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ABSTRACT The literature on the egress of different herpesviruses after secondary
envelopment is contradictory. In this report, we investigated varicella-zoster virus
(VZV) egress in a cell line from a child with Pompe disease, a glycogen storage dis-
ease caused by a defect in the enzyme required for glycogen digestion. In Pompe
cells, both the late autophagy pathway and the mannose-6-phosphate receptor
(M6PR) pathway are interrupted. We have postulated that intact autophagic flux is
required for higher recoveries of VZV infectivity. To test that hypothesis, we infected
Pompe cells and then assessed the VZV infectious cycle. We discovered that the in-
fectious cycle in Pompe cells was remarkably different from that of either fibroblasts
or melanoma cells. No large late endosomes filled with VZV particles were observed
in Pompe cells; only individual viral particles in small vacuoles were seen. The distri-
bution of the M6PR pathway (trans-Golgi network to late endosomes) was con-
strained in infected Pompe cells. When cells were analyzed with two different anti-
M6PR antibodies, extensive colocalization of the major VZV glycoprotein gE (known
to contain M6P residues) and the M6P receptor (M6PR) was documented in the
viral highways at the surfaces of non-Pompe cells after maximum-intensity pro-
jection of confocal z-stacks, but neither gE nor the M6PR was seen in abundance
at the surfaces of infected Pompe cells. Taken together, our results suggested
that (i) Pompe cells lack a VZV trafficking pathway within M6PR-positive large
endosomes and (ii) most infectious VZV particles in conventional cell substrates
are transported via large M6PR-positive vacuoles without degradative xenophagy
to the plasma membrane.

IMPORTANCE The long-term goal of this research has been to determine why VZV,
when grown in cultured cells, invariably is more cell associated and has a lower titer
than other alphaherpesviruses, such as herpes simplex virus 1 (HSV1) or pseudora-
bies virus (PRV). Data from both HSV1 and PRV laboratories have identified a Rab6
secretory pathway for the transport of single enveloped viral particles from the
trans-Golgi network within small vacuoles to the plasma membrane. In contrast, af-
ter secondary envelopment in fibroblasts or melanoma cells, multiple infectious VZV
particles accumulated within large M6PR-positive late endosomes that were not de-
graded en route to the plasma membrane. We propose that this M6PR pathway is
most utilized in VZV infection and least utilized in HSV1 infection, with PRV’s usage
being closer to HSV1’s usage. Supportive data from other VZV, PRV, and HSV1 labo-
ratories about evidence for two egress pathways are included.
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A goal of this research has been to determine whether the autophagic flux pathway,
which includes the late endosome, is relevant to varicella-zoster virus (VZV) egress

after secondary envelopment. There are many conflicting reports in the herpes virology
literature about the proviral and antiviral roles of autophagy in the infectious cycle
(1–4). Likewise, there are many conflicting reports about the pathway (or pathways) by
which herpesviruses are transported to the surface of an infected cell after secondary
envelopment in the cytoplasmic virus assembly compartment (VAC) (5). Many investi-
gators have selected various inhibitors of autophagy to gauge whether decreased
autophagy has an effect on virus assembly (6). For example, we recently reported that
the inhibitor of autophagic flux bafilomycin A1 (BAF) inhibited VZV secondary envel-
opment, confirming and expanding an earlier herpes simplex virus 1 (HSV1) observa-
tion (7, 8). Although widely used, inhibitors may exert unintended or unknown effects
on cellular pathways that alter virus assembly (9–12). As an alternative strategy by
which to study the effect of autophagy during herpesviral infection, we pursued a goal
to find a human disease with a deficiency in the autophagy pathway. Often the
deficiencies in the autophagy pathway have been well characterized in human dis-
eases. Then we could use cells obtained from a patient with this genetic disease to
assess the role of autophagy in the assembly pathway of a herpesvirus. In other words,
if secondary viral assembly and egress proceeded without any impairment, then the
autophagy pathway was not a component of the herpesviral assembly pathway.
However, if the assembly or egress of a herpesvirus was limited by growth in this
autophagy-deficient cell line, then the autophagy pathway may be a component of the
herpesviral egress pathway.

After perusal of the recent literature on genetic deficiencies in human patients, we
selected Pompe disease for further investigation. Pompe disease was described in 1932;
it is a well-characterized but rare glycogen storage disease that often leads to an early
death in afflicted children (13). Pompe disease is also known as glycogen storage
disease II (GSD II). Pompe disease is caused by a mutation in the enzyme acid
alpha-glucosidase (GAA), which limits its ability to hydrolyze glycogen to glucose in the
lysosome (14). GAA is transported from the trans-Golgi network (TGN) to the late
endosome via a mannose-6-phosphate receptor (M6PR) pathway, in which there is a
prominent cation-independent M6PR (CI-M6PR) and a minor cation-dependent M6PR
(CD-M6PR). Recently, investigators have discovered a deficiency in autophagic flux in
Pompe disease (15, 16). For our virology studies, we selected the alphaherpesvirus VZV
as the test pathogen because of related prior publications (8, 17). When we infected
cells obtained from a child with Pompe disease, we observed during the first experi-
ments that VZV infection and assembly were markedly decreased in Pompe cells
compared with VZV infection and assembly in common cell substrates. Unexpectedly,
after many additional infected Pompe cells were imaged by electron microscopy and
hundreds of micrographs were examined, we also observed that the impaired VZV
titers in Pompe cells correlated with a virtual absence of the most common egress
pathway seen in VZV-infected fibroblasts or melanoma cells. When we compared our
Pompe cell results with those of published VZV studies dating back several decades
(18–20), we concluded that the Pompe cell studies had revealed the presence of two
distinct egress pathways for progeny VZV particles following secondary envelopment
and that the pathway observed in Pompe cells (small vacuoles) was (i) similar to
pathways described for HSV1 and pseudorabies virus (PRV) but (ii) not the more
common VZV egress pathway seen in conventional cell substrates (large vacuoles). A
diagram of every pathway mentioned subsequently in Results is included within Fig. 10.

RESULTS
VZV infection and autophagy in Pompe cells. Since autophagic flux mechanisms

are reported to be deficient in Pompe cells, we hypothesized that viral titers would be
low after VZV infection of Pompe cells (17). If there was no effect on virus titer, there
would be no reason for our laboratory to continue to investigate VZV infection in
Pompe cells. Since we found no prior publication about VZV infection of Pompe cells,
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we first performed a traditional infection and inspected the cells once daily for
cytopathology. Before VZV infection, we noted that the Pompe cell monolayer never
became completely confluent even after 7 days of incubation (Fig. 1A). Within 2 days
postinfection (dpi) with an infected-cell inoculum, however, cytopathology was evident
in the Pompe cell monolayers (Fig. 1B). The cytopathology was similar to that seen in
infected MRC-5 cells but not as extensive; some clustering of nuclei was seen, sugges-
tive of typical VZV-induced syncytium formation (Fig. 1C). As a positive control, we
infected MRC-5 cell monolayers. Because Pompe cell monolayers never became fully
confluent, we selected MRC-5 cell monolayers that had degrees of confluence similar to
those of Pompe cell monolayers. When both sets of infected cell monolayers were
harvested, we removed the medium and titrated the cells and the medium separately.
We found a reduction in the VZV cell-free titer in an infected Pompe cell monolayer
compared with that of an infected MRC-5 cell monolayer (Fig. 1D); we did not find
cell-free infectivity in the medium of either set of monolayers. We also inoculated
Pompe cells with cell-free virus; the cytopathology was the same as shown in Fig. 1A
but required more days to appear.

