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It has been known for some time that retroviruses can disseminate between immune cells either by
conventional cell-free transmission or by directed cell-to-cell spread. Over the past few years there has been
increasing interest in how retroviruses may use cell-to-cell spread to promote more rapid infection kinetics
and circumvent humoral immunity. Effective humoral immune responses are intimately linked with innate
immunity and the interplay between retroviruses and innate immunity is a rapidly expanding area of research

that has been advanced considerably by the identification of cellular restriction factors that provide barriers to

retroviral infection. The effect of innate immunity and restriction factors on retroviral cell-to-cell spread has
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Cell-to-cell spread of retroviruses

Retroviruses are a diverse family of enveloped RNA viruses that
encompass a number of medically important human pathogens
including the Human Immunodeficiency Virus (HIV), which alone
has accounted for approximately 25 million deaths worldwide. Over
the past decade huge scientific and medical endeavour has been
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focussed towards understanding the biology of viral pathogenesis
and transmission between and within hosts. Like a number of other
mammalian viruses, retroviruses can disseminate between suscepti-
ble cells either by cell-free infection or by direct cell-to-cell spread
(reviewed in (Sattentau, 2008)). Retroviruses spread directly be-
tween cells by taking advantage of their immunotropic properties to
infect CD4™ T cells, macrophages and dendritic cells that inherently
form intimate, dynamic and transient contacts (Jolly and Sattentau,
2004). In this way, retroviruses can co-opt specialized properties of
immune cells that normally operate during intercellular communica-
tion such as antigen presentation and T cell activation to promote
their dissemination between cells.
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Direct cell-to-cell spread of the human retroviruses HIV type-1
(HIV-1) and HTLV-1 (Human T-lymphotropic Virus Type-1) predom-
inantly takes place at specialized contact-induced structures known
as virological synapses (VS) that act as “hot-spots” for virus trans-
mission (Igakura et al., 2003; Jolly et al., 2004; Jolly and Sattentau,
2002; McDonald et al., 2003). VS were so named because of their
resemblance to immunological synapses (IS) and the term VS was
coined to describe a specific membrane receptor architecture that
evolves following intimate contact between a HIV-infected T cell and
an uninfected target T cell (Jolly and Sattentau, 2002). Cell-to-cell
spread of HIV-1 at synapses is a generalized feature of viral
dissemination and VS have been described between infected and
uninfected CD4™ T cells (Jolly et al., 2004), between macrophages and
CD4™ T cells (Gousset et al., 2008; Groot et al., 2008) and between
virus-exposed dendritic cells and CD4" T cells (McDonald et al.,
2003). This phenomenon is not restricted to HIV-1, and one of the first
VS described was that of HTLV-1 (Igakura et al., 2003). Longer-range
intercellular transmission of HIV-1 between T cells has also been
observed along cellular projections known as membrane nanotubes
(Sowinski et al., 2008), while the related retrovirus murine leukeamia
virus (MLV) utilizes virus-induced filopodia for efficient dissemina-
tion (Sherer et al., 2007). The relative contribution of cell-to-cell
spread at VS, membrane nanotubes and via cell-free infection is
difficult to quantify, but in vitro culture systems have demonstrated
that cell-cell spread is the predominant mode of HIV-1 dissemination
and this is mostly via VS (Sourisseau et al., 2007). At present there is
considerable effort towards delineating retroviral protein trafficking
in infected cells during cell-to-cell spread and understanding the
molecular regulators of transmission in both donor and target cells
(Arrighi et al., 2004; Chen et al., 2007; Gousset et al., 2008; Groot et al.,
2008; Hubner et al., 2009; Rudnicka et al., 2009; Turville et al., 2004;
Igakura et al., 2003; McDonald et al., 2003; Barnard et al., 2005; Jolly
et al.,, 2004, 2007a,b; Jolly and Sattentau, 2005, 2007; Llewellyn et al.,
2010; Nejmeddine et al., 2005, 2009) and readers are directed to a
recent series of comprehensive reviews that consider this in detail
(Feldmann and Schwartz, 2010; Jolly, 2010; McDonald, 2010; Mothes
et al., 2010; Nejmeddine and Bangham, 2010; Sattentau, 2010; Waki
and Freed, 2010).

In the context of viral pathogenesis, direct cell-to-cell transmission
is likely to confer a number of advantages for retrovirus compared
to classical cell-free infection. Firstly, cell-to-cell spread increases
infection kinetics by directing virus assembly and budding to sites of
cell-to-cell contact and may be one or more orders of magnitude more
efficient than equivalent cell-free infection (Dimitrov et al., 1993;
Mazurov et al., 2010; Chen et al., 2007; Martin et al., 2010; Sato et al.,
1992; Sourisseau et al., 2007). This is achieved by obviating the rate-
limiting step of extracellular diffusion that is required of cell-free virus
to find a susceptible target cell. Furthermore, polarizing virus budding
towards sites of cell-to-cell contact at which viral entry receptors are
clustered increases the number of potentially productive transmission
events and increases the likelihood of productive infection.

Secondly, it has been hypothesised that cell-to-cell spread of
retroviruses could provide a replicative advantage to the virus by
limiting exposure of particles to neutralizing antibodies (Martin
and Sattentau, 2009). It has generally been assumed that cell-to-cell
spread of retroviruses at VS might allow escape from neutralizing
antibodies either by limiting the window of opportunity for antibody
to engage viral antigens, or by providing a relatively protected domain
at cell-to-cell interfaces that could physically exclude the relative bulk
of antibodies from gaining access to virions before they attach and
enter to target cells. Whether VS protect retroviruses from humoral
immunity is still unclear and there are conflicting reports on this in
the literature (Chen et al., 2007; Ganesh et al., 2004; Martin et al.,
2010; Massanella et al., 2009). Possible explanations for disparate
results have been considered elsewhere (Sattentau, 2010) and so will
not be elaborated in detail here.

Humoral immunity to human retroviruses such as HIV-1, the
causative agent of Acquired Immune Deficiency Syndrome is of
particular interest within the context of cell-to-cell spread because
of the implications of immune evasion for vaccine design and viral
pathogenesis. The innate immune response is intimately linked to the
generation of an effective adaptive immune response. Thus retroviral-
induced innate immune responses may have a direct impact on cell-
to-cell transmission but may also modulate adaptive immunity and
thereby control of viral infection. The role of innate immunity during
cell-to-cell spread of retroviruses has only recently been explored;
however, it is increasingly apparent that harnessing innate immunity
might provide a crucial opportunity to tackle HIV-1 at some of the
earliest steps of infection, and that the interplay between HIV-1 and
innate immunity has important implications for disease pathogenesis
(Borrow et al., 2010). In the context of HIV-1 cell-to-cell spread the
balance between viral suppression and enhancement by innate im-
mune responses is intriguing, although relatively little studied. Here |
will discuss some recent insights into cell-to-cell spread and innate
immunity and consider how the interplay between HIV-1 and innate
effectors may modulate cell-to-cell dissemination. I will focus
predominantly on HIV-1, but it is likely that some aspects of innate
immunity and HIV-1 will be applicable to other retroviruses.

Recognition of HIV-1 by innate immune receptors during
cell-to-cell spread

At the earliest time points after infection, before adaptive
immunity has been activated, the innate immune system provides
the first line of antiviral defences and alerts the wider immune system
of challenge. An important feature of innate immunity that facilitates
such rapid response is the recognition of generalized pathogen-
associated molecular patterns (PAMPS). This is mediated by via a
range of pattern recognition receptors (PRR) including C-type lectins
(CLR), Toll-like receptor (TLRs) and cytosolic sensors such as NOD-like
receptors and the retinoid acid-inducible gene (RIG) like receptors
RIG-I and MDAS. Recognition of ubiquitous microbial patterns leads to
signal transduction, activation of the transcription factors such as NF-
KB, mitogen-activated protein kinase (MAPK) and interferon regula-
tory factor (IRFs), and culminates in secretion of proinflammatory and
immunomodulatory cytokines such as type-1 interferons (interferon-
« and interferon-3). TLRs are located at the cell surface or in endocytic
compartments and collectively recognize a range of viral and bacterial
ligands including hydrophobic molecules, glycoproteins, bacterial
cell wall components and nucleic acid, the latter being a particularly
potent activator. To date, 10 different TLRs have been identified in
humans. In addition, other receptors such as C-type lectins and
scavenger receptors on cell surfaces can act as TLR coreceptors and
bind to microbes via PAMPs which culminates in a signaling cascade
that alerts the wider immune system of danger. In the context of
HIV-1, a number of steps in the viral life cycle have been shown to
activate immunity via PRR recognition including attachment of the
HIV-1 envelope glycoprotein (Env) subunit gp120 by the C-type lectin
DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-
Grabbing Non-integrin) (Gringhuis et al, 2010); TLR7/8-mediated
detection of HIV-1 RNA (Beignon et al.,, 2005; Heil et al., 2004; Meier
etal., 2007) and more recently the identification of an intrinsic dendritic
cell sensor that detects the interaction between newly synthesized HIV-
1 capsid and cylophilin A and activates the transcription factor IRF3
(Manel et al., 2010). Interestingly, cell-free HIV-1 infection may escape
innate immune detection in some situations and it has been proposed
that that macrophages lack a functional PRR for HIV-1 therefore
attenuating NF-«B and IRF3 activation and type-1 interferon induction
(Noursadeghi et al., 2009; Tsang et al., 2009).

