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Herpes Simplex Virus gE/gl and US9
Promote both Envelopment and Sorting
of Virus Particles in the Cytoplasm of
Neurons, Two Processes That Precede
Anterograde Transport in Axons
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David C. Johnson2

Department of Molecular Microbiology & Immunology® and Multiscale Microscopy Core,? Oregon Health
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ABSTRACT Herpes simplex virus (HSV) anterograde transport in neuronal axons is
vital, allowing spread from latently infected ganglia to epithelial tissues, where viral
progeny are produced in numbers allowing spread to other hosts. The HSV mem-
brane proteins gE/gl and US9 initiate the process of anterograde axonal transport,
ensuring that virus particles are transported from the cytoplasm into the most proxi-
mal segments of axons. These proteins do not appear to be important once HSV is
inside axons. We previously described HSV double mutants lacking both gE and US9
that failed to transport virus particles into axons. Here we show that gk~ US9~ dou-
ble mutants accumulate large quantities of unenveloped and partially enveloped
capsids in neuronal cytoplasm. These defects in envelopment can explain the de-
fects in axonal transport of enveloped virions. In addition, the unenveloped capsids
that accumulated were frequently bound to cytoplasmic membranes, apparently im-
mobilized in intermediate stages of envelopment. A gE-null mutant produced envel-
oped virions, but these accumulated in large numbers in the neuronal cytoplasm
rather than reaching cell surfaces as wild-type HSV virions do. Thus, in addition to
the defects in envelopment, there was missorting of capsids and enveloped particles
in the neuronal cytoplasm, which can explain the reduced anterograde transport of
unenveloped capsids and enveloped virions. These mechanisms differ substantially
from existing models suggesting that gE/gl and US9 function by tethering HSV parti-
cles to kinesin microtubule motors. The defects in assembly of gE~ US9~ mutant vi-
rus particles were novel because they were neuron specific, in keeping with observa-
tions that US9 is neuron specific.

IMPORTANCE Herpes simplex virus (HSV) and other alphaherpesviruses, such as
varicella-zoster virus, depend upon the capacity to navigate in neuronal axons. To
do this, virus particles tether themselves to dyneins and kinesins that motor along
microtubules from axon tips to neuronal cell bodies (retrograde transport) or from
cell bodies to axon tips (anterograde transport). This transit in axons is essential for
alphaherpesviruses to establish latency in ganglia and then to reactivate and move
back to peripheral tissues for spread to other hosts. Anterograde transport of HSV
requires two membrane proteins: gE/gl and US9. Our studies reveal new mecha-
nisms for how gE/gl and US9 initiate anterograde axonal transport. HSV mutants
lacking both gE and US9 fail to properly assemble enveloped virus particles in the
cytoplasm, which blocks anterograde transport of enveloped particles. In addition,
there are defects in the sorting of virus particles such that particles, when formed,
do not enter proximal axons.
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ollowing reactivation from latency, alphaherpesvirus particles move from neuron

cell bodies into axons and then to the axon tips. This process is known as
anterograde transport and involves transport by kinesin motors that facilitate fast
axonal transport on microtubules (reviewed in reference 1). Anterograde transport is an
indispensable process allowing large quantities of infectious virus to be produced in
epithelial tissues as well as virus dissemination to other hosts.

Two herpes simplex virus (HSV) membrane proteins, namely, gE/gl, a heterodimer of
the type | membrane glycoproteins gE and gl, and US9, a type Il membrane protein (Fig.
1), play important roles in anterograde transport (reviewed in references 2 and 3). Much
is known about how gE/gl functions in virus egress from polarized epithelial cells
(reviewed in reference 2). gE- and gl-null mutants spread poorly in epithelial tissues and
between polarized epithelial cells in culture (4-6). In the nervous system, retinal gE/gl
promotes both spread between retinal epithelial cells and neurons and spread in the
nervous system in the anterograde direction, from the retina to the brain (7, 8). HSV US9
does not play an obvious role in virus spread in epithelial tissues but is important for
anterograde spread in the nervous system (9) and for spread between cultured neurons
and other cells (10). All of the studies with HSV and studies involving the related
porcine alphaherpesvirus pseudorabies virus (PRV) suggest that gE/gl and US9 in
neurons promote anterograde spread of virus but not its retrograde spread (1, 2, 7,
11-18).

The HSV gE/gl and US9 proteins differ from their PRV homologues. The PRV US9
protein is largely essential for anterograde transport in the axons of cultured neurons
(15, 19), while HSV US9-null mutants show only about 40 to 50% reductions in HSV
capsids and glycoproteins in distal axons (13, 20). In contrast, HSV double mutants
lacking both gE and US9 are profoundly defective for anterograde transport of HSV
glycoproteins, unenveloped capsids, and enveloped virions, exhibiting <5% of the
capsids and glycoprotein puncta in proximal axons (17). Therefore, gE/gl and US9 act
in a synergistic or cooperative fashion to promote anterograde transport.

Observations that very few capsids and glycoproteins were present in the most
proximal sections of axons of neurons infected with the g~ US9~ double mutant (17)
suggested that gE/gl and US9 function at the very earliest stages of anterograde
transport. Anterograde transport appears to be initiated by the loading of HSV and PRV
particles onto kinesin motors (reviewed in references 15, 21, and 22). Since this process
was severely inhibited in neurons infected with gE~ US9~ double mutants, it appeared
that gE/gl and US9 cooperate in some fashion in the cytoplasm of neurons to begin the
first stages of transport into axons. Selection of cellular cargo molecules that are
transported into axons is a specific process involving direct or indirect interactions
between cargo molecules and kinesins, which also bind microtubules (23-25). The
hypothesis that gE/gl and US9 do not play a role in fast axonal transport within axons
was suggested by experiments characterizing the very few capsids that were trans-
ported into axons following infection with an HSV gE~ US9~ double mutant. These
capsids moved with normal velocities and without stalling (17). Similar results were
observed in neurons infected with a PRV US9~ mutant (16).