Because of the importance of autophagy data for our proposed studies, we decided
to confirm prior observations about increased microtubule-associated protein 1 light-
chain 3-II (MAP1 LC3-II or LC3-II) in Pompe cells. We also wanted to repeat our original
data about increased LC3-II after VZV infection of MRC-5 cells as a positive control,
because another laboratory had not found a similar response (21). When performing
this experiment in MRC-5 cells, we allowed the cells to become confluent before
infection (Fig. 1E). At that time, there was little or no LC3-I or LC3-II detectable, as
expected in quiescent cells with an intact autophagic pathway (Fig. 1E, MRC5, VZV –
lane); within 72 h postinfection (hpi), there was an obvious increase in LC3-II levels (Fig.
1E, MRC5, VZV � lane), as previously documented following the stress response to VZV
infection (22). On the other hand, there was more LC3-II present in the uninfected
Pompe cells than in uninfected MRC-5 cells because of a known block in autophagic
flux in Pompe cells (Fig. 1E, Pompe, VZV – lane). After VZV infection, there was a further
increase in LC3-II in Pompe cells, which indicated an additive effect of a stress response
after infection in cells with a block in autophagic flux (Fig. 1E, Pompe, VZV � lane). In
summary, we confirmed prior data about higher LC3-II levels in uninfected Pompe cells
and added new data about the stress response of Pompe cells to virus infection.

Confocal microscopic examination of uninfected and infected Pompe cells.
Because of our extensive autophagy studies during VZV infection using confocal
microscopy (23), we also wanted to confirm the dysregulation of autophagy in both
uninfected and infected Pompe cells by confocal microscopy. We found increased
LC3-II in Pompe cells, reflecting an inhibition of autophagic flux (Fig. 2A). This increase
in LC3-II expression correlated with the increased LC3-II observed by immunoblotting
(Fig. 1). We also observed by confocal microscopy the increased distribution of LC3-II in
Pompe cells after infection and the presence of the characteristic LC3-II puncta (Fig. 2B).
Finally, we chose to look at lysosome-associated membrane proteins 1 and 2 (LAMP1
and LAMP2) in these cells (24). Our LAMP1 and LAMP2 immunolabeling results from
uninfected cells corresponded with published observations and thereby confirmed that
our Pompe cell line had features representative of features published previously (Fig.
2C and E). We also documented LAMP1 and LAMP2 expression after VZV infection (Fig.
2D and F).

Next, we wanted to compare levels of viral protein expression in Pompe cells and
MRC-5 cells by confocal microscopy as a confirmation of the decreased VZV titer in
Pompe cells. For this experiment, we selected the VZV structural glycoprotein gE, which
is the major type 1 VZV glycoprotein expressed in the early-late phase of the VZV
replication cycle (25). By confocal microscopy, we showed a markedly different traf-
ficking pattern for gE in Pompe cells; specifically, gE was found in cytoplasmic mem-
branes, but only minimal amounts of gE were found on the outer cell membrane (Fig.
2G). In contrast, in MRC-5 or melanoma cells, expression of gE was much more
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FIG 1 Images of Pompe cells before and after infection and viral titration. Pompe cells have been used
in over 30 experiments. These cells divide more slowly than MRC-5 cells. (A, B) Pompe cells were initially
examined by light microscopy before (A) and after (B) VZV infection. The monolayers never became
completely confluent. (C) Infected Pompe cells were fixed with hematoxylin and eosin (H&E) staining and
observed for foci of cytopathic effect. A small VZV-induced syncytium was visible (white circle). (D) VZV
titer in infected Pompe cells compared with that in infected MRC-5 cells. Titration of cell-free VZV from
an infected Pompe cell monolayer was measured by a plaque assay in MRC-5 cell monolayers, as
described in Materials and Methods. Because Pompe cells never formed a fully confluent monolayer, we
selected MRC-5 cell monolayers for infection that were at a similar stage of confluence. The assay was
repeated three times after three separate infections. (E) Immunoblot for LC3-II. Lysates of Pompe cells
and MRC-5 cells were immunoblotted with antibody to LC3, both before and after VZV infection. Lactate
dehydrogenase (LDH) was the loading control. Numbers at the left are MWs, in kilodaltons.
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widespread, especially on the cell surface, where gE outlined linear rows of egressing
viral particles that we have called viral highways (Fig. 2H) (26).

We also examined the monolayers for a VZV capsid protein (open reading frame 41
[ORF 41]) and the VZV gC protein, a true late protein (27). Expression of the gC
glycoprotein was detected in Pompe cells, but as previously seen with gE, the expres-
sion was considerably reduced and not apparent on the surfaces of infected cells (Fig.
2I and J). The distributions of the capsid were different between Pompe cells and MRC-5
cells. In Pompe cells, there was a punctate appearance across the cytoplasm (Fig. 2K),
while in MRC-5 cells, there were larger collections within vacuole-like structures in the
cytoplasm (Fig. 2L). Since both the capsid protein and the gC glycoprotein were
detected, this was an indication that VZV infection in Pompe cells proceeded through
all three phases of the replication cycle and that complete viral particles were assem-
bled. However, the minimal amount of immunolabeling for VZV gE on the surfaces of
VZV-infected Pompe cells strongly suggested that fewer viral particles were transported
to the outer cell membrane, unlike with VZV-infected MRC-5 cells (Fig. 2G and H).

Comparison of uninfected Pompe cells with uninfected MRC-5 cells and unin-
fected BAF-treated MRC-5 cells. Because we planned to observe infected Pompe cells
by transmission electron microscopy (TEM) in order to investigate VZV trafficking
pathways, we first needed to observe uninfected Pompe cells by TEM, in part because
we were unable to find sufficient examples in the literature. As a control, we reexam-
ined uninfected MRC-5 cells, and as a second control for autophagy inhibition, we
reexamined MRC-5 cells treated with BAF. We divided the micrographs into images of
four areas of the cell: nucleus, cytoplasm, Golgi apparatus, and cytoplasm with plasma
membrane. Compared with uninfected and untreated MRC-5 cells (Fig. 3A1 to -4),
BAF-treated MRC-5 cells exhibited slightly thickened nuclear membranes (Fig. 3B1 to
-4). BAF treatment was an important control for Pompe cells, because BAF blocks