So far, most studies examining innate immune recognition of HIV-
1 have utilized cell-free virus or viral constituents, and characterized
their effects on dendritic cells and macrophages. Therefore, it is
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unclear whether infection during cell-to-cell contact will trigger the
same innate immune sensors as cell-free infection or whether it
bypasses or activates different checkpoints for innate immune
activation. It is reasonable to assume that infection may have diverse
consequences for the cell depending upon whether viral transmission
was mediated by cell-free or cell-to-cell spread. For example, it has
been suggested that HIV-1 entry during cell-to-cell contact may
involve endocytosis (Blanco et al., 2004; Chen et al., 2007; Hubner et
al.,, 2009) rather than fusion at the plasma membrane. Although the
concept of productive infection via endocytosis remains controversial,
if it is correct then the use of different modes of virus entry (e.g.,
fusion at the plasma membrane vs. endocytosis) may mean that viral
constituents could be differentially presented or protected from
innate immune receptors. Furthermore, polarization of viral egress
towards target cells during cell-to-cell spread increases the amount of
viral protein and nucleic acid that enters the target cell that may in
turn increase viral antigen above a critical threshold to trigger an
innate response. Notably, the Greene lab have very recently reported
that the accumulation of abortive reverse transcription intermediates
in resting CD4 ™ T cells following contact with infected cells activates
proinflammatory and apoptotic host defences by the persistent
exposure to cytoplasmic DNA, resulting in death of these non-
productively infected cells (Doitish et al., 2010). Intriguingly, it was
noted that indirect killing was dependent on close cell-to-cell contact
and was mediated by transmitting HIV-1 virions but not cell-
associated Env (Doitish et al., 2010). This effect could be recapitulated
by spinoculation of cell-free virus onto cells, suggesting that the
quantity of virus transferred to resting T cells during cell-to-cell
contact results in an accumulation of defective cytoplasmic viral DNA
triggering an IRF-3-dependent innate immune response by a TLR-
independent mechanism (Stetson and Medzhitov, 2006). It will be
informative to determine to what extent cell-to-cell spread of HIV-1
results in cell death rather than productive infection in activated and
resting T cells when virus is transmitted across the different types of
VS and how this is regulated. For example mRNA encoding TLR 1, 2, 3,
45,7 and 9 have been detected in human CD4™" T cells (Holm et al.,,
2009; Xu et al, 2005). TLR activation can functionally result in
cytokine secretion from T cells but we do not yet know if cell-to-cell
spread triggers TLR recognition in CD4™ T cells. It is also unclear if
dendritic cells and macrophages can serve as target cells rather than
donor cells during cell-to-cell spread. DCs and macrophages efficient-
ly transmit infectious HIV-1 to susceptible CD4™" T cells, but whether
infected T cells can transmit virus back to DCs and macrophages, is
unknown. This is an important question since it is this lineage of cell,
rather than T lymphocytes, that dominate innate immune type-1
interferon secretion in vivo. It is clear that more work is needed in this
area to address these and other questions.

Modulating innate immunity to promote cell-to-cell spread
of HIV-1

As the first line of the cellular innate response to infection,
patrolling sentinel cells such as plasmocytoid and myeloid dendritic
cells (pDC and mDC, respectively), Langherhan cells and macrophages
are all poised to detect and engage foreign invaders. Paradoxically,
some of these cells are also among the earliest targets for HIV-1 in
vivo. Whether cell-to-cell spread triggers or suppresses antiviral
responses, either virus-induced or coincidental, that the virus might
use to its own advantage is an interesting proposition and number
of recent studies have started to explore how HIV-1 may modulate
innate immunity specifically during cell-to-cell spread. Mature
myeloid DCs in particular are thought to play a key role in HIV-1
transmission between hosts by capturing incoming virions at mucosal
surfaces and disseminating virus directly to CD4™ T cells by cell-to-
cell transmission, thereby allowing HIV-1 to take advantage of the
inherent response of activated mDCs to migrate to secondary

lymphoid organs and interact intimately with T cells. DCs do not
usually become productively infected with HIV-1 even in vitro, al-
though they do express the appropriate HIV-1 entry receptors (CD4
and a chemokine co-receptor) and it generally held that productive
infection by HIV-1 is a property of immature mDCs (Turville et al.,
2004). As a consequence, dissemination of HIV-1 by mature mDCs to T
cells is considered to mostly occur in trans - a process by which HIV-1
virions are captured by receptors expressed on the surface of mDCs
and transferred directly to T cells during intimate cell-to-cell contact.
This occurs by capture of HIV-1 particles by DC-SIGN present on the
surface of DCs (Geijtenbeek et al., 2000) that recognise moieties on
the Env subunit gp120, although other receptors can also mediate
trans-infection (de Witte et al., 2007a; Lambert et al., 2008; Turville
et al., 2001). Once the HIV-1-DC-SIGN complex is formed it may
remain at the plasma membrane or become internalized into a
partially protective endocytic compartment (thus avoiding complete
degradation of infectious virus) and subsequently trafficked to the
cell-to-cell junctions during VS formation (Geijtenbeek et al., 2000;
McDonald, 2010; McDonald et al., 2003). By contrast, HIV-1 capture
by Langerhans cells expressing the receptor Langerin results in
degradation of virus (de Witte et al., 2007b). To date, most work has
focussed on conventional mDCs and it is not clear whether pDC can
also capture HIV-1 and transmit virus to T cells and this is no doubt
complicated by the fact that pDC are more difficult to work with and
comprise only 1% of peripheral blood mononuclear cells (PBMCs);
however, there are reports that the related retrovirus HTLV-1 can
infect pDCs (Colisson et al, 2010; Hishizawa et al, 2004) and
so parallels to HIV-1 may exist.

DC-SIGN is a PRR and a C-type lectin that normally binds
carbohydrate-containing ligands and initiates a response to foreign
antigen via activating Toll-like receptors (Robinson et al., 2006).
Insight into how HIV-1 may modulate signaling via DC-SIGN to
promote cell-to-cell spread has come from recent studies investigat-
ing the DC-SIGN signalosome. Using gene expression profiling and
phosphoproteomics, Hodges et al., observed that HIV-1 interaction
with DC-SIGN triggers a signaling pathway leading to activation of
LARG and increased RhoA-GTPAse activity and that this is necessary
for efficient DC-T cell VS formation and cell-to-cell spread, possibly by
RhoA modulation of exocytosis from DCs or regulation of actin
dynamics (Hodges et al., 2007). HIV-1 induced DC-SIGN activation
also synergises with TLR8 activation by HIV-1 ssRNA for recruitment
of transcription factors required for full-length viral transcript syn-
thesis under conditions where DCs do become productively infected
and transmit virus to T cells in cis (Gringhuis et al., 2010). In these
ways, HIV-1 can take advantage of binding to a PRR to direct
downstream signaling events that favour cell-to-cell spread.

How does HIV-1 avoid degradation when internalized into DCs
and transmit efficiently to T cells? Recent evidence suggests that a
contributing factor maybe the ability of HIV-1 to down-regulate the
autophagy pathway in cells. Autophagy is a specialized lysosomal
degradation pathway of self-digestion that is necessary for correct
antigen processing and presentation by MHC class Il and for the
delivery of TLR ligands to endosomes for innate immune activation
(Virgin and Levine, 2009) and there is evidence that this pathway can
be hijacked by viruses to promote pathogenesis (Kudchodkar and
Levine, 2009). HIV-1 gp120 binding to CD4 on DCs has been shown to
down-regulate autophagy in DCs by mTor activation and regulate cell-
cell spread in trans (Blanchet et al., 2010). Inducing autophagy with
rapamycin also inhibits DC-T cell transmission by virus-pulsed DCs
(Blanchet et al., 2010) suggesting that regulating the autophagy
pathway may play a key role in early HIV-1 spread by diverting virus
from antigen processing pathways and allowing infectious virus to
remain within the DC for subsequent delivery to the VS. Cell-free HIV-
1 infection of macrophages also inhibits rapamycin-induced autop-
hagy (Van Grol et al., 2010) and increases HIV-1 cell-free yield (Espert
et al,, 2006; Kyei et al., 2009); however whether this affects cell-to-
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cell spread specifically was not investigated. Moreover, HIV-1 also
down-regulates autophagy in CD4" T cells during productive
infection. By contrast to DCs however, CD4-Env binding on T cells
was found to activate autophagy, but this was overridden by virus
infection although the effect on cell-to-cell spread was not elucidated
(Espert et al., 2006).