We can conceive of two potential mechanisms for how HSV gE/gl and US9 function
in the cytoplasm of neurons to promote entry of virus particles into proximal axons.
First, gE/gl and US9 may bind kinesins to initiate this transport. PRV US9 binds to
kinesin-3 (KIF1A), PRV capsids colocalize with kinesin-3 in axons, and, importantly,
dominant negative KIF1A reduces PRV capsid transport in axons (15). There is also
evidence that PRV gE/gl is necessary for US9 binding to KIF1A (18). There have been
reports that HSV US9 and the tegument protein US11 bind a different kinesin, kinesin-1
(classic kinesin), in bacterial pulldown experiments (22, 26). However, there have been
no studies showing the functional relevance of kinesin-1 proteins in HSV anterograde
transport.

A second model for how gE/gl and US9 might function suggests that these proteins
organize the assembly of tegument with capsids and of capsids with envelopes and the
intracellular sorting of virus particles into axons. Consistent with an effect on assembly,
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FIG 1 Cartoon of the structures of gE/gl and US9. The gE and gl polypeptides form a heterodimer, and
the vast majority of gE and gl in infected cells is present in this form. gE and gl are type | membrane
proteins with 300- to 400-amino-acid (aa) extracellular domains (top) and 90- to 110-aa cytoplasmic
domains. US9 is a type Il membrane protein with few extracellular sequences and a 67-aa cytoplasmic
domain. The cytoplasmic domains of gE/gl and US9 would be most likely to determine sorting in
membranes and contain a number of well-characterized TGN sorting sequences, including acidic clusters,
tyrosine motifs, casein kinase 1 and 2 motifs, and dileucine motifs.

HSV mutants lacking gE, gl, or gE and gD exhibit defects in secondary envelopment (27,
28). gE/gl traffics specifically to the trans-Golgi network (TGN) by virtue of TGN sorting
motifs in the gE and gl cytoplasmic domains (Fig. 1) (29-31). This sorting to the TGN
increases the binding of tegument proteins to these membranes, and vice versa (32),
apparently leading to enhanced envelopment there (reviewed in reference 2). In the
TGN, enveloped virus particles are sorted specifically to epithelial cell-cell junctions (6,
30). Loss of gE/gl or the cytoplasmic domains of these proteins compromises this
directed sorting of virus particles to junctions such that virus particles are directed to
apical cell surfaces (6, 28-30, 32). Given that neurons are also highly polarized cells,
gE/gl might also act in assembly and intracellular sorting to promote anterograde
transport in axons. There is no evidence that HSV US9 acts to sort virus particles in
epithelial cells. However, like gE and gl, US9 has a relatively large cytosolic domain that
is laden with recognizable TGN sorting sequences (Fig. 1) (28, 33).

In the present study, we characterized the assembly and egress of HSV particles in
neurons infected with HSV mutants lacking both gE and US9. There were major defects
in assembly of enveloped particles in these neurons, suggesting that gE/gl and US9 act
to promote secondary envelopment in the cytoplasm. In addition, there was evidence
of defective sorting of virus particles in the cytoplasm of infected neurons. The loss of
gE and US9 produced neuron-specific effects on virus assembly and sorting.

RESULTS

Rat embryonic SCG neurons infected with an HSV gE~ US9~ double mutant
show more capsids that accumulate in the cytoplasm at early and intermediate
times. The defects associated with loss of both HSV gE and US9 appear to occur in
neuronal cell bodies, not in axons. To attempt to understand these cytoplasmic defects,
we imaged neuronal cell bodies following infection with wild-type (WT) GS2483, a virus
that expresses VP26-mRFP (producing red capsids) and gB-GFP (producing green
glycoprotein) (34), or infection with a GS2483 derivative lacking both gE and US9
(denoted GS gE~ US9~ here) (17). After 7 or 14 h, the cells were fixed and imaged by
deconvolution immunofluorescence microscopy. Surprisingly, there were substantially
larger numbers of cytoplasmic capsids in superior cervical ganglion (SCG) neurons
infected with GS gE~ US9~ than in neurons infected with wild-type GS2483 after both
7 h and 14 h (Fig. 2). Counts of fluorescent capsids in sections of SCG neurons by use
of IMARIS software showed that there were, on average, 32 capsids in neurons infected
with wild-type GS2483 after 7 h and 111 capsids in the cytoplasm of GS gk~ US9~
virus-infected SCG neurons at this time. After 14 h of infection, there was an average of
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FIG 2 Immunofluorescence imaging of HSV capsids and gB in rat embryonic SCG neurons. Rat SCG
neurons grown on polylysine/laminin-coated glass coverslips were infected with wild-type (WT) HSV
GS2843 expressing gB-GFP and the capsid protein VP26-RFP or with a derivative of this virus lacking both
the gE and US9 genes (GS gE~ US9~) at 8 PFU/cell. Cells were fixed with paraformaldehyde after 7 or 14
h and then permeabilized, and nuclei were stained with 300 nM DAPI. At 7 h (A) and 14 h (B),
substantially more cytoplasmic capsids were observed with GS gE~ US9~ than with wild-type GS2843.

350 capsids in the cytoplasm of GS gE~ US9~ virus-infected SCG neurons and 77
capsids in wild-type GS2483-infected neurons. A large fraction (>50%) of the capsids
that accumulated in the cytoplasm of GS gk~ US9~ virus-infected cells appeared to be
unenveloped capsids, as there was little gB staining overlapping the capsid staining
(Fig. 2). However, we did not attempt to enumerate unenveloped versus enveloped
capsids given the relatively uniform distribution of gB in the cytoplasm of SCG neurons,
and the studies described below address this question better. These observations were
indeed surprising, and it was not clear how two membrane proteins, gE/gl and US9,
could influence the number of cytoplasmic capsids, i.e., whether they did so by acting
to increase capsid protein synthesis, capsid assembly, or intracellular trafficking of
capsids.