FIG 2 Imaging of uninfected and infected Pompe cell monolayers by confocal microscopy. Uninfected Pompe cells
were probed for LC3 (A), LAMP1 (C), and LAMP2 (E). Infected Pompe cells were probed for LC3 (B), LAMP1 (D), and
LAMP2 (F). Individual and merged channels are shown in panels A to F. Infected Pompe cells were probed for VZV
gE (G), gC (I), and capsid (ORF 41) (K). As a positive control, infected MRC-5 cells were probed for VZV gE (H), gC
(J), and capsid (L). Panels G to L contain yellow arrows to mark the viral protein of interest. Only the merged channel
is shown in panels G to L.
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almost completely the transition from autophagosome to autophagolysosome in nor-
mal cells (28). Therefore, there was an accumulation of autophagosomes in the cyto-
plasm, as well as distinctive multivesicular bodies (Fig. 3B2 to -4). When we compared
uninfected Pompe cells (Fig. 3C1 to -4) to the two above-mentioned sets of micro-
graphs, we noticed some similarity with TEMs of BAF-treated MRC-5 cells. In particular,
throughout the cytoplasm of Pompe cells, there was a marked accumulation of
multivesicular bodies, in addition to numerous distinctive large prelysosomes filled with
electron-dense material known to be glycogen. The Golgi apparatus in Pompe cells was
similar to that in MRC-5 cells.

Comparison of the nuclei of infected Pompe cells with those of infected MRC-5
cells and infected BAF-treated MRC-5 cells. Next, we examined the nuclei of infected
Pompe cells in comparison with the nuclei of infected MRC-5 cells and infected
BAF-treated MRC-5 cells. We reasoned that an impairment in VZV nuclear egress in
Pompe cells may signal an unanticipated alteration in VZV capsid formation and
tegumentation and thereby compromise our ability to directly compare means of
egress after secondary envelopment in the cytoplasm. Capsid formation under typical
conditions in infected MRC-5 or human melanoma cells is known to lead to aberrant
capsids, many of which lack a DNA core (29, 30). As shown in untreated MRC-5 cells (Fig.
4A1 to -4), capsid formation frequently led to a latticework of capsids in the nucleus.
Capsids exiting the nuclear membrane were easily detected; unlike with HSV1, many
VZV capsids with aberrant cores transit the inner and outer nuclear membranes (31).
There were few differences between the appearance of the capsid in the nucleus or the
nuclear membrane of infected Pompe cells and that of BAF-treated MRC-5 cells
(Fig. 4B1 to -4). The structures of the capsids were similar to those of capsids in MRC-5
cells, with a variety of phenotypes that have been previously documented by this
laboratory (30). For example, many of the capsids lacked a DNA core (Fig. 4C1 to -4). The
above-described results indicated no apparent block in capsid formation in and egress
from the nuclei of Pompe cells.

Different viral pathways in the cytoplasm of infected Pompe cells. Because the
titer of virus recovered from infected Pompe cells was low, we predicted that we would

FIG 3 Examination of uninfected Pompe cells by electron microscopy. To define intracellular abnormal-
ities within Pompe cells before viral infection, these cells were imaged by TEM and compared with
untreated and uninfected MRC-5 cells as well as MRC-5 cells treated with an inhibitor of autophagy, BAF.
(A1 to A4) Uninfected and untreated MRC-5 cells. (B1 to B4) BAF-treated uninfected MRC-5 cells. (C1 to
C4) Uninfected Pompe cells. Differences between MRC-5 cells and either BAF-treated cells or Pompe cells
are discussed in Results. Note the absence of a thickened nuclear membrane in panel C1.
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see differences in virus assembly and egress in the cytoplasm of Pompe cells as
visualized by TEM. When we observed all three conditions of infection by TEM, we
noticed marked differences in the cytoplasm after the three infections (Table 1). The
data in Table 1 represent observations from 483 new micrographs. Two differences are
highlighted: (i) small or large vacuoles containing viral particles and (ii) capsids or no
capsids in the cytoplasm. In untreated infected MRC-5 cells, clusters of viral particles,
including both light particles and virions, were usually found in larger vacuoles. Naked
capsids were difficult to find. Viral particles were easily located in vacuoles (Fig. 5A1 and
-2). In BAF-treated MRC-5 cells, naked capsids and light particles within vacuoles were
observed, but enveloped complete virions were rarely seen. Light particles were
occasionally seen in the vicinity of the plasma membrane (Fig. 5B1 and -2). By
comparison, after virus infection of Pompe cells, we noticed many capsids in the
cytoplasm, some of which were enclosed in small vacuoles. The cluster of capsids seen
in one micrograph was the greatest number of capsids that we have ever seen in the

FIG 4 Nucleocapsid assembly and nuclear egress under three conditions of VZV infection. (A) MRC-5 cells not
treated with BAF after infection. Capsids were easily detected in the nucleus. (A1) A latticework of capsids was
observed in some nuclei (red box). (A2) Nuclear egress (yellow box). (A3) Nucleoplasm. (A4) Latticework of capsids
(red boxes). (B) MRC-5 cells treated with BAF after infection. (B1) Latticework of capsids (red box). (B2) Nuclear
egress. Three capsids are clustered in one compartment derived from the inner nuclear membrane (yellow box);
there is an unenveloped capsid in the cytoplasm (red arrow). (B3) Nucleoplasm. (B4) Capsids (red box). (C) Pompe
cells after VZV infection. (C1) Latticework of capsids (red box). Note the similarity in panels A1 and B1. (C2) Nuclear
egress (yellow box). (C3) Nucleoplasm. (C4) Capsids (red boxes).

TABLE 1 Comparison of major findings for VZV-infected cells by electron microscopy

Compartment

Finding for:

MRC-5 cells BAF–MRC-5 cells Pompe cells

Nucleus Many capsids Many capsids Many capsids
Nuclear membrane Egress through nuclear membrane Egress through thickened membrane Similar to MRC-5
Cytoplasm Few capsids More capsids Many more capsids

Several large vacuoles with viruses Occasional vacuoles with light particles Few small vacuoles with a single virus each
Golgi apparatus Normal Fragmented Relatively normal
Lysosomes No virus No virus No virus
Plasma membrane Many viral particles Few light particles Few viral particles
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cytoplasm of an infected cell (Fig. 5C2). At this point, we reexamined our large archive
of electron micrographs from past experiments and confirmed that even one or two
naked capsids within a single micrograph were very difficult to find in the cytoplasm of
VZV-infected MRC-5 or human melanoma cells (29). Further, we noted in our prior
paper that naked capsids were sometimes in the cytoplasm of BAF-treated MRC-5 cells,
often surrounding but not within vacuolar compartments (8). However, the number
was fewer than that seen in VZV-infected Pompe cells. During our examination of the
483 new micrographs, we found 5 that provided examples of the evolving process of
wrapping a capsid in Pompe cells (Fig. 5D1 to -5). What we have designated a wrapping

