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Direct cell-to-cell spread of animal viruses in solid tissues is
a complex, poorly understood process. A number of viruses
have become very adept at moving from an infected cell to an
adjoining uninfected cell, specifically at sites of cell-cell con-
tact, moving across epithelial cell or neuronal junctions. Di-
rected cell-to-cell spread is typically rapid and efficient, in part
because viruses and their cell surface receptors are in close
proximity, and viruses can move across the narrow spaces
between cells, protected from the effects of neutralizing anti-
bodies and other immune system components by tight and
adherens junctions. Virus cell-to-cell spread and entry of ex-
tracellular or cell-free virus particles frequently share mecha-
nistic details, e.g., the use of similar fusion machinery, but
cell-to-cell spread can involve intracellular and extracellular
events that determine virus delivery to cell junctions and the
use of receptors found exclusively at cell junctions. Here, we
focus on cell-to-cell spread as defined above and do not discuss
virus-induced formation of syncytia, i.e., fusion of infected and
uninfected cells.

Three interesting examples of how animal viruses have or-
ganized their egress strategies to promote cell-to-cell spread
are described here. The alphaherpesviruses provide fascinating
examples of viruses that replicate in polarized cells, epithelial
cells, and neurons and mimic intracellular sorting pathways to
direct nascent virions to cell junctions, promoting infection of
adjacent epithelial cells and directed spread within the nervous
system. Human immunodeficiency virus (HIV) is a virus that
normally replicates in lymphocytes and macrophages, cells
that are not usually considered polarized. However, HIV
can specifically assemble progeny at sites of transient con-
tact between lymphocytes and macrophages, thereby promot-
ing virus spread. Poxviruses can induce the formation of actin
tails that launch virus particles from the cell surface on the tips
of microvilli toward neighboring cells.

HIV

HIV infects CD4� T lymphocytes and monocytes/macro-
phages, cells that travel widely throughout the host circulatory
and lymphatic systems. T cells and macrophages can interact

intimately with one another and with other cell types through
transient, but nevertheless robust, bonds. HIV apparently uses
this cell adhesion to spread from cell to cell. One interesting
example includes anti-HIV CD4� T cells that form “immuno-
logic synapses,” involving T-cell receptors, LFA-1, intercellular
adhesion molecule 1 (ICAM-1), CD43, and other costimula-
tory and cell adhesion molecules (CAMs) (reviewed in refer-
ence 23), with other, HIV-infected CD4� T cells. In this case,
virus spread from infected T cells to uninfected effector T cells
may contribute to the loss of anti-HIV CD4� T cells and
collapse of the anti-HIV immune response (reviewed in refer-
ence 54). Moreover, cell-to-cell transmission of HIV can occur
between other cell types, such as macrophages, endothelial
cells, and epithelial cells.

Rapid cell-to-cell spread was observed in early studies of
HIV and was compared to processes by which herpesviruses
and poxviruses spread (38, 49, 77). HIV is highly cell associ-
ated, and the infectivity of cell-associated virus is much higher
than that of cell-free virus (15, 19). Furthermore, efficient
transmission can occur in the presence of neutralizing antibod-
ies. In many instances, HIV cell-to-cell spread was considered
to be largely via cell-cell fusion (syncytium formation). How-
ever, while cell fusion may play a role in HIV disease, its extent
and its significance in promoting virus spread in vivo are not
clear (15, 31, 47). Studies with cultured T cells and macro-
phages or dendritic cells have provided evidence for cell-to-cell
spread, without cell fusion, and apparently across junctions
formed between cells (6, 15, 18, 26, 65, 66, 91, 92).

Direct spread of HIV from T cells or macrophages can
involve the release of progeny virus at one pole of the cells, at
sites of cell-cell contact. T cells and macrophages are not
usually considered polarized cells. However, after activation or
during motility, T cells and macrophages can establish exten-
sive cytoskeletal networks and form specific polar membrane
domains (reviewed in reference 74). HIV budding can be ob-
served at the leading edge or pseudopods of cells (62, 64, 67).
Moreover, when T lymphocytes contact antigen-presenting
cells, there are further changes in the cell surface, adhesion
between cells occurs, and HIV can be localized largely to these
sites of cell-cell contact (Fig. 1A). Studies of HIV-infected
CD4� T-cell lines in contact with each other revealed highly
polarized expression of viral antigens, virus budding, and par-
ticles on the cell surface between microvilli at cell junctions
(18, 26, 62). When placed in contact with epithelial cells, HIV-
infected monocytes (8, 67) and T lymphocytes (66, 84) dis-
played numerous virus particles on microvillar structures that
interdigitated between epithelial cell microvilli (Fig. 1B).
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There was extensive polarization of virus budding and release
of virus particles at these sites of cell-cell contact, whereas
budding of HIV from the same monocytes or T lymphocytes
grown in suspension was not observed.

