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Abstract: During viral infection the first challenge that viruses have to overcome is gaining
access to the intracellular compartment. The infection process starts when the virus contacts
the surface of the host cell. A complex series of events ensues, including diffusion at the
host cell membrane surface, binding to receptors, signaling, internalization, and delivery of
the genetic information. The focus of this review is on the very initial steps of virus entry,
from receptor binding to particle uptake into the host cell. We will discuss how viruses find
their receptor, move to sub-membranous regions permissive for entry, and how they hijack
the receptor-mediated signaling pathway to promote their internalization.
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1. Introduction

Viruses are strict intracellular parasites and their life cycle is fully reliant on hijacking cellular
functions to promote their replication and spread. Virus entry is the very first step of viral infection.
Tremendous effort has been made to characterize the cellular receptors and the entry pathways that

mediate virus internalization. With the development of high-throughput technologies and haploid genetic
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screens, a plethora of virus receptors and their associated endocytic pathways have been identified in
the last few years [1-4]. While this growing knowledge offers novel potential therapeutic strategies,
very little is understood about the dynamic molecular processes of virus-receptor interaction and
virus internalization.

This review will focus on the very early steps of receptor-mediated endocytosis of viruses, from
receptors binding to the physical internalization of the viral particle into the host cells. We will
discuss the current knowledge of the dynamic process of virus/cell surface and virus/receptor interaction.
Additionally, we will detail our current understanding of the molecular signaling strategies that viruses
utilize to promote their specific endocytosis and the endocytic/sorting motifs of receptors that are
exploited by viruses for infection.

2. Virus Entry is a Complex Multistep Process

To establish infection and replicate, viruses need to gain access to the intracellular environment. This
very first step is strictly dependent on surface exposed cellular receptors to which virus particles bind.
Viruses can use two different strategies to enter the host. First, in the classical virus endocytosis model,
following binding to one or multiple cellular receptors, virus particles are physically up taken by the
endocytic cellular machinery in a process referred to as receptor-mediated endocytosis (Figure 1A).
In a second strategy, virus binding to cellular receptors leads to the direct penetration of the virus
particles from the plasma membrane, bypassing the endocytic machinery. This process is referred to as
endocytosis-independent receptor-mediated entry (Figure 1B). While the receptor-mediated endocytosis
model has the merit of being conceptually simple, it is a complex multistep process where viruses
are faced with fundamental challenges in order to hijack the host endocytic machinery. First, viruses
need to gain access to the cell surface before binding their receptor. This primary attachment is
often facilitated by attachment factors that mediate the non-specific binding of virus particles allowing
their concentration at the cell surface. These attachments factors are usually small, charged proteins,
lipids, or sugar moieties (i.e., heparin sulfate, sialic acid, gangliosides) to which virus particles can
bind electrostatically. Following this primary attachment, the virus particles have to interact with the
specific virus receptor(s) in order to be internalized. Emerging evidence indicates that cell signaling is
strongly activated during viral infection and might facilitate viral uptake and appropriate intracellular
targeting [5]. It is often assumed that an active out-in signaling through the receptor molecules
triggers the internalization of virus particles by the cellular uptake machinery. Although we have a
lot of information on virus/receptor interactions at the molecular and structure level, our understanding
of the mechanisms by which virus/receptor interactions induce signaling pathways and how these
might actively mediate internalization of the virus/receptor complex is very limited. Conversely, the
molecular motifs in a receptor that drive signaling and physical internalization are poorly characterized.
Interestingly, several lines of evidence support that all virus/receptor interactions do not always lead to
active uptake of the virus particles and that some viruses depend on stochastic uptake by the host cell
without relying on active signal induction. Concrete demonstrations that a receptor-mediated signaling
results in active virus uptake and productive infection are missing. It is often not clear whether activation
of specific cellular signaling pathways drives or results from the endocytic event.
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Figure 1. Strategies of virus entry. To gain access to the cytoplasm of host cells,
viruses can employ two main strategies, i.e., either (A) through endocytosis and escape
from endosomal vesicles in a process referred as receptor-mediated endocytosis or (B)
by direct penetration from the plasma membrane, referred as endocytosis-independent
receptor-mediated entry. Enveloped viruses are shown; however non-enveloped viruses have
evolved similar strategies. These are just generalizations and there are exemptions from these
rules. Black arrows represent the sequence of events and dashed-red arrows the potential
induced signaling.

3. Virus Movement on the Cell Surface

Live microscopy with high spatio-temporal resolution and single virus particle tracking has enabled
researchers to follow viruses from the very first moment they interact with the cells (i.e., landing on
the cell surface or transmission of virus particles to uninfected cells via viral synapses) to the moment
the virus particles are physically endocytosed by the host cells [6-9]. Characterization of the very first
interaction step between viruses and their attachment factors or receptors have been limited due to the
technical challenge of tracking virus particles from the medium to the surface of the cells. However, this
step has been extensively studied in vitro and follow a classical thermodynamic rule [10—-17]. The more
attachment factor or receptor molecules are present at the cell surface, and the more affinity a virus has

for this receptor, the more efficient the primary interaction will be.
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Analysis of the diffusion/mobility of viral particles at the cell surface revealed that virus journey, from
cell attachment to endocytosis, is a complex multistep process. Three distinct mobility profiles have been
observed for virions following landing on host cells, the type of which most likely depends on the strategy
used by the virus to be internalized. The first and simplest mobility profile is random motion/walk
or diffusion where particles move without apparent order [18]. The second possible movement is
constrained diffusion where the virus particles seem to be restricted to a very precise microdomain
of the cellular membrane. In the third mobility profile, particles display directional movement or drifts
following a precise track or direction, such as viruses moving in a retrograde flow along filopodia [19].
These different motilities are the consequence of the heterogeneous nature of the plasma membrane,
which is organized in microdomains or rafts [20]. Protein and lipid diffusion is restricted and confined
by these domains and is intrinsically linked to the underlying cortical actin network [21-24].

4. Virus Binding to Receptor: The Land and Stick Approach vs. the Land and Seek Approach

The simplest scenario of virus/cell surface attachment, interaction with receptor, and endocytosis
would be that the virus particles remain spatially confined immediately following interaction with the
cellular surface (Figure 2A). In this case, virus particles have already attached to their receptor and
are waiting to be endocytosed, or they have attached to an attachment factor or primary receptor and
are waiting for the stochastic or induced recruitment of a secondary receptor. Reovirus and vesicular
stomatitis virus (VSV) are examples of virus particles that display confined displacement following cell
surface attachment prior to their internalization by the well-characterized clathrin-mediated endocytosis
(CME) pathway [7,8,25]. In both cases, it is unclear what happens between cell attachment and
physical internalization. Very few studies have successfully addressed this complex step. For reovirus
the following model has been suggested: after binding of reovirus to its cell attachment factor sialic
acid, the virus is able to bind its co-receptor (31 integrin. This binding would drive the recruitment
and clustering of the junctional adhesion molecule A (JAM-A), which would mediate internalization
of the virus/receptor complex [13,26-28]. Although this model looks very satisfactory, the dynamic
recruitment of the various receptors and their clustering has not been monitored. It remains unclear
whether the virus/primary receptor complex moves to the secondary receptor(s) or whether the secondary
receptors move toward the virus/primary receptor complex. Most of our current models of dynamic
virus/receptor interaction and internalization are putative series of events based on biochemical and
genetic information but not based on dynamic interaction data.

In other instances, following attachment to the cell surface, viruses display a complex multistep
mobility profile. They can display random diffusion or directional displacement and then, are confined at
a specific location. In this scenario, it is believed that virus particles first bind to their surface attachment
factors and/or primary receptor and then actively move to a plasma membrane microdomain to interact
with a secondary receptor to be internalized. This type of movement has been described for both
influenza A virus (IAV) and mouse Polyomavirus (mPy). In the case of [AV, the virus particles first land
on the cell surface and move to their final internalization site in an actin-dependent manner. After arrest,
the virus particles enter the cells via CME [29]. Study of mPy entry revealed that immediately after
binding to the cell surface, the virus displays a free diffusion mobility profile that is rapidly replaced by
a combination of confinement and drifting [30]. Inhibition of the free diffusion by cholesterol depletion



Viruses 2015, 7 2798

inhibited viral infection, suggesting that the diffusion step is crucial. It has been proposed that during
the diffusion step, mPy binds multiple copies of its ganglioside receptor and maybe other receptors
(Figure 2B). This increased affinity between the virus particle and its receptor(s) prevents free diffusion
of the virus and confines the virus particle to a specific microdomain on the plasma membrane. This
confinement is dependent on cortical actin [30]. After confinement, the viral particle will be able to be
endocytosed. It is important to highlight here, that ganglioside clustering was not monitored during
mPy entry. Therefore the clustering model was proposed in analogy to the Cholera toxin-induced
clustering of ganglioside [31]. Similar mechanisms of confined mobility have been described for the
simian polyomavirus 40 (SV40) after binding to the ganglioside GM1 [32].