FIG 5 Cytoplasm of VZV-infected cells under three different conditions. (A) Cytoplasm of VZV-infected
MRC-5 cells. (A1) Large vacuoles in the cytoplasm, each containing several viral particles (yellow arrows).
(A2) Higher magnification of a large vacuole containing at least 6 viral particles, one of which is
prototypic, while others are aberrant (yellow arrow). (B) Cytoplasm of bafilomycin-treated VZV-infected
MRC-5 cells. (B1) Large empty vacuoles with a few adjacent capsids (red arrows). (B2) Capsids in the
cytoplasm adjacent to vacuoles (red arrows). Multivesicular bodies are also seen, a common feature after
BAF treatment. (C) Pompe cells after VZV-induced cytopathology was evident. (C1) Multiple capsids in the
cytoplasm and one viral particle within a single vesicle (circle). (C2) Many capsids clustered together in
the cytoplasm (red circle) together with a few wrapping membranes near a few capsids (yellow circles).
(D) Progression of capsid wrapping in VZV-infected Pompe cells. (D1 to D4). Wrapping membranes at
various stages. A yellow arrow designates the capsid, and a red arrow designates the wrapping
membrane. (D5) Nearly completely wrapped capsid. A red arrow designates a wrapping membrane that
almost completely surrounds a capsid, and an orange arrow designates a completely enclosed capsid.
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membrane was similar in appearance to what other virologists have called wrapping
membranes derived from the trans-Golgi network (32). We also note that the vacuoles
containing single viral particles were too wide in diameter (200 to 250 nm) to be
exosomes. Even though we found wrapped viral particles in the cytoplasm, very few
particles were seen along the plasma membrane in infected Pompe cells. Finally, we did
not observe xenophagy of viral particles under any of the three conditions of infection
(Table 1).

Density gradient sedimentation of VZV-infected Pompe cells. Based on the
differences in infected Pompe cells (single vacuoles, each with one viral particle) versus
infected MRC-5 cells (large vacuoles with many viral particles), we realized that we had
found a cell line with a restricted egress pathway never seen before in any other cell
line examined by our laboratory since we first looked in 1978 (33). Our hypothesis for
the next set of experiments was based on data collected by PRV investigations (34).
They have shown that complete PRV virions egress via a pathway identified by the Rab6
protein (34, 35). Therefore, we predicted that the egress pathway for VZV in infected
Pompe cells was the same pathway, since VZV particles were transported in the
cytoplasm as single viral particles in small vacuoles. When we sedimented a lysate of
VZV-infected Pompe cells in our well-characterized density gradients, we observed
three bands (Fig. 6). The uppermost two bands were in the usual locations for the light
particle band and the enveloped virus band; the third band was lower in the gradient
(Fig. 6). When we performed immunoblotting on each band, the two uppermost bands
were positive for the gE protein, an indication that they represented the light particle
band and the enveloped virus band, as expected (Fig. 6, blots a and b). The lowermost

FIG 6 Purification of virus from Pompe cells by density gradient sedimentation. Monolayers of VZV-infected Pompe cells were
harvested by procedures described in Materials and Methods and then subjected to density gradient sedimentation to purify
light particles and viral particles (left side). After completion of sedimentation, the gradient was photographed and the
individual bands were removed for analysis by immunoblotting. As a control for VZV particles purified by gradient sedimen-
tation, adenovirus was also purified in identical sedimentation gradients and photographed, and the single viral band was
removed for analysis by immunoblotting (right side). (Blot a) VZV light particle band immunoblotted for gE and Rab6.
Molecular weight markers are included alongside this lane. (Blot b) VZV virus band immunoblotted for gE and Rab6. (Blot c)
VZV capsid band immunoblotted for gE and Rab6. (Blot d) VZV-infected cell lysate immunoblotted for Rab6. (Blot e) Adenovirus
band immunoblotted for viral hexon (Hx) and Rab6.
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band, which lacked the gE protein, was the capsid band (Fig. 6, blot c). When the light
particle and virus bands were subjected to immunoblotting with Rab6 antibody, the
result was positive. The capsid band was negative for Rab6. To confirm the specificity
of our gradient fractionation, we intentionally overexposed the gE immunoblot (Fig. 6,
blots a to c) in order to show that the lowermost band was indeed gE negative and that
trace amounts of the VZV gE protein were not found outside the light particle and virus
bands (Fig. 6, blot c). The VZV-infected cell lysate was probed for Rab6 without
undergoing gradient sedimentation (Fig. 6, blot d). We included the entire length of the
gel to show the lack of nonspecific reactivity by the anti-Rab6 reagent to other proteins.

As another control for the specificity of our gradient sedimentation, we also purified
adenovirus in the same density gradient. Adenovirus is another double-stranded DNA
virus, but adenovirus lacks an envelope (80 nm in diameter). As can be seen, a single
band was detected after gradient sedimentation at approximately the same location as
that of the VZV capsid band in the Pompe sedimentation (Fig. 6, compare left and right
sides). This band immunoblotted with the hexon antibody (Fig. 6, blot e). Finally, we
tested the adenovirus band for the Rab6 protein, but the Rab6 protein was not present
(Fig. 6, blot e). This result indicated that the Rab6 protein did not bind nonspecifically
to any virus; the result also indicated that trace amounts of the Rab6 protein were not
found nonspecifically throughout this density gradient, even though Rab6 was easily
detectable in the cells in which adenovirus was propagated (Fig. 6, blot d).

Colocalization of M6PR and VZV gE during VZV infection documented by
two-dimensional (2D) and 3D imaging. We have previously proposed that VZV exits
the cell by two different pathways, because the results about virus egress published by
several laboratories (including our laboratory) over the past decades could not be
explained by egress in a single known cellular pathway (36). When we reviewed all the
above results from VZV-infected Pompe cells, we concluded again that there appeared
to be two pathways by which VZV could egress to the cell surface after secondary
envelopment: one pathway that was blocked in Pompe cells but common in MRC-5 or
human melanoma cells (egress of multiple viral particles in larger vacuoles) and another
that was not blocked in Pompe cells (egress of single viral particles in a small vacuole).
In human cells, the enzyme GAA is carried from the TGN to the late endosome in a
pathway mediated by the M6PR; in Pompe cells, the M6PR pathway is greatly impaired
with subsequent accumulation of undigested glycogen in the late endosomes. We were
also aware of prior investigations by both an HSV1 laboratory and a VZV laboratory that
had proposed a role for the M6PR in HSV1 and VZV trafficking (37–39). Because of these
accumulating data about M6PR functions and the knowledge that M6PR trafficking was
greatly impaired in Pompe cells, we examined the localization of the M6PR in all cells
and under all conditions previously described above.