Interactions of HIV envelope glycoprotein gp120 with CD4,
as well as with CXCR4, CCR5, or other chemokine receptors,
are required for virus entry into most host cells. However,
CAMs, including LFA-1 and its ligands ICAM-1, -2, and-3, can
contribute to both virus entry and cell-to-cell spread. ICAM-1
can be incorporated into the virion envelope, apparently af-
fecting entry of extracellular virus (30, 41, 70), but can also
cement cells together, promoting movement of HIV directly
across cell junctions (26, 92). It is likely that other T-cell or
macrophage CAMs can similarly contribute to cell-to-cell spread
of HIV.

The polarized egress of HIV and budding of virions at sites
of cell-cell contact appears to be directly related to assembly of
viral proteins at specific plasma membrane domains. HIV Gag
and Env proteins determine where assembly occurs. It is pos-
sible that one or the other, or both, of these viral proteins
respond to changes in cytoskeletal architecture or cell-cell con-
tact. Alternatively, Gag and Env proteins associate with mem-
brane lipid rafts, which can accumulate at pseudopods at one
pole of HIV-infected T cells after cell activation or cell-cell
contact (58). The relative contributions of Gag and Env pro-
teins in HIV polarized assembly are not yet clear. Simulta-
neous assembly and budding of HIV particles can be driven

solely by Gag proteins that associate with the inner surface of
the plasma membrane, forming a shell around the viral RNA
and promoting budding into the extracellular space (reviewed
in reference 32). Expression of Gag in the absence of Env and
RNA results in association with the plasma membrane and
formation of virus-like particles, implying that Gag contains all
the necessary determinants for assembly. There is also prelim-
inary evidence for polarized expression of Gag in the absence
of Env (P. Spearman and M. Thali, unpublished results).

Env also appears capable of influencing the spatial distribu-
tion of virus assembly and increasing the rate of virus egress
through interactions with clathrin adapters (reviewed in refer-
ence 103). Env was targeted specifically to the basolateral
surfaces of polarized epithelial cells through a tyrosine-based
motif (YSPL) in the cytoplasmic (CT) domain of gp41, and
there was basolateral assembly of virus particles (51, 61).
Moreover, in HIV-infected Jurkat CD4� lymphocytes, there
was polarized localization of p24 and virus budding, and mu-
tation of the tyrosine motif in gp41 reduced this polarization
(18). Importantly, mutation of the same tyrosine reduced cell-
to-cell transmission of virus without affecting cell-free virus
transmission. Mutation of the tyrosine motif caused severe
attenuation of HIV in SCID-hu mice (C. Stoddart, J. M. Mc-
Cune, and M. Thali, personal communication), and mutation
of an analogous tyrosine motif in simian immunodeficiency
virus markedly affected virulence in vivo without affecting rep-
lication in cultured cells (35). Therefore, it appears that this

FIG. 1. Polarized egress of HIV particles on T lymphocytes. (A) HIV-infected C8166 cells, a CD4� T-cell line, were analyzed by electron
microscopy. Virions were found preferentially at sites of cell contact. (Reprinted from AIDS [26] with permission of the publisher.) (B)
HIV-infected CD4� T cells (upper cell) adhering to a BeWo epithelial cell in the lower part of the panel. Virions were observed at sites of cell-cell
contact, between microvilli extending from both cells. (Reprinted from AIDS [65] with permission of the publisher.)
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Env tyrosine motif, as well as a dileucine motif (103), may
promote interactions with clathrin adapters that sort mem-
branes in the trans-Golgi network (TGN) and endosomes. This
appears to be similar to the sorting of alphaherpesvirus glyco-
proteins that has been associated with directed egress to cell
junctions (see below). However, in the case of HIV, it is re-
markable that this occurs not in polarized cells but in lympho-
cytes that form transient contacts.

