA treatment induces higher levels of Pbx/Hox transcription factors
and these factors attach to putative binding sites located in the promoter region of VZV gC
(ORF14); the Pbx/Hox binding sites were defined after an extensive bioinformatics search.
Thirdly, HMBA treatment has been shown to slow transition of eukaryotic cells into the DNA
synthesis phase and instead induce changes characteristic of cellular differentiation,
presumably providing a preferred cellular milieu for not only VZV infection but also MDV
infection, as noted in the preceding paragraph (Preston and McFarlane, 1998;Denesvre et al.,
2007). Of note, Pbx/Hox transcription factors are critical for both hair follicle and feather
follicle development (see below).

In its natural host, MDV only assembles complete viral particles in the feather follicle (Baigent
et al., 2007). Infectious VZV particles are abundant in skin vesicles during varicella and zoster
infection. Electron micrographs illustrating the presence of numerous enveloped virions within
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a VZV vesicle have been published(Grose, 1994; Tournier, Cathala, and Bernhard, 1957).
Varicella vesicles are often found in hair follicles(Weigle and Grose, 1983). The varicella
exanthem usually appears first in the hair of the scalp. As suggested by MDV investigators
(Osterrieder et al., 2006), we concur that there appear to be several previously unappreciated
similarities between general properties of MDV and VZV in sites of assembly (feather follicle
and hair follicle), and MDV gC and VZV gC glycoproteins, in particular.

Materials and Methods
Viruses and cells

The genome of VZV-32 strain has been completely sequenced (Peters et al., 2006). VZV-32
strain is maintained at passages less than 20. VZV-Ellen is a frequently used VZV laboratory
strain that has been passaged more than 90 times (Gershon, Cosio, and Brunell, 1973). All
strains were propagated and passaged in human melanoma cells (Mewo) in minimal essential
medium supplemented with 8% fetal bovine serum and Penstrep (Invitrogen) antibiotics.
Infected cell monolayers used for inocula were harvested 3–4 days post infection, when they
showed >70 % cytopathic effect. Trypsin-dispersed infected cells were subcultured at a ratio
of 1 infected cell to 8 uninfected cells (Grose and Brunell, 1978). For preparation of cell free
virus, infected monolayers were dislodged into a sterile plastic tube containing 2 ml medium
lacking bovine serum; the tube was placed in crushed ice and subjected to sonication for 10
sec with a Sonicator Model W-220 outfitted with a steel microprobe, purchased from Heat
Systems-Ultrasonics, Inc. (Grose et al., 1979). After sonication, the tube was centrifuged at
800 rpm for 10 min in a Damon/IEC CRU-5000 centrifuge. Titrations were performed as
described in the same 1979 report.

Treatment of VZV infected monolayers and measurement of syncytia
At the time of infection in some experiments, some monolayers were incubated with medium
containing 2.5 mM hexamethylene bisacetamide (HMBA; Aldrich Chemicals) (Preston and
McFarlane, 1998; Yang et al., 2002). A 100x stock solution was made by dissolving HMBA
into 1 ml dimethyl sulfoxide and 19 ml medium. Measurement of VZV-induced syncytial size
was performed with ImageJ software. Specifically, images of syncytia taken with a digital
camera through the objective of a light microscope at 10X were imported into ImageJ. Selected
syncytia were outlined with the freehold tool in ImageJ, then added to the Region of Interest
Manager for measurement of area. Conversion to sq microns were done in the Set Scale window
of ImageJ, which specifically sets the number of pixels per micron.