A. Stick B. Seek C. Preformed D. Stick and seek
(VSV, reovirus) (mPy, SV40) (CPV,DV) (CBV)

ey : O .
Stick
Sl Random Receptor
walk clustering Random

walk 2
@ P
B & V 5 p
Plasma i) ) i Y Seek
membrane l[’ — oyt TR S --- 1 | P > CAR
T t ] g +7 .
Cytosol ' £ microdomain i/ Spatially
) ! 3 8 o >
T\ e \ /  confined .(Q
Signaling “~Z_._ Spatially - e (Tight
+ confined Signaling .

junction)

clathrin
recruitment

Preformed
clathrin-coated pit '(

J J

Figure 2. How viruses find their receptor(s). Viruses have evolved different strategies
to interact with their receptor(s) at the surface of host cells. (A) After landing on the
cell surface and binding to receptor(s), some viruses remain stick at a confined location
from where they will be endocytosed in a passive or signal-induced manner; (B) Others,
after binding to their receptor, will diffuse at the cell surface seeking additional receptor
molecules. The virus/receptor complex will be then spatially confined in a host plasma
membrane microdomain from where it will be endocytosed; (C) Some viruses, following
binding to their receptors, diffuse at the surface of the host cell seeking for preformed
endocytic structures that they hijack to mediate their internalization; (D) Viruses can land
on the surface of the cells and bind to a primary receptor. This initial binding induces
signaling that leads to active redistribution of the virus/primary receptor complex seeking
for a secondary receptor that mediates virus uptake. Abbreviations: CAR, coxsackievirus
and adenovirus receptor; CBV, group B coxsackievirus; CPV, canine parvovirus; DAF, CBV
co-receptor; DV, dengue virus; mPy, mouse Polyomavirus; SV40, simian polyomavirus 40;
VSV, vesicular stomatitis virus.

A more recent study has focused on the internalization of canine parvovirus (CPV), which takes
place in a clathrin-dependent manner [18]. In this work, the authors were able to reveal that CPV,
after cell surface attachment, actively diffuses at the surface of the cell and within 30s interacts with an
already existing coated pit (Figure 2C). As such, these viruses use a very unique strategy by hijacking
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pre-formed endocytic structures. This type of hijacking has been previously shown to be used by dengue
virus (DV) [33], however the CPV entry study is one of the rare works where the authors were able
to correlate the number of receptors attached to a virus particle to the diffusion rate and endocytic rate
of these particles. Remarkably, the authors were able to estimate that individual CPVs were bound to
fewer than three Transferrin (Trf) receptors per viral particle and that interaction with the Trf receptor
took place prior to falling into clathrin-coated pits. Interestingly, virus particles that were bound to more
than eight receptor molecules were not able to diffuse and failed to enter cells by CME. The affinity of
CPV for Trf receptor was shown to be much lower than the affinity of Trf itself. This lower affinity might
allow CPV to limit the number of bound Trf receptor. As such, although viruses are believed to bind more
than one receptor per particle due to their polyhedral nature, there might be an optimum stoichiometry
between the receptor and the virus particle. On one hand, virus/receptor binding is crucial for diffusion
and endocytosis, but on the other hand, binding too many receptors to a single virus particle might
severely affect the diffusion rate of the virus/receptor complex and be detrimental for virus entry. In the
case of CPV bound to the Trf receptor and SV40 bound to GM1, the diffusion rate of the virus/receptor
complex is about 10 times lower than the receptor/natural ligand complex. Whether this decreased
diffusion rate promotes better or less efficient endocytosis of the virus/receptor complex compared to the
natural ligand/receptor complex and whether this is favorable or detrimental to virus infection remains
to be shown. We can speculate that, for viruses whose entry relies on the formation of de novo endocytic
structures, binding multiple copies of their receptors would be beneficial (e.g., reovirus, VSV, IAV).
This binding would then limit their diffusion rate on the plasma membrane giving the cell time to form
an endocytic structures at their vicinity. Limiting the number of bound receptors will allow the virus
particles to maintain a greater diffusion rate thus increasing the probability of hijacking a pre-existing
endocytic structure (like CPV).

5. Redistribution of Virus Particles to Permissive Endocytic Sites

Virus mobility at the surface of the host cell membrane is usually linked to intrinsic mobility of the
proteins and/or lipid receptors to which they bind. As mentioned above, viruses have found ways to alter
their diffusion rate by binding multiple copies of the receptors that in turn result in a decreased diffusion
rate. In some cases, viruses use more complex strategies to control their mobility at the cell surface.
Binding to a receptor can lead to the activation of signaling pathways leading to redistribution of the
virus/receptor complex. This is often dependent on the underlying cytoskeleton.

Many viruses have been described to land on the cell surface and actively relocate to different
sub-membranous locations where they can be efficiently endocytosed. It has been known for a long
time that viruses can associate with membrane cellular projections such as filopodia, microvilli, and
lamellipodia [34,35]. With the development of fluorescent live microscopy, researchers have been able
to demonstrate that particles of the Murine Leukemia Virus, pseudotyped with either the Avian Leukosis
Virus (ALV) or VSV glycoproteins, are actively transported on the surface of filopodia in an actin- and
myosin-dependent manner toward the cell body. Only after being localized to the cell body, at the base
of the filopodia, viruses are able to enter the cell [19]. Similarly, infection of cells by HPV-16 was shown
to be partially dependent on the active transportation of the virus particles at the surface of filopodia
toward the cell body [36].
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Recent work has shown that many bunyaviruses make use of the C type lectin DC-SIGN as an
endocytic receptor to target and enter dendritic cells [9,37]. The DC-SIGN protein is localized at the
very leading edge of dendritic cells where it clusters. Interestingly, endocytosis of DC-SIGN takes
place at sites posterior to the leading edge. Tracking of labeled DC-SIGN revealed the active linear
redistribution of the receptor from the leading edge to the lamellar posterior endocytic sites [38]. Using
the bunyavirus Uukuniemi virus (UUKYV), it was possible to visualize the virus/DC-SIGN interactions
in live cells and analyze their dynamics, which showed that additional lectin molecules were recruited to
the virus binding site [9].

A good example of virus-induced virus/receptor complex relocation is during the entry of group B
coxsackieviruses (CBVs) in epithelium cells. During the natural course of infection by CBVs from the
fecal-oral route, CBV binds its co-receptor DAF located at the apical membrane of epithelium cells. This
initial binding induces the tyrosine kinase Abl that in turn induces the Rac-dependent reorganization of
the actin cytoskeleton. This process allows the dynamic redistribution of the virus/DAF complex to the
tight junctions where the virus can interact with its receptor, coxsackievirus and adenovirus receptor
(CAR) (Figure 2D). Binding of viruses to CAR induces conformational changes in the viral capsid that
are fundamental for CBV entry [39].

Similarly human adenovirus engages its receptor CAR and its co-receptor otV integrin at the apical
membrane of polarized cells. The interaction of adenovirus with CAR is associated with diffusion
and actin-myosin-2-dependent drift whereas association of adenovirus with integrins induces the local
confinement of adenovirus at the surface of the cell. Single virus particle tracking revealed that first
adenoviruses diffuse at the surface of the cells by primary interaction with the CAR receptor. After
a few minutes, the virus particle diffusion rate dramatically decreases as drifting and confined motion
increases suggesting that the virus interacted with the co-receptor «V integrin [40]. In this case, the
authors propose that the tug-of-war between integrin-associated confinement and the CAR-associated
diffusion favors a physical shedding of the adenovirus fiber proteins. The loss of these fibers will
allow for exposure of internal proteins, which are fundamental for membrane rupture and endosomal
escape [41]. This finding opens up a novel dimension of virus mobility at the cell surface. Confined or
directional motion of viruses is not solely for viruses to interact with receptors or to move to permissive

sites for internalization but can be directly linked to virus maturation.
6. Signaling in the Host Cell during Viral Entry

It is evident that signaling is an important part of the very first steps of virus/receptor interactions
and therefore virus entry. A simple explanation would be that these signaling pathways are activated
upon virus binding to receptor(s) and would in turn actively induce internalization of the virus/receptor
complex. This process would be referred as receptor-mediated signaling-induced endocytosis. Although
this notion of induced endocytosis is largely accepted, very little evidence exists that correlates induction
of signaling (i.e., phosphorylation of receptor tyrosine kinases) and physical uptake.

Viral infections are typically associated with major impacts in the molecular physiology of host cells,
often disturbing the expression of cellular genes and leading to an increased level of stress proteins
and the activation of the innate immune system. These profound changes result, with no doubt, from
the perturbation of the cell signaling networks induced by the infection itself. In many cases, viruses
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also usurp actively the signaling systems of host cells to create a favorable environment for their own
replication and amplification [5,16]. A number of evidence supports the view that signaling begins
at the cell surface following binding of viruses to receptors. Depending on the virus, receptors, and
host cells, initial attachment can lead to activation of serine, threonine, tyrosine, and other kinase
pathways. As a consequence, cascades of downstream responses ensue in the cytoplasm, and eventually,
also in the nucleus. Signaling induced by viruses then relies on the usual cellular second messengers
(phosphatidylinositides (PIs), diacylglycerides, and calcium) and on various regulators of membrane
intracellular trafficking and actin cytoskeleton dynamics.

Studies on the internalization of IAV and VSV have revealed that these viruses endocytose via
CME. As opposed to DV and CPV that hijack pre-existing clathrin endocytic structures, IAV and VSV
are internalized by formation of de novo clathrin structures under individual virus particles [25,29].
Interestingly, the rate of formation of these endocytic clathrin structures was found to be between
16-20 times higher at the sites of membrane bound viruses compared to clathrin structures lacking virus
particles [25,29]. The molecular mechanisms leading to this local increase of internalization rate remain
to be determined.

SV40 is an excellent example to illustrate the complexity of virus-induced signaling in viral entry.
Following attachment to major histocompatibility complex class I and GMI1, virus particles trigger
local activation of tyrosine kinases [42-44]. As a consequence, actin filaments are reorganized and
the particles are internalized in caveolin-1-positive or lipid-raft vesicles [44—47]. More than 50 different
kinases have been identified to regulate the entry of SV40 and early steps of its infection [48].