In addition to potentially directly affecting infectious virus
trafficking in cells, another consequence of loss of autophagosome is
seen in HIV-1 exposed DCs that display altered TLR4 and TLRS8
responses (Blanchet et al., 2010). The direct association of HIV-1 with
DC-SIGN also has consequences for TLR4 signaling leading to
increased expression of IL-6, IL-10 and IL-12 with presumed down-
stream effects on Th differentiation (Gringhuis et al., 2009) and
possible consequences for viral dissemination. There is also evidence
that HIV-1 limits DC maturation with consequences for CD4" T cell
proliferation, cytokine secretion and adaptive immunity (Kawamura
et al., 2003). Thus it appears that the ability of HIV-1 to modify the
cellular autophagy pathway in immune cells and thus avert innate
and adaptive immunity may be at the heart of efficient cell-to-cell
spread and dissemination of HIV-1 from mucosal surfaces, thereby
allowing the virus to establish a foothold during early transmission
and contributing to subsequent spread between target cells and
cellular reservoirs.

Cell-to-cell spread and interferon-induced, antiviral
restriction factors

The induction of type-1 interferon upregulates expression of a
large number of interferon inducible genes (ISGs), some of which

WT HIV-1

encode proteins with direct antiviral properties. One of the most
important of these within the context of retroviral dissemination is a
group of proteins with potent antiviral properties known collectively
as “restriction factors”. Restriction factors are cellular proteins that are
constitutively expressed or induced by type-1 interferon and are able
to limit viral replication by targeting specific steps of the retroviral
viral life cycle (reviewed in (Wolf and Goff, 2008)) rendering cells less
permissive or non-permissive to infection. In the context of human
retrovirus infection three major restriction factors have now been
described - APOBEC3G/F (apolipoprotein B mRNA editing complex
catalytic subunit) (Sheehy et al., 2002); TRIM5 (Tripartite motif-
containing protein 5) (Stremlau et al., 2004) and tetherin (also known
as BST-2, CD317 and HM1.24) (Neil et al., 2008). The importance of
innate restriction factors to infection is highlighted by the fact that
lentiviruses contain genes encoding for accessory proteins specifically
to antagonize restriction - Vif that inhibits APOBEC3-mediated
cytidine deamination of viral transcripts, and in the case of HIV-1
Vpu that overcomes tetherin-mediated inhibition of nascent particle
release from the plasma membrane of virus-producing cells (Fig. 1).
Restriction factors are of particular interest to retroviral pathogenesis
because they exert such potent inhibition of viral replication and are
upregulated in some cell types by interferon, suggesting that they
form part of the innate antiviral defence against viral challenge. This
has raised the possibility of harnessing innate immunity and type-1
interferon induction to upregulate endogenous restriction factor
expression in vivo, or possibly using gene-therapy to introduce
restriction factors from another species that may be resistant to
antagonism by viral proteins or that may have restrictive properties
that do not exist in equivalent proteins from the host species.

Fig. 1. Scanning electron micrographs (SEM) showing the characteristic tetherin-mediated restriction of HIV-1 release from T cells. A) Jurkat T cells infected with Vpu-defective HIV-
1 (AVpu- HIV-1) and B) Jurkat T cells infected with Vpu-expressing WT HIV-1 (WT HIV-1) were imaged by SEM at 7 days post-infection. Left hand panel scale bar = 500nm. Right
hand panels show higher magnification of the T cell plasma membrane arrows, scale bar =200nm. Some example virions are indicated with arrows. Note that more virions are
tethered at the plasma membrane of cells infected with Vpu-defective virus (upper panels).
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Restriction factors and inhibition of cell-free virus by retroviruses and
other enveloped viruses has been a very active area of research for a
number of years (reviewed in (Neil and Bieniasz, 2009; Wolf and Goff,
2008)). By contrast, less is known about whether restriction factors
are inhibitory during cell-to-cell spread, although some studies are
beginning to address these questions.

TRIM5 and APOBEC

When considering the site of action of restriction factors in the
context of cell-to-cell spread it is helpful to consider restriction factors
in two groups, divided on the basis of which steps they target in the
cell-free retroviral life cycle: those that block HIV-1 exit from the virus
transmitting donor cell (e.g., tetherin and ISG15) and those that may
act to restrict the early steps of virus infection (e.g., APOBEC3 and
TRIM). Regarding restriction factors that target early steps (pre-
integration) in the retroviral life cycle once it enters a target cell, the
pertinent question is whether the restriction factor is saturable and
therefore whether cell-to-cell spread may overwhelm the existing
cytoplasmic pool of protein laying in wait for viral invaders. Despite
the uncertainty about the mechanism of productive entry during cell-
to-cell spread (endocystosis or fusion at the plasma membrane
fusion), restriction factors target steps of the retroviral life cycle
(uncoating, reverse transcription and integration) that are essential
for successful proviral integration and must be achieved for produc-
tive infection to ensue.

Rhesus TRIM5« is a potent inhibitor of HIV-1 infection that
restricts at different stages of the viral life cycle probably by
promoting capsid disassembly (Chatterji et al., 2006; Stremlau et al.,
2006), inhibiting reverse transcription (Stremlau et al., 2004) and
preventing integration (Anderson et al., 2006; Diaz-Griffero et al.,
2007; Wu et al., 2006). Notably, there is clear species specificity in
TRIM5 activity and HIV-1 is largely resistant to restriction by human
TRIM5 but is sensitive to restriction by TRIM5 from Old World
Monkeys (Stremlau et al., 2004). This has raised the possibility of
engineering human cells to express rhesus TRIM5 (rhTRIM) as a
therapeutic intervention to target HIV-1. Since human TRIM5 cannot
restrict HIV-1 the issue of cell-to-cell versus cell-free restriction was
addressed by engineering primary human CD4" T cells to express
rhTRIM5 and investigating whether transmission of virus between
T cells was efficiently restricted (Richardson et al., 2008). Taking this
approach Richardson et al., reported that rhTRIM5 efficiently blocked
cell-free infection, but not infection mediated by cell-to-cell spread.
Moreover they observed that inhibition of HIV-1 spreading infection
in in vitro culture required rhTRIMS5 to be expressed in both the virus-
producing cell and the target cell and rhTRIM5 was unable to inhibit
cell-to-cell spread unless expressed by the majority of cells in culture.
It has previously been suggested, albeit controversially, that TRIM5
can restrict the production infectious HIV-1 when expressed in the
producer cell (Sakuma et al.,, 2007) but this is unlikely to be the
mechanism of restriction of cell-to-cell transmission. It is most
likely that cytoplasmic TRIM5 in target cells can be saturated by the
increase in capsid that is transmitted during cell-to-cell spread and
so expression of rhTRIM5 in the donor cell allows rhTRIM to also
associate with capsid during virus production, thus tipping the scales
in favour of restriction upon entry into target cells.

Members of the APOBEC family of restriction factors are incorpo-
rated into nascent virions in the virus-producing cell that inhibit
retroviral infection in target cells by deaminating dC to dU in nascent
minus-strand DNA, resulting in G-to-A hypermutation (Harris et al.,
2003; Lecossier et al., 2003; Mangeat et al., 2003) thereby inhibiting
reverse transcription and integration (reviewed in (Albin and Harris,
2010). This is overcome by HIV-1 Vif that prevents packaging of
APOPBEC into particles during virus assembly in infected cells, in
part by proteasome-dependent degradation and/or possibly by direct
inhibition of encapsidation (reviewed in (Albin and Harris, 2010)).

APOBEC is induced by type-1 interferon in macrophages but not
activated primary T cells or T cell lines (Koning et al., 2009; Refsland
et al., 2010; Stopak et al., 2007) and it has been suggested that within
the target cell APOBECs are unlikely to be strong inhibitors (Goujon
and Malim, 2010). To date no studies have addressed whether
APOBECs restrict cell-to-cell spread as efficiently as cell-free infection,
but it seems most likely that cell-to-cell spread would be similarly
sensitive to APOBEC-mediated DNA editing since there is no reason
why Vif should not exclude APOBEC encapsidation during de novo
virus assembly at the VS (Hubner et al., 2009), unless the rapid and
polarized assembly of virions temporally or spatially precludes
efficient Vif activity for some reason. Further work is needed to fully
understand how APOBECs get incorporated into nascent virus. For
example, at what stage they encounter viral RNA, whether this may
differ between cell-free virus production or assembly at the VS, and
where Vif interacts with APOBEC in order to speculate about whether
cell-to-cell spread may be similarly susceptible to APOBEC-mediated
restriction in the absence of Vif, or whether some APOBEC may slip
through. In addition to TRIM5 and APOBECs it is very likely there are
other as yet undiscovered restriction factors that target post-entry
steps of HIV-1 infection in target cells (Goujon and Malim, 2010) and
further investigation of restriction of cell-to-cell spread is certainly
warranted.