Capsids that accumulated at these early times, especially at 7 h postinfection, would
not be transported into axons, as transport into axons does not begin before 14 h in
these neurons (17, 35). Thus, it did not seem possible that the capsids that accumulated
to higher levels at 7 and 14 h resulted from defects in anterograde transport. As in our
previous studies (17), the anterograde transport of the g~ US9~ double mutant was
blocked in these neurons, by ~95%. We counted capsids in axons of 5 wild-type
GS2483-infected SCG neurons, and there was an average of 21 capsids in the proximal
axons, whereas there was an average of 2.3 capsids/axon in GS gE~ US9~ virus-infected
neurons. In studies related to these findings, we also imaged the axons of SCG neurons
to ascertain whether the capsids in axons were unenveloped or enveloped (17, 35).
Approximately half of the capsids in wild-type GS2483-infected neuronal axons were
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FIG 3 Electron micrographs of rat SCG neurons infected with the HSV F-gE/US9-GFP double mutant or
the repaired virus, F-gE/US9-GFP-R. Rat SCG neurons were grown on polylysine/laminin-coated Ther-
manox plastic coverslips and infected with the repaired virus (F-gE/US9-GFP-R) (A) or the double mutant
lacking gE and US9 (F-gE/US9-GFP) (B) for 18 h. SCG neurons were then fixed and processed for electron
microscopy. The black arrow in panel A indicates an enveloped virion on the cell surface, and the white
arrow in panel B indicates unenveloped capsids.

unenveloped, and half were enveloped. For example, 56 of a total of 111 capsids in the
axon of the wild-type GS2483-infected SCG neuron shown in Fig. 2 were unenveloped,
i.e., we detected no gB-GFP associated with VP26-mRFP capsids. The data supported
the existence of a substantial fraction of unenveloped particles in axons of SCG
neurons, as we reported previously (35).

We performed electron microscopic (EM) experiments to further characterize the
substantial accumulation of HSV capsids in SCG neurons infected with the g~ US9~
double mutant. These experiments focused on a different gk~ US9~ double mutant,
F-gE/US9-GFP, in which the adjacent gE and US9 genes were replaced with green
fluorescent protein (GFP) sequences, and a repaired version of this mutant, F-gE/US9-
GFP-R, was produced (17). We found that F-gE/US9-GFP-R replicated better than
wild-type GS2843, producing more infectious virus and more capsids, and this bene-
fited the EM experiments. In SCG neurons infected with the repaired virus, we observed
examples of enveloped virions on cell surfaces (Fig. 3A, black arrow). In SCG neurons
infected with the F-gE/US9-GFP double mutant, there were many fewer enveloped
particles at the cell surface and examples of unenveloped capsids in the cytoplasm (Fig.
3B, white arrow). However, the numbers of unenveloped and enveloped capsids in SCG
neurons were small compared to those in our previous EM studies involving Vero,
HaCaT, and HEC-1A cells (6, 27, 36). Thus, producing counts of different types of
particles was difficult.

Immunofluorescence characterization of gE— US9— mutant-infected CAD neu-
rons. We extended these studies to other neurons. CAD cells are derivatives of a mouse
catecholaminergic central nervous system cell line that can be differentiated to become
neurons and have been used to characterize anterograde and retrograde transport of
HSV and PRV (34). Differentiated CAD neurons were infected with wild-type G52483 or
GS gE~ US9~. After 15 h of infection, we observed a substantial accumulation of
capsids in the cytoplasm of CAD cells infected with GS g~ US9~, but there were fewer
capsids evident in the cytoplasm of neurons infected with the repaired wild-type
GS2483 virus (Fig. 4A). In these images, it is important to differentiate between the very
large numbers of capsids accumulated in the nucleus (where gB is not present;
indicated by white arrows) and the capsids in the cytoplasm, marked by the presence
of gB. In the 15-h merge images, there was largely green fluorescence (gB) in the
cytoplasm and little red fluorescence (capsids) with wild-type GS2483, but there were
recognizable capsids in the cytoplasm of GS gE~ US9~ virus-infected CAD cells. In the
18-h samples, there was a more pronounced difference, as many more capsids accu-
mulated in the cytoplasm of GS g~ US9~ virus-infected cells than in the cytoplasm of
GS2483-infected cells (Fig. 4B). Counts of capsids in thin optical sections of the
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FIG 4 Immunofluorescence imaging of capsids and gB in CAD neurons infected with wild-type HSV
GS2843 or with GS gE~ US9~. CAD neurons growing on polylysine/laminin-coated glass coverslips were
differentiated for 8 days, infected with wild-type GS2843 expressing gB-GFP and VP26-RFP or with GS
gE~ US9~ at 8 PFU/cell, and fixed with 4% paraformaldehyde at 15 h and 18 h postinfection. At 15 h (A)
and 18 h (B), more cytoplasmic capsids accumulated in the cytoplasm of CAD cells infected with the GS
gE~ US9~ double mutant than in that of WT GS2843-infected cells. White arrows in the VP26 column
indicate the position of the nucleus. Note that the yellow color in the merged panels is not representative
of colocalization but resulted from the flattened z-stacks used to produce the image.

cytoplasm of 6 cells infected with GS gE~ US9~ showed 2,325 capsids, whereas there
were 270 capsids in the cytoplasm of 6 CAD cells infected with G52843 WT. The density
of the gB staining of membrane vesicles in the cytoplasm of GS2843 WT-infected cells
made it very difficult to discern whether these capsids were enveloped or nonenvel-
oped capsids.

As with SCG neurons, capsids and enveloped HSV particles did not enter CAD axons
efficiently following infection with F-gE/US9-GFP compared to that with F-gE/US9-
GFP-R (Fig. 5). There was >90% inhibition of capsids entering axons of F-gE/US9-GFP-
infected CAD cells compared to those entering axons of F-gE/US9-GFP-R-infected CAD
cells. Again, in the images, there is an extensive accumulation of capsids in the
cytoplasm of F-gE/US9-GFP-infected neurons compared to that of F-gE/US9-GFP-R-
infected neurons. Interestingly, we observed mostly enveloped virions in CAD axons.
Counts showed that 8 of 110 (7.3%) capsids produced by WT GS2843 and 7 of 111
(6.3%) capsids produced by F-gE/US9-GFP-R were unenveloped, as assessed by the
absence of detectable gB. These results showed a clear difference between the mostly
enveloped virions in CAD neurons and the unenveloped capsids in SCG and SK-N-SH
neurons (17, 35, 37, 38).

