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Endocytic tubules regulated by Rab GTPases 5 and EMBO
11 are used for envelopment of herpes simplex virus open
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Enveloped viruses employ diverse and complex strategies
for wrapping at cellular membranes, many of which are
poorly understood. Here, an ultrastructural study of
herpes simplex virus 1 (HSV1)-infected cells revealed
envelopment in tubular membranes. These tubules were
labelled by the fluid phase marker horseradish peroxidase
(HRP), and were observed to wrap capsids as early as
2min after HRP addition, indicating that the envelope
had recently cycled from the cell surface. Consistent with
this, capsids did not colocalise with either the trans-Golgi
network marker TGN46 or late endosomal markers, but
showed coincidence with the transferrin receptor. Virus
glycoproteins were retrieved from the plasma membrane
(PM) to label wrapping capsids, a process that was depen-
dent on both dynamin and Rab5. Combined depletion
of Rab5 and Rab11 reduced virus yield to <1%, resulting
in aberrant localisation of capsids. These results suggest
that endocytosis from the PM into endocytic tubules
provides the main source of membrane for HSV1, and
reveal a new mechanism for virus exploitation of the
endocytic pathway.
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Introduction

Enveloped viruses exploit cellular transport pathways in their
assembly and egress from the cell, and have been used to
reveal fundamental aspects of cellular trafficking. Many, such
as human immunodeficiency virus (HIV) and influenza virus,
acquire their envelope by budding at the plasma membrane
(PM) (Nayak et al, 2004; Jouvenet et al, 2006), a process that
involves an interaction of virus matrix proteins with the
cytoplasmic tails of envelope glycoproteins (Cosson, 1996;
Barman et al, 2001; Takimoto and Portner, 2004). Others,
such as hepatitis B and C viruses, are believed to acquire their
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envelopes by budding at internal pre-Golgi membranes where
virus glycoproteins are concentrated, followed by transport
through the lumen of the secretory pathway (Bruss, 2004,
2007; Roingeard et al, 2004, 2008). Larger enveloped viruses
exhibit more complex processes of envelopment and egress.
For example, African swine fever virus has been proposed
to acquire an inner envelope from the endoplasmic reti-
culum (ER) and an outer envelope from the PM (Breese
and DeBoer, 1966; Andres et al, 1998). The poxvirus
vaccinia virus produces a triple membrane wrapped core
that is exposed onto the cell surface by exocytosis and
fusion of the outermost membrane with the PM (Roberts
and Smith, 2008). While the source of the inner membrane is
disputed, the outer two membranes have been proposed to
derive from the trans-Golgi network (TGN) or endosomes
(Tooze et al, 1993; Schmelz et al, 1994).

Herpes simplex virus type 1 (HSV1) is a large enveloped
virus of ~200nm in diameter that is actively released
from the cell. The HSV1 capsid is surrounded by a complex
known as the tegument comprising over 20 virus-encoded
proteins (Dargin, 1986; Loret et al, 2008) that is believed
to link the capsid to the envelope (Mettenleiter, 2006). The
complexity of the HSV1 particle and a degree of redundancy
among its proteins means that the assembly pathway has
been difficult to define at the molecular level, while the cell
biology of envelopment has proved controversial. Unlike
other large DNA viruses, genome replication and capsid
assembly occur in the nucleus, and early models of
morphogenesis described the inner nuclear membrane
as the site of virus envelopment, with intact particles
suggested to move through the secretory pathway for
release at the cell surface (Nii et al, 1968; Ben-Porat and
Kaplan, 1972). However, the current widely accepted morpho-
genesis model, termed as the envelopment-deenvelopment-
reenvelopment model (Mettenleiter et al, 2006; Johnson and
Baines, 2011), designates this nuclear membrane-derived
envelope as a primary envelope, which is lost by fusion
with the outer nuclear membrane, releasing naked capsids
into the cytosol (Mettenleiter, 2006). The source of the
final envelope for HSV1 has been the subject of much
debate (Leuzinger et al, 2005; Mettenleiter and Minson,
2006), with a number of studies implicating multivesicular
body (MVB) components in the process (Calistri et al,
2007; Crump et al, 2007; Pawliczek and Crump, 2009).
However, within the relevant literature the site of HSV1
envelopment is now commonly cited to be the TGN
(Johnson and Baines, 2011).

The TGN is an organelle that comprises up to three
cisternae on the trans side of the Golgi apparatus, all of
which are able to bud and extend tubules (De Matteis and
Luini, 2008; Luini et al, 2008; Pfeffer, 2011). Proteins destined
for different locations, such as late endosomes or PM, are
believed to sort into different domains, and hence different
tubules, of the TGN (Bard and Malhotra, 2006; Luini et al,
2008). A major marker for the TGN is the protein TGN46 and
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although a small proportion of TGN46 escapes to the PM
followed by retrieval back through sorting endosomes, the
slow rate of TGN46 exit from the TGN means that at any one
time around 90% of the cellular content of this protein is
located in the TGN membranes (Ponnambalam et al, 1996;
Ghosh et al, 1998). The main evidence for HSV1 wrapping
at this compartment comes from light microscopy showing
GFP-tagged capsids close to membranes labelled positive for
TGN46, with the inference that wrapping occurs at these
membranes (Turcotte et al, 2005; Sugimoto et al, 2008;
Remillard-Labrosse et al, 2009). The colocalisation of all
glycoproteins tested with the TGN46 marker was taken as
further evidence for wrapping at these membranes (Turcotte
et al, 2005). In other studies investigating glycoprotein E
(gE) localisation, TGN46 was seen to relocalise to the
lateral membranes of HSV1-infected polarised epithelial
cells together with gE, an event that happened in the
absence of capsid production (McMillan and Johnson,
2001; Wisner and Johnson, 2004). Furthermore, isolated
capsid-containing cellular organelles have been shown
to co-stain for TGN46 by immunofluorescence (Lee et al,
2006). However, while one study has detected TGN46 in
the membranes around capsids in infected human fetal
axons by immunogold labelling (Miranda-Saksena et al,
2009), none of these studies have directly correlated
capsid/TGN46 proximity with the presence of enveloped,
infectious virus at the ultrastructural level.