Tetherin and ISG15

Evidence to date suggests that the general mechanism of assembly
and budding of retroviruses from productively infected CD4™ T cells
and macrophages at the VS is the same as that of cell-free virus release
(Gousset et al., 2008; Groot et al., 2008; Hubner et al., 2009; Jolly et al.,
2004; Martin et al.,, 2010; Mazurov et al., 2010). Live cell imaging has
previously revealed de novo assembly of HIV-1 and MLV with
preferential viral assembly at the contact site (Hubner et al.,, 2009;
Jin et al., 2009). Retroviral cell-to-cell spread may also occur without
significant de novo assembly via the transfer of infectious virions that
have budded through the plasma membrane but remain associated
with the cell surface by interactions with cellular proteins (Pais-
Correia et al,, 2010; Sherer et al., 2010). It can postulated then that
restriction factors that target late steps in virus production in donor
cells might be similarly active at inhibiting viral egress during either
cell-free transmission or direct cell-to-cell spread. Conversely cell-to-
cell spread may saturate a restriction factor if it was not associated
with the VS at the right time and in sufficient quantity. Moreover,
different mechanisms of cell-to-cell spread (e.g., de novo virus
production at cell-to-cell contacts versus lateral movement of
budding virus from distal membrane domains towards the VS) may
be susceptible to restriction while others may be less so. Two studies
have recently addressed this question and considered whether cell-
to-cell spread of HIV-1 between T cells is sensitive or resistant to
restriction by tetherin, with apparently conflicting results. Casartelli
et al. reported that tetherin inhibited cell-to-cell spread of HIV-1 and
that tetherin blocked productive transmission by reducing viral
fusigenicity and thus infectivity. Unusually large aggregates of virus
were transferred from tetherin-expressing HeLa donor cells to target
cells and this virus was less able to initiate productive infection
(Casartelli et al., 2010). By contrast, Jolly et al. found that productive
cell-to-cell spread of HIV-1 between T cells was not restricted by
endogenous tetherin expressed on donor T cells and infectious virus
was transmitted across the T cell VS resulting in productive infection
(Jolly et al., 2010). The observation that Vpu-defective virus is
transmitted as efficiently, if not more so than WT virus is in agreement
with a number of previous studies (Gummuluru et al., 2000; Klimkait
etal, 1990; Schubert et al., 1995; Sourisseau et al., 2007; Strebel et al.,
1989; Terwilliger et al., 1989; Yao et al., 1993). Possible reasons for
the differences observed between our study and Casartelli et al. may
not be immediately obvious since both groups agree that tetherin is
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present at the T cell VS and that synapses appear to be form normally
in the presence of tetherin on the virus-producing cell (Casartelli
et al., 2010; Jolly et al., 2010). In both studies, cell-to-cell spread of
HIV-1 was interrogated in the presence or absence of Vpu using Vpu-
expressing or non-expressing virus: Vpu-defective virus does not
antagonize tetherin and results in the well-characterized budding
defect where nascent, proteolytically matured virions remain at-
tached to the surface of the virus-producing cell by membrane tethers
(Neil et al., 2008; Strebel et al., 1989; Van Damme et al., 2008). In the
presence of Vpu, tetherin activity is abrogated and the protein is
degraded via the proteasome (Goffinet et al., 2010a; Mangeat et al.,
2009; Van Damme et al., 2008) and/or lysosome (Douglas et al., 2009;
Iwabu et al., 2009; Mitchell et al., 2009), but whether this results in
global down-regulation of tetherin from the plasma membrane, or
simple exclusion of tetherin from membrane regions that prevent
association with viral proteins is unclear. The findings of Casartelli
et al,, and Jolly et al., may be somewhat reconciled by considering
the type of the donor cells used to examine cell-to-cell spread and
the chronicity of the infection, since the experimental assays were
broadly similar. It may be that in the presence of lower levels of
tetherin, such as is endogenously expressed on T cells (used by (Jolly
et al.,, 2010)), productive cell-to-cell spread can take place without
effective restriction (Fig. 2). Tetherin expressed on the surface of T
cells would be sufficient to retain virions at the cell surface and in this
way mature infectious virus attached to the plasma membrane by
tetherin would be poised to engage CD4 on target cells facilitating VS
and polysynapse formation and more rapid cell-to-cell spread as we
observed with Vpu-defective HIV-1 (Jolly et al., 2010). Notably, we did
not detect any loss of viral infectivity of virus produced from T cells
when Vpu was absent and tetherin was unantagonized (Jolly et al.,
2010). By contrast HeLa cells or 293T cells transfected with plasmid-
encoding tetherin express higher levels of tetherin at the cell surface
(Miyagi et al., 2009; Neil et al., 2007, 2008; Van Damme et al., 2008).
When these cells were used as donor cells productive cell-to-cell
spread was inhibited due to the formation of unusually large viral
aggregates. Viral aggregates were transferred to target cells but
remained stuck at the cell surface and virus did not appear to fuse

Fig. 2. A proposed model for cell-to-cell spread of Vpu-defective HIV-1 in the presence of
different amounts of unantagonized tetherin on the surface of the virus-producing cell.
Under conditions where the donor cell expresses lower levels of tetherin (e.g., endogenous
expression on T cells) cell-to-cell spread can occur and target T cells become productively
infected. When the donor cell expresses very high levels of tetherin (e.g., epithelial cells
such as HelLa cells or cells over-expressing plasmid-encoded tetherin) then virus could be
transferred as unusually large, tethered aggregates that cannot fuse appropriately at the
plasma membrane and productive infection would be blocked.

appropriately at the plasma membrane, leading to reduced infectivity
(Casartelli et al., 2010) (Fig. 2). This effect may be explained by large
amounts of tetherin being incorporated into virions. A recent report
similarly observed an apparent reduction HIV-1 infectivity in the
presence of tetherin (Zhang and Liang, 2010); however in this study
virus was also produced from epithelial cells co-transfected with
tetherin-encoding plasmid therefore resulting in higher tetherin
expression that would be expected on T cells. It should be noted
that variations in tetherin expression have also been reported
between different T cell lines (Miyagi et al., 2009) and this too may
account for some of the discordant results in cell-to-cell spread when
T cells were used. It will be interesting to see if future studies probe
the infectivity of HIV-1 produced from infected T cells and if so,
whether they observe reduced infectivity or not in the presence of
tetherin.

Considering the chronicity of the infected cells, we generally used
cells later after initial infection in order to maximise the percentage
of infected cells used in our assays to obviate any effect of virus
spreading within the donor population in co-culture assays. It is
possible that allowing the infection to proceed for longer in T cells
could also increase the amount of proteolytically mature, infectious
virus tethered at the cell surface thus enhancing transmission of Vpu-
defective virus. Moreover, it is possible that longer incubations may
provide opportunity for cell-to-cell contacts to occur that could
induce budding but keep nascent virus trapped at the cell surface,
there by forming structures similar to tetherin-containing viral
biofilms that have been shown to facilitate cell-to-cell spread of
HTLV-1 at VS (Pais-Correia et al., 2010). Using cells at earlier times
post-infection may result in less tethered virus accumulating at the
plasma membrane of T cells infected with Vpu-defective virus
resulting in reduced virus transfer. It may also be speculated that de
novo virus assembly at the VS may result in a shift in the balance of
immature vs. mature virions being transferred by cell-to-cell spread in
favour of non-infectious, immature virus.

It is interesting to note that neither HTLV-1 nor MLV encode
known tetherin antagonist but disseminate predominantly via cell-to-
cell spread. Recent evidence suggests that tetherin can partly reduce
MLV transmission in mouse cells by an as yet unknown mechanism
(Goffinet et al., 2010b) but whether this is due to unidentified
antagonism by an MLV protein or another mechanism is unclear. Thus
it seems possible that HIV-1 may use different mechanisms under
certain conditions and that retroviruses may also be able to use
tetherin to its advantage in some situations. Moreover, it is also
possible that different cell-to-cell interactions (e.g., DC-T cell or
macrophage-T cell) may shift the balance towards transmission or
restriction by tetherin during cell-to-cell spread. Notably, T cell-to-
T cell spread is less sensitive to interferon-mediated inhibition
than cell-free infection suggesting that cell-to-cell transmission
can partially overcome interferon-induced blocks to transmission
(Vendrame et al., 2009). It is tempting to speculate that differences in
cell-to-cell versus cell-free spread in the presence or absence of
interferon may account for the variable results seen using interferon-
based therapy (Frissen et al., 1997; Hatzakis et al., 2001; Hulton et al.,
1992; Kaiser et al., 1992; Landau et al., 2000; Rivero et al., 1997;
Skillman et al., 1996; Sperber et al., 1993). Clearly more work is
needed to clarify this area and to more completely delineate the
different possible mechanism of HIV-1 cell-to-cell spread and how
tetherin may fit into this.