ALPHAHERPESVIRUSES

Alphaherpesviruses replicate rapidly in a wide variety of cell
types, spread swiftly from cell to cell, and have the capacity to
establish latency in sensory or autonomic neurons (71). The
best studied of these viruses, herpes simplex virus (HSV), nor-
mally infects mucosal oral or genital tissues and less frequently
infects the skin and eye, and it spreads to and establishes
latency in sensory and autonomic neurons but can also spread
into the central nervous system, causing encephalitis. Varicel-
la-zoster virus (VZV), the etiologic agent of chickenpox and
shingles, similarly infects mucosal tissues and the upper respi-
ratory tract, and it has the capacity to spread to lymph nodes,
other organs, and the skin by passage in leukocytes (3). Pseu-
dorabies virus (PRV) is a highly neurovirulent pig alphaher-
pesvirus (reviewed in reference 25).

The relative importance of direct cell-to-cell spread versus
spread by extracellular virus is illustrated by several salient
features of the biology of alphaherpesviruses. First, HSV,
VZV, and PRV all remain largely cell associated; large num-
bers of virus particles accumulate in the cytoplasm or on the
surfaces of cultured cells. Second, alphaherpesviruses replicate
primarily in cells that are extensively polarized or which form
extensive cell-cell contacts. Neutralizing antibodies have little
effect on their ability to spread between cells in culture and are
ineffective in limiting progression of disease, and antibody ti-
ters do not predict the severity of disease or time to recrudes-
cence (reviewed in references 3 and 16). Third, virus mutants
with defects in cell-to-cell spread but without defects in entry
of extracellular virions are severely attenuated in animal mod-
els of HSV and PRV pathogenesis (see below). We and others
have proposed that HSV particles can efficiently pass across
the junctions formed between epithelial cells and neurons, in
spaces that are relatively resistant to the effects of antiviral
antibodies (22).

There is good evidence that the egress of herpesviruses can
occur such that nascent virions are directed to cell junctions
and that this promotes efficient cell-to-cell spread. The path-
way or pathways by which alphaherpesviruses exit cells have
been controversial, but there is now some agreement based on
recent biochemical and genetic studies (reviewed in reference
79). Herpesvirus nucleocapsids assemble in the nucleus and
acquire an envelope by budding into the perinuclear space.
These particles lose their envelope by fusion with the outer
nuclear envelope, releasing capsids into the cytoplasm. The
cystosolic capsids then acquire a protein layer known as the
tegument and are enveloped by cytoplasmic TGN or endoso-
mal membranes before traveling to the cell surface. At the
plasma membrane there is fusion, resulting in delivery of en-
veloped virions into the extracellular space, although most
particles often remain bound to the cell surfaces. As with HIV,

there is recent evidence for polarized egress of HSV and PRV;
virus particles can be preferentially delivered to lateral surfaces
of polarized epithelial cells, to cell junctions rather than to
apical surfaces (46).

Cell-to-cell spread of alphaherpesviruses involves several vi-
ral membrane glycoproteins. HSV glycoproteins gB, gD, and
gH/gL are essential for virus entry into most or all cultured
cells, as well as for cell-to-cell spread (12, 29, 50). Apparently,
these glycoproteins function in most or all cell types to pro-
mote fusion of the virion envelope with the cell as the virus
enters the cell, regardless of whether this occurs at apical cell
surfaces (entry) or at cell junctions (cell-to-cell spread). HSV
and PRV gD acts to bind cell surface receptors required for
entry (13, 45, 69), and several classes of these receptors have
been described (reviewed in reference 82). gB and gH/gL are
involved in subsequent interactions with the plasma membrane
of the cell that lead to fusion with the virion envelope (re-
viewed in reference 93), but this process is poorly understood.
However, there is another HSV and PRV glycoprotein, gE/gI,
that is involved in cell-to-cell spread but does not obviously
function in entry of extracellular virions (reviewed in refer-
ences 25 and 46). HSV and PRV gE/gI is a heterodimer of two
glycoproteins, gE and gI, that functions primarily or exclusively
in polarized cells or in cells that form extensive junctions with
one another (i.e., keratinocytes, epithelial cells, and neurons),
not in highly transformed cells in culture (21, 22, 25, 86, 98). In
experimental animal models, HSV and PRV mutants lacking
either gE or gI are severely restricted for spread in epithelial
tissues and in the nervous system (14, 20, 21, 68, 86, 87). Given
that gE/gI specifically functions to promote direct cell-to-cell
spread in polarized cells, but not entry of extracellular virions,
this glycoprotein provides an excellent molecular tool to study
cell-to-cell spread.