Fluorescence microscopy imaging experiments
Antibody probes included the following reagents: murine monoclonal antibody (MAb) against
gC clone 233, rabbit polyclonal monospecific anti-gC antibody R19, murine MAb 158 against
gB, mouse MAb 3B3 against gE, guinea pig polyclonal monospecific anti-gE, and mouse MAb
5C6 against VZV IE62. Most antibodies were produced in this laboratory by published
techniques (Grose, 1990; Grose et al., 1983). The rabbit anti-gC antibody was extensively
adsorbed against uninfected cells to remove any non-specific reactivity. Secondary
fluorophores included goat anti-rabbit 488; goat anti-mouse 546; goat anti-mouse 488, goat
anti-guinea pig 633, from Molecular Probes. Immunofluorescent images were generated using
a Zeiss LSM 510 confocal microscope with an automated Z stage or an Olympus BX-51
immunofluorescence microscope with automated X and Y stages. For the imaging of untreated
and treated cells, cells were fixed in 2% paraformaldehyde and, where applicable,
permeabilized in 0.05% triton-X in PBS following standard protocols (Storlie et al., 2006).
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Real-time reverse-transcription PCR (RT-PCR)
Total RNA was extracted from uninfected and VZV infected melanoma cells at the given time
points using Qiagen RNEasy mini kit. Polyadenylated RNA was converted to cDNA using
OligoDT primers for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) normalized
experiments. Invitrogen SuperScriptTM First-Strand Synthesis System for RT-PCR was used
for first strand synthesis. Real-time PCR was performed using Power SYBR Green PCR Master
Mix available from Applied Biosystems. Primers for amplification of ORF14 (gC) and
GAPDH included the following: ORF14F1 5′-CGG CGG AAT ACA ATC CAT ACC-3′ and
ORF14R1 5′-CCG GTC GTT AGA CGC ATG T-3′ and GAPDHF2 5′-ACA CCC ACT CCT
CCA CCT TTG-3′ and GAPDHR2 5′-CAT ACC AGG AAA TGA GCT TGA CAA-3′. Each
primer set yielded an amplicon of approximately 70 nucleotides. Primers were validated by
comparing the CT of the standard curves of each of the amplification curves generated with
each of the primer pairs listed above, showing them to have equivalent amplification
efficiencies. CT is defined as the fractional PCR cycle number at which the reporter
fluorescence is greater than the threshold. Quadruplicates of the various treated and untreated
samples were amplified with the respective primers to generate amplification curves, which
were processed using SDS 2.4 software (Applied Biosystems). The curves were normalized
with the endogenous control curves, and the resulting CT was compared to the calibrator, in
this case the untreated infected cells using the SDS RQ Manager 1.2 software. Confidence
intervals were automatically calculated using RQ Manager 1.2 set to 95% confidence interval.
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Fig. 1.
Landscape views showing VZV gE and gC expression on the surface of infected cells at 48
hpi. Replicate monolayers were infected with trypsin dispersed VZV-32 infected cells at 1:8
ratio. At 48 hpi, two were fixed and immunolabeled with mouse MAb 3B3 for gE and mouse
MAb 233 for gC respectively. Both were then linked to the Alexa 488 fluorescent antibody
and viewed in a Olympus BX-51 fluorescent microscope. Each panel is a montage (8×12 = 96
images) of fluorescence images taken at the same settings at 200 X, resulting in a composite
image that shows a 4 × 6 mm area of the cellular monolayer. The surface labeling of gE was
abundant, corresponding to virus induced syncytia, while gC surface labeling was very sparse
with only one small gC positive syncytium. Note: both gC and gE are immunolabeled green
in this figure.
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Fig. 2.
Relative expression of VZV gB and gC on the surface of infected cells at different time points
post infection. Replicate monolayers were inoculated with trypsin-dispersed VZV-32 infected
cells at a 1:8 ratio. At each time point, two samples were fixed and immunolabeled with mouse
MAb 233 (gC) and mouse MAb 158 (gB) respectively, then linked to the Alexa 488
fluoroprobe. Each panel is a composite of 200 X images showing a 2.2 × 2.5 mm area of infected
monolayer. Note: both gC and gB are immunolabeled green in this figure.
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Fig. 3.
Detection of VZV gE and gC in inoculum cells at 4 hpi. (A) A monolayer was inoculated with
infected cells at a 1:8 ratio. At 4 hpi, the sample was fixed and permeabilized, then
immunolabeled with mouse MAb 3b3 against gE (red) and rabbit Ab R19 against gC (green),
followed by Alexa 546 and 488 secondary antibodies. The sample was viewed on an Olympus
BX-51 fluorescence microscope at a magnification of 200 X. Six inoculum cells expressing
gE alone were visible in the image. One inoculum cell expressed both gE and gC (yellow).
Note the absence of any immunolabel in underlying monolayer at 4 hpi. (B) Control for MAB
3B3 against uninfected cells. (C) Control for R19 Ab against uninfected cells, (D) Control for
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MAb 233 against uninfected cells. (E) Control for guinea pig anti-E Ab against uninfected
cells. The latter two reagents are used in Fig. 4 & 5.
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Fig. 4.
Identification of a VZV gC-positive inoculum cell at 24 hpi. A cellular monolayer was infected
with trypsin-dispersed VZV-32 infected cells at a 1:8 ratio, then fixed at 24 hpi and
immunolabeled with mouse MAb 233 for gC and guinea pig Ab for gE and stained with Alexa
phalloidin 555, goat anti-mouse 488 and goat anti-guinea pig 633 secondary antibodies. The
sample was viewed in a Zeiss LSM 510 confocal microscope and a Z-stack (10 slices, 2 um
thick) of images at 400 X was taken, showing a gC-positive inoculum cell on the cellular
monolayer. Panels A–D show four slices from the Z-stack. Panel A is slice 7 (top most), B is
slice 6, C is slice 4 and D is slice 2 (bottom most). Each panel includes the view from the Z
direction with smaller side panels showing the view from X and Y, respectively.
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Fig. 5.
Identification of a VZV gC-positive inoculum cell at 48 hpi. All conditions were the same as
described in legend to Fig. 4. The sample was then viewed in a Zeiss LSM 510 confocal
microscope and a Z-stack (15 slices, 2 um thick) of images at 400 X was taken, showing a gC-
positive inoculum cell on the cellular monolayer. Panels A–D show four slices from the Z-
stack. Panel A is slice 11 (top most), B is slice 7, C is slice 5 and D is slice 3 (bottom most).
Each panel includes the view from the Z direction with smaller side panels showing the view
from X and Y, respectively. Note the small syncytium in the lower left corner of panels C and
D, beneath plane of the gC-positive cell.
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Fig. 6.
Identification of VZV inoculum cells by different light microscopic techniques. A cellular
monolayer was infected with trypsin dispersed VZV-32 infected cells at a 1:8 ratio, fixed at
48 hpi and immunolabeled with two gC antibodies: mouse MAb 233 and rabbit Ab R19. The
sample was then stained with the goat anti-mouse Alexa 488 and goat anti-rabbit Alexa 546
secondary antibodies and viewed in an Olympus BX-51 light microscope, using the phase
contrast, DIC and fluorescence settings. Panel A shows a high contrast phase object in the
upper right corner that is an inoculum cell (arrow). Below it can be seen the nuclei of the cells
in the underlying monolayer. Panels B and C are fluorescent images of a VZV infected
inoculum cell immunolabeled with gC antibodies mouse MAb 233 and rabbit Ab R19,
respectively. Panel D is a DIC image of the same immunolabeled inoculum cell.