Understanding virus morphogenesis and the wide range
of envelopment strategies used by viruses provides impor-
tant insight into fundamental aspects of cellular trafficking.
In this study, we have combined detailed confocal micro-
scopy, ultrastructural analysis, and inhibition of the endocytic
pathway to show that HSV1 acquires its envelope not from
the TGN or other membranes of the secretory pathway, but
from endocytic tubules containing glycoproteins derived from
the PM. These membranes were shown to enwrap capsids
as early as 2min after endocytosis, and inhibition of the
endocytic pathway by treatment with the dynamin inhibitor
dynasore or depletion of Rab5 resulted in retention of envel-
ope glycoproteins at the cell surface and inhibition of capsid
wrapping. Combined depletion of Rabll and Rab5 further
reduced virus yield. Hence, we have shown that HSV1 utilises
membranes from the endocytic pathway for envelopment,
revealing a new strategy for virus exploitation of cellular
trafficking pathways.

Results

HSV1 capsids are wrapped in cytoplasmic tubular
membranes

Ultrastructural studies of HSV1 were carried out in the non-
transformed primary fibroblast cell line HFFF-2. HSV1 (strain
17) exhibited similar one-step replication Kinetics in HFFF-2
cells compared to Vero and Hela cells—lines commonly used
in HSV1 studies—with a 1000-fold increase in virus production
between 6 and 12 h after infection (Supplementary Figure S1A).
Furthermore, HSV1 strains s17, sc16, and HFEM all exhibited
the same replication kinetics in HFFF-2 cells (Supplementary
Figure S1B). Fixation of infected HFFF-2 cells for electron
microscopy (EM) at 12h revealed that all strains gave the
same profiles for HSV1 morphogenesis—assembling capsids
were present in the nucleus (Figure 1A); primary enveloped
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virions were detectable in the perinuclear space between the
inner and outer nuclear membrane (Figure 1B); mature
enveloped particles were observed enclosed in double mem-
branes within the cytoplasm (Figure 1C); extracellular virions
found on the cell surface were wrapped in a single membrane
(Figure 1D) and some contained more than one capsid
(Figure 1E). Wrapped and wrapping virions were found at a
range of locations in the cytoplasm, but there were few
obvious wrapping events at the trans cisternae of any Golgi
complex examined (e.g., Figure 1F).

Large numbers of free capsids were found clustered to-
gether with tubular membranes at the periphery of cells
(Figure 1G). Numerous examples of capsids in the process
of envelopment were found enwrapped by curved tubules
with an electron dense concave surface that we believe to be
tegument (Figure 1H-J). Frequently, these wrapping profiles
were close to microtubules (Figure 1I and J). Furthermore,
similar curved tubular profiles lacking capsids were also
found suggesting that the formation of these curved mem-
branes may not be dependent on the presence of a capsid
(Figure 1K). Strikingly, in some fields there were capsids
clustered with tubules that carried a curved clathrin-like coat
at one end (Figure 1L).

Wrapping of HSV'1 capsids in PM-derived tubules

Curved clathrin coats as seen on tubules by EM are com-
monly found on vesicles budding from the PM, which are
destined for the early endosome, or tubules budding off the
TGN, which are destined for the late endosome (Bard and
Malhotra, 2006; Doherty and McMahon, 2009). Additionally,
flat clathrin coats have been described on tubules budding
from the sorting endosome complex in a retromer-dependent
fashion for transport back to the TGN (Bonifacino and Hurley,
2008). A less well-reported location of a curved clathrin coat
is on tubules leaving the recycling endosome destined for the
cell surface (van Dam and Stoorvogel, 2002; van Dam et al,
2002). To distinguish endocytic tubules from those that
may originate from the TGN, cells were incubated with
horseradish peroxidase (HRP) to label fluid phase endocytic
events. Following endocytosis, HRP is sorted into MVBs at
the early endosome, with some recycling back to the cell
surface via recycling endosomes (Gonatas et al, 1980;
Griffiths et al, 1989; Gu et al, 1997; D’Souza-Schorey et al,
1998). With the exception of specialised secretory cells
(Orci et al, 1986), retrograde trafficking of HRP to the TGN
is generally undetectable and therefore any HRP-positive
clathrin coat containing tubules would be unlikely to have
originated from the TGN. To first test the ability of HFFF-2
cells to take up HRP, uninfected cells were incubated with
10 mg/ml HRP in the cell medium for various times ranging
from 2 to 60 min, or 60 min followed by a 60-min chase with
HRP-free medium. Samples were stained with DAB after
fixation to identify HRP-positive lumina within the cell.
After 2 min, HRP was shown to label clathrin-coated pits at
the cell surface (Figures 2A, 2min, CCP) and some tubules
carrying a clathrin coat (Figure 2A, 2 min, CC). As incubation
time progressed, clusters of tubules were evident at the cell
periphery (Figure 2A, 30 min, tu) and in the centre of the cell
(data not shown). After a 60-min chase HRP was chased into
characteristic MVBs (Figure 2A, MVB) as shown by others
(Gonatas et al, 1980). To next determine if any of these HRP-
containing structures provided the wrapping membranes
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Figure 1 HSV1 capsids are wrapped in tubular membranes in HFFF-2 cells. HFFF-2 cells were infected at a multiplicity of 2 with HSV1,
fixed and processed 12h after infection, and imaged by EM. Panels F1/F2, and G2 are expanded regions of panels F and G respectively.
NM, nuclear membrane; GA, Golgi apparatus; PM, plasma membrane; Mt, microtubule; Ca, capsid; ER, endoplasmic reticulum; CC, clathrin
coat. In (A, F1, F2) scale bar=500nm. In (B-E, G1, H-L), scale bar =200nm. In (F, G), scale bar =1 pm.

of HSVI, infected cells were initially incubated with HRP
continuously for 60min. The same tubular structures
detected in uninfected cells were also present in infected
cells (Figure 2B). Moreover, the tubules wrapping around
capsids in these infected cells were positive for HRP
(Figure 2C). Analysis of higher magnification images revealed
a range of HRP-positive wrapping profiles (Figure 2D-I),
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including examples of two capsids wrapping in a single
membrane (Figure 2H). Wrapping profiles where a clathrin
coat was present on the wrapping tubule were found with
ease (Figure 2I). In agreement with other studies (Gonatas
et al, 1980; Griffiths et al, 1989) none of the trans lumina of
the Golgi cisternae or emanating tubules on the trans side of
any Golgi complex were labelled with HRP, even when

©2012 European Molecular Biology Organization



HSV1 lopment by endocytic membranes
M Hollinshead et al

60 min + 60 min chase

Figure 2 HSV1 capsids are wrapped by tubules derived from the plasma membrane. (A) Uninfected HFFF-2 cells were labelled for 2 or
30min with 10 mg/ml HRP, or 60 min followed by 60 min chase. After fixation, cells were stained with DAB and processed for imaging by
EM. (B-J) HFFF-2 cells were infected at a multiplicity of 2 with HSV1 and labelled 11 h after infection with 10 mg/ml HRP for 60 min (B-I),
10 min (J), 2min (K) or 60 min followed by 60 min chase (L). PM, plasma membrane; ER, endoplasmic reticulum; NM, nuclear membrane;
GA, Golgi apparatus; MVB, multivesicular body; Mt, microtubule; CC, clathrin coat; CCP, clathrin-coated pit; Tu, HRP-positive tubule.
In (A) (2min) and (E-K), scale bar =200nm. In (A) (30 and 60 min + 60 min chase) and (B-D, L), scale bar =500 nm.

capsids wrapped in highly HRP-positive membrane were
observed in close proximity to the Golgi (Figure 2D).
Furthermore, HRP labelling experiments in Vero and HelLa
cells (Supplementary Figure S2) showed that these cells also
contained HRP-positive tubules that were seen to enwrap
cytoplasmic capsids. Hence, the wrapping of HSV1 in endo-
cytic membranes demonstrated in HFFF-2 cells appears to be
a general mechanism for HSV1 maturation and is not cell-
type specific.