Adenoviruses 2 and 5 (Ad2 and AdS5) have also been characterized as relying on signaling for entry.
Both viruses use CAR and the integrin ocv33 as receptors to undergo internalization and both rely on
endosomal acidification for productive infection [5,49]. The interaction with av[33 integrin activates
the PI3 kinase (PI3K) that in turn induces the synthesis of P1(3,4)P2 and PI(3,4,5)P3. These lipids are
subsequently responsible for the activation of protein kinase C (PKC) and small GTPases such Rabs and
Rho. PKC and the GTPases then promote actin polymerization, rapid increase in fluid internalization
by macropinocytosis, and clathrin-dependent uptake of adenovirus particles [50,51]. The findings that
activation of these GTPases would induce CME of the virus particles have to be carefully addressed
since recent studies demonstrate that CME is actin independent [52,53].

Echovirus 1 (EV1) is also known to use integrins for its internalization. EV1 binds to the collagen
receptor x2(31. It has been shown that binding of collagen to «231 causes conformational changes
within the integrin, which leads to p38 activation. Interestingly, EV1 prefers the inactive conformation
of 231 for its binding and does not lead to p38 pathway activation suggesting that the virus will use
the receptor differently than the natural ligand [54].

Several viruses have been proposed to subvert the signaling and endocytic activities of the epidermal
growth factor receptor (EGFR) for their cell entry [55]. EGFR is a highly dynamic receptor tyrosine
kinase that continuously travels back and forth between the plasma membrane and endocytic vesicles.
EGFR-mediated signaling is believed to promote the penetration of some herpesviruses such as the
human cytomegalovirus (CMV) and herpes simplex virus 1 (HSV1) [56,57]. Following attachment to
«Vv[33 integrin, interactions of the CMV glycoprotein gB with EGFR triggers the PI3K pathway [56].
In coordination with the activation of Src signaling, through the virus binding to ocv33 integrin, RhoA
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and cofilin are activated. This series of events results in a local F-actin rearrangement that is believed to
facilitate the passage of the virus through the actin cortex. HSV1 follows a similar strategy [57]. Another
herpesvirus, Epstein-Barr virus (EBV), may also subvert the EGFR biological functions. EBV has been
shown to induce actin reorganization through activation of PI3Ks [58,59]. However, the demonstration
of the EGFR involvement in this process is missing.

A more direct role in the entry and internalization of IAV and hepatitis C virus (HCV) has been
attributed to EGFR. Following attachment of IAV to the cells, the activation of EGFR and downstream
signaling via PI3Ks have been proposed to be required for the endocytosis of the virions (Figure 3A) [60].
The binding of HCV to one of its receptors, CD81, is believed to allow for interactions with EGFR, and
subsequently, for internalization of the virus/EGFR complex [61,62]. The activation of EGFR signaling
seems to enhance the entry of further HCV particles. In addition to these viruses, human papillomavirus
type 16, respiratory syncytial virus, and African swine fever virus have the ability to hijack the EGFR
functions to ensure their entry [63—66]. Many of these viruses share a dependence on membrane blebbing
and rapid rearrangement of actin filaments for infectious entry.

The Kaposi’s sarcoma-associated herpesvirus (KSHV) is another excellent example of a virus that
relies on signaling and actin reorganization for entry [67]. The ectodomain of the surface envelop
glycoprotein gB of KSHV contains a Arg-Gly-Asp motif (RGD), which is recognized and used by the
integrin 331 for virus binding and entry [68—70]. Interaction between gB and the integrin activates
focal adhesion kinase (FAK) and Src kinases leading to PI3K and Rho GTPase activation [71-76].
In addition, KSHV induces the extracellular signal-regulated kinase 1 and 2 (ERK1/2) through the
PI3K-PKC(-mitogen activated or extracellular regulated kinase (MEK) pathways [72,77,78]. The
activation of these pathways results in a dramatic rearrangement of the actin cytoskeleton, which leads
to the internalization of virus particles by macropinocytosis into human fibroblasts [79,80].

Vaccinia virus likely represents the best evidence for a direct role of virus-induced signaling in uptake
of virions through macropinocytosis. After reaching the plasma membrane, vaccinia virus activates a
complex signaling network that involves PAK1 and leads to major alterations in the actin cortex and
membrane blebbing, which result in the internalization of particles by macropinocytosis [81]. The virus
has developed a strategy based on mimicry of apoptotic bodies to trigger the signaling, blebbing, and
macropinocytosis to enter cells. Phosphatidylserine in the viral membrane is essential to induce these
cellular mechanisms. Interestingly, vaccinia virions seem to cooperate during the early stages of entry
(Figure 3B) [82]. The first incoming virions may act as a decoy to induce the signalization that will
facilitate the entry of further particles through macropinocytic engulfment [83]. This underlines the
importance to investigate virus infection experiments at the single cell level and to understand how
timing of signal-induced response affects host cell and virus entry.

It is clear that virus binding and internalization represent a series of events that involves hundreds
of cellular factors, which are highly dynamic, interconnected, and coordinated in time and space. A
predominant part of the information available is for viruses that depend, directly or indirectly, on
macropinocytosis for entry but, it is not always clear whether macropinocytosis is used only as an
entry pathway or rather as a means to disrupt the actin cortex to facilitate virus entry through other
endocytic routes. Further studies are required for viruses, which use alternative pathways for infection.

For most viruses, many basic but important questions remain open (Figure 3C). (1) Does the activation
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of these signaling pathways promote the internalization; (2) Is the activation a consequence of the
virus internalization; (3) Does the virus-induced receptor-dependent signaling trigger a cascade of
events that leads to the internalization of both the virus and its receptor; (4) or is the internalization
signal-independent; (5) How is the signal passed from the receptor ectodomain to the cytosolic tail
following virus binding; (6) What are the signal sequences in the cytoplasmic tail of the receptors; and

(7) What are the cellular factors required for endocytosis?
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Figure 3. Signaling during virus entry. Infections cause profound perturbations of the
host cell signaling networks. Signaling likely begins at the plasma membrane, after virus
binding to receptors. Here are few examples of signaling during virus entry. (A) Following
attachment at the cell surface, influenza A virus (IAV) relies on the activation of epidermal
growth factor receptor (EGFR) for the endocytosis of virions. However, no direct interaction
has been reported between 1AV and EGFR; (B) In the case of vaccinia virus (VV), virions
seem to cooperate for entry. In this model, the first incoming virions trigger signaling through
binding to primary receptor(s). The signal facilitates the recruitment of other receptors,
which all together mediate the attachment and endocytosis of further incoming particles
by induction of micropinocytosis; (C) Upon binding of viruses to receptor molecules,
receptor-mediated signaling induces the local internalization of the virus/receptor complex.
Concrete evidence supporting such receptor-mediated signaling that results in an active

internalization is missing. The encircled numbers indicate the sequence of events.

7. Endocytic Signals and Signaling Motifs in Virus Receptors

In the past decades, comparisons of the cytoplasmic tail of many receptors that use clathrin for
endocytosis support the view of a high diversity of endocytic motifs rather the existence of common
endocytic motifs [84]. The motifs in the cytoplasmic tail of receptors can be either linear, conformational,
and/or covalently modified. The linear motifs are composed by variant and invariant amino acids.
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Examples are the motifs YXX® and [FY]XNPX[YF] as well as motifs composed of dileucine (LL) and
acidic clusters, where the single-letter code indicates amino acids, X any amino acid, F an amino acid
with a bulky hydrophobic side chain, and brackets either amino acid is allowed at this position [85-87].
While the invariant amino acids are the most critical, the function of these signals can be influenced
by the variant amino acids, the flanking sequences, the phosphorylation of residues in or near the
motif (S, T, or Y), the spacing from the transmembrane domain, efc. [88—91]. Other motifs can be
conformational determinants under the form of amino acid patches in folded domains [92]. In contrast
to linear signals, conformational motifs appear to be unique for a specific cargo such as those described
in VAMP-7 and R-SNARE:s [92,93]. Lastly, covalent modifications such as phosphorylation (S, T, or Y)
or polyubiquitination (K) can also serve as endocytic signals [94,95]. However, the endocytic motifs and
other signaling sequences remain largely unknown for most clathrin-independent pathways. In many
cases, it is not clear whether endocytic signals are simply docking sites for adaptor proteins or rather
participate to cell signaling.

Regarding virus entry, little information is available about the endocytic and signaling motifs
important for the uptake and sorting of virus particles into endocytic compartments. Experimental
evidence for a direct role of such motifs in receptor-mediated internalization of virions is rare. In
this respect, DC-SIGN represents one of the most interesting and documented virus receptor models.
This cell surface type II transmembrane protein can bind to multiple viruses from various viral families
through high-mannose N-glycans [96]. Though relatively short, the cytoplasmic tail of the lectin carries
several motifs involved in signaling, endocytic internalization, and intracellular trafficking such as S,
T, and Y residues, but also, an acidic cluster (EEE) as well as YXX® and LL-based motifs [96].
Interestingly, recent studies have shown that DC-SIGN is able to trigger selective signal transduction
pathways, which seem to depend on the nature and glycosylation pattern of the captured antigens [97,98].
It is tempting to postulate that viruses may usurp such biological functions of a receptor to trigger diverse
cell signaling cascades for their own sorting into a specific endocytic pathway.