Electron microscopic analyses of CAD cells infected with the gE~— US9— double
mutant. CAD neurons infected with F-gE/US9-GFP or F-gE/US9-GFP-R were character-
ized by EM analyses. F-gE/US9-GFP-R produced primarily enveloped particles that were
on cell surfaces (Fig. 6A and B). As shown in Fig. 6B and C, there were some capsids
apparently in the process of envelopment, but again, most capsids were fully envel-
oped and on cell surfaces. Counts of 12 to 15 representative cells infected with
F-gE/US9-GFP-R showed that the majority of capsids that had undergone egress
beyond the nuclear envelope were fully enveloped and present on cell surfaces (Table 1).
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FIG 5 Immunofluorescence imaging of CAD neuron axons. CAD neurons growing on polylysine/laminin-
coated glass coverslips were differentiated for 9 days and then infected with HSV F-gE/US9-GFP-R, in
which the gE and US9 genes were repaired, or with the F-gE/US9-GFP double mutant lacking gE and US9,
at 8 PFU/cell. At 18 h postinfection, the cells were fixed with 4% paraformaldehyde, permeabilized,
immunostained with antibodies specific for HSV gB (green) and VP26 (red), and also stained with 300 nM
DAPI (blue). CAD cells infected with F-gE/US9-GFP exhibited many capsids in the cytoplasm and very few
or no capsids in the axon, whereas neurons infected with F-gE/US9-GFP-R showed few cytoplasmic
capsids and capsids in axons. White arrowheads point to enveloped (married) virions in axons.

In contrast, F-gE-/US9-GFP produced primarily unenveloped or partially enveloped
capsids that were not on cell surfaces (Fig. 7A to C). These capsids were distributed
relatively uniformly throughout the cytoplasm. This was unlike the distribution of
capsids produced by an HSV gD~ gE~ double mutant, which showed an accumulation
of large aggregates including hundreds of capsids apparently glued together by
tegument (27). With the gE~ US9™ mutant, the capsids that accumulated were largely
separate from one another (Fig. 7B and C, asterisks). We also frequently observed
capsids in partial stages of envelopment on the surfaces of tubular membranes (Fig. 7B
and C, black arrows). Counts of capsids in F-gE/US9-GFP-infected CAD neurons showed
a 10-fold decrease in cell surface enveloped particles, a 12-fold increase in unenveloped
capsids, and a 6-fold increase in partially enveloped capsids compared to those of the
repaired virus, F-gE/US9-GFP-R (Table 1). These partially enveloped capsids often
appeared to be interrupted during the envelopment process. We did not provide
standard deviations for the data in Table 1 and elsewhere because HSV-infected cells
exhibited large differences (as much as 10-fold) in the total number of capsids per
F-gE/US9-GFP-R-infected cell. That said, when we focused on cell-cell junctions of cells
by adding together multiple sections to form a large stack of images, we could
highlight cell-cell junctions where cell surface virions tended to accumulate. Cell-cell
junctions can be seen by the accumulation of fluorescent gB. F-gE/US9-GFP-R exhibited
capsid accumulation at these cell-cell junctions, as seen by a green line between cells
(Fig. 8A, white arrow). In contrast, F-gE/US9-GFP-infected CAD cells did not show this
accumulation (Fig. 8B). Therefore, the ~10-fold reductions of enveloped virions on cell
surfaces of neurons infected with the g~ US9~ double mutant were entirely explained
by ~10-fold increases in cytoplasmic unenveloped capsids.

To characterize whether these differences would translate into a reduced amount of
infectious virus, CAD cells were infected with F-gE/US9-GFP-R or F-gE/US9-GFP, and
then the cells and cell culture medium were harvested together at various times. After
infection for 12, 15, and 18 h, the gE~ US9~ double mutant produced 3.6-, 6.5-, and
5.2-fold less infectious virus, respectively, than that produced by the repaired virus (Fig.
9). The reductions of 5- to 7-fold were smaller than would be expected given that there
were ~10-fold increases in unenveloped capsids observed by EM (Table 1). There may
have been a small fraction of nonneuronal undifferentiated CAD cells in these cultures
that produced abundant quantities of infectious virus.
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FIG 6 Electron micrographs of CAD neurons infected with the repaired HSV strain F-gE/US9-GFP-R. CAD
neurons growing on collagen-coated 60-mm dishes were differentiated for 7 days and then infected with
the repaired virus, F-gE/US9-GFP-R, at 20 PFU/cell for 18 h. The cells were then fixed and processed for
electron microscopy. The majority of the capsids were enveloped and on cell surfaces. The cell surface
and nucleus are indicated in panel A.

Defects in SK-N-SH human neurons. The EM experiments were extended to
SK-N-SH neuroblastoma cells, which can be differentiated to produce axons, though
they tend to be shorter than those of primary neurons. gE~ and US9~ mutants exhibit
defects in axonal transport in SK-N-SH neurons (13, 37). Differentiated SK-N-SH cells
infected with F-gE/US9-GFP-R displayed numerous cell surface virions, and there were
fewer cytoplasmic enveloped or unenveloped capsids (Fig. 10A and B; Table 2). In
contrast, SK-N-SH cells infected with the g~ US9~ double mutant F-gE/US9-GFP
showed primarily cytoplasmic, unenveloped capsids and partially enveloped capsids or
capsids nestled up against tubular membranes (Fig. 11A and B; Table 2). The only real
difference between these results for SK-N-SH neurons and those for CAD neurons was
that, in SK-N-SH cells, capsids were frequently attached to tubular membranes without
much wrapping of these around the capsids. There were also examples of capsids stuck

TABLE 1 Cytoplasmic and cell surface distribution of capsids produced by the g~ US9—
double mutant F-gE/US9-GFP in CAD neurons?

No. of capsids (% of all capsids)

Unenveloped Partially enveloped Enveloped Cell surface
Virus cytoplasmic cytoplasmic cytoplasmic virion
F-gE/US9-GFP-R 52(4.9) 38(3.6) 121 (11) 843 (80)
F-gE/US9-GFP 678 (58) 253(22) 140 (12) 94 (8.1)

9EM images of 12 to 15 HSV-infected cells (that possessed large numbers of capsids) were analyzed by
counting and characterizing the capsids.
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FIG 7 Electron micrographs of CAD neurons infected with the HSV F-gE/US9-GFP double mutant. CAD
neurons growing on collagen-coated 60-mm dishes were differentiated for 7 days, infected with the
F-gE/US9-GFP double mutant at 20 PFU/cell for 18 h, and then fixed and processed for electron
microscopy. CAD neurons infected with F-gE/US9-GFP exhibited few enveloped virions on the cell
surface (A) and numerous unenveloped (asterisks in panels B and C) and partially enveloped (black
arrows in panels B and C) capsids in the cytoplasm. The cell surface is indicated in panel A.
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FIG 8 Immunofluorescence imaging of CAD neurons infected with GS2843 or GS gE~ US9-, focusing on
cell-cell junctions. CAD neurons growing on polylysine/laminin-coated glass coverslips were differenti-
ated for 10 days and then infected with WT GS2843 expressing gB-GFP and VP26-RFP (A) or with the gE~
US9~ version of this virus (GS gE—/US9—) (B) for 18 h. The cells were then fixed with 4% paraformal-
dehyde and analyzed by confocal microscopy. For these images, 16 separate 0.2-um confocal sections
were stacked together into a flattened image to attain images of cell-cell junctions. Numerous capsids
accumulated at cell-cell junctions (white arrows) in cells infected with WT GS2843, but this was not the
case for cells infected with the GS gE~ US9~ double mutant.

to what resembled Golgi stacks (Fig. 11A, asterisk). Thus, secondary envelopment was
substantially blocked in F-gE/US9-GFP-infected SK-N-SH neurons.