HRP is known to accumulate in early structures for
5-10min after addition and in pulse-chase experiments to
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progress to MVBs within 2h (Oliver et al, 1989; Gu et al,
1997). To correlate virus wrapping in HRP-positive tubules
with these Kkinetics, infected HFFF-2 cells were labelled
with HRP for 2, 10, 30, or 60min before fixation and
processing. In each case, 100 capsids were scored for the
presence of an HRP-positive lumen (Table I). After as little
as 2min labelling, 1 in 50 capsids was already wrapped in
HRP-positive membranes (Figure 2K) with over 25% scoring
positive by 10min (Figure 2J), and by 30min numbers
had reached nearly 90%. Considering these HRP-positive
wrapping membranes had to not only undergo endocytosis
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Table I Incorporation of HRP into HSV1 wrapping membranes

Time Time  Free ER-associated HRP +ve HRP —ve
of HRP of  capsids capsids wrapped/ wrapped/
incubation chase wrapping wrapping
(min) (min) capsids capsids
2 0 7 6 2 85

10 0 5 2 27 66

30 0 2 6 85 7

60 0 3 7 87 3

10 60 6 13 2 78

30 60 6 9 3 79

HFFF-2 cells infected with HSV1 at a multiplicity of 2 were incubated
with HRP (10mg/ml) for the denoted times, fixed for EM and
stained with DAB. After processing and sectioning, 100 capsids in
each sample were scored for the presence of HRP-positive (+ ve)
or HRP-negative (— ve) membranes, no membrane (free capsids) or
primary envelope (ER associated). Numbers represent percentage.

but also encounter a capsid to enwrap in the timescale of
these incubations, these results suggest that the membranes
wrapping HSV1 capsids are recently derived from the PM.

As previous studies have implicated MVB membranes in
HSV1 envelopment (Calistri et al, 2007), we used HRP uptake
pulse-chase experiments (Figure 2A) to examine HSV wrap-
ping under conditions where only MVB membranes were
positive for HRP. Infected HFFF-2 cells were labelled with
HRP for 10 or 30min followed by a 60-min incubation in
media lacking HRP, and capsids scored for the presence of
HRP-positive membranes. The 60-min chase resulted in a
reduction of capsids associated with HRP-positive mem-
branes from 27 and 85% in the 10 and 30 min incubations,
respectively, to around 2% after the chase step (Table [;
Figure 2L). These results indicate that chasing HRP out of
early endocytic membranes into late MVB structures results
in the vast majority of wrapping membranes being HRP
negative, suggesting that MVB membranes are unlikely to
be the source of HSV1 envelope in HFFF-2 cells. Furthermore,
immunogold labelling of the late endosomal marker LAMP2
demonstrated that although these structures were readily
detectable by EM and were heavily labelled with gold parti-
cles, capsids were never seen in proximity to these structures,
and membranes wrapping capsids were not LAMP2 positive
(Supplementary Figure S3).

HSV1 capsids do not colocalise with TGN46-positive
membranes in any of three cell lines

These results were contrary to the accepted model of HSV1
wrapping at the TGN (Johnson and Baines, 2011). In the
previous publications that reported the TGN as the site of
HSV1 capsid envelopment, an antibody to the cellular antigen
TGN46 was used to define the membranes of the TGN
(Turcotte et al, 2005; Sugimoto et al, 2008; Remillard-
Labrosse et al, 2009). In light of our results above, HFFF-2
cells were infected with HSV1 expressing the capsid protein
VP26 as a GFP-fusion protein (GFP-VP26 virus) and examined
8h after infection by co-staining for either TGN46 or the
envelope glycoprotein gE. Co-staining of the MVB marker
CD63 was used to compare the relative localisation of capsids
to late endosomal membranes. Confocal microscopy revealed
that there was little colocalisation between capsids and TGN46
either in the area of the Golgi or at the cell periphery
(Figure 3A). In addition, immunogold labelling of TGN46
indicated that although the antibody detected trans cisternae
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of the Golgi stacks in uninfected cells, this positivity was
reduced in late infected cells, and TGN46 was not detected in
the PM or membranes wrapping capsids (Supplementary
Figure S4). By contrast, a large number of individual capsids
colocalised with gE throughout the cytoplasm confirming at
least a proportion were enveloped (Figure 3B). These light
microscopy images correlated with immunogold EM localisa-
tion of virus glycoprotein (in this case gD) where gD was
detected in the Golgi apparatus, at the PM, on membranes
wrapping capsids in the cytoplasm, and on extracellular
virions (Supplementary Figure S5). As anticipated from our
findings above, there was no obvious colocalisation between
capsids and CD63 by immunofluorescence (Figure 3C).
Co-staining of infected HFFF-2 cells for both TGN46 and
the Golgi integral membrane protein giantin indicated that
the TGN46 signal remained with the Golgi in these cells
at this time, despite fragmentation of the Golgi stacks
(Figure 3D), confirming that the antigen remained an appro-
priate marker for the TGN at least until 8 h after infection.
Furthermore, because the Golgi/TGN is held close to the
nucleus by its relationship with microtubules, treatment of
infected cells with the microtubule depolymerising drug
nocodazole resulted in increased fragmentation of the
TGN46 signal. Significantly, there was no obvious clustering
of capsids with TGN46 in these conditions, suggesting that
capsid localisation at a perinuclear location may be more
dependent on the presence of intact microtubules than the
presence of the Golgi/TGN membranes (Figure 3E).