By interacting with specific adaptor proteins, endocytic motifs determine in general the internalization
pathways of cargo, and possibly of viruses. CME represents the best-documented sorting processes of
cargo from the plasma membrane into the endocytic machinery. As previously mentioned, DC-SIGN
contains a LL-based motif in the cytoplasmic tail, which acts as a typical docking site for adaptor
proteins required for the formation of clathrin-coated pits, and therefore, receptor-induced CME [84,99].
The LL motif is critical for the endocytic activity of DC-SIGN [9,100]. Recent work has shown that
UUKY is no longer able to enter cells expressing the endocytic-defective LL->AA mutant of DC-SIGN
(Figure 4A) [9,101]. This is the only evidence of a direct role for DC-SIGN, beyond attachment, in
productive virus internalization [96,100,102]. A role of additional cellular transmembrane factors in the
endocytosis of virus particles cannot be however completely ruled out, as it seems that measles virus,
which also binds DC-SIGN, requires additional interactions with CD150 for infectious entry [103].
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Figure 4. Endocytic signals in virus receptors. Relatively few endocytic signals in receptors
have been assessed for their role in virus entry and infection. (A) The LL motif of DC-SIGN
is critical for Uukuniemi virus (UUKYV) internalization and acts as endocytic motif; (B) The
two NPXY motifs in the (3 1-integrin ([31) seem to act as sorting motifs to direct reovirus into
the right endosomal compartment; (C) No function has been attributed to the YNQV motif
in CAR regarding infection by adenovirus 5 (Ad5).

To our knowledge, there are only a few reports about endocytic motifs that are important for virus
entry. The 31 integrin that serves as co-receptor for reovirus has a cytoplasmic tail with two NPXY
motifs, known for their role in CME. Cells that have modified NPXY motifs lead to a reduction in
reovirus infectivity [104]. However, neither virus binding nor endocytosis is impaired, suggesting a role
of the NPXY motifs as sorting signals into appropriate endocytic vesicles following the internalization
of particles (Figure 4B). Similarly, in the case of AdS, the YNQV motif in the cytoplasmic tail of the
virus receptor CAR does not seem to impact the entry of virus particles (Figure 4C) [105]. It is not
known whether the alteration of this motif also results in a misrouting of internalized virus particles. In
general, the role of sorting motifs are hard to investigate. After decades of research based on inactivation
of signaling/endocytic motifs in the EGFR cytoplasmic tail, the exact signals created by the binding of
the natural ligands to EGFR remains largely a matter of debate [106].

8. Concluding Remarks

In this review, we have summarized current knowledge of the early virus-host cell interactions from

virus attachment on the cell surface, including interaction with receptor and induction of signaling,
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to uptake. While virus/receptor interactions and the subsequent intracellular trafficking of virus
particles have been extensively studied, it is apparent that little work has addressed the transition
processes between the extracellular and intracellular stages, and a substantial number of issues remains
unresolved [16,107].

Receptor-mediated endocytosis of viruses is well established, as internalization of virus particles is
fully dependent on the presence of virus-specific surface exposed cellular receptors. Viruses can only
infect cells that display their specific receptors. Whether and how virus/receptor interactions induce
specific signaling (receptor-mediated signaling) that promotes internalization of the viral particle is much
less understood and it remains unclear for many viruses whether the entry-associated signaling is a
cause or a consequence of the entry event. Some viruses seem to not induce active signaling, however
this does not necessarily imply that these viruses are randomly endocytosed in a completely passive
manner. It has been suggested that the multivalent nature of the viral capsid (e.g., the possibility of
binding multiple copies of the receptor) could constitute a “signal” that leads to particle internalization.
This virus-induced receptor clustering could increase the probability of the virus/receptor complex to
be up taken by stabilizing the formation of the endocytic structure [7]. Recently viruses that bind
lipid-based receptors, such as mPy and SV40, have been proposed to locally induce lipid clustering,
which, in turn, causes local membrane curvature, and thereby, the endocytosis in a lipid raft dependent
manner [108,109]. Interestingly, a similar model was proposed for human norovirus upon binding of the
glycosphingolipids receptor [110]. The importance of the lipid receptor is crucial in this mechanism but
it is possible that other viruses have developed alternative strategies to induce membrane curvature. We
can speculate that some viral receptors have affinity for specific lipids or for specific membrane binding
proteins that will in consequence induce local membrane curvature.

It is frequently unknown whether viruses induce the same receptor clustering and signaling as the
natural ligand of the receptors that they hijack. The reason is probably due to the absence of information
about the signals produced by natural ligands themselves. EV1 is thus far the sole documented example
of a virus that uses an endocytic pathway distinct from that of the natural ccligand [54]. Similarly,
it is often not known whether the receptor clustering and the subsequent endocytic routes are cargo
dependent. Recent examples suggest that the endocytic pathway is virus specific. While both Ad2 and
AdS5 use CAR and «V integrin as receptors, Ad2 seems to enter cells by macropinocytosis and AdS
through CME [40,50].

Cell surface receptors, such as Trf receptor, GMI1, and other gangliosides, often lack known
signaling/endocytic motifs or a prominent cytoplasmic tail. In the latter case, this strongly suggests the
involvement of additional co-receptors or microdomains in which endocytic receptors would mediate
the internalization of virus/receptor complexes. The adaptor and coat proteins associated with such
processes are also poorly characterized for most endocytic routes and viruses. The use of different
adaptors likely generates different downstream signals, which can be useful for viruses, both in the short
term, by triggering uptake, and in the mid-term, by creating a favorable and beneficial environment for
the establishment of infection.

While much work has focused on signaling that emanates from the plasma membrane, it is not clear
whether virus-dependent signaling can occur through internalized receptors. An increasing number of

viruses have been reported to remain attached to their receptors after uptake or become attached to their
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receptors within endosomal vesicles, at least during the early steps of the endosomal maturation [3].
Recent studies of bacteria suggest that the location of ligand/receptor interactions dictates the type
of signals produced. The signaling induced by the bacterial coat protein LPS through TLR4 involves
different adaptors, the identity of which depends on whether interaction occurs at the plasma membrane
or within endosomes [111,112]. This leads to the possibility that viruses can also signal at multiple
locations during their entry.

Many questions about virus entry remain open (1) Whether viruses use endogenous endocytic
pathways or are rather able to subvert the cell machinery to promote their own, specific entry route;
(2) Whether virus uptake occurs via a constitutive endocytic process or through a ligand-induced
endocytic mechanism; and (3) What are the benefits for viruses to use one of these possibilities? It
clearly appears that the results gleaned from virus studies may provide valuable information, not only
about viral infections, but also about hard-to-investigate, basic mechanisms that control the first stages
of cargo uptake and signaling into the cells.

Acknowledgements

This work was supported by CellNetworks Research Group funds and a Dedonder Clayton
international collaborative grant to Pierre-Yves Lozach and the CHS (Chica and Heinz Schaller)
foundation and the Marie-Curie Career reintegration program to Steeve Boulant. Megan Stanifer is
supported by the Olympia Morata program at the University Heidelberg.

Author Contributions

All authors discussed the manuscript content and illustrations, and also wrote this review.
Conflicts of Interest

The authors declare no conflict of interest.
References

1. Backovic, M.; Rey, F.A. Virus entry: Old viruses, new receptors. Curr. Opin. Virol. 2012, 2,
4-13. [CrossRef] [PubMed]

2. Carette, J.E.; Guimaraes, C.P.; Varadarajan, M.; Park, A.S.; Wuethrich, 1.; Godarova, A.;
Kotecki, M.; Cochran, B.H.; Spooner, E.; Ploegh, H.L.; et al. Haploid genetic screens in
human cells identify host factors used by pathogens. Science 2009, 326, 1231-1235. [CrossRef]
[PubMed]

3. Carette, J.E.; Raaben, M.; Wong, A.C.; Herbert, A.S.; Obernosterer, G.; Mulherkar, N.;
Kuehne, A.L; Kranzusch, PJ.; Griffin, A.M.; Ruthel, G.; et al. Ebola virus entry requires the
cholesterol transporter Niemann-Pick C1. Nature 2011, 477, 340-343. [CrossRef] [PubMed]

4. Jae, L.T.; Raaben, M.; Herbert, A.S.; Kuehne, A.l.; Wirchnianski, A.S.; Soh, T.K.; Stubbs, S.H.;
Janssen, H.; Damme, M.; Saftig, P.; et al. Virus entry. Lassa virus entry requires a trigger-induced
receptor switch. Science 2014, 344, 1506—1510. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.coviro.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22440960
http://dx.doi.org/10.1126/science.1178955
http://www.ncbi.nlm.nih.gov/pubmed/19965467
http://dx.doi.org/10.1038/nature10348
http://www.ncbi.nlm.nih.gov/pubmed/21866103
http://dx.doi.org/10.1126/science.1252480
http://www.ncbi.nlm.nih.gov/pubmed/24970085

Viruses 2015, 7 2808

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Greber, U.F. Signaling in viral entry. Cell. Mol. Life Sci. 2002, 59, 608-626. [CrossRef]
[PubMed]

Schiffner, T.; Sattentau, Q.J.; Duncan, C.J. Cell-to-cell spread of HIV-1 and evasion of
neutralizing antibodies. Vaccine 2013, 31, 5789-5797. [CrossRef] [PubMed]

Ehrlich, M.; Boll, W.; van Oijen, A.; Hariharan, R.; Chandran, K.; Nibert, M.L.; Kirchhausen, T.
Endocytosis by random initiation and stabilization of Clathrin-Coated Pits. Cell 2004, 118,
591-605. [CrossRef] [PubMed]

Boulant, S.; Stanifer, M.; Kural, C.; Cureton, D.K.; Massol, R.; Nibert, M.L.; Kirchhausen, T.
Similar uptake but different trafficking and escape routes of reovirus virions and infectious
subvirion particles imaged in polarized Madin-Darby canine kidney cells. Mol. Biol. Cell 2013,
24, 1196-1207. [CrossRef] [PubMed]

Lozach, P.Y.; Kuhbacher, A.; Meier, R.; Mancini, R.; Bitto, D.; Bouloy, M.; Helenius, A.
DC-SIGN as a receptor for phleboviruses. Cell Host Microbe 2011, 10, 75-88. [CrossRef]
[PubMed]