Other interferon inducible cellular proteins can limit HIV-1 release
such as ISG15, a ubiquitin-like protein that inhibits ubiquitination of
Gag and Tsg101 which arrests HIV-1 budding at a late stage (Okumura
et al., 2006) but whether ISG15 is similarly active against cell-to-cell
spread in unclear. Late-budding defects involving ESCRT are charac-
terized by the accumulation of immature virus at the cells surface and
immature HIV-1 is not infectious, thus is it likely that ISG15 would
interfere with cell-to-cell spread.
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Concluding remarks

Innate immune activation and interferon secretion following
exposure of cells to retroviruses such as HIV-1 has important
consequences for immune regulation and is a double-edged sword
during HIV-1 infection (Chang and Altfeld, 2010). In the short term,
innate immune activation is necessary for recruitment of effector cells
and initiating adaptive immunity; however the recruitment of target T
cells and macrophages, for example to sites of virus infection, and
subsequent T cell activation increases the local pool of susceptible
target cells able to support robust viral replication. Moreover, chronic
immune activation will result in the loss of CD4™ T cells, homeostatic
inbalance and T cell exhaustion, increasing the risk of disease
progression and opportunistic infections. How cell-to-cell spread is
modulated by innate immunity and how viral dissemination maybe
counteracted by innate recognition is an emerging area of research
and further work is clearly needed to address the molecular
mechanisms of cell-to-cell spread in the context of innate immunity
and the role of interferon-induced restriction factors in this. Early
insights into what is a budding area of research, are turning out to be
intriguing and probably have consequences for therapeutic interven-
tion and future efforts to tackle HIV-1/AIDS.

Acknowledgments

CJ. is supported by a Medical Research Council Career Develop-
ment Award (G0800312). I wish to thank Mark Turmaine (University
College London) for assistance with the scanning electron microscopy.

References

Albin, J.S., Harris, R.S., 2010. Interactions of host APOBEC3 restriction factors with HIV-1
in vivo: implications for therapeutics. Expert Rev. Mol. Med. 12, e4.

Anderson, J.L., Campbell, E.M., Wu, X., Vandegraaff, N., Engelman, A., Hope, T.., 2006.
Proteasome inhibition reveals that a functional preintegration complex interme-
diate can be generated during restriction by diverse TRIM5 proteins. ]. Virol. 80,
9754-9760.

Arrighi, J.-F., Pion, M., Garcia, E., Escola, J.-M., van Kooyk, Y., Guitenbeek, T., Piguet, V.,
2004. DC-SIGN-mediated infectious synapse formation enhances X4 HIV-1
transmission from dendritic cells to T cells. J. Exp. Med. 200, 1279-1288.

Barnard, A.L, Igakura, T., Tanaka, Y., Taylor, G.P., Bangham, C.R., 2005. Engagement of
specific T-cell surface molecules regulates cytoskeletal polarization in HTLV-1-
infected lymphocytes. Blood 106, 988-995.

Beignon, A.S., McKenna, K., Skoberne, M., Manches, O., DaSilva, I, Kavanagh, D.G.,
Larsson, M., Gorelick, RJ., Lifson, J.D., Bhardwaj, N., 2005. Endocytosis of HIV-1
activates plasmacytoid dendritic cells via Toll-like receptor-viral RNA interactions.
J. Clin. Invest. 115, 3265-3275.

Blanchet, F.P., Moris, A., Nikolic, D.S., Lehmann, M., Cardinaud, S., Stalder, R., Garcia, E.,
Dinkins, C., Leuba, F., Wu, L., Schwartz, O., Deretic, V., Piguet, V., 2010. Human
immunodeficiency virus-1 inhibition of immunoamphisomes in dendritic cells
impairs early innate and adaptive immune responses. Immunity 32, 654-669.

Blanco, J., Bosch, B., Fernandez-Figueras, M.T., Barretina, J., Clotet, B., Este, ].A., 2004.
High level of coreceptor-independent HIV transfer induced by contacts between
primary CD4 T cells. J. Biol. Chem. 279, 51305-51314.

Borrow, P., Shattock, R.J., Vyakarnam, A., 2010. Innate immunity against HIV: a priority
target for HIV prevention research. Retrovirology 7, 84.

Casartelli, N., Sourisseau, M., Feldmann, J., Guivel-Benhassine, F., Mallet, A., Marcelin, A.-
G., Guatelli, J., Schwartz, 0., 2010. Tetherin restricts productive HIV-1 cell-to-cell
transmission. PLoS Pathog. 6, e1000955.

Chang, ].J., Altfeld, M., 2010. Innate immune activation in primary HIV-1 infection. J.
Infect. Dis. 202 (Suppl 2), S297-S301.

Chatterji, U., Bobardt, M.D., Gaskill, P., Sheeter, D., Fox, H., Gallay, P.A., 2006. Trim5alpha
accelerates degradation of cytosolic capsid associated with productive HIV-1 entry.
J. Biol. Chem. 281, 37025-37033.

Chen, P., Hubner, W., Spinelli, M.A., Chen, B.K., 2007. Predominant mode of human
immunodeficiency virus transfer between T cells is mediated by sustained Env-
dependent neutralization-resistant virological synapses. J. Virol. 81, 12582-12595.

Colisson, R., Barblu, L., Gras, C., Raynaud, F., Hadj-Slimane, R., Pique, C., Hermine, O.,
Lepelletier, Y., Herbeuval, ].P., 2010. Free HTLV-1 induces TLR7-dependent innate
immune response and TRAIL relocalization in killer plasmacytoid dendritic cells.
Blood 115, 2177-2185.

de Witte, L., Bobardt, M., Chatterji, U., Degeest, G., David, G., Geijtenbeek, T.B., Gallay, P.,
2007a. Syndecan-3 is a dendritic cell-specific attachment receptor for HIV-1. Proc.
Natl Acad. Sci. USA 104, 19464-19469.

de Witte, L., Nabatov, A., Pion, M., Fluitsma, D., de Jong, M.A,, de Gruijl, T., Piguet, V., van
Kooyk, Y., Geijtenbeek, T.B., 2007b. Langerin is a natural barrier to HIV-1 transmission
by Langerhans cells. Nat. Med. 13, 367-371.

Diaz-Griffero, F., Kar, A., Lee, M. Stremlau, M. Poeschla, E., Sodroski, J., 2007.
Comparative requirements for the restriction of retrovirus infection by TRIM5alpha
and TRIMCyp. Virology 369, 400-410.

Dimitrov, D.S., Willey, R.L, Sato, H., Chang, L., Blumenthal, R, Martin, M.A., 1993. Quantitation
of human immunodeficiency virus type 1 infection kinetics. . Virol. 67, 2182-2190.
Doitish, G., Cavrois, M., Lassen, K.G., Zepeda, O., Yang, Z., Santiago, M.L., Hebbeler, A.M.,
Greene, W.C,, 2010. Abortive HIV Infection Mediates CD4 T cell Depletion and

Inflammation in Human Lymphoid Tissue. Cell 143, 789-801.

Douglas, ].L., Viswanathan, K., McCarroll, M.N., Gustin, ].K., Fruh, K., Moses, A.V., 2009.
Vpu directs the degradation of the human immunodeficiency virus restriction factor
BST-2/Tetherin via a {beta}TrCP-dependent mechanism. ]. Virol. 83, 7931-7947.

Espert, L., Denizot, M., Grimaldi, M., Robert-Hebmann, V., Gay, B., Varbanov, M.,
Codogno, P., Biard-Piechaczyk, M., 2006. Autophagy is involved in T cell death after
binding of HIV-1 envelope proteins to CXCR4. J. Clin. Invest. 116, 2161-2172.

Feldmann, J., Schwartz, O., 2010. HIV-1 virological synapses: live imaging of transmission.
Viruses 2, 1666-1680.

Frissen, P.H., de Wolf, F., Reiss, P., Bakker, P.]., Veenhof, C.H., Danner, S.A., Goudsmit, ].,
Lange, J.M., 1997. High-dose interferon-alpha2a exerts potent activity against
human immunodeficiency virus type 1 not associated with antitumor activity in
subjects with Kaposi's sarcoma. J. Infect. Dis. 176, 811-814.