Effects of deletion of single membrane proteins gE and US9 on HSV secondary
envelopment in CAD cells. To determine how the individual membrane proteins gE
and US9 contributed to the phenotypes described above, we characterized F-gEB, a
mutant HSV strain lacking just gE (4), and F-US9-GFP, a mutant lacking just US9 (9). CAD
cells infected with the repaired HSV strain, F-gE/US9-GFP-R, displayed primarily (88%)
cell surface virions (Fig. 12A; Table 3). Similar observations were observed with F-gE3-R,
a repaired version of the gE-null mutant, and F-US9-GFP-R, a repaired version of
F-US9-GFP (not shown). Again, most (85%) of the postnuclear capsids in CAD cells
infected with the F-gE/US9-GFP double mutant were unenveloped or partially envel-
oped cytoplasmic capsids, and there were few enveloped capsids on cell surfaces
(Fig. 12B; Table 3). Many of the capsids scored as unenveloped were frequently
bound to the surfaces of membranes (Fig. 12B, white arrow). CAD neurons infected
with the US9-null mutant, F-US9-GFP, showed defects in secondary envelopment, as
there was an accumulation of unenveloped capsids (Fig. 12D, white arrow). In
addition, there were dense cytoplasmic membranes that often contained multiple
capsids in the cytoplasm, and these enveloped particles frequently appeared to be
malformed (Fig. 12C and D, black arrows). Significantly, many US9-null mutant-

PFU/well
10°
107
-¢- F-gE/US9-GFP
10° -& F-gE/US9-GFP-R

0 5 10 .15 . 20 25
hours post infection

FIG 9 Production of infectious virus following infection of CAD neurons with an HSV double mutant
(F-gE/US9-GFP) or repaired virus (F-gE/US9-GFP-R). CAD neurons were grown on polylysine/laminin-
coated 6-well (10 cm?) dishes and then differentiated for 7 days. The cells were infected (in triplicate) with
F-gE/US9-GFP or the repaired virus (F-gE/US9-GFP-R) at 20 PFU/cell for 2 h and then washed extensively
and incubated for 2, 8, 12, 18, or 22 h. The combined cells and culture media were collected and
sonicated, and the amount of infectious virus was determined by plaque titration on Vero cells.
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FIG 10 Electron micrographs of SK-N-SH neurons infected with the repaired HSV strain F-gE/US9-GFP-R.
(A and B) SK-N-SH neurons growing on collagen-coated 60-mm dishes were differentiated for 10 days
and then infected with the gE/US9-repaired virus F-gE/US9-GFP-R at 5 PFU/cell for 18 h. The cells were
fixed and processed for electron microscopy. SK-N-SH neurons infected with F-gE/US9-GFP-R exhibited
numerous enveloped virions on cell surfaces.

infected cells exhibited numerous cell surface virions, though not equaling the
numbers observed with repaired viruses (Fig. 12C; Table 3). CAD cells infected with
the gE-null virus, F-gEB, displayed large numbers of enveloped capsids that ap-
peared to be normal and in the cytoplasm (Fig. 12E and F, black arrows), amounting
to 67% of the postnuclear capsids, and there were fewer cell surface virions (Table 3).
We concluded that loss of US9 alone had only modest effects on HSV envelopment
in CAD cells, as cell surface particles were reduced by only ~40%. Loss of gE had
a much more substantial effect, as fully enveloped virions accumulated in the
cytoplasm and did not reach cell surfaces.

Effects of deletion of gE or US9 or both gE and US9 on virus assembly in
nonneuronal cells. To determine whether the effects of US9 and gE/gl were neuron
specific, we performed EM studies involving HaCaT cells (human keratinocytes). Again,
there were primarily cell surface particles with the repaired virus, F-gE/US9-GFP-R (Fig.
13A; Table 4). There were 2- to 3-fold increases in the numbers of unenveloped, partially
enveloped, and enveloped particles in the cytoplasm of HaCaT cells infected with the
F-gE/US9-GFP double mutant (Fig. 12B and C and 13B [white arrows point to unenvel-
oped capsids]; Table 4). A similar phenotype (2- to 3-fold reduced envelopment) was

TABLE 2 Cytoplasmic and cell surface distribution of capsids produced by the gE~ US9~
double mutant F-gE/US9-GFP in SK-N-SH neurons?

No. of capsids (% of all capsids)

Unenveloped Partially enveloped Enveloped Cell surface
Virus cytoplasmic cytoplasmic cytoplasmic virion
F-gE/US9-GFP-R 16(3.2) 20(3.9) 41 (8.0 435 (85)
F-gE/US9-GFP 277 (51) 156 (29) 53(10) 55(10)

9EM images of 7 or 8 HSV-infected cells (that possessed large numbers of capsids) were analyzed by
counting and characterizing the capsids.
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FIG 11 Electron micrographs of SK-N-SH neurons infected with the HSV F-gE/US9-GFP double mutant.
SK-N-SH neurons growing on collagen-coated 60-mm dishes were differentiated for 10 days and then
infected with the gE/US9 double mutant virus F-gE/US9-GFP at 5 PFU/cell for 18 h. The cells were fixed
and processed for electron microscopy. These cells contained few enveloped virions on cell surfaces (A)
and numerous unenveloped or only partially enveloped capsids in the cytoplasm (B). The black arrows
indicate unenveloped capsids, and asterisks indicate capsids abutting tubular membranes. In panel A,
there are capsids adjacent to a stack of membranes which is likely the Golgi apparatus.