Stehle, T.; Harrison, S.C. High-resolution structure of a polyomavirus VP1-oligosaccharide
complex: Implications for assembly and receptor binding. EMBO J. 1997, 16, 5139-5148.
[CrossRef] [PubMed]

Reiter, D.M.; Frierson, J.M.; Halvorson, E.E.; Kobayashi, T.; Dermody, T.S.; Stehle, T. Crystal
structure of reovirus attachment protein sigmal in complex with sialylated oligosaccharides.
PLoS Pathogens 2011, 7, €1002166. [CrossRef] [PubMed]

Gibbons, M.M.; Chou, T.; D’Orsogna, M.R. Diffusion-dependent mechanisms of receptor
engagement and viral entry. J. Phys. Chem. B 2010, 114, 15403-15412. [CrossRef] [PubMed]
Stencel-Baerenwald, J.E.; Reiss, K.; Reiter, D.M.; Stehle, T.; Dermody, T.S. The sweet spot:
Defining virus-sialic acid interactions. Nat. Rev. Microbiol. 2014, 12, 739-749. [CrossRef]
[PubMed]

Grove, J.; Marsh, M. The cell biology of receptor-mediated virus entry. J. Cell Biol. 2011, 195,
1071-1082. [CrossRef] [PubMed]

Neu, U.; Stehle, T.; Atwood, W.J. The Polyomaviridae: Contributions of virus structure to our
understanding of virus receptors and infectious entry. Virology 2009, 384, 389-399. [CrossRef]
[PubMed]

Mercer, J.; Schelhaas, M.; Helenius, A. Virus entry by endocytosis. Annu. Rev. Biochem. 2010,
79, 803—833. [CrossRef] [PubMed]

Stewart, P.L.; Nemerow, G.R. Cell integrins: Commonly used receptors for diverse viral
pathogens. Trends Microbiol. 2007, 15, 500-507. [CrossRef] [PubMed]

Cureton, D.K.; Harbison, C.E.; Cocucci, E.; Parrish, C.R.; Kirchhausen, T. Limited transferrin
receptor clustering allows rapid diffusion of canine parvovirus into clathrin endocytic structures.
J. Virol. 2012, 86, 5330-5340. [CrossRef] [PubMed]

Lehmann, M.J. Actin- and myosin-driven movement of viruses along filopodia precedes their
entry into cells. J. Cell Biol. 2005, 170, 317-325. [CrossRef] [PubMed]

Singer, S.J. A fluid lipid-globular protein mosaic model of membrane structure. Ann. N. Y.
Acad. Sci. 1972, 195, 16-23. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00018-002-8453-3
http://www.ncbi.nlm.nih.gov/pubmed/12022470
http://dx.doi.org/10.1016/j.vaccine.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24140477
http://dx.doi.org/10.1016/j.cell.2004.08.017
http://www.ncbi.nlm.nih.gov/pubmed/15339664
http://dx.doi.org/10.1091/mbc.E12-12-0852
http://www.ncbi.nlm.nih.gov/pubmed/23427267
http://dx.doi.org/10.1016/j.chom.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21767814
http://dx.doi.org/10.1093/emboj/16.16.5139
http://www.ncbi.nlm.nih.gov/pubmed/9305654
http://dx.doi.org/10.1371/journal.ppat.1002166
http://www.ncbi.nlm.nih.gov/pubmed/21829363
http://dx.doi.org/10.1021/jp1080725
http://www.ncbi.nlm.nih.gov/pubmed/21038861
http://dx.doi.org/10.1038/nrmicro3346
http://www.ncbi.nlm.nih.gov/pubmed/25263223
http://dx.doi.org/10.1083/jcb.201108131
http://www.ncbi.nlm.nih.gov/pubmed/22123832
http://dx.doi.org/10.1016/j.virol.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19157478
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
http://www.ncbi.nlm.nih.gov/pubmed/20196649
http://dx.doi.org/10.1016/j.tim.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17988871
http://dx.doi.org/10.1128/JVI.07194-11
http://www.ncbi.nlm.nih.gov/pubmed/22357278
http://dx.doi.org/10.1083/jcb.200503059
http://www.ncbi.nlm.nih.gov/pubmed/16027225
http://dx.doi.org/10.1111/j.1749-6632.1972.tb54780.x
http://www.ncbi.nlm.nih.gov/pubmed/4504089

Viruses 2015, 7 2809

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ryan, T.A.; Myers, J.; Holowka, D.; Baird, B.; Webb, W.W. Molecular crowding on the cell
surface. Science 1988, 239, 61-64. [CrossRef] [PubMed]

Kusumi, A.; Koyama-Honda, I.; Suzuki, K. Molecular dynamics and interactions for creation
of stimulation-induced stabilized rafts from small unstable steady-state rafts. Traffic 2004, 5,
213-230. [CrossRef] [PubMed]

Kusumi, A.; Sako, Y.; Yamamoto, M. Confined lateral diffusion of membrane receptors as studied
by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in
cultured epithelial cells. Biophys. J. 1993, 65, 2021-2040. [CrossRef]

Di Rienzo, C.; Gratton, E.; Beltram, F.; Cardarelli, F. Fast spatiotemporal correlation spectroscopy
to determine protein lateral diffusion laws in live cell membranes. Proc. Natl. Acad. Sci. USA
2013, /10, 12307-12312. [CrossRef] [PubMed]

Cureton, D.K.; Massol, R.H.; Saffarian, S.; Kirchhausen, T.L.; Whelan, S.P. Vesicular stomatitis
virus enters cells through vesicles incompletely coated with clathrin that depend upon actin for
internalization. PLoS Pathog. 2009, 5, e1000394. [CrossRef] [PubMed]

Maginnis, M.S.; Forrest, J.C.; Kopecky-Bromberg, S.A.; Dickeson, S.K.; Santoro, S.A.;
Zutter, M.M.; Nemerow, G.R.; Bergelson, J.M.; Dermody, T.S. Bl integrin mediates
internalization of mammalian reovirus. J. Virol. 2006, 80, 2760-2770. [CrossRef] [PubMed]
Barton, E.S.; Forrest, J.C.; Connolly, J.L.; Chappell, J.D.; Liu, Y.; Schnell, F.J.; Nusrat, A.;
Parkos, C.A.; Dermody, T.S. Junction adhesion molecule is a receptor for reovirus. Cell 2001,
104, 441-451. [CrossRef]

Cera, M.R.; Fabbri, M.; Molendini, C.; Corada, M.; Orsenigo, F.; Rehberg, M.; Reichel, C.A.;
Krombach, F.; Pardi, R.; Dejana, E. JAM-A promotes neutrophil chemotaxis by controlling
integrin internalization and recycling. J. Cell Sci. 2009, 122, 268-277. [CrossRef] [PubMed]
Rust, M.J.; Lakadamyali, M.; Zhang, F.; Zhuang, X. Assembly of endocytic machinery around
individual influenza viruses during viral entry. Nat. Struct. Mol. Biol. 2004, 11, 567-573.
[CrossRef] [PubMed]

Ewers, H.; Smith, A.E.; Sbalzarini, I.E.; Lilie, H.; Koumoutsakos, P.; Helenius, A. Single-particle
tracking of murine polyoma virus-like particles on live cells and artificial membranes. Proc. Natl.
Acad. Sci. USA 2005, 102, 15110-15115. [CrossRef] [PubMed]

Hammond, A.T.; Heberle, FA.; Baumgart, T.; Holowka, D.; Baird, B.; Feigenson, G.W.
Crosslinking a lipid raft component triggers liquid ordered-liquid disordered phase separation
in model plasma membranes. Proc. Natl. Acad. Sci. USA 2005, 102, 6320-6325. [CrossRef]
[PubMed]

Ewers, H.; Romer, W.; Smith, A.E.; Bacia, K.; Dmitrieff, S.; Chai, W.; Mancini, R.;
Kartenbeck, J.; Chambon, V.; Berland, L.; et al. GM]1 structure determines SV40-induced
membrane invagination and infection. Nat. Cell Biol. 2010, 12, 11-18, S1-S12. [CrossRef]
[PubMed]

Van der Schaar, H.M.; Rust, M.J.; Chen, C.; van der Ende-Metselaar, H.; Wilschut, J.; Zhuang, X.;
Smit, J.M. Dissecting the cell entry pathway of dengue virus by single-particle tracking in living
cells. PLoS Pathog. 2008, 4, €1000244. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.2962287
http://www.ncbi.nlm.nih.gov/pubmed/2962287
http://dx.doi.org/10.1111/j.1600-0854.2004.0178.x
http://www.ncbi.nlm.nih.gov/pubmed/15030563
http://dx.doi.org/10.1016/S0006-3495(93)81253-0
http://dx.doi.org/10.1073/pnas.1222097110
http://www.ncbi.nlm.nih.gov/pubmed/23836651
http://dx.doi.org/10.1371/journal.ppat.1000394
http://www.ncbi.nlm.nih.gov/pubmed/19390604
http://dx.doi.org/10.1128/JVI.80.6.2760-2770.2006
http://www.ncbi.nlm.nih.gov/pubmed/16501085
http://dx.doi.org/10.1016/S0092-8674(01)00231-8
http://dx.doi.org/10.1242/jcs.037127
http://www.ncbi.nlm.nih.gov/pubmed/19118219
http://dx.doi.org/10.1038/nsmb769
http://www.ncbi.nlm.nih.gov/pubmed/15122347
http://dx.doi.org/10.1073/pnas.0504407102
http://www.ncbi.nlm.nih.gov/pubmed/16219700
http://dx.doi.org/10.1073/pnas.0405654102
http://www.ncbi.nlm.nih.gov/pubmed/15851688
http://dx.doi.org/10.1038/ncb1999
http://www.ncbi.nlm.nih.gov/pubmed/20023649
http://dx.doi.org/10.1371/journal.ppat.1000244
http://www.ncbi.nlm.nih.gov/pubmed/19096510