Storlie et al. Page 17

Virology. Author manuscript; available in PMC 2009 December 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
VZV glycoprotein expression in infected inoculum cells plated directly onto coverslips.
VZV-32 infected cells were plated onto poly-L-lysine coated glass coverslips, incubated, fixed
and immunolabeled with guinea pig Ab for gE (blue) and mouse MAb 233 for gC (green), then
stained with Alexa phalloidin 555 (red), goat anti-mouse 488 and goat anti-guinea pig 633
secondary antibodies. The samples were viewed with a Zeiss LSM-510 confocal fluorescence
microscope. Panels A and B are images from 24 hr and panels C and D are images from 48 hr.
Within each panel; sub-panels 1–4 show gE (blue), gC (green), phalloidin (red) and composite
(blue, green and red) respectively.
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Fig. 8.
Measurement of VZV gC transcription after infection of cultured cells. The figure shows a
comparison of VZV gC transcription between untreated infections and HMBA treated
infections. Monolayers were inoculated with cell free virus. Treated cells were grown in 2.5
mM HMBA dissolved in tissue culture medium. Real-time RT-PCR was performed in
quadruplicate to detect mRNA, as described in Methods. Data were analyzed with Applied
Biosystems RQ Manager 1.2 software. Error bars indicate 95% confidence intervals.
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Fig. 9.
Measurement of syncytial size in VZV infected cells with and without HMBA treatment.
Monolayers were inoculated with cell free virus and incubated for 72 hr. Syncytia in
representative areas of digital optical images of the infected cells were outlined using the
freehand selection tool in ImageJ software. (A) Untreated infected cells; (B) HMBA treated
infected cells.
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Fig. 10.
Effect of HMBA treatment on VZV titer and syncytial size at 72 hpi. A. Titer of cell-free virus
in the presence or absence of HMBA treatment. HMBA was added at time of infection and a
cell-free inoculum was generated at 72 hpi by sonication. Four 24-well plates were inoculated
with the serially diluted sonicated sample. The procedure was repeated independently for both
untreated and HMBA treated monolayers. B. Size of syncytia (sq microns) in treated and
untreated infections. Syncytial size was quantified using the ROI function in NIH ImageJ (See
Fig. 9). Eight randomly chosen syncytia in each infected monolayer were measured. The error
bars in both graphs correspond to the 95% confidence interval.
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Fig. 11.
Detection of VZV gC protein in serial sections through an entire paraffin-embedded human
vesicle. This biopsy was from a patient with zoster. The serial sections were freed of paraffin
and immunolabeled with mouse MAb 233 against gC, then linked with the Alexa 488
fluorophore. All images were taken on a Zeiss LSM 510 confocal microscope at a magnification
of 200 X. The origin of the VZV vesicle biopsy was described in a previous publication (Weigle
and Grose, 1983).
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Fig. 12.
Detection of VZV gE and IE62 in sections of a human vesicle. This biopsy was from the same
patient as in Fig. 11. Sections A and B were immunolabeled with mouse MAb 3B3 for gE and
mouse MAb 5C6 for IE62, respectively. The Alexa 488 secondary antibody was then applied
to both sections. Secondary Alexa 488 antibody alone was applied to section C (goat anti-
mouse) as a negative control. All images were taken on a Zeiss LSM 510 confocal microscope
at a magnification of 200 X.
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