seen with the gE-null mutant F-gEB (Fig. 13E and F [white arrows show enveloped
capsids]; Table 4), as observed previously for nonneuronal cell types (27). These modest
differences between repaired viruses and the gE~ or gE~ US9~ virus in nonneuronal
cells were very different from the marked differences in mutant and repaired viruses in
CAD neurons, where the majority of the capsids were not enveloped (gE~ US9~
mutant) or did not reach cell surfaces (QE~ mutant). No substantial alterations in
assembly were observed in HaCaT cells infected with the US9-null mutant, F-US9-GFP
(Fig. 13D; Table 4). Some unenveloped virions were observed in these cells (Fig. 13D,
white arrow), but not substantially more than in cells infected with the repaired virus,
F-gE/US9-GFP-R (Table 4). We concluded that gE-null and g~ US9~ mutants exhibit
small defects in assembly (2- to 3-fold) in HaCaT cells. The US9-null mutant was not
significantly different from repaired viruses in HaCaT cells. Therefore, both gE/gl and
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TABLE 3 Cytoplasmic and cell surface distribution of capsids produced by the gE- and
US9-null mutants, F-gEB and F-US9-GFP4

No. of capsids (% of all capsids)

Unenveloped Partially enveloped Enveloped Cell surface
Virus cytoplasmic cytoplasmic cytoplasmic virion
F-gE/US9-GFP-R 25(4.3) 11(1.9) 29(5.1) 504 (88)
F-gE/US9-GFP 643 (63) 229 (22) 88 (8.6) 59 (5.8)
F-US9-GFP 422 (29) 202 (14) 82(5.6) 733 (51)
F-gEB 95(7.8) 140 (12) 814 (67) 157 (13)
9EM images of sections of 9 to 13 HSV-infected cells were analyzed by counting and characterizing the

capsids.

US9 are much more important for envelopment and sorting of virus particles in neurons
than for those in nonneuronal cells.

DISCUSSION

Many previous studies on how HSV and PRV gE/gl and US9 promote axonal
transport in neurons have focused on interactions between these viral proteins and
kinesin motors that transport virus particles in axons and might promote movement of
particles into axons to begin the process. PRV US9 binds to a kinesin-3 protein, KIF1A
(15), and the HSV US9 and US11 proteins bind kinesin-1 proteins in pulldown experi-
ments (22, 26). It was also suggested that HSV US9-null mutants have defects during
anterograde transport, i.e., after virus entry into axons (39). However, our studies of
both g~ and US9~ single mutants and g~ US9~ double mutants produced different
conclusions: once HSV capsids or virions enter axons, their transport is normal, the
kinetics of transport are not different from those for wild-type HSV, and there is no
increased stalling (17). Similar observations were made with a PRV US9-null mutant (16).
Those results, coupled with our observation that virus particles formed by g~ US9~
double mutants do not enter proximal axons (17), suggest that gE/gl and gl act
primarily in neuronal cell bodies to initiate anterograde transport before they reach
axons. Kinesins might promote entry of virus particles into axons, but the studies here
suggest a completely different model for how HSV gE/gl and US9 function to promote
anterograde transport.

The results we report here suggest two mechanisms for how gE/gl and US9 might
function. The first model, which we denote the assembly model, suggests that gE/gl
and US9 promote assembly of enveloped particles in the cytoplasm and that this is a
necessary first step for anterograde transport. The second mechanism, denoted the
missorting model, is described below and suggests that both unenveloped and envel-
oped capsids are missorted such that these virus particles do not enter axons. Missort-
ing was suggested by observations that the gE-null mutant produced enveloped
particles but that these did not reach cell surfaces. The assembly model derives from
observations that HSV g~ US9~ double mutants showed an accumulation of unen-
veloped and partially enveloped capsids distributed in the cytoplasm. Given that the
primary form of anterograde transport in CAD neurons involves enveloped virions
(inside membrane vesicles), the absence of these enveloped virions in neurons infected
with gE~ US9~ mutants can explain the reduced transport into axons that we observed.

One major problem with the assembly model relates to the many reports that HSV
unenveloped capsids are a major form of virus particles that are transported in axons,

FIG 12 Electron micrographs of CAD neurons infected with F-gE/US9-GFP-R, F-gE/US9-GFP, F-US9-GFP, and F-gEB. CAD neurons growing on
collagen-coated 60-mm dishes were differentiated for 7 days and then infected with the repaired virus F-gE/US9-GFP-R (A), the double mutant
F-gE/US9-GFP (B), a mutant lacking just US9 (F-US9-GFP) (C and D), or a mutant lacking just gE (F-gEB) (E and F) at 20 PFU/cell. After 18 h, the cells
were fixed and processed for electron microscopy. CAD neurons infected with F-gE/US9-GFP-R exhibited largely enveloped virions at the cell surface,
while cells infected with F-gE/US9-GFP showed numerous unenveloped (white arrow in panel B) or partially enveloped capsids in the cytoplasm. CAD
neurons infected with the US9 mutant F-US9-GFP exhibited numerous dense vesicles, frequently containing several capsids (black arrows in panels
C and D), as well as unenveloped capsids (white arrow in panel D). CAD cells infected with the gE mutant F-gEB exhibited primarily fully enveloped
capsids in the cytoplasm (black arrows in panels E and F), with few virions on the cell surface.
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FIG 13 Electron micrographs of HaCaT cells infected with F-gE/US9-GFP-R, F-gE/US9-GFP, F-US9-GFP, or F-gEp.
HaCaT keratinocytes were grown on plastic 60-mm dishes and then infected with the repaired virus F-gE/US9-
GFP-R (A), the double mutant F-gE/US9-GFP (B and C), the US9 mutant US9-GFP (D), or the gE mutant F-gEB (E and
F) at 15 PFU/cell. After 18 h, the cells were fixed and processed for electron microscopy. All four of these viruses
produced largely cell surface virions, though there was some accumulation of unenveloped capsids (white arrows)
with the F-gE/US9-GFP double mutant and the gE-null mutant (F-gEp). No significant defects in assembly were
observed with the US9 mutant (F-US9-GFP).

