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Letter to the Editor
The Egress of Herpesviruses from Cells: the Unanswered Questions

The presence of herpes simplex virus (HSV) capsids at-
tached to invaginated cytoplasmic vesicles led Stackpole (15)
to propose that capsids undergo envelopment at the inner
nuclear membrane, de-envelopment at the outer nuclear mem-
brane, and finally reenvelopment at cytoplasmic membranes.
Over the years this model attracted numerous adherents prin-
cipally on the basis of evidence that the extracellular virions
lack proteins present in intracellular virions accumulating in
the perinuclear space (11, 14). An alternative hypothesis was
recently presented by Wild et al. (17) on the basis of the
observation that nuclear pores become grossly enlarged in cells
infected with wild-type virus. Two hypotheses have emerged.
The first is that HSV virions undergo envelopment at the inner
nuclear membrane, de-envelopment at the outer nuclear mem-
brane or extensions thereof, and reenvelopment in cytoplasmic
organelles (double envelopment model). The second hypoth-
esis is that virions mature and egress the cell via two pathways.
A minority, primarily early in infection, becomes enveloped at
the inner nuclear membrane and is transported in vesicles to
the extracellular space. The majority enters the cytoplasm late
in infection through enlarged nuclear pores and becomes en-
veloped at cytoplasmic membranes, mainly Golgi and post-
Golgi.

Challenges to existing theories are the fabric of science, and
no other recent controversy has generated as much discussion
as the challenge to the double envelopment hypothesis. The
letter by Mettenleiter and Minson and the response by Wild
(10) sustain the respective models but do not define the prob-
lems associated with each model or the data necessary to
reaffirm or reject them.

The double envelopment model requires that virions accu-
mulating in the perinuclear space fuse with the outer nuclear
membrane or extensions thereof. HSV encodes a quartet of
glycoproteins that execute the entry of virus into cells by fusion
of the envelope with the plasma membrane and cell-to-cell
fusion (4, 6, 9, 13, 16). Thus, glycoprotein D (gD) interacts with
either the herpesvirus entry mediator or nectin 1 receptor,
whereas gH, which contains structural elements shared with
viral fusion proteins (7), and gB and gL execute the fusion (5).
This quartet plays no role in the de-envelopment of virions,
since mutants lacking any one of the four glycoproteins, while
not infectious, nevertheless egress the cells in a manner similar
to that of wild-type virus.

Other viral proteins, notably gK and UL20, are involved in
viral egress, in that in their absence virus particles accumulate
in the perinuclear space or cytoplasm. These proteins, how-
ever, appear to inhibit fusion performed by the quartet (2), and
their presence in the viral envelope is debated. SNARE pro-
teins, responsible for fusion of cellular vesicles, by their topol-
ogy and necessary cytoplasmic cofactors cannot perform the
fusion in the perinuclear space required by the double envel-
opment model. A common strategy of HSV is to sequester and
redirect cellular proteins to perform at times novel functions
(e.g., the binding of protein phosphatase 1� by �34.5, the
binding of cdc2 by UL42 [1, 8]). Putative cellular protein part-
ners capable of fusing viral envelope with the outer nuclear
membrane or vesicles derived from its extensions in the ab-
sence of one or more of the glycoprotein quartet have not been

identified. In essence, the evidence required to support the
double envelopment model is the definition of the mechanism
by which enveloped virions accumulating in the perinuclear
space could become de-enveloped, resulting in the release of
capsids into the cytoplasm.

The egress of capsids though the nuclear pores proposed by
Wild et al. (17) challenges the de-envelopment step of the
Stackpole pathway. Capsids could egress through enlarged nu-
clear pores passively along with nuclear components and or-
ganelles or actively by engaging the nuclear export machinery
of the cell. Unregulated egress of proteins or RNA from nuclei
of infected cells has not been reported. On the other hand,
while the evidence supports a specific association of capsids
with the pores on the cytoplasmic side of the nuclear mem-
brane, there is no evidence for an association with pores at the
nuclear side. Thus, capsids encoded by two diverse viral mu-
tants accumulate in large numbers at nuclear pores on the
cytoplasmic side, but not juxtaposed at random to nuclear
membranes (3, 11). In contrast, capsids frequently line the
nuclear side of the inner nuclear membrane but not specifically
at nuclear pores. At present, only mutants lacking the US3
protein kinase fail to transport capsids from the nucleus to
the perinuclear space (12), but the effect of US3 may be on the
integrity of the nuclear envelope and not specifically on the
mechanism of capsid transport. The key evidence required to
support the single envelopment model is identification of nu-
clear transport proteins that could interact with capsids and
demonstration that the transport is abolished by mutagenesis
of the capsid partner or genetic manipulation of the nuclear
transport protein.
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Author’s Reply 1