Viruses 2015, 7 2810

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Helenius, A.; Kartenbeck, J.; Simons, K.; Fries, E. On the entry of Semliki forest virus into
BHK-21 cells. J. Cell Biol. 1980, 84, 404—420. [CrossRef] [PubMed]

Smith, A.E.; Helenius, A. How viruses enter animal cells. Science 2004, 304, 237-242.
[CrossRef] [PubMed]

Schelhaas, M.; Ewers, H.; Rajamaki, M.L.; Day, PM.; Schiller, J.T.; Helenius, A. Human
papillomavirus type 16 entry: Retrograde cell surface transport along actin-rich protrusions.
PLoS Pathog. 2008, 4, €1000148. [CrossRef] [PubMed]

Hofmann, H.; Li, X.; Zhang, X.; Liu, W.; Kuhl, A.; Kaup, E.; Soldan, S.S.; Gonzalez-Scarano, F.;
Weber, E.; He, Y.; et al. Severe fever with thrombocytopenia virus glycoproteins are targeted by
neutralizing antibodies and can use DC-SIGN as a receptor for pH-dependent entry into human
and animal cell lines. J. Virol. 2013, 87, 4384-4394. [CrossRef] [PubMed]

Neumann, A.K.; Thompson, N.L.; Jacobson, K. Distribution and lateral mobility of DC-SIGN on
immature dendritic cells—Implications for pathogen uptake. J. Cell Sci. 2008, 121, 634-643.
[CrossRef] [PubMed]

Coyne, C.B.; Bergelson, J.M. Virus-induced Abl and Fyn kinase signals permit coxsackievirus
entry through epithelial tight junctions. Cell 2006, 124, 119—131. [CrossRef] [PubMed]
Burckhardt, C.J.; Suomalainen, M.; Schoenenberger, P.; Boucke, K.; Hemmi, S.; Greber, U.F.
Drifting motions of the adenovirus receptor CAR and immobile integrins initiate virus uncoating
and membrane lytic protein exposure. Cell Host Microbe 2011, 10, 105-117. [CrossRef]
[PubMed]

Wiethoff, C.M.; Wodrich, H.; Gerace, L.; Nemerow, G.R. Adenovirus protein VI mediates
membrane disruption following capsid disassembly. J. Virol. 2005, 79, 1992-2000. [CrossRef]
[PubMed]

Tsai, B.; Gilbert, J.M.; Stehle, T.; Lencer, W.; Benjamin, T.L.; Rapoport, T.A. Gangliosides are
receptors for murine polyoma virus and SV40. EMBO J. 2003, 22, 4346-4355. [CrossRef]
[PubMed]

Chen, Y.; Norkin, L.C. Extracellular simian virus 40 transmits a signal that promotes virus
enclosure within caveolae. Exp. Cell Res. 1999, 246, 83-90. [CrossRef] [PubMed]

Stang, E.; Kartenbeck, J.; Parton, R.G. Major histocompatibility complex class I molecules
mediate association of SV40 with caveolae. Mol. Biol. Cell 1997, 8, 47-57. [CrossRef] [PubMed]
Pelkmans, L.; Puntener, D.; Helenius, A. Local actin polymerization and dynamin recruitment in
SV40-induced internalization of caveolae. Science 2002, 296, 535-539. [CrossRef] [PubMed]
Damm, E.M.; Pelkmans, L.; Kartenbeck, J.; Mezzacasa, A.; Kurzchalia, T.; Helenius, A.
Clathrin- and caveolin-1-independent endocytosis: Entry of simian virus 40 into cells devoid of
caveolae. J. Cell Biol. 2005, 168, 477-488. [CrossRef] [PubMed]

Norkin, L.C. Caveolae in the uptake and targeting of infectious agents and secreted toxins.
Adv. Drug Deliv. Rev. 2001, 49, 301-315. [CrossRef]

Pelkmans, L.; Fava, E.; Grabner, H.; Hannus, M.; Habermann, B.; Krausz, E.; Zerial, M.
Genome-wide analysis of human kinases in clathrin- and caveolae/raft-mediated endocytosis.
Nature 2005, 436, 78-86. [CrossRef] [PubMed]


http://dx.doi.org/10.1083/jcb.84.2.404
http://www.ncbi.nlm.nih.gov/pubmed/6991511
http://dx.doi.org/10.1126/science.1094823
http://www.ncbi.nlm.nih.gov/pubmed/15073366
http://dx.doi.org/10.1371/journal.ppat.1000148
http://www.ncbi.nlm.nih.gov/pubmed/18773072
http://dx.doi.org/10.1128/JVI.02628-12
http://www.ncbi.nlm.nih.gov/pubmed/23388721
http://dx.doi.org/10.1242/jcs.022418
http://www.ncbi.nlm.nih.gov/pubmed/18270264
http://dx.doi.org/10.1016/j.cell.2005.10.035
http://www.ncbi.nlm.nih.gov/pubmed/16413486
http://dx.doi.org/10.1016/j.chom.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21843868
http://dx.doi.org/10.1128/JVI.79.4.1992-2000.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681401
http://dx.doi.org/10.1093/emboj/cdg439
http://www.ncbi.nlm.nih.gov/pubmed/12941687
http://dx.doi.org/10.1006/excr.1998.4301
http://www.ncbi.nlm.nih.gov/pubmed/9882517
http://dx.doi.org/10.1091/mbc.8.1.47
http://www.ncbi.nlm.nih.gov/pubmed/9017594
http://dx.doi.org/10.1126/science.1069784
http://www.ncbi.nlm.nih.gov/pubmed/11964480
http://dx.doi.org/10.1083/jcb.200407113
http://www.ncbi.nlm.nih.gov/pubmed/15668298
http://dx.doi.org/10.1016/S0169-409X(01)00143-0
http://dx.doi.org/10.1038/nature03571
http://www.ncbi.nlm.nih.gov/pubmed/15889048

Viruses 2015, 7 2811

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Nemerow, G.R. Cell receptors involved in adenovirus entry. Virology 2000, 274, 1-4. [CrossRef]
[PubMed]

Meier, O.; Boucke, K.; Hammer, S.V.; Keller, S.; Stidwill, R.P.; Hemmi, S.; Greber, U.F.
Adenovirus triggers macropinocytosis and endosomal leakage together with its clathrin-mediated
uptake. J. Cell Biol. 2002, 158, 1119-1131. [CrossRef] [PubMed]

Li, E.; Stupack, D.; Bokoch, G.M.; Nemerow, G.R. Adenovirus endocytosis requires actin
cytoskeleton reorganization mediated by Rho family GTPases. J. Virol. 1998, 72, 8806—8812.
[PubMed]

Boulant, S.; Kural, C.; Zeeh, J.C.; Ubelmann, F.; Kirchhausen, T. Actin dynamics counteract
membrane tension during clathrin-mediated endocytosis. Nat. Cell Biol. 2011, 13, 1124-1131.
[CrossRef] [PubMed]

Saffarian, S.; Cocucci, E.; Kirchhausen, T. Distinct dynamics of endocytic clathrin-coated pits
and coated plaques. PLoS Biol. 2009, 7, e1000191. [CrossRef] [PubMed]

Jokinen, J.; White, D.J.; Salmela, M.; Huhtala, M.; Kapyla, J.; Sipila, K.; Puranen, J.S.;
Nissinen, L.; Kankaanpaa, P.; Marjomaki, V.; et al. Molecular mechanism of «231 integrin
interaction with human echovirus 1. EMBO J. 2010, 29, 196-208. [CrossRef] [PubMed]

Zheng, K.; Kitazato, K.; Wang, Y. Viruses exploit the function of epidermal growth factor receptor.
Rev. Med. Virol. 2014, 24, 274-286. [CrossRef] [PubMed]

Wang, X.; Huang, D.Y.; Huong, S.M.; Huang, E.S. Integrin av[(33 is a coreceptor for human
cytomegalovirus. Nat. Med. 2005, 11, 515-521. [CrossRef] [PubMed]

Zheng, K.; Xiang, Y.; Wang, X.; Wang, Q.; Zhong, M.; Wang, S.; Wang, X.; Fan, J.; Kitazato, K.;
Wang, Y. Epidermal growth factor receptor-PI3K signaling controls cofilin activity to facilitate
herpes simplex virus 1 entry into neuronal cells. MBio 2014, 5, ¢00958-13. [CrossRef] [PubMed]
Dawson, C.W.; Tramountanis, G.; Eliopoulos, A.G.; Young, L.S. Epstein-Barr virus latent
membrane protein 1 (LMP1) activates the phosphatidylinositol 3-kinase/Akt pathway to promote
cell survival and induce actin filament remodeling. J. Biol. Chem. 2003, 278, 3694-3704.
[CrossRef] [PubMed]

Kung, C.P.; Meckes, D.G., Jr.; Raab-Traub, N. Epstein-Barr virus LMP1 activates EGFR, STAT3,
and ERK through effects on PKCdelta. J. Virol. 2011, 85, 4399-4408. [CrossRef] [PubMed]
Eierhoff, T.; Hrincius, E.R.; Rescher, U.; Ludwig, S.; Ehrhardt, C. The epidermal growth factor
receptor (EGFR) promotes uptake of influenza A viruses (IAV) into host cells. PLoS Pathog.
2010, 6, ¢1001099. [CrossRef] [PubMed]

Zona, L.; Lupberger, J.; Sidahmed-Adrar, N.; Thumann, C.; Harris, H.J.; Barnes, A.; Florentin, J.;
Tawar, R.G.; Xiao, F.; Turek, M.; et al. HRas signal transduction promotes hepatitis C virus cell
entry by triggering assembly of the host tetraspanin receptor complex. Cell Host Microbe 2013,
13,302-313. [CrossRef] [PubMed]

Douam, E.; Lavillette, D.; Cosset, F.L. The mechanism of HCV entry into host cells. Prog. Mol.
Biol. Transl. Sci. 2015, 129, 63-107.