Ganesh, L., Leung, K., Lore, K., Levin, R,, Panet, A., Schwartz, O., Koup, R.A., Nabel, G.J.,
2004. Infection of specific dendritic cells by CCR5-tropic human immunodeficiency
virus type 1 promotes cell-mediated transmission of virus resistant to broadly
neutralizing antibodies. J. Virol. 78, 11980-11987.

Geijtenbeek, T.B., Kwon, D.S., Torensma, R., van Vliet, S.J., van Duijnhoven, G.C., Middel,
J., Cornelissen, LL., Nottet, H.S., KewalRamani, V.N., Littman, D.R., Figdor, C.G., van
Kooyk, Y., 2000. DC-SIGN, a dendritic cell-specific HIV-1-binding protein that
enhances trans-infection of T cells. Cell 100, 587-597.

Goffinet, C., Homann, S., Ambiel, I, Tibroni, N., Rupp, D., Keppler, O.T., Fackler, O.T.,
2010a. Antagonism of CD317 restriction of human immunodeficiency virus type 1
(HIV-1) particle release and depletion of CD317 are separable activities of HIV-1
Vpu. J. Virol. 84, 4089-4094.

Goffinet, C., Schmidt, S., Kern, C., Oberbremer, L., Keppler, O.T., 2010b. Endogenous
CD317/tetherin limits replication of HIV-1 and MLV in rodent cells and is resistant
to antagonists from primate viruses. J. Virol. 84, 11374-11384.

Goujon, C., Malim, M.H., 2010. Characterization of the alpha interferon-induced
postentry block to HIV-1 infection in primary human macrophages and T cells. ].
Virol. 84, 9254-9266.

Gousset, K., Ablan, S.D., Coren, L.V., Ono, A., Soheilian, F., Nagashima, K., Ott, D.E., Freed,
E.O., 2008. Real-time visualization of HIV-1 GAG trafficking in infected macro-
phages. PLoS Pathog. 4, e1000015.

Gringhuis, S.I, den Dunnen, ]., Litjens, M., van der Vlist, M., Geijtenbeek, T.B., 2009.
Carbohydrate-specific signaling through the DC-SIGN signalosome tailors immu-
nity to Mycobacterium tuberculosis, HIV-1 and Helicobacter pylori. Nat. Immunol.
10, 1081-1088.

Gringhuis, S.I, van der Vlist, M., van den Berg, LM., den Dunnen, ]., Litjens, M.,
Geijtenbeek, T.B., 2010. HIV-1 exploits innate signaling by TLR8 and DC-SIGN for
productive infection of dendritic cells. Nat. Immunol. 11, 419-426.

Groot, F., Welsch, S., Sattentau, Q.J., 2008. Efficient HIV-1 transmission from macro-
phages to T cells across transient virological synapses. Blood 111, 4660-4663.
Gummulury, S., Kinsey, C.M., Emerman, M., 2000. An in vitro rapid-turnover assay for
human immunodeficiency virus type 1 replication selects for cell-to-cell spread of

virus. J. Virol. 74, 10882-10891.

Harris, R.S., Bishop, K.N., Sheehy, A.M., Craig, H.M., Petersen-Mahrt, S.K., Watt, LN.,
Neuberger, M.S., Malim, M.H., 2003. DNA deamination mediates innate immunity
to retroviral infection. Cell 113, 803-809.

Hatzakis, A., Gargalianos, P., Kiosses, V., Lazanas, M., Sypsa, V., Anastassopoulou, C.,
Vigklis, V., Sambatakou, H., Botsi, C., Paraskevis, D., Stalgis, C., 2001. Low-dose IFN-
alpha monotherapy in treatment-naive individuals with HIV-1 infection: evidence
of potent suppression of viral replication. J. Interferon Cytokine Res. 21, 861-869.

Heil, F., Hemmi, H., Hochrein, H., Ampenberger, F., Kirschning, C., Akira, S., Lipford, G.,
Wagner, H., Bauer, S., 2004. Species-specific recognition of single-stranded RNA via
toll-like receptor 7 and 8. Science 303, 1526-1529.

Hishizawa, M., Imada, K., Kitawaki, T., Ueda, M., Kadowaki, N., Uchiyama, T., 2004.
Depletion and impaired interferon-alpha-producing capacity of blood plasmacy-
toid dendritic cells in human T-cell leukaemia virus type I-infected individuals. Br. J.
Haematol. 125, 568-575.

Hodges, A., Sharrocks, K., Edelmann, M., Baban, D., Moris, A., Schwartz, O., Drakesmith,
H., Davies, K., Kessler, B., McMichael, A., Simmons, A., 2007. Activation of the lectin
DC-SIGN induces an immature dendritic cell phenotype triggering Rho-GTPase
activity required for HIV-1 replication. Nat. Immunol. 8, 569-577.

Holm, CK., Petersen, C.C., Hvid, M., Petersen, L., Paludan, S.R., Deleuran, B., Hokland, M.,
2009. TLR3 ligand polyinosinic:polycytidylic acid induces IL-17A and IL-21
synthesis in human Th cells. J. Immunol. 183, 4422-4431.

Hubner, W., McNerney, G.P., Chen, P., Dale, B.M., Gordon, R.E., Chuang, F.Y., Li, X.D.,
Asmuth, D.M,, Huser, T., Chen, B.K., 2009. Quantitative 3D video microscopy of HIV
transfer across T cell virological synapses. Science 323, 1743-1747.

Hulton, M.R,, Levin, D.L.,, Freedman, L.S., 1992. Randomized, placebo-controlled, double-
blind study of low-dose oral interferon-alpha in HIV-1 antibody positive patients. J.
Acquir. Immune Defic. Syndr. 5, 1084-1090.

Igakura, T., Stinchcombe, ].C., Goon, P.K., Taylor, G.P., Weber, ].N., Griffiths, G.M., Tanaka,
Y., Osame, M., Bangham, C.R., 2003. Spread of HTLV-I between lymphocytes by
virus-induced polarization of the cytoskeleton. Science 299, 1713-1716.



258 C. Jolly / Virology 411 (2011) 251-259

Iwabu, Y., Fujita, H., Kinomoto, M., Kaneko, K, Ishizaka, Y., Tanaka, Y., Sata, T., Tokunaga, K.,
2009. HIV-1 accessory protein Vpu internalizes cell-surface BST-2/tetherin through
transmembrane interactions leading to lysosomes. J. Biol. Chem. 11, 35060-35072.

Jin, J., Sherer, N.M., Heidecker, G., Derse, D., Mothes, W., 2009. Assembly of the murine
leukemia virus is directed towards sites of cell-cell contact. PLoS Biol. 7, e1000163.

Jolly, C., 2010. T cell polarization at the virological synapse. Viruses 2, 1261-1278.

Jolly, C., Booth, N.J,, Neil, S.J., 2010. Cell-cell spread of human immunodeficiency virus type
1 overcomes tetherin/Bst-2-mediated restriction in T cells. J. Virol. 84, 12185-12199.

Jolly, C., Kashefi, K., Hollinshead, M., Sattentau, Q.J., 2004. HIV-1 cell to cell transfer
across an Env-induced, actin-dependent synapse. J. Exp. Med. 199, 283-293.

Jolly, C., Mitar, L, Sattentau, Q.J., 2007a. Adhesion molecule interactions facilitate human
immunodeficiency virus type 1-induced virological synapse formation between T
cells. . Virol. 81, 13916-13921.

Jolly, C., Mitar, I., Sattentau, Q.J., 2007b. Requirement for an intact T cell actin and tubulin
cytoskeleton for efficient HIV-1 assembly and spread. J. Virol. 81, 5547-5560.
Jolly, C., Sattentau, Q.J., 2004. Retroviral spread by induction of virological synapses.

Traffic 5, 643-650.

Jolly, C., Sattentau, Q,J., 2005. Human immunodeficiency virus type 1 virological
synapse formation in T cells requires lipid raft integrity. J. Virol. 79, 12088-12094.

Jolly, C., Sattentau, QJ., 2007. Human immunodeficiency virus type 1 assembly,
budding, and cell-cell spread in T cells take place in tetraspanin-enriched plasma
membrane domains. J. Virol. 81, 7873-7884.

Jolly, CL., Sattentau, QJ., 2002. HIV Env induces the formation of supramolecular
activation structures in CD4+ T cells. Mol. Biol. Cell. 13, 401A.

Kaiser, G., Jaeger, H., Birkmann, J., Poppinger, J., Cummins, J.M., Gallmeier, W.M., 1992.
Low-dose oral natural human interferon-alpha in 29 patients with HIV-1 infection:
a double-blind, randomized, placebo-controlled trial. AIDS 6, 563-569.