We have observed in prior studies that a greater number of viral particles are
produced in human melanoma cells than in MRC-5 cells and that the viral particles
egress onto the cell surface in a distinctive pattern called viral highways, although
particles are not released in the medium (29). Therefore, we reasoned that any
virus-M6PR interaction would be easier to detect in human melanoma cells because the
viral highways are easily seen by confocal microscopy. We performed the next confocal
microscopy experiments under both permeabilized and nonpermeabilized conditions
with each of two anti-M6PR antibodies obtained from two different sources (40, 41); we
found colocalization of gE with the M6PR under all 4 conditions. We included 3
representative confocal micrographs, each with 3 individual panels and 1 larger merged
panel (Fig. 7A to C). We chose maximum-intensity projection after we reduced confocal
z-stacks into individual 2D images. We observed an abundant expression of the M6PR
in the cytoplasm as well as on the cell surface (Fig. 7A to C). Furthermore, we noted
colocalization of the M6PR with VZV gE on the plasma membrane; at this location, the
antibody detects gE that is present on viral particles within viral highways that include
thousands of viral particles that have emerged onto the cell surface but never detach.
We also included a scanning electron micrograph to show the viral highways extending
in a linear configuration over surface areas of multiple infected cells that have fused
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FIG 7 VZV gE and M6PR colocalization on the surface of a VZV-infected monolayer. VZV-infected human
melanoma cells or Pompe cells were labeled with mouse anti-VZV gE MAb 3B3, followed by incubation
with goat anti-mouse secondary antibody conjugated to Alexa Fluor 546 (red) and rabbit anti-M6PR
polyclonal antibody and then by incubation with goat anti-rabbit secondary antibody conjugated to
Alexa Fluor 488 (green). Nuclei were labeled with Hoechst 33342 stain (blue). (A to D) VZV-infected
melanoma cells. Images selected from 3 of 4 separate experiments. (A1 to C1) Maximum-intensity
projections showing labeled nuclei, VZV gE, and M6PR. (A2 to C2) Maximum-intensity projections of
individual channels showing labeled nuclei. (A3 to C3) Maximum-intensity projections of individual
channels showing labeled M6PR. (A4 to C4) Maximum-intensity projections of individual channels
showing labeled VZV gE. White arrows indicate VZV gE and M6PR colocalization in the viral highways.
(D1) Scanning electron micrograph of a viral highway. The micrograph shows the surface of a VZV-
infected cell with hundreds of viral particles on the plasma membrane aligned in a viral highway (arrows).
Viral particles are pseudocolored blue, and extensions from the cell surface are pseudocolored yellow. (E)

(Continued on next page)
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because of the VZV fusogenic complex (Fig. 7D1). As a control, we observed the M6PR
in uninfected melanoma cells, where the M6PR was found mainly in the Golgi complex
surrounding the nuclei (Fig. 7E1 to -3). The immunolabeling patterns were different in
infected Pompe cells. As noted in Fig. 2, although gE was synthesized in infected
Pompe cells, viral infection of Pompe cells did not lead to large foci of gE immunola-
beling on the plasma membrane, nor were viral highways detected (Fig. 7F and G).
Scattered foci of gE and M6PR immunolabeling were detected in the cytoplasm, but
there was little or no colocalization of gE and the M6PR.

To expand the spatial organization of the organelles within the images, we also
analyzed 11 sets of z-stacks (each z-stack contains about 40 images) with Imaris
software, which converts each z-stack into a 3D animation, allowing the viewer to see
the depth within a cell where the virus-organelle interaction of interest occurs. To this
end, each confocal z-stack was analyzed with Imaris 3/4D Image Visualization and
Analysis software; the Imaris Coloc module was used to identify colocalization of virus
and the M6PR. The areas of colocalization were displayed as both maximum-intensity
projections and isosurface renderings (Fig. 8). The length of the viral highway shown in
Fig. 8A1 was 135 �m; colocalization of gE and the M6PR was readily apparent. In Fig.
8A3, colocalization was represented by Spots Creation within Imaris software. Spots
function converts similarly sized foci of colocalization into small colored circles. The
length of the viral highway shown in Fig. 8B1 was 210 �m. Because the viral highways
are localized at the surfaces of infected cells, we observed little difference in the profiles
of the viral highways when the monolayers were examined under either permeabilized
or nonpermeabilized conditions. Compared with the 2D images in Fig. 7, the repre-
sentations of the 3D animations clearly affirmed the colocalization of the gE and M6PR
proteins at or near the surface of the infected monolayer, within the linear pattern of
viral highways (Fig. 8).

We carried out the above-described confocal colocalization experiments in VZV-
infected melanoma cells because of the distinctive viral highways on the cell surface. As
a further positive control, we purified VZV from infected MRC-5 cells by density gradient
sedimentation. The infectious virus band was collected from fraction 12 of the gradient
and subjected to immunoblotting with rabbit anti-M6PR antibody. The VZV-infected
cell lysate prior to sedimentation was added to the immunoblot experiment. As can be
seen in Fig. 8C, the M6PR copurified with the infectious virus band from VZV-infected
MRC-5 cells. The M6PR protein migrated to a location (�275 kDa; CI-M6PR) similar to
that shown in Fig. 2 in the paper from the Johnson laboratory, which originally
produced and characterized this anti-M6PR antibody reagent (41).

Effect of VZV infection on transcription of CI-M6PR or CD-M6PR in MRC-5 cells
or Pompe cells. After investigating the expression of the M6PR protein, we also
examined transcription representing the receptor in uninfected and VZV-infected cells.
To this end, we carried out real-time (RT)-PCR measurements of RNAs for VZV ORF 68
(VZV gE) together with loci encoding both forms of the M6PR in MRC-5 cells and Pompe
cells. VZV infection of MRC-5 cells was robust by 72 to 96 hpi, as indicated by high levels
of expression of VZV gE RNA, although both CD-M6PR and CI-M6PR RNA levels were not
significantly changed (Fig. 9A). VZV infection of Pompe cells exhibited a lower expres-
sion of VZV gE RNA, with little or no change in the levels of either M6PR transcript at
96 hpi (Fig. 9 B).

We also immunoblotted the gE protein in order to verify the integrity of glycopro-
tein processing in infected Pompe cells, because of the reduced transcription compared

FIG 7 Legend (Continued)
Uninfected monolayer. (E1 to E3) Confocal images of an uninfected cell control monolayer. (E1) Stain for
nuclei only. (E2) Immunolabel for VZV gE only (negative control). (E3) Merge of immunolabel for the
M6PR and stain for nuclei. (F and G) VZV-infected Pompe cells. (F1 and G1) Merged images. (F2 to F4 and
G2 to G4) Individual channels. Images were selected from 2 of 4 separate experiments. Note the absence
of viral highways on the surfaces of infected cells in panels F1 and G1, compared with those in panels
A1 to C1.

Girsch et al. Journal of Virology

August 2020 Volume 94 Issue 16 e00800-20 jvi.asm.org 12

https://jvi.asm.org


to that of the conventional cell substrate (42). The fully glycosylated mature gE protein
has a molecular weight (MW) of 98 KDa. We discovered that the gE glycoprotein was
fully mature in Pompe cells, with fewer lower-MW forms than in MRC-5 cells. Based on
detailed studies of VZV gE processing carried out by this laboratory, the presence of
fully mature gE in Pompe cells confirmed that the viral glycoprotein was properly
processed in the trans-Golgi network, where the final sugar residues are added (43).