HSV1 capsid localisation in relation to the TGN46 antigen
was compared at various times after infection between
HFFF-2, and Vero and HeLa cells. As for HFFF-2 cells,
TGN46-positive signal remained relatively intact in HeLa
cells during the early part of infection (Figure 4, compare
mock and 5h). However as early as 5 h after infection, when
GFP capsids were just detectable in the nucleus of all cell
lines, TGN46 was dispersed through the cytoplasm of Vero
cells (Figure 4, compare mock and 5h). This dispersal was
clearly not due to virion egress from the TGN as capsids were
not yet in the cytoplasm at that time. Furthermore, for the rest
of the time course when capsids appeared in the cytoplasm,
there was no correlation of capsids and TGN46 in Vero cells.
When capsids were initially detected in the cytoplasm of
HFFF-2 and HeLa cells a few capsids clustered close to TGN46
labelling (Figure 4, 7h). As cytoplasmic capsid numbers
increased, there was a similar dispersal of the TGN46 signal
in HeLa cells without any colocalisation (Figure 4, 9h).
Although some GFP capsids were clustered around the
partially maintained TGN46 signal in HFFF-2 cells, the entire
cytoplasm was full of capsids at this time making it difficult
to ascertain if the proximity to TGN46 was in any way
specific. At the latest time point, capsids decorated the PM
in all cell lines (Figure 4, 11 h).

Glycoprotein D undergoes endocytosis to HSV'1
wrapping membranes

If, as suggested by the HRP uptake studies, capsids are
wrapped by tubules derived from the PM, then glyco-
proteins would need to be targeted to the PM prior to
capsid envelopment. Studies carried out here show that
in all cell lines examined, gE was obvious in cytoplasmic
membranes, including a juxtanuclear location in HFFF-2
and HeLa cells, prior to capsids leaving the nucleus
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Figure 3 HSV1 capsids colocalise with glycoprotein E but not TGN46 or CD63 in HFFF-2 cells. Cells grown on coverslips were infected with the
GFP-VP26 virus (green) (A-C, E) or s17 (D) at a multiplicity of 2, and fixed 8 h after infection. Cells were stained with antibody against (A, E)
TGN46 (red), (B) gE (red), (C) CD63 (red) or (D) TGN46 (red) and giantin (green), and nuclei stained with DAPI (blue) before imaging with a
Zeiss LSM510 Meta confocal microscope. In (E), nocodazole was added at a concentration of 2 pg/ml for 30 min before fixing to depolymerise

the microtubule network (+ noc). Scale bar =10 pm.

(Supplementary Figure S6, 5h). By the time a small number
of capsids were in the cytoplasm, gE was already located at
the cell periphery of all three cell lines (Supplementary Figure
S6, 7 h), suggesting that the envelope protein was transported
through the secretory pathway to the PM prior to the process
of capsid envelopment. As the numbers of cytoplasmic
capsids increased they were directed towards the cell periph-
ery where, in contrast to the result with TGN46, many
colocalised with gE (Supplementary Figure S6, 9 and 11 h).
For the virus envelope to be derived by endocytosis from
the PM, it would be anticipated that all glycoproteins must
undergo endocytosis. While both gE and gB have been shown
to contain signals for and undergo endocytosis (Alconada
et al, 1999; Beitia Ortiz de Zarate et al, 2004), and gM may
affect the endocytosis of other glycoproteins lacking retrieval
signals by an unknown mechanism (Crump et al, 2004), we
reasoned that if our model was correct then it would be
possible to detect the retrieval of any glycoprotein from the
PM. Hence, to examine glycoprotein endocytosis in our
system, we used a monoclonal antibody available to us that
recognises the extracellular domain of gD. Cells infected with
the GFP-VP26 virus were incubated at 4°C with an anti-gD
monoclonal antibody, and following extensive washing to
remove unbound antibody, the cells were incubated for
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30min at 37°C to allow entry of the antibody into the cell via
concomitant endocytosis of gD. Secondary antibody was
added to permeabilised cells, and immunofluorescence
revealed that while the gD antibody was located only at the
cell surface in cells incubated at 4°C (data not shown),
in cells incubated at 37°C, the gD antibody had been
endocytosed, and localised in multiple membrane structures
throughout the cytoplasm (Figure 5A). Moreover, a large
number of these gD-positive membranes correlated with
cytoplasmic capsids. The same experiment carried out with
Wt HSV1-infected cells and stained for the early endosome
marker EEA1 showed that a proportion of retrieved gD was
in the early endosome while a substantial amount was
elsewhere in the cytoplasm (Figure 5B). By contrast, staining
for giantin to label the Golgi/TGN revealed no detectable
levels of endocytosed gD population trafficking back to these
membranes (Figure 5D). Interestingly, in spite of some gD
localising to the early endosome (Figure 5B) capsids did not
obviously colocalise with EEA1 suggesting that although the
retrieved gD may traffic through the early endosome, the
individual wrapping membranes were likely to be derived
from structures distinct from EEAIl-positive structures
(Figure 5C). Furthermore, analysis of ultrathin sections
of infected HFFF-2 cells by both immunofluorescence and

The EMBO Journal VOL 31 | NO 212012 4209
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Figure 4 Relative localisation of virus capsids and TGN46 in HSV1-infected Vero, HeLa, and HFFF-2 cells. Cells grown on coverslips were
infected with the GFP-VP26 virus (green) at a multiplicity of 2, and fixed at 5, 7, 9, or 11 h after infection. Cells were stained for TGN46 (red)
and nuclei stained with DAPI (blue) before imaging with a Zeiss LSM510 Meta confocal microscope. Scale bar = 10 um.

immunogold revealed that EEAl-positive structures were
very infrequent in the thickness of these sections, and thus
by definition difficult to detect (Supplementary Figure S7).
As wrapping capsids are highly abundant in the cytoplasm
of infected cells, and do not label for EEA1, we conclude
that the wrapping membranes are not continuous with
EEA1-positive early endosomes.

Glycoprotein D antibody uptake was also assessed at
the ultrastructural level by including an HRP-tagged F(ab’),

4210 The EMBO Journal VOL 31 | NO 21 | 2012

fragment of anti-mouse IgG in the uptake assay, followed by
processing for EM and HRP staining as described above. After
incubation at 4°C alone, the gD antibody remained bound at
the cell surface and was detected in clathrin-coated pits, but
following incubation at 37°C it was retrieved into endocytic
tubules and membranes wrapping HSV1 capsids, confirming
that gD from the PM ended up in the virus envelope (Figure 5D).