TR

i.e., the so-called separate model of axonal transport (17, 35, 37, 38, 40-42). Others have
argued that there is primarily anterograde transport of HSV enveloped particles (virions
within membrane vesicles), i.e., so-called married transport (43, 44). If the separate
mechanism is a major form of HSV anterograde transport and gE~ US9~ mutants
accumulate unenveloped (separate) capsids, then one would assume that there should
still be transport of these capsids, yet this is clearly not the case. We believe that both
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TABLE 4 Cytoplasmic and cell surface distribution of capsids produced by g~ US9~, gE-
null, and US9-null mutants in HaCaT human keratinocytes?®

No. of capsids (% of all capsids)

Unenveloped Partially enveloped Enveloped Cell surface
Virus cytoplasmic cytoplasmic cytoplasmic virion
F-gE/US9-GFP-R 41(5.9) 15(2.1) 40 (5.7) 593 (85)
F-gE/US9-GFP 74 (15) 39(7.7) 78 (15) 314 (62)
F-US9-GFP 63 (8.9) 7(1.0) 43 (6.1) 591 (84)
F-gEB 89 (16) 23 (4.1) 51(9.2) 392(71)
9EM images of sections of 8 to 11 HSV-infected cells were analyzed by counting and characterizing the

capsids.

the separate and married HSV axonal transport mechanisms occur. The ratio of separate
to married particles apparently depends upon the origin of the neurons being studied
(primary neurons versus neuroblastomas, rat versus human, etc.) and how the transport
is characterized, i.e, by using recombinant viruses expressing fluorescent proteins,
staining with antibodies, or EM. In all of our recent and previous studies of SCG neurons
infected with “two-color” recombinants expressing fluorescent viral proteins, there
were mixtures of married and separate particles, with roughly equal numbers of each
(17, 35). But here we found ~90% married particles in axons of differentiated CAD cells.
Therefore, the neurons used to study this phenomenon can make a difference. If both
the married and separate transport mechanisms occur, then we must explain the
effects of gE/gl and US9 on both pathways. One potential explanation is that unen-
veloped capsids produced by gE~ US9~ mutants are missing other viral proteins which
interact with kinesins or other sorting proteins necessary to access axons.

However, a better explanation for why unenveloped capsids are not transported
into axons in gE~ US9~ mutant-infected SCG neurons might be described by the
missorting model. We observed that most g~ US9~ mutant capsids that accumulate
are adhered to or nestled up against membranes in the cytoplasm (Fig. 7B and C and
11B). We know that gE/gl and likely US9 accumulate in the TGN, a site of virus assembly
(29). gE/gl and US9 share TGN sorting motifs (Fig. 1). We also know that gE/gl sorts virus
particles to epithelial cell-cell junctions (6, 30). Therefore, the loss of gE/gl and US9 in
neurons might lead to misrouting of both HSV capsids and enveloped virions such that
virus particles do not enter axons. Since gE/gl and US9 are likely to be present in the
membranes to which enveloped capsids are bound, gE/gl and US9 might influence the
sorting of unenveloped capsids into axons by some unknown mechanism. However,
the sorting of enveloped virions might also be affected, as gE/gl and US9 would be
present in the vesicles that enclose these virions. Support for the missorting model
came from studies of the gE-null mutant in CAD neurons, in which enveloped virions
accumulated in the cytoplasm but did not reach cell surfaces. We concluded that these
enveloped particles must be missorted, confined to the cytoplasm, and not able to
reach cell surfaces.

We have demonstrated that the loss of both HSV gE and US9 produces two effects
in the cytoplasm of neurons, namely, (i) inhibiting envelopment so that married
particles are not produced and (ii) affecting sorting of both married and separate
particles into axons. It is very interesting that the loss of gE/gl and US9 has such
profound effects on assembly and sorting in neurons but not in nonneuronal cells.

MATERIALS AND METHODS

Cells. Vero cells were propagated in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) with 8%
fetal bovine serum (FBS) (ISC BioExpress, Kaysville, UT). HaCaT cells, a spontaneously transformed keratinocyte
line, were grown in DMEM containing 10% fetal bovine serum.

Viruses. An HSV-1 strain in which B-galactosidase sequences were used to replace the US8 (gE) and
US8A genes and a repaired version of the F-gEB virus in which gE was repaired (F-gEB-R) were described
previously (4). HSV-1 F-US9-GFP, in which green fluorescent protein (GFP) sequences replace the US9
gene, and a repaired virus, FUS9-GFP-R, were described previously (9). An HSV-1 double mutant (F-gE/US9-
GFP) in which both the gE (US8) and US9 genes were replaced with enhanced green fluorescent protein
(EGFP) sequences and a repaired version of this virus were described previously (17). This mutant also lacked
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USBA. Wild-type (WT) HSV-1 GS2843, which expresses VP26-mRFP and gB-GFP (34), and a virus derived from
this strain that has a deletion in the gE (US8) and US9 genes (17) were described previously. All HSV
recombinants were derived from HSV-1 strain F, and all were constructed using bacterial artificial chromo-
somes, except for F-gEB, which was constructed by homologous recombination.

Neuronal cell cultures. SK-N-SH neuroblastoma cells (American Type Culture Collection) were
propagated and differentiated as described previously (37). Note that the SK-N-SH cell line was derived
by passaging the cells as follows. Cells were dislodged from plastic dishes by shaking or hitting the plates
so as to obtain largely neuronal cells and leave behind epithelioid cells in the cultures that remained
attached to plastic. This was done 5 times, producing cells with fewer epithelioid cells. CAD cells, a
derivative of a mouse catecholaminergic central nervous system cell line, were a kind gift from Greg
Smith, Northwestern University Medical School, Chicago, IL (34), and were maintained in DMEM/F12
containing 10% FBS and passaged by gentle dissociation with sodium citrate buffer (134 mm KCl, 15 mM
sodium citrate, pH 7.3 to 7.4). Differentiation of CAD cells was achieved by plating cells on poly-p-lysine
(30 wg/ml)- and laminin (2 wg/ml)-coated glass coverslips in differentiation medium (DMEM/F12 con-
taining 0.5% fetal bovine serum, 10 uM 3-isobutyl-1-methylxanthine [IBMX], 150 uM dibutyryl-cyclic AMP
[dbcAMP], and 1 ng/ml nerve growth factor [NGF] [2.5S; Invitrogen]). After 2 days, the IBMX and dbcAMP
were removed. The cells were differentiated for 7 to 10 days before being infected with HSV. Rat
embryonic superior cervical ganglion (SCG) neurons were produced as described previously (17).