DISCUSSION

The extreme cell-associated nature of VZV infection has been a subject of consid-
erable research since the original discovery in 1953 by the Nobel laureate T. H. Weller
(44). We now know the importance of an insightful study of alphaherpesvirus envel-
opment in 1968, which pointed out the fact that enveloped herpesviral particles cluster
in small vacuoles and large vacuoles in the cytoplasm. (45). Based on extensive imaging
of VZV infection in Pompe cells, the underlying conclusion of this report is that the
small and large vacuoles represent two distinguishable pathways of egress for VZV
particles after secondary envelopment. The discovery of one of the two pathways was

FIG 8 Imaris 3D confocal renderings of immunolabeled VZV-infected MeWo cells and the M6PR. Human melanoma cells were VZV infected, immunofluores-
cently labeled for VZV gE protein (red) and the M6PR (green), and imaged by confocal microscopy under both permeabilizing and nonpermeabilizing
conditions. We carried out four separate imaging experiments and selected 11 z-stacks for further analysis by Imaris software. (A, B) We chose two examples
from the 11 z-stacks. All images include isosurface renderings of stained nuclei (blue). (A1) Maximum-intensity projections of viral protein (red) and the receptor
(green). Regions of colocalization are identified by magenta isosurface renderings. For images shown in panels A2 and A3, all noncolocalizing voxels were
removed. (A2) Isosurface renderings of virus and receptor colocalization. (A3) Regions of virus and the receptor colocalization detected in the Imaris Spots
module. (B1) Maximum-intensity projections of viral protein (red) and the receptor (green) and regions of colocalization (yellow). For images shown in panels
B2 and B3, all noncolocalizing voxels were removed, and the colocalized proteins were colored magenta. (B2) Maximum-intensity projections of regions of virus
and receptor colocalization identified with the color magenta under nonpermeabilized conditions. (B3) Isosurface renderings of regions of virus and receptor
colocalization under nonpermeabilized conditions. (C) Immunoblot of M6PR. VZV was purified from infected MRC-5 monolayers by density gradient
sedimentation. The infected cell lysate before sedimentation and the purified virus band from fraction 12 in the sedimentation gradient were probed for the
M6PR.
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dependent on our prior VZV studies of autophagy and autophagic flux (17). Autophagy
is an ancient cellular process (46). Herpesviruses have coevolved in cells of their hosts
since ancient times (47). We have proposed that an intact autophagy pathway leads to
greater recovery of infectivity during the VZV infectious cycle (3). The VZV genome is
the smallest among the human herpesviruses; it does not code for a homolog of the
HSV1 neurovirulence protein ICP34.5, which binds to Beclin1 and thereby inhibits
autophagy (48, 49). Based on multiple reports over the past decades, the most common
VZV egress pathway in cultured cells involves a vacuole in the autophagic flux pathway,
namely, the late endosome. This late endosome pathway includes the M6PR, where
most of the M6PRs reside (50, 51). In this report, we provide evidence that the late
endosome compartment containing the viral particles also contains the M6PRs. The
alternative or second VZV egress pathway does not involve the late endosome or the
M6PR. Although both pathways transport infectious VZV particles, based on data in Fig.
1 about viral titers in MRC-5 cells versus Pompe cells, the production of infectious
particles in Pompe cells was markedly reduced.

The conclusions within this report were reliant on an informative series of electron
micrographs. We have periodically observed VZV-infected cells by electron microscopy
for decades in this research laboratory (20, 26, 29, 43, 52). In one set of experiments, we
examined VZV-infected cells by electron microscopy at early time points of 15 min, 8 h,
20 h, and 30 h after infection to document the minimal presence of inoculum virus.
Therefore, we have an archive of over 1,000 electron micrographs, some on photo-
graphic paper and, more recently, in digital format (8). For this new research project, we
observed an additional 483 digital electron micrographs of VZV-infected cells. In
comparisons with VZV-infected MRC-5 cells or melanoma cells, we quickly noticed
differences in the VZV-infected Pompe cells. The most important difference was the

FIG 9 Transcription analysis for VZV gE and M6PR in VZV-infected MRC-5 and Pompe cells. Total RNA was isolated from cells
and converted to cDNA, and then RT-PCR was performed with specific primers to VZV gE and cellular CD-M6PR and CI-M6PR.
The CT values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and then values relative to those of
uninfected cells were computed. Compared with RNA from uninfected cells, CD-M6PR and CI-M6PR transcripts were largely
unchanged in VZV-infected cells. (A) MRC-5 cells; (B) Pompe cells; (C) primers; (D) immunoblotting of VZV gE.
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virtual absence of the large cytoplasmic vacuoles containing numerous VZV particles,
often a mixture of aberrant enveloped capsids, light particles, and a few prototypic
virions. The Gershon laboratory has described the large single-walled vacuoles con-
taining VZV particles as late endosomes and lysosomes (39); we have described the
large vacuoles as late endosomes or amphisomes (36). Because the M6PR is considered
a marker of late endosomes, we have decided to label the pathway as the M6PR
pathway rather than choosing a name of a particular organelle. The absence of large
vacuoles with viral particles in VZV-infected Pompe cells strongly suggested that
trafficking of viral particles to late endosomes was reduced, thus limiting the formation
of the vacuoles. We did not find any sorting of viral particles to a lysosome in Pompe
cells. Likewise, in MRC-5 cells, we have not found any sorting of viral particles from a
late endosome to a lysosome; similarly, the Johnson laboratory never found any sorting
of HSV1 particles to a lysosome (38).

A reduction in large vacuoles containing viral particles had previously been ob-
served in human melanoma cells in which the formation of M6PRs was suppressed (39).
M6PRs bind to M6P groups on newly formed lysosomal hydrolases in the TGN and
facilitate the packaging of the hydrolases into vesicles that are eventually carried to the
late endosomes (53). This process is called the M6P-dependent pathway. The enzyme
GAA is a glycoprotein with M6P residues that attach to the M6PR. Similarly, some VZV
glycoproteins are phosphorylated as they are processed through the Golgi cisternae
(54–57). We have confirmed by confocal microscopy a colocalization between a known
phosphorylated VZV glycoprotein, gE, and the M6PR in infected MRC-5 cells. Based on
the confocal microscopy experiments, we concluded that enveloped VZV particles
located within late endosomes remain attached to the M6PRs at the plasma mem-
branes of infected MRC-5 and melanoma cells. This important finding was confirmed
through the use of (i) two different anti-M6PR antibodies, produced and characterized
independently by two different laboratories, together with (ii) the murine monoclonal
antibody to gE, 3B3, which has a relatively high equilibrium dissociation constant (KD)
to its defined linear epitope (KD � 1.5 � 10�7 M) (58). No cross-reactivities of mono-
clonal antibody (MAb) 3B3 have been defined during its extensive usage since it
production in 1983 (59).