Numerous studies have demonstrated that gE/gI is targeted
to the TGN or endosomes, sites where virus envelopment
occurs, and in some cases this involves endocytosis (1, 2, 55, 60,
85, 86, 105). The accumulation of gE/gI in the TGN or endo-
somes depends on the CT domains of gE and gI, which have
tyrosine-containing motifs (YXXØ, where Ø is a hydrophobic
residue), clusters of acidic residues, and dileucine motifs (1, 2,
28, 48, 85, 106) which interact with � and � subunits of clathrin
adapters (reviewed in references 27, 48, and 56). Similar sig-
nals in cellular proteins affect intracellular trafficking in endo-
somes and the TGN, as well as endocytosis, and—important-
ly—can determine basolateral versus apical sorting (reviewed
in references 7 and 28). VZV gE/gI and HSV gD are also
modified with mannose-6-phosphate, which can also contribute
to intracellular sorting in the TGN, and this has been shown to
affect HSV cell-to-cell spread (11, 36). The accumulation of
gE/gI in the TGN and endosomes apparently contributes to
virus assembly there. A PRV mutant lacking gE, or the gE CT
domain, as well as a second glycoprotein, gM, accumulated
large numbers of cytosolic nucleocapsids, consistent with a role
for gE/gI and gM in reenvelopment (9). Moreover, VZV and
HSV mutants lacking gI, or the gI CT tail, accumulated abun-
dant cytosolic nucleocapsids (96; D. C. Johnson and T. Wisner,
unpublished results). When HSV gE/gI was expressed by trans-
fection or virus vectors, the glycoprotein accumulated exten-
sively in the TGN or endosomes. The same was true during
early stages of HSV infection; however, at intermediate to late
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times of infection, gE/gI moved to cell junctions (55). Redis-
tribution of gE to cell junctions required gI, and there was also
redistribution of a cellular TGN protein, TGN46 (55). To-
gether, these data have led to the hypothesis that gE/gI pro-
motes the initial accumulation of virus structural components
in the TGN or endosomes, likely in concert with other virion
components, such as gM (37, 55, 95). Envelopment of viruses
into specific TGN or endosomal compartments is followed by
movement to the cell surface.

Movement of enveloped HSV and PRV particles from TGN
and endosomes, the sites of secondary envelopment, to the cell
surface appears to be specifically directed to lateral or baso-
lateral surfaces. In monolayers of HSV- or PRV-infected epi-
thelial cells, large numbers of virus particles were observed at
cell junctions but not at apical surfaces (46). This was related
to expression of gE/gI in that HSV mutants lacking gE, or the
CT domain of gE, mislocalized nascent virions, accumulating
large numbers of virus particles on the apical surface and in the
cytoplasm. A component of the AP-1 clathrin adapter sorting
machinery, �1B, was determined to be involved in this directed
egress to lateral surfaces (46). Therefore, it appears that gE/gI
mutants are defective for cell-to-cell spread in epithelial cells
in part because virions are not sorted properly to cell junctions.

Based on these observations and others (9, 37, 39), we have

proposed a model for how gE/gI promotes cell-to-cell spread
(55) (Fig. 2). Alphaherpesvirus gE/gI accumulates in the TGN
or endosomes; in conjunction with other viral proteins (e.g.,
gM), this promotes accumulation of other viral glycoproteins
and tegument components there. In polarized cells, this accu-
mulation, and ultimately the acquisition of the virion envelope,
occurs at specific TGN or endosomal membranes, those that
have been or will be sorted to the basolateral or lateral surfaces
of epithelial cells, rather than to apical surfaces (Fig. 2). As
virus replication proceeds, there is directed delivery of nascent
particles, present within TGN-derived transport vesicles, spe-
cifically to epithelial cell junctions; virus particles are delivered
into the space between adjacent cells and can initiate infection
of a neighboring cell. We have also speculated that the large
extracellular domain(s) of gE/gI may also play a role in cell-
to-cell spread, perhaps by binding to proteins that are compo-
nents of cell junctions, e.g., CAMs (22, 55). This may explain
the preferential localization of gE/gI to cell junctions (55, 98),
and there is evidence that gE, gI, and gD may have been
derived from a common ancestor (52). By this scenario, gE/gI
could act as a receptor-binding protein, much as gD, acting
specifically at cell junctions to promote virus entry into recip-
ient cells (Fig. 2).