In his proposal of capsid de-envelopment at the outer nu-
clear membrane (ONM), Stackpole (14) did not consider the
observations of Schwartz and Roizman (13), which clearly
showed that virions are transported intraluminally from the
perinuclear space (PNS) into a membranous system lacking
ribosomes. Despite the assumption of a canal system for virus
transportation to the cell periphery, this report bears a funda-
mental fact: the ability of virions to be transported away from
the PNS. Nii et al. (11) showed proliferation of the nuclear
surface, which suggests that HSV type 1 (HSV-1) induces
membrane synthesis. These authors also showed indications
for intraluminal virion transportation and for formation of two
distinctly different transport vacuoles. Both the origin of these
vacuoles and the nuclear surface did not attract the interest of
investigators until recently. Instead, evidence explaining the
presence of naked capsids within the cytoplasm and for the
ability of these capsids to acquire tegument and a secondary
envelope exclusively at the trans-Golgi network was collected.

Many proteins that are involved in virus egress were discov-
ered. However, the true function of many, if not all, is poorly
understood. If the dual nuclear exit pathway is correct, the
factors targeting capsids to the nuclear surface for budding and
for exit via nuclear pores need to be investigated as demanded
by Campadelli-Fiume and Roizman. Though most images show
capsids lining the nuclear membrane at unspecific sites or at
budding stages, there is clear evidence that capsids are trans-
ported towards nuclear pores (Fig. 1A), suggesting intranu-
clear sorting. Budding capsids acquire a dense envelope and
tegument. Tegument consists of a compact intensely stained
shell when imaged at a higher resolution. It is, however, poorly
stained in routinely prepared specimens or in specimens pre-
pared for immunolabeling, suggesting loss of substances. Nev-
ertheless, tegument protein VP16 could be demonstrated on
both perinuclear and extracellular virions, whereas others
could be demonstrated only on extracellular virions (7, 10). It
is a difficult task to prove that a given protein is absent from
structures, especially if they occur only in low numbers. Thus,
comparing very low intensities of immunolabeling of a few

FIG. 1. (A) Capsid of Epstein-Barr virus in front of the nuclear pore (NP) within the nucleus, showing folding of the nuclear membrane.
Courtesy of Dr. V. Kushnaryov, Department of Microbiology and Molecular Genetics, Medical College of Wisconsin, Milwaukee. (B) Cytoplasmic
capsid-tegument accumulation in gE-deleted bovine herpesvirus 1-infected cells.
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virions within the PNS with that of hundreds of extracellular
virions in poorly preserved cells is not a reliable method. Fur-
thermore, if many of the extracellular virions are not labeled
(7), conclusions about viral origin cannot be drawn. To find a
satisfying answer about the differences in tegument protein
composition, immunolabeling must be performed on well-pre-
served cells, and labeling must be compared between virions
within the PNS and virions that clearly originated by budding
at Golgi membranes.

US3, UL31, and UL34 were shown on nuclear membranes
and on virions within the PNS and, in the case of US3, also on
cytoplasmic and extracellular virions and on the plasma mem-
brane (12). These proteins seem to be involved in nuclear
envelopment. However, the conclusion that the perinuclear
virions are de-enveloped is not valid because there are other
possibilities for substances to be cleft from the viral periphery
where these proteins seem to be located. gK is assumed to
promote fusion of the primary envelope with the ONM be-
cause pseudorabies virus (PRV) deleted of gK was found to
accumulate within the PNS (5). However, intact HSV-1 virions
accumulate within the PNS (8, 15), and gK is not required in
de-envelopment of HSV-1 (9). gK is also assumed to prevent
PRV from reentry into cells (5), i.e., by preventing fusion.
Astonishingly, the capsid membrane interactions assumed to
represent fusion are identical to those assumed to represent
budding in UL20-deleted PRV (2) and in intact HSV-1 (8) and
human cytomegalovirus (4). gB and gD, two members of the
quartet involved in cell entry (1), have been localized at nu-
clear membranes (3, 15). The question as to why they do not
initiate de-envelopment arises. Many other proteins are sug-
gested to be involved in envelopment on the basis of pheno-
types found in cells infected with deletion mutants. The crux of
using phenotypes as a indicator for the significance of a given
protein is that identical phenotypes can occur in cells infected
with intact virus or other deletion mutants. For example, si-
multaneous deletion of UL11 and gM is assumed to severely
affect PRV envelopment, resulting in formation of capsid-teg-
ument aggregates (6). Interestingly, identical aggregates occur
in cells infected with gE-deleted bovine herpesvirus 1 (Fig. 1B).