Schelhaas, M.; Shah, B.; Holzer, M.; Blattmann, P.; Kuhling, L.; Day, PM.; Schiller, J.T,;
Helenius, A. Entry of human papillomavirus type 16 by actin-dependent, clathrin- and lipid
raft-independent endocytosis. PLoS Pathog. 2012, 8, e1002657. [CrossRef] [PubMed]


http://dx.doi.org/10.1006/viro.2000.0468
http://www.ncbi.nlm.nih.gov/pubmed/10936081
http://dx.doi.org/10.1083/jcb.200112067
http://www.ncbi.nlm.nih.gov/pubmed/12221069
http://www.ncbi.nlm.nih.gov/pubmed/9765425
http://dx.doi.org/10.1038/ncb2307
http://www.ncbi.nlm.nih.gov/pubmed/21841790
http://dx.doi.org/10.1371/journal.pbio.1000191
http://www.ncbi.nlm.nih.gov/pubmed/19809571
http://dx.doi.org/10.1038/emboj.2009.326
http://www.ncbi.nlm.nih.gov/pubmed/19927126
http://dx.doi.org/10.1002/rmv.1796
http://www.ncbi.nlm.nih.gov/pubmed/24888553
http://dx.doi.org/10.1038/nm1236
http://www.ncbi.nlm.nih.gov/pubmed/15834425
http://dx.doi.org/10.1128/mBio.00958-13
http://www.ncbi.nlm.nih.gov/pubmed/24425731
http://dx.doi.org/10.1074/jbc.M209840200
http://www.ncbi.nlm.nih.gov/pubmed/12446712
http://dx.doi.org/10.1128/JVI.01703-10
http://www.ncbi.nlm.nih.gov/pubmed/21307189
http://dx.doi.org/10.1371/journal.ppat.1001099
http://www.ncbi.nlm.nih.gov/pubmed/20844577
http://dx.doi.org/10.1016/j.chom.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23498955
http://dx.doi.org/10.1371/journal.ppat.1002657
http://www.ncbi.nlm.nih.gov/pubmed/22536154

Viruses 2015, 7 2812

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Surviladze, Z.; Sterk, R.T.; DeHaro, S.A.; Ozbun, M.A. Cellular entry of human papillomavirus
type 16 involves activation of the phosphatidylinositol 3-kinase/Akt/mTOR pathway and
inhibition of autophagy. J. Virol. 2013, 87, 2508-2517. [CrossRef] [PubMed]

Krzyzaniak, M.A.; Zumstein, M.T.; Gerez, J.A.; Picotti, P.; Helenius, A. Host cell entry of
respiratory syncytial virus involves macropinocytosis followed by proteolytic activation of the
F protein. PLoS Pathog. 2013, 9, e1003309. [CrossRef] [PubMed]

Sanchez, E.G.; Quintas, A.; Perez-Nunez, D.; Nogal, M.; Barroso, S.; Carrascosa, A.L.;
Revilla, Y. African swine fever virus uses macropinocytosis to enter host cells. PLoS Pathog.
2012, 8, €1002754. [CrossRef] [PubMed]

Chandran, B. Early events in Kaposi’s sarcoma-associated herpesvirus infection of target cells.
J. Virol. 2010, 84, 2188-2199. [CrossRef] [PubMed]

Akula, S.M.; Pramod, N.P.; Wang, F.Z.; Chandran, B. Integrin «331 (CD49¢/29) is a cellular
receptor for Kaposi’s sarcoma-associated herpesvirus (KSHV/HHV-8) entry into the target cells.
Cell 2002, 108, 407-419. [CrossRef]

Garrigues, H.J.; Rubinchikova, Y.E.; Dipersio, C.M.; Rose, T.M. Integrin «V[33 Binds to the
RGD motif of glycoprotein B of Kaposi’s sarcoma-associated herpesvirus and functions as an
RGD-dependent entry receptor. J. Virol. 2008, 82, 1570-1580. [CrossRef] [PubMed]

Wang, FZ.; Akula, S.M.; Sharma-Walia, N.; Zeng, L.; Chandran, B. Human herpesvirus 8
envelope glycoprotein B mediates cell adhesion via its RGD sequence. J. Virol. 2003, 77,
3131-3147. [CrossRef] [PubMed]

Veettil, M.V.; Sharma-Walia, N.; Sadagopan, S.; Raghu, H.; Sivakumar, R.; Naranatt, P.P;
Chandran, B. RhoA-GTPase facilitates entry of Kaposi’s sarcoma-associated herpesvirus into
adherent target cells in a Src-dependent manner. J. Virol. 2006, 80, 11432-11446. [CrossRef]
[PubMed]

Naranatt, P.P.; Akula, S.M.; Zien, C.A.; Krishnan, H.H.; Chandran, B. Kaposi’s
sarcoma-associated herpesvirus induces the phosphatidylinositol 3-kinase-PKC-zeta-MEK-ERK
signaling pathway in target cells early during infection: Implications for infectivity. J. Virol. 2003,
77, 1524-1539. [CrossRef] [PubMed]

Naranatt, P.P.; Krishnan, H.H.; Smith, M.S.; Chandran, B. Kaposi’s sarcoma-associated
herpesvirus modulates microtubule dynamics via RhoA-GTP-diaphanous 2 signaling and utilizes
the dynein motors to deliver its DNA to the nucleus. J. Virol. 2005, 79, 1191-1206. [CrossRef]
[PubMed]

Raghu, H.; Sharma-Walia, N.; Veettil, M.V.; Sadagopan, S.; Caballero, A.; Sivakumar, R.;
Varga, L.; Bottero, V.; Chandran, B. Lipid rafts of primary endothelial cells are essential
for Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8-induced phosphatidylinositol
3-kinase and RhoA-GTPases critical for microtubule dynamics and nuclear delivery of viral DNA
but dispensable for binding and entry. J. Virol. 2007, 81, 7941-7959. [PubMed]

Krishnan, H.H.; Sharma-Walia, N.; Streblow, D.N.; Naranatt, P.P.; Chandran, B. Focal adhesion
kinase is critical for entry of Kaposi’s sarcoma-associated herpesvirus into target cells. J. Virol.
2006, 80, 1167-1180. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.02319-12
http://www.ncbi.nlm.nih.gov/pubmed/23255786
http://dx.doi.org/10.1371/journal.ppat.1003309
http://www.ncbi.nlm.nih.gov/pubmed/23593008
http://dx.doi.org/10.1371/journal.ppat.1002754
http://www.ncbi.nlm.nih.gov/pubmed/22719252
http://dx.doi.org/10.1128/JVI.01334-09
http://www.ncbi.nlm.nih.gov/pubmed/19923183
http://dx.doi.org/10.1016/S0092-8674(02)00628-1
http://dx.doi.org/10.1128/JVI.01673-07
http://www.ncbi.nlm.nih.gov/pubmed/18045938
http://dx.doi.org/10.1128/JVI.77.5.3131-3147.2003
http://www.ncbi.nlm.nih.gov/pubmed/12584338
http://dx.doi.org/10.1128/JVI.01342-06
http://www.ncbi.nlm.nih.gov/pubmed/17005646
http://dx.doi.org/10.1128/JVI.77.2.1524-1539.2003
http://www.ncbi.nlm.nih.gov/pubmed/12502866
http://dx.doi.org/10.1128/JVI.79.2.1191-1206.2005
http://www.ncbi.nlm.nih.gov/pubmed/15613346
http://www.ncbi.nlm.nih.gov/pubmed/17507466
http://dx.doi.org/10.1128/JVI.80.3.1167-1180.2006
http://www.ncbi.nlm.nih.gov/pubmed/16414994

Viruses 2015, 7 2813

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Sharma-Walia, N.; Naranatt, P.P.; Krishnan, H.H.; Zeng, L.; Chandran, B. Kaposi’s
sarcoma-associated herpesvirus/human herpesvirus 8 envelope glycoprotein gB induces the
integrin-dependent focal adhesion kinase-Src-phosphatidylinositol 3-kinase-tho GTPase signal
pathways and cytoskeletal rearrangements. J. Virol. 2004, 78, 4207-4223. [CrossRef] [PubMed]
Pan, H.; Xie, J.; Ye, F.; Gao, S.J. Modulation of Kaposi’s sarcoma-associated herpesvirus infection
and replication by MEK/ERK, JNK, and p38 multiple mitogen-activated protein kinase pathways
during primary infection. J. Virol. 2006, 80, 5371-5382. [CrossRef] [PubMed]

Sharma-Walia, N.; Krishnan, H.H.; Naranatt, P.P.; Zeng, L.; Smith, M.S.; Chandran, B. ERK1/2
and MEK1/2 induced by Kaposi’s sarcoma-associated herpesvirus (human herpesvirus 8) early
during infection of target cells are essential for expression of viral genes and for establishment of
infection. J. Virol. 2005, 79, 10308-10329. [CrossRef] [PubMed]

Greene, W.; Gao, S.J. Actin dynamics regulate multiple endosomal steps during Kaposi’s
sarcoma-associated herpesvirus entry and trafficking in endothelial cells. PLoS Pathog. 2009,
5, e1000512. [CrossRef] [PubMed]

Raghu, H.; Sharma-Walia, N.; Veettil, M.V.; Sadagopan, S.; Chandran, B. Kaposi’s
sarcoma-associated herpesvirus utilizes an actin polymerization-dependent macropinocytic
pathway to enter human dermal microvascular endothelial and human umbilical vein endothelial
cells. J. Virol. 2009, 83, 4895-4911. [CrossRef] [PubMed]