To examine the localisation of capsids in relation to mem-
branes of the endocytic recycling pathway, we carried out

©2012 European Molecular Biology Organization
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E 0°C 37°C

Figure 5 Glycoprotein D is endocytosed from the plasma membrane to HSV1 wrapping membranes. HFFF-2 cells grown on coverslips were
infected with (A) the GFP-VP26 virus or (B, C) Wt HSV1 at a multiplicity of 2. Ten hours after infection, gD antibody uptake experiments were
carried out by incubating cells for 30 min on ice with anti-gD monoclonal antibody followed by 30 min at 37°C to allow uptake. Cells were fixed
and permeabilised then labelled with (B) anti-EEA1 (green), or (C) anti-TGN46 (green), and counterstained with Alexa 568 anti-mouse
secondary antibody to detect anti-gD antibody (red) and DAPI to detect nuclei (blue). (D) HFFF-2 cells infected with the GFP-VP26 virus were
fixed at 10h and labelled with anti-EEA1 (red) and DAPI to detect nuclei (blue). (E) HFFF-2 cells were infected with HSV1 and at 10h gD
antibody uptake assay carried out as described above with the inclusion of a 30-min incubation on ice with an HRP-tagged F(ab’), fragment of
anti-mouse IgG prior to incubation at 37°C. Cells were fixed and stained for HRP prior to processing for EM. (F) Uninfected HFFF-2 cells were
labelled with anti-transferrin receptor (red). (G) HFFF-2 cells infected with GFP-VP26 virus (green) were fixed 10 h after infection and labelled
with anti-transferrin receptor antibody (red). All immunofluorescence images were acquired with a Zeiss LSM510 Meta confocal microscope.
In (A-D, F-G), scale bar =10 um. In (E), scale bar =200 nm.

immunofluorescence of HFFF-2 cells with an antibody to the the nucleus which are likely to be close to the microtubule
transferrin receptor (TfR), a well-characterised marker for organising centre (MTOC) (Figure 5F). In cells infected with
this pathway. Labelling of uninfected cells indicated that the HSV1 expressing GFP-VP26, capsids clustered in close proxi-
level of TfR present in this cell type was relatively low, but mity to these accumulations of TfR-labelled membranes
that it was detectable particularly in accumulations beside (Figure 5G). Hence, of the four compartments that we have
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examined for proximity to trafficking capsids—TGN, early
endosome, late endosome, and TfR-positive recycling
membranes—the TfR correlated most convincingly with the
cytoplasmic capsids.

Depletion of early and recycling endosome Rab GTPases
inhibits virus production and wrapping

Cargo movement through the endocytic pathway is regulated
at different stages by a number of Rab GTPases including
Rabs 5, 7, 9, and 11 (Stenmark, 2009). To determine the role
of these in HSV1 envelopment, siRNA depletion experiments
were carried out in HeLa cells. Depletion of Rabl, required
for ER-to-Golgi transport was included as a positive control,
as it has recently been shown to be important for HSV1 glyco-
protein movement through the secretory pathway (Zenner
et al, 2011). Depletion of Rab24, an ER localised Rab involved
in autophagosome formation (Chua et al, 2011), was also
included because it was not anticipated to be involved in

envelopment. In each case, siRNAs to all isoforms of indivi-
dual Rabs were co-transfected to ensure all redundant forms
were depleted. HeLa cells transfected with siRNAs were
infected 2 days later and released virus harvested from
the cell medium 16h after infection. As shown by others,
knockdown of the ER-to-Golgi regulator Rabl reduced virus
yield to <2% of the negative siRNA control (Figure 6A).
By contrast, depletion of Rab24 had no effect on virus yield.
Among the endosomal Rabs that were tested, depletion
of Rab5 or Rabll significantly reduced virus yield while
depletion of Rab9 (Figure 6A) or Rab7 (Figure 6B) both
reduced virus yield by two-fold or less. Efficient knockdown
of all these proteins was demonstrated by western blotting
(Figure 6C), and the viability of the siRNA-treated cells was
demonstrated to be unaffected in any of the knockdowns that
reduced virus yield (Figure 6D). Interestingly, Rabs 5 and 11,
identified as being required for efficient virus production, are
involved in trafficking from the PM to the EE and through
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Figure 6 Rab GTPases 5 and 11 are required for efficient HSV1 production. (A, B) HeLa cells transfected with siRNAs as denoted were infected
48 h later with HSV1 at a multiplicity of 5, extracellular virus harvested 16 h later and titre measured. Graphs show titres in relation to those
obtained for the negative siRNA (taken as 1), and values are shown as mean + standard error of the mean from three independent experiments.
(C) Total cell extracts of siRNA-transfected HeLa cells were analysed by western blotting with antibodies as labelled. (D) HeLa cells transfected
with siRNAs for Rab1, Rab5, or Rab11l were assessed for viability. Graph denotes viability in relation to non-transfected cells (taken as 100%).
(E) HeLa cells transfected with siRNAs as denoted were infected 48 h later with HSV1 at a multiplicity of 5, and the titre of cell-associated virus
was measured 16h later. Graph shows titres in relation to those obtained for the negative siRNA (taken as 1) and values are shown as
mean * standard error of the mean from three independent experiments. (F) Total cell extracts of siRNA transfected, infected HeLa cells,
harvested at 16 h, were analysed by western blotting with antibodies as labelled.
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recycling endosomes back to the PM, respectively (Bucci
et al, 1992; Ullrich et al, 1996). By contrast Rabs 7 and 9,
which showed limited involvement in virus production, are
involved in maturation of early endosomes to MVBs and
trafficking from MVBs to the TGN, respectively (Lombardi
et al, 1993; Rink et al, 2005). These results provide further
evidence that the late endocytic pathway is not involved in
virus production.

Immunofluorescence of Rab-depleted cells for the early
endosome marker EEA1, a binding partner of Rab5, indicated
that in Rab5-depleted cells EEA1 was no longer localised in
early endosome structures providing further confirmation
that Rab5 had been successfully depleted (Supplementary
Figure S8, EEA1). By contrast, Rab7 or Rabll depletion had
no obvious effect on EEA1 localisation (Supplementary
Figure S8, EEAl). In addition, immunofluorescence of
Rab5-depleted cells for the late endosomal MVB protein
CD63 indicated that MVB localisation was subtly altered in
the absence of Rab5 from being distributed throughout the
cytoplasm to clustering close to the nucleus (Supplementary
Figure S8, CD63). While Rabll depletion had no effect
on CD63 localisation, Rab7 depletion caused an apparent
increase in the number and size of MVBs present throughout
the cytoplasm (Supplementary Figure S8, CD63), in agree-
ment with studies from others (Vanlandingham and Ceresa,
2009). Hence, although Rab7 depletion had affected the
characteristics of the late endocytic pathway, its limited
effect on virus yield confirmed that this part of the endo-
cytic pathway had little involvement in HSV1 envelopment.