There are many more questions. To understand capsid
transportation, budding, fusion, and virion transportation, the
signaling pathways and mechanisms need to be studied. To
resolve confusing and controversial theories, factors playing a
role in envelopment must be investigated with the aim to shed
light onto their true significance. One powerful tool is electron
microscopy employing techniques for improved retention of
cellular material, which needs to be combined with high-level
immunolabeling.
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Author’s Reply 2

In their letter, Campadelli-Fiume and Roizman identify a
number of key issues concerning the current debate over the
route of herpesvirus egress from the nuclei of infected cells.
We agree with much of their analysis and recognize the need
for further work to resolve several unclarified issues. However,
we believe that in presenting alternative models, it is important
to consider the weight of evidence.

It is generally accepted that at least the majority of mature
herpesvirus virions are enveloped in a cytoplasmic compart-
ment (7). What is at issue is the source of cytoplasmic nucleo-
capsids. In our view these arise by a sequence of budding at the
inner nuclear membrane, followed by fusion of the primary
envelope with the outer nuclear membrane or the endoplasmic
reticulum, a sequence that is consistent with electron micro-
scopic observations. This process is independent of the four
conserved herpesviral glycoproteins required for fusion of the
mature envelope with the cellular plasma membrane during
infectious entry but is enhanced in the presence of the US3
viral kinase (5). As Campadelli-Fiume and Roizman correctly
point out, the mechanism of fusion during nuclear egress and
the viral and/or cellular proteins involved have not yet been
elucidated. However, this does not seem sufficient reason to
relegate the perinuclear enveloped virion to a minor role in
herpesvirus egress and to propose instead that transfer through
enlarged nuclear pores provides the major source of cytoplas-
mic nucleocapsids and, hence, infectious progeny.

The envelopment–de-envelopment–reenvelopment model is
supported by several lines of evidence and, in particular, is
consistent with analysis of genetically well-defined mutants of
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the alphaherpesviruses pseudorabies virus and herpes simplex
virus using several cell types (7). In contrast, the proposed
egress via dilated nuclear pores is based on a limited number
of morphological analyses without any biochemical or genetic
support (6, 11). Our studies with herpes simplex virus and
pseudorabies virus have not revealed impairment of and nu-
cleocapsid exit through nuclear pores. In fact, the integrity of
nuclear pores appears to be maintained until late in herpesvi-
rus infection (3). No viral mutants that influence the size of
nuclear pores have been identified, and there are no reports on
the accumulation of nucleocapsids at nuclear pores during the
productive phase of herpesvirus infection. In contrast, accu-
mulation of nucleocapsids along the inner nuclear membrane
is routinely seen in herpesvirus-infected cells, and enveloped
virions within the perinuclear space are an accepted feature of
herpesvirus infections, regardless of virus type, virus strain, or
host cell. In addition, mutations that impair envelopment at
the inner nuclear membrane have been identified, and the
resulting reduction in perinuclear enveloped virions is associ-
ated with reduced infectious yield (1, 4, 9). These observations
all imply a key role for the perinuclear virion. Since these
primary virions contain tegument and envelope proteins which
are absent from the mature virion, their integrity cannot be
maintained during maturation, and a de-envelopment step
must occur (1, 2, 8).

We believe, therefore, that the weight of evidence favors a
pathway in which the nucleocapsid exits the nucleus by travers-
ing the nuclear membrane following an envelopment–de-en-
velopment route (10), but we accept that several issues still
need clarification. We agree with Campadelli-Fiume and Roiz-
man that a complete understanding of herpesvirus egress at the
molecular level is still lacking and that, in designing future
experiments, we should keep our minds open.
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