Kawamura, T., Gatanaga, H., Borris, D.L., Connors, M., Mitsuya, H., Blauvelt, A., 2003.
Decreased stimulation of CD4+ T cell proliferation and IL-2 production by highly
enriched populations of HIV-infected dendritic cells. J. Immunol. 170, 4260-4266.

Klimkait, T., Strebel, K., Hoggan, M.D., Martin, M.A., Orenstein, ].M., 1990. The human
immunodeficiency virus type 1-specific protein vpu is required for efficient virus
maturation and release. J. Virol. 64, 621-629.

Koning, F.A., Newman, E.N., Kim, E.Y., Kunstman, K.J., Wolinsky, S.M., Malim, M.H., 2009.
Defining APOBEC3 expression patterns in human tissues and hematopoietic cell
subsets. J. Virol. 83, 9474-9485.

Kudchodkar, S.B., Levine, B., 2009. Viruses and autophagy. Rev. Med. Virol. 19, 359-378.

Kyei, G.B., Dinkins, C., Davis, A.S., Roberts, E., Singh, S.B., Dong, C., Wu, L., Kominami, E.,
Ueno, T., Yamamoto, A., Federico, M., Panganiban, A., Vergne, L., Deretic, V., 2009.
Autophagy pathway intersects with HIV-1 biosynthesis and regulates viral yields in
macrophages. J. Cell Biol. 186, 255-268.

Lambert, A.A., Gilbert, C., Richard, M., Beaulieu, A.D., Tremblay, M.J., 2008. The C-type
lectin surface receptor DCIR acts as a new attachment factor for HIV-1 in dendritic
cells and contributes to trans- and cis-infection pathways. Blood 112, 1299-1307.

Landau, A., Batisse, D., Piketty, C., Kazatchkine, M.D., 2000. Effect of interferon and
ribavirin on HIV viral load. AIDS 14, 96-97.

Lecossier, D., Bouchonnet, F., Clavel, F., Hance, A ]., 2003. Hypermutation of HIV-1 DNA
in the absence of the Vif protein. Science 300, 1112.

Llewellyn, G.N., Hogue, LB., Grover, ].R,, Ono, A. 2010. Nucleocapsid promotes
localization of HIV-1 gag to uropods that participate in virological synapses
between T cells. PLoS Pathog. 6, e1001167.

Manel, N., Hogstad, B, Wang, Y., Levy, D.E., Unutmaz, D., Littman, D.R., 2010. A cryptic sensor
for HIV-1 activates antiviral innate immunity in dendritic cells. Nature 467, 214-217.

Mangeat, B., Gers-Huber, G., Lehmann, M., Zufferey, M., Luban, J., Piguet, V., 2009. HIV-1
Vpu neutralizes the antiviral factor Tetherin/BST-2 by binding it and directing its
beta-TrCP2-dependent degradation. PLoS Pathog. 5, e1000574.

Mangeat, B., Turelli, P., Caron, G., Friedli, M., Perrin, L., Trono, D., 2003. Broad
antiretroviral defence by human APOBEC3G through lethal editing of nascent
reverse transcripts. Nature 424, 99-103.

Martin, N., Sattentau, Q., 2009. Cell-to-cell HIV-1 spread and its implications for
immune evasion. Curr Opin HIV AIDS 4, 143-149.

Martin, N., Welsch, S., Jolly, C.,, Briggs, J.A., Vaux, D., Sattentau, Q.J., 2010. Virological
synapse-mediated spread of human immunodeficiency virus type-1 between T
cells is sensitive to entry inhibition. J. Virol. 84, 3516-3527.

Massanella, M., Puigdomenech, 1., Cabrera, C., Fernandez-Figueras, M.T., Aucher, A.,
Gaibelet, G., Hudrisier, D., Garcia, E., Bofill, M., Clotet, B., Blanco, ]., 2009. Antigp41
antibodies fail to block early events of virological synapses but inhibit HIV spread
between T cells. AIDS 23, 183-188.

Mazurov, D., llinskaya, A., Heidecker, G., Lloyd, P., Derse, D., 2010. Quantitative
comparison of HTLV-1 and HIV-1 cell-to-cell infection with new replication
dependent vectors. PLoS Pathog. 6, e1000788.

McDonald, D., 2010. Dendritic cells and HIV-1 trans-infection. Viruses 2, 1704-1717.

McDonald, D., Wu, L., Bohks, S.M., KewalRamani, V.N., Unutmaz, D., Hope, T.J., 2003.
Recruitment of HIV and its receptors to dendritic cell-T cell junctions. Science 300,
1295-1297.

Meier, A., Alter, G., Frahm, N., Sidhu, H., Li, B., Bagchi, A., Teigen, N., Streeck, H.,
Stellbrink, H.J., Hellman, J., van Lunzen, ], Altfeld, M., 2007. MyD88-dependent
immune activation mediated by human immunodeficiency virus type 1-encoded
Toll-like receptor ligands. J. Virol. 81, 8180-8191.

Mitchell, R.S., Katsura, C., Skasko, M.A,, Fitzpatrick, K., Lau, D., Ruiz, A., Stephens, E.B.,
Margottin-Goguet, F., Benarous, R., Guatelli, J.C., 2009. Vpu antagonizes BST-2-
mediated restriction of HIV-1 release via beta-TrCP and endo-lysosomal trafficking.
PLoS Pathog. 5, e1000450.

Miyagi, E., Andrew, AJ., Kao, S., Strebel, K., 2009. Vpu enhances HIV-1 virus release in
the absence of Bst-2 cell surface down-modulation and intracellular depletion.
Proc. Natl Acad. Sci. USA 106, 2868-2873.

Mothes, W., Sherer, N.M., Jin, J., Zhong, P., 2010. Virus cell-to-cell transmission. J. Virol.
84, 8360-8368.

Neil, S., Bieniasz, P., 2009. HIV, restriction factors, and interferon. J. Interferon Cytokine
Res.

Neil, S.J., Sandrin, V., Sundquist, W.L, Bieniasz, P.D., 2007. An interferon-alpha-induced
tethering mechanism inhibits HIV-1 and Ebola virus particle release but is
counteracted by the HIV-1 Vpu protein. Cell Host Microbe 2, 193-203.

Neil, SJ., Zang, T., Bieniasz, P.D., 2008. Tetherin inhibits retrovirus release and is
antagonized by HIV-1 Vpu. Nature 451, 425-430.

Nejmeddine, M., Bangham, CR., 2010. The HTLV-1 Virological Synapse. Viruses 2, 1427-1447.

Nejmeddine, M., Barnard, A.L, Tanaka, Y., Taylor, G.P., Bangham, C.R., 2005. Human T-
lymphotropic virus, type 1, tax protein triggers microtubule reorientation in the
virological synapse. ]. Biol. Chem. 280, 29653-29660.

Nejmeddine, M., Negi, V.S., Mukherjee, S., Tanaka, Y., Orth, K., Taylor, G.P., Bangham, C.R.,
2009. HTLV-1-Tax and ICAM-1 act on T-cell signal pathways to polarize the
microtubule-organizing center at the virological synapse. Blood 114, 1016-1025.

Noursadeghi, M., Tsang, J., Miller, R.F., Straschewski, S., Kellam, P., Chain, B.M., Katz, D.R.,
2009. Genome-wide innate immune responses in HIV-1-infected macrophages are
preserved despite attenuation of the NF-kappa B activation pathway. J. Immunol.
182, 319-328.

Okumura, A, Ly, G., Pitha-Rowe, I, Pitha, P.M., 2006. Innate antiviral response targets
HIV-1 release by the induction of ubiquitin-like protein ISG15. Proc. Natl Acad. Sci.
USA 103, 1440-1445.

Pais-Correia, A.M., Sachse, M., Guadagnini, S., Robbiati, V., Lasserre, R., Gessain, A., Gout, O.,
Alcover, A., Thoulouze, M.L, 2010. Biofilm-like extracellular viral assemblies mediate
HTLV-1 cell-to-cell transmission at virological synapses. Nat. Med. 16, 83-89.

Refsland, E.W., Stenglein, M.D., Shindo, K., Albin, ].S., Brown, W.L,, Harris, R.S., 2010.
Quantitative profiling of the full APOBEC3 mRNA repertoire in lymphocytes and
tissues: implications for HIV-1 restriction. Nucleic Acids Res. 38, 4274-4284.

Richardson, M.W., Carroll, R.G., Stremlau, M., Korokhov, N., Humeau, L.M,, Silvestri, G.,
Sodroski, J., Riley, J.L., 2008. Mode of transmission affects the sensitivity of human
immunodeficiency virus type 1 to restriction by rhesus TRIM5alpha. J. Virol. 82,
11117-11128.