Given the significant defect in virus production in either
the Rab5 or Rab11-depleted cells we focused on the activity of
these two Rabs in HSVI-infected cells. Early endosome
localised Rab5 is involved in initial entry steps into the cell
as well as onward sorting and transport out of the early
endosome (Jovic et al, 2010). In contrast, Rab1l is localised in
recycling endosomes located around the MTOC and is
required for movement from early to recycling endosomes,
and transport from recycling endosomes to cell surface
(Ullrich et al, 1996; Trischler et al, 1999). To determine
if the effect of their knockdown was at the level of virus
release or virus envelopment the knockdown experiments
were repeated and the level of cell-associated virus was
measured. In both cases, there was a significant reduction
in cell-associated virus indicating that the block in virus
replication was truly at the level of envelopment rather
than release from the cell (Figure 6E). In addition, we carried
out a double knockdown of both Rab5 and Rab11 and showed
that this combined depletion reduced virus yield to only 1%
of the negative control—making it even more effective in
reducing virus production than Rabl depletion (Figure 6E).
The relative virus gene expression, as measured by western
blotting, was also similar under these knockdown conditions
(Figure 6F) confirming that virus entry and gene expression
were unaffected by the depletion of these Rabs. Taken to-
gether, these results suggest that Rabs 5 and 11 located on
early and recycling endosomes respectively play a critical role
in the morphogenesis of HSV1.

Localisation of virus envelope proteins in Rab5

and Rab11-depleted cells

To determine the effect of Rab5 and/or Rabll depletion on
virus glycoprotein trafficking, siRNA-transfected HeLa cells
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were infected with HSV1 expressing the glycoprotein gD as a
GFP-fusion protein, and examined 8 or 11h later. In cells
transfected with the negative siRNA, gD-GFP was localised at
a juxtanuclear position together with specific sites on the cell
surface, progressing to more intense cell surface fluorescence
at 11h (Figure 7A, neg). However, in Rab5-depleted cells,
there was a significant enrichment of gD-GFP at the PM as
early as 8 h that was more obvious by 11 h (Figure 7A, Rab5).
gD-GFP localisation in Rabll-depleted cells was indistin-
guishable from negative siRNA-transfected cells (Figure 7A,
Rab11) while the appearance in the double depleted cells was
similar to depletion of Rab5 alone (Figure 7A, Rab5/11).

Antibody uptake experiments were next carried out to
establish if the increased concentration of gD-GFP at the
PM in Rab5-depleted cells was due to inhibition of glycopro-
tein retrieval by endocytosis. In cells transfected with the
negative siRNA, the gD antibody was recruited as before into
cytoplasmic membranes (Figure 7B, neg). However, in cells
in which Rab5 had been depleted either alone or in combina-
tion with Rabll, gD antibody uptake was inhibited and
remained at the cell surface (Figure 7B, Rab5 and Rab5/11).
By contrast in Rab11l-depleted cells, gD endocytosis appeared
similar to that in the negative control. Hence, the increased
level of gD-GFP at the cell surface of cells depleted of Rab5
can be attributed to a greatly reduced rate of glycoprotein
endocytosis from the PM.

This inhibition of gD retrieval in Rab5-depleted cells was
similar to cells treated with the inhibitor of dynamin-depen-
dent endocytosis, dynasore (Figure 7C, +dyn). It is note-
worthy that long-term exposure to dynasore greatly reduced
the numbers of capsids transported from the nucleus into the
cytoplasm, indicating that dynasore may inhibit some stage
of primary envelopment/deenvelopment through the nuclear
membrane. Because of this feature, we were unable to
determine the effect of dynasore on virus yield. However,
EM of HRP uptake in HeLa cells pretreated for only 30 min
with dynasore prior to incubation with HRP reduced the
number of HRP-positive wrapped capsids by 70% (Table II).
Unlike gD, HRP was still taken into cells in which dynamin-
dependent endocytosis had been inhibited (data not shown) a
result that was not unexpected as HRP is taken up by all
mechanisms of fluid phase endocytosis including dynamin-
independent pathways (Doherty and McMahon, 2009).

Virus capsids are mislocalised in Rab5-depleted cells
To determine the effect of Rab5 depletion on capsid wrap-
ping, HRP uptake experiments were carried out, resulting in
cell profiles exemplified in Figure 8A. Similar to dynasore-
treated cells, HRP uptake was not blocked in Rab5-depleted
cells. However, rather than numerous HRP-positive tubules
in the cytoplasm, large, aberrant HRP-containing structures
(around 2 pm in diameter) were present that were similar in
appearance to the much smaller MVBs observed following a
60-min chase of HRP in non-depleted cells (Figure 8A-D—
compare to MVB in Figure 2A). The size and localisation of
these MVBs is consistent with the altered CD63 localisation
we observed by immunofluorescence (Supplementary Figure
S8, CD63).

In the Rab5-depleted infected cells, numerous capsids were
observed both in and out of the nucleus, but it was rare
to find capsids wrapping in HRP-positive membranes, or
released from the cell surface. Many cytoplasmic capsids
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Figure 7 Rab5 and dynamin are required for retrieval of glycoprotein D from the plasma membrane. (A) HeLa cells on coverslips transfected
with siRNAs as denoted were infected 48 h later with HSV1 expressing gD-GFP (green) at a multiplicity of 2, fixed 8 or 11 h later and stained
with DAPI to detect nuclei (blue). (B) HeLa cells on coverslips transfected with siRNAs as denoted were infected 48 h later with HSV1, and gD
antibody uptake experiments were carried out 8 h later. After fixation, cells were stained with anti-mouse secondary antibody to detect anti-gD
antibody (red) and DAPI to detect nuclei (blue). (C) HeLa cells infected with HSV1 were incubated for 30 min with dynasore 8 h later (+ dyn),
or left untreated (—dyn). gD antibody uptake was carried out and cells processed as for (B). Scale bar =10 um.

were associated with the lumina of dilated membranes,
which we believe to be the cisternae of the Golgi stacks
(Figure 8A, B, D and E). Closer examination of these profiles
using serial sections revealed that although these particles
looked to be within these lumina, they were in fact present in
long finger-like projections into the Golgi that maintained a
continuum with the cytoplasm and hence these capsids were
not enveloped (Figure 8F).
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Taken together, our data suggest that HSV1 uses the
retrieval of PM as a source of envelope. The abundance
of membrane cycling from and to the PM in comparison
to TGN46-positive membranes is readily demonstrated by
the uptake of fluorescent transferrin, a well-characterised
marker of clathrin-mediated endocytosis, into early and
recycling endosomes (Figure 9A). Quantification of transferrin-
containing membranes showed that they reached over 10 times
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Table II Inhibition of dynamin-specific endocytosis reduces the
number of HRP-positive wrapping membranes