Growth of HSV in CAD cells. CAD cells were plated in triplicate (for each virus being tested) in 6-well
(10 cm?) dishes coated with poly-p-lysine/laminin and then differentiated as described above. On day 8
postdifferentiation, the cells were infected with virus at 20 PFU/cell for 2 h, and then the cells were
washed twice with differentiation medium and overlaid with differentiation medium. After various times,
the cells were harvested in medium by scraping the cells from dishes, sonicated briefly before virus
titration using Vero cell monolayers infected with virus, and then overlaid with 0.2% human gamma
globulin.

Immunofluorescence imaging of HSV-infected neurons. CAD cells were plated on poly-p-lysine
(30 pg/ml)- and laminin (2 pg/ml)-coated glass coverslips, infected with HSV for 12 to 18 h, and then
washed and fixed by addition of phosphate-buffered saline (PBS), pH 7.4, containing 4% paraformalde-
hyde for 20 min at 20°C. The cells were then permeabilized using 0.5% sodium deoxycholate for 10 min
and were sequentially blocked for 20 min in 5% normal goat serum and for 1 h in 0.3 mg/ml sheep
anti-mouse IgG to reduce mouse-on-mouse nonspecific IgG binding to background levels. CAD cells
were incubated with primary antibodies in PBS containing 0.1% Tween 20 and 5% normal goat serum
for 1 h, washed in PBS containing 0.1% Tween 20 five times, and incubated with secondary fluorescent
antibodies in PBS containing 0.1% Tween 20 for 1 h. For some samples, 300 nM 4’,6-diamidino-2-
phenylindole (DAPI) was added for 5 min to stain nuclei. Microscopy was performed at the Oregon Health
and Sciences University’s Advanced Light Microscopy Core, using a high-resolution wide-field Core DV
system (Applied Precision). This system is an Olympus IX71 inverted microscope with a proprietary xyz
stage, a solid-state module for fluorescence, and a Nikon Coolsnap ES2 HQ camera. Images were acquired
as z-stacks in a 1,024- by 1,024-pixel format with a 60X (numerical aperture, 1.42) Plan Apo N objective
in three channels: 435, 549, and 649 nm. The images were deconvolved with the appropriate optical
transfer function (OTF) by using an iterative algorithm of 10 iterations. After deconvolution, images were
processed with FUJI (Imagel). For visualization of VP26 and gB puncta, at least 5 images (10,560 um?) per
slide were captured with a minimum of 9 0.2-um z-sections. These images were analyzed using a
minimum intensity threshold chosen based on matched uninfected control cells that yielded no VP26
and gB fluorescence.

Capsid quantification. To quantify capsids in immunofluorescence imaging experiments, decon-
volved image data were analyzed in Bitplane’s Imaris software v8.3.1. Briefly, z-stacks were used to
generate volumes and surfaces, and capsids (VP26-mRFP) were counted by use of the Spots function.
Spot size was determined by averaging individual capsid signals from the residual input stuck to the
glass coverslip. Nuclear capsids were excluded from the count by using the glycoprotein signal to define
the cytoplasm.

Antibodies. Rabbit polyclonal anti-VP26 antibody (45) was kindly provided by Prashant Desai (Johns
Hopkins University, Baltimore, MD). A mouse anti-gB monoclonal antibody (MAb) (S510) (46) was kindly
provided by Gary Cohen (University of Pennsylvania, Philadelphia, PA). DyLight fluorescent secondary
antibodies were purchased from Jackson ImmunoResearch.

Electron microscopy. CAD cells were plated in collagen-coated 60-mm plastic dishes (Celltreat;
Greiner Bio-One) at 1.3 X 105/dish and then allowed to grow to ~80% confluence before being
differentiated as described above for 7 to 10 days. In some experiments, CAD cells were plated in 12-well
dishes with 22-mm glass coverslips coated with lysine/laminin at 170,000 cells per well and then
differentiated. CAD cells were infected with virus at 20 PFU/cell by incubating cells and virus for 2 h and
then removing the inoculum, washing the cells, and incubating the cells in differentiation medium for
15 to 18 h. Cells were washed once in 100 mM sodium cacodylate buffer, pH 7.2, and then fixed in
Karnofsky's solution (cacodylate buffer containing 2% [wt/vol] paraformaldehyde and 2.5% [wt/vol]
glutaraldehyde) for 30 min at room temperature, scraped into this solution, centrifuged into Eppendorf
tubes, and stored at 4°C before processing for EM. Rat embryonic SCG neurons were spotted in 100 ul
of growth medium onto lysine/laminin-coated 13-mm Thermanox coverslips at 80,000 SCG neurons/
coverslip and grown as previously described. After 10 days, the neurons were infected with HSV at 2
PFU/cell for 2 h, and then the inoculum was removed and the cells washed once. After 18 h, the neurons
were washed and fixed as described above. SK-N-SH cells were plated onto collagen-coated 60-mm
dishes (as for CAD cells) and allowed to grow to 60% confluence before the cells were differentiated as
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described previously (37). Differentiated SK-N-SH cells were infected with HSV at 2 PFU/cell and fixed at
18 h postinfection as described above. HaCaT cells were grown in 60-mm plastic dishes until 70 to 80%
confluence and then infected with HSV at 15 PFU/cell by allowing virus adsorption for 2 h and then
removing the inoculum and washing the cells. At 18 h postinfection, the cells were washed, fixed, and
scraped from the plastic into Karnofsky’s solution as described above. Following fixation, samples were
rinsed in 0.1 M sodium cacodylate buffer, incubated in reduced osmium tetroxide (1.5% potassium
ferrocyanide in 2% 0sO,), rinsed in water, and stained en bloc with aqueous 0.5% uranyl acetate.
Following the uranyl acetate incubation, samples were dehydrated in an aqueous series of 50%, 75%, and
95% acetone, followed by two exchanges in 100% acetone. Epon resin infiltration was facilitated by
incubation in a 1:1 solution of 100% acetone and freshly made Epon resin, followed by 4 exchanges in
100% freshly made Epon resin. Samples were transferred into embedding capsules (Beem) filled with
freshly made Epon resin and cured at 60°C for 36 h. Thin sections (70 nm) obtained from the block face
were imaged at 80 kV on an FEI-Tecnai 12 system interfaced to a digital camera and associated software
(Advanced Microscopy Techniques, Danvers, MA).
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