Evidence for directed egress of HSV has also been obtained

FIG. 2. Directed egress of alphaherpesviruses by sorting in the TGN. Alphaherpesvirus glycoproteins accumulate in the TGN, and this process
involves the cytoplasmic domains of gE/gI (blue) as well as other viral membrane proteins, such as gM. There is assembly of tegument components
around these sites of glycoprotein accumulation and binding of nucleocapsids (red). In epithelial cells, assembly of viral particles occurs selectively
in sorting compartments of the TGN that will ultimately be delivered to cell basolateral or lateral surfaces (B), e.g., through gE/gI coupling to
�1B-substituted AP1 clathrin adapters (46). Other viral or cellular membrane proteins are sorted in different domains of the TGN to apical
surfaces (A). Virions reach the lateral surfaces of cells in transport vesicles, which fuse with the plasma membrane and deliver virus particles into
the space between cells. There are specific interactions of HSV glycoproteins with components of cell junctions—gD with nectins and apparently
gE/gI with other molecules—which facilitate entry into adjacent cells. When both cells are infected, there can be accumulation of HSV particles
between cells as receptors are blocked. ER, endoplasmic reticulum.
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with an ocular model of virus infection, although the architec-
ture of the epithelial cells appears to be different from that of
the cultured cells described above. When HSV particles move
from underlying neurons into the deeper layers of the corneal
epithelium, virions are transported predominantly onto the
apical surfaces of the epithelial cells, but subsequently virions
are delivered laterally between epithelial cells that form the
surface of the cornea (59). In cultured neurons, HSV and PRV
capsids and envelope glycoproteins are transported separately
by microtubules to axon termini, where envelopment occurs
(63, 80). PRV gE/gI and a second membrane protein, US9,
which also contains tyrosine, dileucine, and acidic motifs (re-
viewed in reference 10), are involved in sorting decisions made
in neurons (reviewed in reference 89). Elegant studies in the
rodent nervous system have shown that gE/gI and US9 are
involved in determining movement of nascent virions within
the complex neuronal circuitry (10, 14, 25, 44, 85–88). There
are many similarities between sorting decisions made in neu-
rons and those made in epithelial cells, but there are also
significant differences (14, 21, 68, 85–88). In summary, alpha-
herpesvirus gE/gI and US9 proteins apparently function to
escort structural components to sites of virus envelopment, in

neurons at axon termini, and in epithelial cells at TGN com-
partments that are ultimately delivered to cell junctions.

POXVIRUSES

Poxviruses are a family of large DNA viruses, including
variola (smallpox), cowpox, monkeypox, ectromelia, and vac-
cinia viruses, that cause epithelial lesions and, in some cases,
disseminated systemic diseases in animals or humans (27).
Rapid cell-to-cell spread of poxviruses in the epidermis and
endothelium is an important characteristic of these viruses that
replicate and spread extremely rapidly, outstripping host im-
mune responses.

Most of what is known about poxvirus egress and cell-to-cell
spread comes from studies of vaccinia virus (VV). Assembly of
VV is complex. VV proteins and DNA accumulate in cytoplas-
mic virus “factories” in which there appear to be crescent-
shaped membrane structures studded with spicules that appar-
ently assemble away from other, cellular membranes (57).
These structures extend into ovals, acquire nucleocapsids in
becoming immature virions, and then mature into electron-
dense intracellular mature virus (IMV) (Fig. 3). It was re-

FIG. 3. Egress of VV particles from cells on actin tails. Poxvirus nucleocapsids are formed and acquire envelopes in virus factories, producing
IMV, which subsequently acquire two additional membranes by budding into the TGN, forming IEV. Microtubules are involved in the transport
of IMV and IEV to the plasma membrane (PM). There is fusion of the outer envelope with the plasma membrane, and CEV (bound to the cell
surface) rest on platforms, composed in part of A33R, A34R, and A36R, that sit at one pole of the virus particle. A36R promotes the nucleation
of actin filaments through interactions with Nck and recruitment of WIP, N-WASP, and Arp2/3 (inset), leading to actin polymerization. Actin tails
produce microvilli that project CEV toward adjacent cells, promoting virus entry.
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ported that crescents were derived as a tightly apposed pair of
membranes from the intermediate endoplasmic reticulum or
Golgi compartment (81). However, it has also been reported
that IMV contain only a single membrane, possibly constructed
in virus factories without acquisition of cellular membranes
(17a, 42). The majority of IMV remain in the cytoplasm and
can be infectious upon release by cell lysis; however, a fraction
of them are transported via microtubules (76) to the TGN (40,
78) or tubular endosomes (90) and are wrapped by these mem-
branes. This produces intracellular enveloped viruses (IEV),
which contain two more envelopes than IMV and are modified
with various virus-encoded membrane proteins (Fig. 3). IEV
move to the cell surface, where the outer envelope fuses with
the plasma membrane, releasing cell surface enveloped viruses
(CEV) and extracellular enveloped viruses (EEV), both with
one more envelope than IMV. CEV are frequently coupled to
cytoplasmic actin tails that produce microvilli extending from
the cell surface and projecting CEV toward apposing cells.
CEV are crucial for VV cell-to-cell spread, which is measured
by the size of plaques in cultured cells. EEV are important for
long-range virus spread, which is evidenced by formation of
comets extending from plaques.