Free ER-associated ~HRP —ve HRP +ve
capsids capsids wrapped/  wrapped/
wrapping wrapping
capsids capsids
— Dynasore 18 5 20 57
+ Dynasore 31 5 45 19

HeLa cells infected with HSV1 at a multiplicity of 2 were incubated
with or without dynasore (25 pg/ml) for 30 min prior to incubation
with HRP (10 mg/ml) for a further 30 min, fixed for EM and stained
with DAB. After processing and sectioning, 100 capsids in each
sample were scored for the presence of HRP-positive (+ ve) or
HRP-negative (—ve) membranes, no membrane (free capsids) or
primary envelope (ER associated). Numbers represent percentages.

the abundance of TGN46-containing membranes (Figure 9B).
Moreover, the clustering of the transferrin-containing recycling
endosomes in proximity to TGN46 was reminiscent of capsids
clustering around the TGN. In light of these results, we propose
a new model for virus envelopment involving retrieval of
virus membrane proteins from the cell surface into relatively
abundant cytoplasmic tubular membranes in the endocytic
network (Figure 9C).

Discussion

Enveloped viruses have been shown to use various mem-
branes of the secretory pathway or the PM as sites of virus
wrapping. However, many of these processes are poorly
defined. One major issue when investigating the source of
virus envelope is the fact that many trafficking compart-
ments, including the ERGIC, the Golgi, the TGN, late and
recycling endosomes are organised by microtubule-based
minus-end directed motor proteins such as dynein, and
tend to cluster in close proximity to the MTOC adjacent to
the nucleus. Light microscopy often cannot distinguish be-
tween these compartments and does not offer high enough
resolution to determine the relationship between specific
membranes and individual enveloping particles. By contrast,
EM studies can provide high-resolution images of capsids
enveloping at internal membranes, but are limited in their
ability to identify them.

In the case of HSV1, the mechanism of envelopment has
been contested for many years. Various models have been
proposed, ranging from envelopment at the inner nuclear
membrane (Nii et al, 1968; Ben-Porat and Kaplan, 1972) to
envelopment at all possible internal membranes (Leuzinger
et al, 2005), but the TGN is now favoured as the site of
envelope acquisition (Granzow et al, 2001; Turcotte et al,
2005; Sugimoto et al, 2008; Johnson and Baines, 2011).
However, based on the results presented here we propose a
new model for HSV1 envelopment in which a population of
Rab5 and 11 regulated endocytic tubules derived from the PM
is the source of the final envelope (Figure 9C). We propose
that virus envelope proteins are first processed through the
Golgi/TGN, exported to the PM, and retrieved by endocytosis
into the endocytic system to provide wrapping membranes
for capsids. Egress would then result from natural recycling
of vesicles, such as those used by the transferrin receptor, to
the cell surface. In support of our endocytic model, many
viral glycoproteins are exported to and accumulate at the
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cell surface in advance of capsid production (Hutchinson
et al, 1992; Whiteley et al, 1999; Wisner and Johnson,
2004), while several such as gB and gE have endocytic
motifs in their cytoplasmic tails that result in their retrieval
(Alconada et al, 1999; Beitia Ortiz de Zarate et al, 2004).
The role of glycoprotein endocytosis in virus replication has
not been previously ascertained, and although studies on
pseudorabies virus gE have concluded that endocytosis is
not required for gE assembly into the virus (Tirabassi and
Enquist, 1998, 1999), other work on human cytomegalovirus
(HCMV) and varicella zoster virus suggest that endocytosis
may be prerequisite for glycoprotein incorporation into the
envelope (Radsak et al, 1996; Maresova et al, 2005), a
conclusion that would support the envelopment model
presented here for HSV1. Furthermore, others have demon-
strated wrapping of HCMV capsids in endocytic membranes
(Tooze et al, 1993; Fraile-Ramos et al, 2002). Our gD antibody
uptake experiments show that PM gD is retrieved into the
cytoplasm and is incorporated into wrapped virions, in spite
of not returning to the Golgi/TGN. When considering the
normal trafficking routes taken by cellular proteins, this lack
of retrieval to the TGN is not surprising given that the
majority of cell surface glycoproteins are recycled back to
the PM following endocytosis, with only very few making the
specialised journey back to the TGN (Pfeffer, 2009; Huotari
and Helenius, 2011). Furthermore, the absence of LAMP2
or EEA1 markers from wrapping virions, and the tubular
appearance of wrapping membranes, with no evidence for
continuity of these membranes with vesicular domains,
supports our conclusion that capsids do not acquire their
envelopes from early or late endosomes, but rather are
enwrapped in endocytic tubules.

The dependency of virus production on Rabs 5 and 11, but
not Rabs 7 or 9, is compelling evidence for envelopment
in the endocytic network, as these Rabs function in a sequen-
tial fashion in the recycling of membrane proteins to and
from the cell surface. These studies also suggest that the
endocytosis of virus glycoproteins is Rab5 and dynamin
dependent. Although there are many entry pathways into
the cell (Mayor and Pagano, 2007; Doherty and McMahon,
2009), all of which would be labelled by HRP uptake in
our studies here, Rab5 and dynamin are involved in only
a few of them including clathrin-mediated endocytosis and
caveolae. Hence, inhibition of Rab5 or dynamin would not
significantly inhibit HRP uptake from the cell surface, but
would specifically block glycoprotein uptake and subsequent
virus wrapping. EM studies showed that such backing up
of the glycoproteins at the PM resulted in aberrant associa-
tion of capsids with Golgi membranes, presumably due to a
build-up of glycoproteins within the secretory pathway, but
importantly our infectivity studies showed that these did not
represent infectious virus (Figure 6D). Hence even though
envelope proteins were making it all the way through to the
PM, virion production was greatly inhibited.