Late endosomes comprise large vacuoles (�1,000 nm in diameter) because they can
fuse with one another or with other organelles to form hybrid compartments, some-
times called kiss-and-run fusions (60). We had previously called these vacuoles amphi-
somes (36), but perhaps that designation was overly controversial. We note in our
defense that the Seglen laboratory published a specific protocol for purification of
amphisomes, and they noted in the characterization of its constituent proteins that
amphisomes were enriched in the M6PR (61). They state that “the fact that amphisomes
(but not autophagosomes or lysosomes) contain the M6PR, generally regarded as a
marker of late endosomes, suggests that amphisomes have undergone fusion with late
endosomes.” They also point out that amphisomes frequently contained small frag-
ments of cytoplasm as cargo. We point out the striking similarity between the micro-
graph of an amphisome shown in Fig. 6F in reference 61 by the Seglen laboratory and
the micrograph of a vacuole carrying VZV particles as well as cytoplasmic fragments in
Fig. 5A2. We speculate that the short external cytoplasmic tails of the M6PRs housed
within the large vacuoles, which are known to contain the signals to recognize kinesin-3
motor proteins, direct the vacuole with its viral cargo to the plasma membrane (62).

VZV exocytosis in the small vacuole pathway in Pompe cells is the alternative
pathway that does not involve the M6PR. When we purified viral particles from Pompe
cells by density gradient sedimentation, we were able to detect both the VZV gE
protein and the Rab6 protein in the virus band. Features of this secretory pathway have
been described by the Elliott laboratory and the Enquist laboratory, using HSV1 and
PRV, respectively (63). Both laboratories used Rab6 as a marker for the transport vesicle
(35, 64). Further, the Enquist laboratory has shown that a kinesin-3 recruitment complex
facilitates trafficking of an enveloped PRV or HSV1 particle within an axon in the rat
superior cervical ganglion (65).
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Finally, we present in Fig. 10 an update of our earlier model of virus egress that
included two routes of egress from the virus assembly compartment (36). However, the
role of the M6PR in one egress pathway did not become apparent until we performed
the current experiments in autophagy-deficient Pompe cells, in which the M6PR
pathway is essentially blocked (23). Most investigators consider the TGN to be the
source of the virus assembly compartment, probably the same structure as the wrap-
ping compartment (5). The viral glycoproteins can travel directly to the VAC, or they can
travel to the plasma membrane, where they undergo endocytosis and then travel to the
VAC (66). Likewise, the M6PR can attach to viral glycoproteins either in the TGN or on
the cell surface (23, 50). Under either scenario, envelopment occurs in the VAC and
enveloped virions without the M6PR travel directly to the plasma membrane in small
vacuoles (35, 63). As shown in this report, viral particles with M6P residues in their
envelope glycoproteins are transported in the M6PR pathway to a late endosome. In
turn, the late endosome containing a cargo of several particles, still attached to M6PRs,

FIG 10 Egress pathways of VZV. We propose two major egress pathways based on data from ourselves and others cited in Results.
One pathway has been named the small vacuole pathway or Rab6 pathway, based on data mainly from PRV and HSV1 studies (green
arrows). The other pathway has been named the large vacuole pathway or M6PR pathway, based on data mainly from VZV and HSV1
studies (yellow arrows). For each of the two major pathways, there are two entry routes by which VZV glycoproteins can travel from
the site of biosynthesis in the Golgi apparatus/TGN to the VAC (wrapping compartment). In this figure, the assumption has been made
that the VAC is derived from the TGN. In the first route, viral glycoproteins are transported to the plasma membrane from the TGN
and then undergo endocytosis with trafficking to the VAC; in the second route, the VAC is derived directly from viral glycoproteins
within an extension from the TGN. (A) In the small vacuole pathway, capsids are green (A0). Capsids exit the nucleus. Either viral
glycoproteins are transported to the plasma membrane (A1, A2) and internalized or small glycoprotein-containing vacuoles
themselves (A=1) act as a VAC (A3), after which virions with viral envelopes lacking the M6PR are transported in a small vacuole (A4)
directly to the plasma membrane (A5). (B) In the large vacuole pathway, capsids are yellow (B0). Capsids exit the nucleus. Either viral
glycoproteins are transported to the plasma membrane (B1, B2), where they are recognized by the M6PR and internalized as a
glycoprotein/M6PR complex (B3), or viral glycoproteins are attached to the M6PR in the TGN (B1) and the glycoprotein/M6PR complex
evolves into the VAC (B=2). After exiting the VAC (B4), virions with M6P-positive glycoproteins still attached to M6PRs are transported
to the late endosome (B5). Fusion of these vacuoles to a late endosome leads to a large M6PR-positive vacuole with multiple viral
particles. In turn, signals in the cytoplasmic tails of the M6PRs facilitate transport of a late endosome with its viral cargo to the plasma
membrane (B6), where M6PR and VZV gE colocalization was detectable by confocal microscopy (Fig. 7 and 8). Note the presence of
light particles in pathway B. In contrast, M6PR/gE colocalization was not detectable on the surfaces of VZV-infected Pompe cells
(pathway A).
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are transported to the plasma membrane without undergoing xenophagy. Since
glycoproteins containing M6P residues appear to be incompletely processed glycopro-
teins, viral particles containing these glycoproteins in their envelope may be less
infectious, an explanation for the invariably low titer of VZV grown in cultured cells
(37, 56).

The interaction between the M6PR and gE on the viral particle may have been easier
to recognize in our experiments because they were observed within the distinctive viral
highways on the cell surface by high-resolution confocal microscopy (29). We have now
renamed the pathways; pathway A is the Rab6 or small vacuole pathway, and pathway
B is the M6PR or large vacuole pathway (Fig. 10). The Rab6 secretory pathway outlined
by the Enquist laboratory for PRV and the Elliott laboratory for HSV1 is probably the
M6PR-independent pathway proposed by the Johnson laboratory (38). Based upon the
preceding review of the PRV and HSV1 literature, we propose that the M6PR pathway
is most utilized in VZV infection and least utilized in HSV1 infection, with PRV’s usage
being closer to HSV1’s. The presence of viral highways support that conclusion, since
they are seen only after VZV infection of cultured cells and not after HSV1 or PRV
infection (26). Although we have not performed any TEM studies on VZV-infected
neuronal tissues, the Arvin laboratory has examined human dorsal root ganglia by TEM
after VZV infection in their severe combined immunodeficient mouse model. Of great
relevance to this report, they observed several large cytoplasmic vacuoles filled with
aberrant viral particles in the satellite cells; these vacuoles probably represent the M6PR
pathway of virus trafficking shown in Fig. 5A (67).

There may also be an evolutionary link between the M6PR and HSV1 and VZV
glycoproteins. Viral genes within the unique short genome (including both gD and gE)
are considered to be late additions to each alphaherpesvirus genome that facilitate and
fine-tune adaption to its specific host. There is speculation that the predominant VZV
gE protein (VZV ORF 68; 623 amino acids; contains M6P residues), which is larger
than its HSV1 gE counterpart (HSV1 US8; 552 amino acids; no M6P residues), has
subsumed functions of the small HSV1 gD (HSV1 US6; 369 amino acids; contains
M6P residues). Even though VZV and PRV are more closely related to each other
than to HSV1, VZV has lost gD, while PRV has retained gD (25, 68). Together, these
results suggest that the absence of a gD homolog may influence the pathway
selected by VZV during egress.