Studies of VV mutants lacking components of the IEV or
EEV envelope have provided molecular details of the final
stages of VV egress. There are at least seven VV proteins
found in the IEV and EEV but not in the IMV, and these
proteins are all targeted, directly or indirectly, to the TGN.
These proteins loosely fall into two classes: (i) F13L and B5R
are required for wrapping of the IEV envelope around the
IMV (4, 24, 99), while (ii) F12L, A33R, A34R, A36R, and
A56R are not required for this envelopment. F12L, A33R,
A34R, and A36R are required for the assembly of actin tails;
IEV, CEV, and EEV are formed in the absence of these viral
proteins, but CEV do not extend toward other cells on mi-
crovilli, and plaques are small (53, 72, 75, 100, 101, 104).
Therefore, CEV and actin tails are crucial for VV cell-to-cell
spread.

It has been proposed that A33R, A34, and A36R form a
platform for assembly of actin tails (101). Actin tail formation
occurs by VV-induced local activation of cellular signaling
pathways, which normally induces cell surface actin polymer-
ization. Specifically, A36R becomes phosphorylated at tyrosine
112 in the cytoplasmic domain by Src family kinases, resulting
in direct interactions with adapter protein Nck and recruitment
of N-WASP, which in turn activates and recruits Arp2/3, a
primary factor in nucleation of actin assembly (34) (Fig. 3,
inset). The roles of A33R and A34R in actin tail formation are
somewhat less clear. Both A33R and A34R interact with A36R
and may be responsible for accumulation of A36R in the IEV
envelope (73, 102), and A33R and A34R mutants may play
additional roles in morphogenesis, wrapping of the IEV enve-
lope, and release of CEV (5, 53, 72, 100).

Earlier microscopic analyses of VV particles suggested that
actin tails form on cytoplasmic IEV and transport the particles
to the plasma membrane and into microvilli that project into
neighboring cells (17, 83), as described previously for Listeria
and Shigella (reviewed in reference 33). However, more recent
studies have produced refinements to this model, supporting
the view that microtubules, instead of actin filaments, propel
VV to the cell surface. First, A36R is targeted to the outer

envelope of the IEV, but it remains in the plasma membrane
at one pole of the CEV, orchestrating actin tails (73, 94, 102).
Second, confocal z-axis analyses and electron microscopy have
provided evidence that actin tails form exclusively at the cell
surface and not in the cytoplasm (43, 97; E. J. Wolffe and B.
Moss, unpublished data). Third, inhibitors of microtubules, but
not inhibitors of actin polymerization, reduced movement of
VV to the cell surface (43, 97). Therefore, it appears that VV
moves via microtubules from virus factories to the TGN, where
envelopment occurs, and then microtubules ferry IEV to the
cell surface (Fig. 3). Actin polymerization apparently occurs
only after fusion of the IEV outer envelope with the plasma
membrane and is nucleated around A36R, which remains in
the plasma membrane (73, 94) (Fig. 3, inset). This explains the
polar nature of actin tails, the absence of A36R in EEV, and
the use of plasma membrane tyrosine kinase signaling to ini-
tiate actin polymerization. Actin tails project CEV at the tips
of microvilli into neighboring cells, and this process is appar-
ently required for efficient cell-to-cell spread. This was con-
firmed in a recent microscopic analysis showing VV atop actin
tails projecting across cell junctions (43). However, it is not yet
clear whether there is preferential transport of VV particles to
sites of epithelial cell contact or specific production of actin
tails there. It certainly makes sense that poxviruses would di-
rect progeny specifically to other cells, as do the alphaherpes-
viruses, but this remains to be tested.
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