While the presence of curved clathrin coats on some HSV1
wrapping membranes does not necessarily reflect that all
envelopes started life with a clathrin coat, it is an indicator
that at least some of them originate from sites of clathrin
coat production. The major sites for such coats within the
endocytic network are clathrin-coated pits at the cell surface
and budding tubules on recycling endosomes (van Dam
and Stoorvogel, 2002; van Dam et al, 2002; Doherty and
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Section 2a Section 2b Section 3a

Figure 8 Rabs is required for HSV1 envelopment. HeLa cells transfected with siRNAs for Rab5 were infected 48 h later with HSV1 at a
multiplicity of 2, and labelled for 30 min with 10 mg/ml HRP 11 h later. Cells were fixed, stained with DAB and processed for EM. (A) An
overview of a representative infected, Rab5-depleted cell. (B) Magnified image of juxtanuclear membranes. (C) Magnified image of HRP
containing membrane-bound structure. (D) A second example of large HRP-positive structures next to capsids clustering at membranes.
(E) Distended membranes with associated capsids. (F) Three serial sections of a cell exhibiting capsids associated with dilated membranes.
Sections 2a and 2b are magnified images of section 2, showing the continuum between the individual particles and the cytoplasm (arrowed)
that is not obvious in section 3 or the magnified section 3a. In (A), scale bar = 10 um, (B, D), scale bar =2 pm. In (C, E, F) (sections 1-3) scale

bar=1pm. In (F) (sections 2a, 2b & 3a), scale bar =200 nm.

McMahon, 2009), but as yet we cannot differentiate between
these sites as a source of HSV1 wrapping membranes.
Nonetheless, the fact that it took up to 30 min incubation in
HRP to saturate the HSV1 wrapping membranes with HRP
(Table I) may suggest that the virus uses the system of
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recycling endocytic membranes as a source for its envelope,
allowing wrapping to occur anywhere in the cell where
a capsid encounters a glycoprotein-containing endocytic
membrane travelling on a microtubule. Indeed, it has been
shown that extracellular virions contain TfR, a major marker
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Figure 9 Endocytic membranes as a source of HSV1 envelope. (A) HFFF-2 and HeLa cells were incubated with 200 ng/ml Cy3-transferrin
(green) for 30min prior to fixing and staining for TGN46 (red). (B) HeLa cells were treated as described in (A) for times ranging from 0 to
60 min. Using LSM510 software, TGN46 and transferrin-positive areas were measured in projected Z stacks relative to area of the cell. The
results are the average of five cells for each time point. (C) Model for virus envelopment via endocytosis. (1) Virus glycoproteins are processed
in the Golgi/TGN and exported to the cell surface. (2) The glycoprotein-containing plasma membrane is endocytosed and transported through
the early endosome to produce wrapping tubules in a pathway dependent on dynamin, and Rabs 5 and 11. (3) Glycoprotein-containing tubules
wrap cytoplasmic capsids forming virions with a double membrane. Fusion of the outer membrane at the cell surface results in release of a
single-membrane virion outside the cell. EE, EEAl-positive early endosome; ER, endoplasmic reticulum; GA, Golgi apparatus; PM, plasma

membrane; TGN, trans-Golgi network.

for this compartment (Loret et al, 2008). Interestingly, Rab5
depletion resulted in the appearance of large HRP-positive
MVB-like structures that may reflect a block in cargo sorting
out of the early endosome and a subsequent block in onward
trafficking through the recycling network. This is an attrac-
tive model for virus wrapping, as the membranes of this
compartment are much more abundant and readily available
throughout the cell than the smaller TGN compartment
(Figure 9A and B). Hence, the profound effect of double
depletion of Rabs 5 and 11 on virus production likely reflects
the involvement of these two Rabs in the sequential traffick-
ing of virus glycoproteins through this network and suggests
that the virus exploits the normal trafficking of PM in its
envelopment strategy.

The ability to wrap capsids at different sites within the
cell—in the cell interior or the cell periphery, depending
on where the capsid meets the envelope—may provide an
explanation for contradictory studies on HSV1 envelopment
in infected neurons, where it is still unclear if progeny capsids
are wrapped before moving in an anterograde direction along
the axon, or if they are wrapped after being transported to the
distal region of the axon (Antinone and Smith, 2006; Snyder
et al, 2006). If the model presented here were to translate to
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infected neurons then the site of wrapping may simply be
dictated by the relative rate of capsid movement in an
anterograde direction and tubule movement in a retro-
grade direction along the axon, properties that might differ
depending on the experimental conditions. It is therefore
noteworthy that recent studies have suggested that capsids
moving in the anterograde direction along neuronal axons are
both wrapped and unwrapped (Negatsch et al, 2010; Wisner
et al, 2011).

Our results provide evidence for a new virus envelopment
strategy that may be applicable to other enveloped viruses.
They also add HSV1 to a growing number of viruses, includ-
ing HIV, influenza A and hepatitis C that are now known to
have a dependency on endocytic Rabs for their morphogen-
esis (Bruce et al, 2010; Manna et al, 2010; Caillet et al, 2011).
Indeed, the unusual process of HSV1 envelopment may be
akin to the process used by viruses that bud from the PM
(Nayak et al, 2004; Jouvenet et al, 2006), as HSV1 could be
considered to bud into membrane derived from the cell
surface. With this new understanding of HSV1 envelopment
it will now be possible to use this virus as a novel model
for investigating the interplay between the cellular factors
involved in various aspects of endocytosis.
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Materials and methods

General reagents such as antibodies, cells and viruses, and standard
methods are described in Supplementary data.

siRNAs and transfection

Silencer Select siRNA duplexes (see Supplementary data) from
Ambion were transfected with Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions for reverse transfection.
The final concentration of siRNA (2 duplexes per isoform) was 5 nM
per isoform. The Silencer Select negative siRNA number 1 was used
as a negative control.

Viability assays

Cell viability was assessed by flow cytometry using LIVE/DEAD Fixable
Dead Cell Stain Kit (Invitrogen). Flow cytometry was carried out using
a BD CyAn machine and analysed using Summit 4.3 software.

Antibody uptake assay

Culture supernatant of anti-gD monoclonal antibody LP14 was
diluted 1 in 50 in DMEM without serum at 4°C, and added to
cells on coverslips. The cells were left on ice for 30 min, washed
twice with fresh media, then incubated at 37°C for 30 min before
fixation for IF. For EM studies of the same process, cells were
additionally incubated with anti-mouse F(ab’), fragment HRP con-
jugate for 30 min prior to raising temperature to 37°C for 30 min.

Transmission electron microscopy

Cells were fixed in 0.5% glutaraldehyde in 200 mM sodium caco-
dylate buffer for 30 min, washed in buffer and secondarily fixed in
reduced 1% osmium tetroxide, 1.5% potassium ferricyanide for
60 min. The samples were washed in distilled water and stained
overnight at 4°C in 0.5% magnesium uranyl acetate, washed in
distilled water and dehydrated in graded ethanol. The samples were
then embedded flat in the dish in Epon resin. Resin filled stubs were
placed on embedded cell monolayers and polymerised. Ultrathin
sections (typically 50-70nm) were cut parallel to the dish and
examined in a FEI Tecnai electron microscope with CCD camera
image acquisition. Endocytic events were labelled by incubating
cells with media containing HRP (Serva) at a concentration of
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