MATERIALS AND METHODS
Virus, cells, and conditions of infection. The VZV strain was VZV-32, a low-passage-number

laboratory strain that has been completely sequenced (GenBank accession number DQ479961) (69).
Adenovirus serotype 35 and a rabbit antihexon antibody were obtained from M. S. Horwitz (Albert
Einstein College of Medicine) (70, 71). Viruses were grown in MRC-5 fibroblast cells (ATCC), human
melanoma cells (strain MeWo; Sloan Kettering Cancer Center), or cells obtained from a child with Pompe
disease (33). Pompe disease cells were obtained from the Coriell Institute (accession number GM00244).
These cells are fibroblasts that were collected from a 5-month-old infant with fatal disease. The organ
from which the Pompe fibroblasts were collected is not recorded. Pompe cell monolayers were grown
in minimum essential medium (MEM) containing 15% fetal calf serum; they were incubated at 37°C in a
humidified incubator. This lineage is not transformed; the cells can be passaged at least 4 to 6 times. The
conditions of infection of Pompe cell monolayers were the same as for MRC-5 or melanoma cell
monolayers, with selection of either an infected MRC-5 cell inoculum (105 infectious units/ml) or cell-free
MRC-5 virus inoculum (104 PFU/ml) (72). The inoculum was layered over an existent Pompe cell
monolayer; uninfected Pompe cells were not cocultivated with infected MRC-5 cells. Some cultures were
incubated in the presence of the autophagy inhibitor BAF (Sigma; B1793), as described previously (8).
Altogether, over 30 experiments have been carried out in Pompe cells. The conditions for VZV infectious
center assays and VZV plaque assays have been described (33). To measure the titer of cell-free virus in
medium overlying infected Pompe cells, we collected the medium when the cytopathic effect was
evident in the monolayer, sedimented the medium to remove cellular debris, and then titrated the
medium in 24-well plates. To measure the titer of cell-free virus in monolayers of infected MRC-5 cells or
Pompe cells, we dislodged the infected monolayer with a rubber policeman, sedimented the cells into
a pellet, and sonicated the pellet. After a low-speed sedimentation to remove debris, the sonicate was
titrated in 24-well plates. The viral titers represent means and standard errors of the means from three
independent experiments.

Antibody reagents. Monoclonal antibodies against VZV proteins were produced and characterized
at the University of Iowa, Iowa City, IA, USA (73). Rabbit antibody to LC3 was obtained from Sigma
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(L7543); antibody to LAMP1 (H4A3) and antibody to LAMP2 (H4B4) were obtained from the Develop-
mental Studies Hybridoma Bank, NIH. Rab6 antibody was obtained from ThermoFisher Scientific (PA5-
22127). Two antibodies against the M6PR were produced independently by different research labora-
tories. Rabbit mono-specific antibody against the human M6PR was produced and characterized by the
C. Scott laboratory at the Kolling Institute of Medical Research, St. Leonard’s, Australia (40). This antibody
recognized mainly CI-M6PR. A second mono-specific rabbit antibody against the human M6PR was
produced and characterized by the D. Johnson laboratory at the Oregon Health Sciences University
(41).This antibody recognized both CI-M6PR and CD-M6PR. The first anti-M6PR antibody was produced
in order to perform M6PR experiments in cancer biology and therefore is a control for the second
anti-M6PR antibody, which was made to investigate the role of M6PR interactions with gD in HSV1
infection (38, 74).

Imaging by confocal microscopy, transmission electron microscopy, and scanning electron
microscopy. The methods for analysis of VZV-infected monolayers with a Zeiss 710 confocal microscope
have been described in detail by this laboratory (75). The following fluoroprobes were obtained from Life
Technologies: Alexa Fluor 546 (A11018), Alexa Fluor 488 (A11070), and Alexa Fluor 488 (A11017). The use
of Imaris software for converting z-stacks of 2D images into 3D animations has been described by this
laboratory, but the methods for this project included newer software (Oxford Instruments). Confocal
z-stacks were visualized with Imaris 3/4D Image Visualization and Analysis software after file conversion
using the Imaris Converter app. Isosurface renderings of the nuclei were generated for spatial reference.
The Imaris Coloc module was used to identify virus and receptor binding. The areas of colocalization
were displayed in magenta as both isosurface renderings and maximum-intensity projections, which
represents the level of maximum intensity along the z axis for each x,y position. The methods for
scanning electron microscopy of VZV-infected monolayers have been described in detail in prior
publications (76). The methods for electron microscopy were described also in articles from this
laboratory (8, 29). For this study, a total of 483 new electron micrographs were viewed. As noted in an
earlier study, we have a total of 1,152 archived electron micrographs (8). In our descriptions of
cytoplasmic compartments, we have used the words “small” and “large” vacuoles. Because the diameter
of the small vacuoles is usually �250 nm, these could have been called “vesicles” also.

Purification of VZV by density viscosity gradient sedimentation. The conditions for purification
of VZV light particles and enveloped infectious particles by density viscosity gradient sedimentation
have been described in detail in prior publications (72). Adenovirus was purified in the same
gradients.

Immunoblotting. Techniques for immunoblotting of viral and many cellular proteins have been
described by this laboratory (77). In addition, we reviewed techniques for immunoblotting the Rab6
protein by other laboratories (78). Electrophoresis was performed in Bio-Rad mini-protean 4 to 20%
precast polyacrylamide gels.

RNA studies. Total RNA was extracted from uninfected and VZV-infected fibroblasts or Pompe cells
in six-well plates at the given time points using the RNeasy minikit (Qiagen). RNA quality and quantity
were assayed by UV spectroscopy using a NanoDrop spectrometer (ThermoFisher Scientific). A260/A280

measured ratios were within 20% of 2.0, and infected cells from a six-well plate well (6.5 cm2) yielded
approximately 3 �g of RNA in 80 �l. Polyadenylated RNA was converted to cDNA using anchored
oligo(dT) primers and the SuperScript III first-strand synthesis system for RT-PCR (Invitrogen), to yield
approximately 20 ng of cDNA. The samples were subsequently digested with ribonuclease H to remove
RNA bound to the cDNA. One microliter of cDNA was added to 25 �l of Applied Biosystems master
mix-water, together with approximately 200 nM specific primers (see the primer table in Fig. 9). RT-PCR
measurements were carried out using the QuantStudio Flex real-time PCR machine (Applied Biosystems).
The resulting PCR results were processed using the QuantStudio real-time PCR software (Applied
Biosystems). Threshold cycle (CT) values of duplicate samples were averaged and normalized to an
average of 16.0 for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) to form ΔCT values. Subse-
quent ΔΔCT values were calculated by differences between averages of VZV-infected ΔCT values with the
average uninfected ΔCT values. Data points represent means and standard errors of the means from three
independent experiments.
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