Rivero, J., Fraga, M., Cancio, 1., Cuervo, J., Lopez-Saura, P., 1997. Long-term treatment
with recombinant interferon alpha-2b prolongs survival of asymptomatic HIV-
infected individuals. Biotherapy 10, 107-113.

Robinson, MJ., Sancho, D., Slack, E.C., LeibundGut-Landmann, S., Reis e Sousa, C., 2006.
Myeloid C-type lectins in innate immunity. Nat. Immunol. 7, 1258-1265.

Rudnicka, D., Feldmann, J., Porrot, F., Wietgrefe, S., Guadagnini, S., Prevost, M.C.,
Estaquier, ]., Haase, A.T., Sol-Foulon, N., Schwartz, 0., 2009. Simultaneous cell-to-
cell transmission of human immunodeficiency virus to multiple targets through
polysynapses. ]. Virol. 83, 6234-6246.

Sakuma, R., Noser, J.A., Ohmine, S., Ikeda, Y., 2007. Rhesus monkey TRIM5alpha restricts
HIV-1 production through rapid degradation of viral Gag polyproteins. Nat. Med.
13, 631-635.

Sato, H., Orenstein, J., Dimitrov, D., Martin, M., 1992. Cell-cell spread of HIV-1 occurs
within minutes and may not involve the participation of virus particles. Virology
186, 712-724.

Sattentau, Q., 2008. Avoiding the void: cell-to-cell spread of human viruses. Nat. Rev.
Microbiol. 6, 815-826.

Sattentau, Q., 2010. Cell-to-cell spread of retroviruses. Viruses 2, 1306-1321.

Schubert, U, Clouse, K.A,, Strebel, K., 1995. Augmentation of virus secretion by the human
immunodeficiency virus type 1 Vpu protein is cell type independent and occurs in
cultured human primary macrophages and lymphocytes. J. Virol. 69, 7699-7711.

Sheehy, A.M., Gaddis, N.C., Choi, J.D., Malim, M.H., 2002. Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 418,
646-650.

Sherer, N.M., Jin, ], Mothes, W., 2010. Directional spread of surface-associated
retroviruses regulated by differential virus-cell interactions. J. Virol. 84, 3248-3258.

Sherer, N.M.,, Lehmann, M., Jimenez-Soto, L.F., Horensavitz, C., Pypaert, M., Mothes, W.,
2007. Retroviruses can establish filopodial bridges for efficient cell-to-cell
transmission. Nat. Cell Biol. 9, 310-315.

Skillman, D.R., Malone, J.L., Decker, C.F., Wagner, K.F., Mapou, R.L, Liao, M.J., Testa, D.,
Meltzer, M.S., 1996. Phase I trial of interferon alfa-n3 in early-stage human
immunodeficiency virus type 1 disease: evidence for drug safety, tolerance, and
antiviral activity. ]. Infect. Dis. 173, 1107-1114.

Sourisseau, M., Sol-Foulon, N., Porrot, F., Blanchet, F., Schwartz, O., 2007. Inefficient
human immunodeficiency virus replication in mobile lymphocytes. J. Virol. 81,
1000-1012.

Sowinski, S., Jolly, C., Berninghausen, O., Purbhoo, M.A., Chauveau, A., Kohler, K., Oddos,
S., Eissmann, P., Brodsky, F.M., Hopkins, C., Onfelt, B., Sattentau, Q., Davis, D.M.,
2008. Membrane nanotubes physically connect T cells over long distances
presenting a novel route for HIV-1 transmission. Nat. Cell Biol. 10, 211-219.

Sperber, S.J., Gocke, D.J., Haberzettl, C.A., Pestka, S., 1993. Low-dose oral recombinant
interferon-alpha A in patients with HIV-1 infection: a blinded pilot study. AIDS 7,
693-697.

Stetson, D.B., Medzhitov, R., 2006. Recognition of cytosolic DNA activates an IRF3-
dependent innate immune response. Immunity 24, 93-103.

Stopak, K.S., Chiu, Y.L., Kropp, J., Grant, R.M., Greene, W.C., 2007. Distinct patterns of
cytokine regulation of APOBEC3G expression and activity in primary lymphocytes,
macrophages, and dendritic cells. ]. Biol. Chem. 282, 3539-3546.

Strebel, K., Klimkait, T., Maldarelli, F., Martin, M.A., 1989. Molecular and biochemical
analyses of human immunodeficiency virus type 1 vpu protein. J. Virol. 63, 3784-3791.

Stremlau, M., Owens, C.M., Perron, M., Kiessling, M., Autissier, P., Sodroski, J., 2004. The
cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old World
monkeys. Nature 427, 848-853.



C. Jolly / Virology 411 (2011) 251-259 259

Stremlau, M., Perron, M., Lee, M,, Li, Y., Song, B., Javanbakht, H., Diaz-Griffero, F.,
Anderson, DJ., Sundquist, W.L, Sodroski, J., 2006. Specific recognition and
accelerated uncoating of retroviral capsids by the TRIM5alpha restriction factor.
Proc. Natl Acad. Sci. USA 103, 5514-5519.

Terwilliger, E.F., Cohen, E.A,, Lu, Y.C,, Sodroski, J.G., Haseltine, W.A., 1989. Functional role of
human immunodeficiency virus type 1 vpu. Proc. Natl Acad. Sci. USA 86, 5163-5167.

Tsang, J., Chain, B.M., Miller, R.F., Webb, B.L, Barclay, W., Towers, GJ., Katz, D.R,,
Noursadeghi, M., 2009. HIV-1 infection of macrophages is dependent on evasion of
innate immune cellular activation. AIDS 23, 2255-2263.

Turville, S.G., Arthos, J., Donald, K.M., Lynch, G., Naif, H., Clark, G., Hart, D., Cunningham,
AL, 2001. HIV gp120 receptors on human dendritic cells. Blood 98, 2482-2488.

Turville, S.G., Santos, ]J., Frank, I, Cameron, P.U., Wilkinson, J., Miranda-Saksena, M.,
Dable, J., Stossel, H., Romani, N., Piatak Jr., M., Lifson, ].D., Pope, M., Cunningham, A.
L., 2004. Immunodeficiency virus uptake, turnover, and 2-phase transfer in human
dendritic cells. Blood 103, 2170-2179.

Van Damme, N, Goff, D., Katsura, C, Jorgenson, R.L, Mitchell, R., Johnson, M.C,
Stephens, E.B., Guatelli, ]., 2008. The interferon-induced protein BST-2 restricts HIV-
1 release and is downregulated from the cell surface by the viral Vpu protein. Cell
Host Microbe 3, 245-252.

Van Grol, J., Subauste, C., Andrade, R.M., Fujinaga, K., Nelson, J., Subauste, C.S., 2010. HIV-
1 inhibits autophagy in bystander macrophage/monocytic cells through Src-Akt
and STAT3. PLoS ONE 5, e11733.

Vendrame, D., Sourisseau, M., Perrin, V., Schwartz, 0., Mammano, F., 2009. Partial
inhibition of human immunodeficiency virus replication by type I interferons:
impact of cell-to-cell viral transfer. J. Virol. 83, 10527-10537.

Virgin, HW.,, Levine, B., 2009. Autophagy genes in immunity. Nat. Immunol. 10, 461-470.

Waki, K., Freed, E.O., 2010. Macrophages and cell-cell spread of HIV-1. Viruses 2,
1603-1620.

Wolf, D., Goff, S.P., 2008. Host restriction factors blocking retroviral replication. Annu.
Rev. Genet. 42, 143-163.

Wu, X, Anderson, J.L, Campbell, EMM., Joseph, A.M., Hope, TJ., 2006. Proteasome
inhibitors uncouple rhesus TRIM5alpha restriction of HIV-1 reverse transcription
and infection. Proc. Natl Acad. Sci. USA 103, 7465-7470.

Xu, D., Komai-Koma, M., Liew, F.Y., 2005. Expression and function of Toll-like receptor
on T cells. Cell. Immunol. 233, 85-89.

Yao, XJ., Garzon, S., Boisvert, F., Haseltine, W.A., Cohen, E.A., 1993. The effect of vpu on
HIV-1-induced syncytia formation. J. Acquir. Inmune Defic. Syndr. 6, 135-141.

Zhang, J., Liang, C., 2010. BST-2 diminishes HIV-1 infectivity. ]. Virol. 84, 12336-12343.



	Cell-to-cell transmission of retroviruses: Innate immunity and interferon-induced restriction factors
	Cell-to-cell spread of retroviruses
	Recognition of HIV-1 by innate immune receptors during cell-to-cell spread
	Modulating innate immunity to promote cell-to-cell spread of HIV-1
	Cell-to-cell spread and interferon-induced, antiviral restriction factors
	TRIM5 and APOBEC
	Tetherin and ISG15

	Concluding remarks
	Acknowledgments
	References