Mercer, J.; Helenius, A. Vaccinia virus uses macropinocytosis and apoptotic mimicry to enter host
cells. Science 2008, 320, 531-535. [CrossRef] [PubMed]

Stiefel, P.; Schmidt, F.I.; Dorig, P.; Behr, P.; Zambelli, T.; Vorholt, J.A.; Mercer, J. Cooperative
vaccinia infection demonstrated at the single-cell level using FluidFM. Nano Lett. 2012, 12,
4219-4227. [CrossRef] [PubMed]

Schmidt, EI; Bleck, C.K.; Mercer, J. Poxvirus host cell entry. Curr. Opin. Virol. 2012, 2, 20-27.
[CrossRef] [PubMed]

Traub, L.M.; Bonifacino, J.S. Cargo recognition in clathrin-mediated endocytosis. Cold Spring
Harb. Perspect. Biol. 2013, 5. [CrossRef] [PubMed]

Collawn, J.F.; Stangel, M.; Kuhn, L.A.; Esekogwu, V.; Jing, S.Q.; Trowbridge, I.S.; Tainer, J.A.
Transferrin receptor internalization sequence YXRF implicates a tight turn as the structural
recognition motif for endocytosis. Cell 1990, 63, 1061-1072. [CrossRef]

Chen, W.J.; Goldstein, J.L.; Brown, M.S. NPXY, a sequence often found in cytoplasmic tails, is
required for coated pit-mediated internalization of the low density lipoprotein receptor. J. Biol.
Chem. 1990, 265, 3116-3123. [PubMed]

Letourneur, F.; Klausner, R.D. A novel di-leucine motif and a tyrosine-based motif independently
mediate lysosomal targeting and endocytosis of CD3 chains. Cell 1992, 69, 1143-1157.
[CrossRef]

Ohno, H.; Aguilar, R.C.; Yeh, D.; Taura, D.; Saito, T.; Bonifacino, J.S. The medium subunits
of adaptor complexes recognize distinct but overlapping sets of tyrosine-based sorting signals.
J. Biol. Chem. 1998, 273, 25915-25921. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.78.8.4207-4223.2004
http://www.ncbi.nlm.nih.gov/pubmed/15047836
http://dx.doi.org/10.1128/JVI.02299-05
http://www.ncbi.nlm.nih.gov/pubmed/16699017
http://dx.doi.org/10.1128/JVI.79.16.10308-10329.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051824
http://dx.doi.org/10.1371/journal.ppat.1000512
http://www.ncbi.nlm.nih.gov/pubmed/19593382
http://dx.doi.org/10.1128/JVI.02498-08
http://www.ncbi.nlm.nih.gov/pubmed/19279100
http://dx.doi.org/10.1126/science.1155164
http://www.ncbi.nlm.nih.gov/pubmed/18436786
http://dx.doi.org/10.1021/nl3018109
http://www.ncbi.nlm.nih.gov/pubmed/22731659
http://dx.doi.org/10.1016/j.coviro.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22440962
http://dx.doi.org/10.1101/cshperspect.a016790
http://www.ncbi.nlm.nih.gov/pubmed/24186068
http://dx.doi.org/10.1016/0092-8674(90)90509-D
http://www.ncbi.nlm.nih.gov/pubmed/1968060
http://dx.doi.org/10.1016/0092-8674(92)90636-Q
http://dx.doi.org/10.1074/jbc.273.40.25915
http://www.ncbi.nlm.nih.gov/pubmed/9748267

Viruses 2015, 7 2814

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Pitcher, C.; Honing, S.; Fingerhut, A.; Bowers, K.; Marsh, M. Cluster of differentiation antigen 4
(CD4) endocytosis and adaptor complex binding require activation of the CD4 endocytosis signal
by serine phosphorylation. Mol. Biol. Cell 1999, 10, 677-691. [CrossRef] [PubMed]

Rohrer, J.; Schweizer, A.; Russell, D.; Kornfeld, S. The targeting of Lamp] to lysosomes is
dependent on the spacing of its cytoplasmic tail tyrosine sorting motif relative to the membrane.
J. Cell Biol. 1996, 132, 565-576. [CrossRef] [PubMed]

Shiratori, T.; Miyatake, S.; Ohno, H.; Nakaseko, C.; Isono, K.; Bonifacino, J.S.; Saito, T.
Tyrosine phosphorylation controls internalization of CTLA-4 by regulating its interaction with
clathrin-associated adaptor complex AP-2. Immunity 1997, 6, 583-589. [CrossRef]

Pryor, PR.; Jackson, L.; Gray, S.R.; Edeling, M.A.; Thompson, A.; Sanderson, C.M.; Evans, P.R.;
Owen, D.J.; Luzio, J.P. Molecular basis for the sorting of the SNARE VAMP?7 into endocytic
clathrin-coated vesicles by the ArfGAP Hrb. Cell 2008, 134, 817-827. [CrossRef] [PubMed]
Miller, S.E.; Sahlender, D.A.; Graham, S.C.; Honing, S.; Robinson, M.S.; Peden, A.A.;
Owen, D.J. The molecular basis for the endocytosis of small R-SNARESs by the clathrin adaptor
CALM. Cell 2011, 147, 1118-1131. [CrossRef] [PubMed]

Ferguson, S.S.; Downey, W.E., 3rd; Colapietro, A.M.; Barak, L.S.; Menard, L.; Caron, M.G. Role
of [3-arrestin in mediating agonist-promoted G protein-coupled receptor internalization. Science
1996, 271, 363-366. [CrossRef] [PubMed]

Hicke, L.; Riezman, H. Ubiquitination of a yeast plasma membrane receptor signals its
ligand-stimulated endocytosis. Cell 1996, 84, 277-287. [CrossRef]

Svajger, U.; Anderluh, M.; Jeras, M.; Obermajer, N. C-type lectin DC-SIGN: An adhesion,
signaling and antigen-uptake molecule that guides dendritic cells in immunity. Cell. Signal.
2010, 22, 1397-1405. [CrossRef] [PubMed]

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

Gringhuis, S.1.; den Dunnen, J.; Litjens, M.; van Het Hof, B.; van Kooyk, Y.; Geijtenbeek, T.B.
C-type lectin DC-SIGN modulates Toll-like receptor signaling via Raf-1 kinase-dependent
acetylation of transcription factor NF-kB. Immunity 2007, 26, 605-616. [CrossRef] [PubMed]
Braulke, T.; Bonifacino, J.S. Sorting of lysosomal proteins. Biochim. Biophys. Acta 2009, 1793,
605-614. [CrossRef] [PubMed]

Lozach, P.Y.; Burleigh, L.; Staropoli, I.; Navarro-Sanchez, E.; Harriague, J.; Virelizier, J.L.;
Rey, F.A.; Despres, P.; Arenzana-Seisdedos, F.; Amara, A. Dendritic cell-specific intercellular
adhesion molecule 3-grabbing non-integrin (DC-SIGN)-mediated enhancement of dengue virus
infection is independent of DC-SIGN internalization signals. J. Biol. Chem. 2005, 280,
23698-23708. [CrossRef] [PubMed]

Goncalves, A.R.; Moraz, M.L.; Pasquato, A.; Helenius, A.; Lozach, P.Y.; Kunz, S. Role of
DC-SIGN in Lassa virus entry into human dendritic cells. J. Virol. 2013, 87, 11504-11515.
[CrossRef] [PubMed]


http://dx.doi.org/10.1091/mbc.10.3.677
http://www.ncbi.nlm.nih.gov/pubmed/10069811
http://dx.doi.org/10.1083/jcb.132.4.565
http://www.ncbi.nlm.nih.gov/pubmed/8647888
http://dx.doi.org/10.1016/S1074-7613(00)80346-5
http://dx.doi.org/10.1016/j.cell.2008.07.023
http://www.ncbi.nlm.nih.gov/pubmed/18775314
http://dx.doi.org/10.1016/j.cell.2011.10.038
http://www.ncbi.nlm.nih.gov/pubmed/22118466
http://dx.doi.org/10.1126/science.271.5247.363
http://www.ncbi.nlm.nih.gov/pubmed/8553074
http://dx.doi.org/10.1016/S0092-8674(00)80982-4
http://dx.doi.org/10.1016/j.cellsig.2010.03.018
http://www.ncbi.nlm.nih.gov/pubmed/20363321
http://dx.doi.org/10.1038/ni.1778
http://www.ncbi.nlm.nih.gov/pubmed/19718030
http://dx.doi.org/10.1016/j.immuni.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17462920
http://dx.doi.org/10.1016/j.bbamcr.2008.10.016
http://www.ncbi.nlm.nih.gov/pubmed/19046998
http://dx.doi.org/10.1074/jbc.M504337200
http://www.ncbi.nlm.nih.gov/pubmed/15855154
http://dx.doi.org/10.1128/JVI.01893-13
http://www.ncbi.nlm.nih.gov/pubmed/23966408

Viruses 2015, 7 2815

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

Azad, A.K.; Torrelles, J.B.; Schlesinger, L.S. Mutation in the DC-SIGN cytoplasmic triacidic
cluster motif markedly attenuates receptor activity for phagocytosis and endocytosis of
mannose-containing ligands by human myeloid cells. J. Leukoc. Biol. 2008, 84, 1594-1603.
[CrossRef] [PubMed]

De Witte, L.; de Vries, R.D.; van der Vlist, M.; Yuksel, S.; Litjens, M.; de Swart, R.L.;
Geijtenbeek, T.B. DC-SIGN and CD150 have distinct roles in transmission of measles virus from
dendritic cells to T-lymphocytes. PLoS Pathog. 2008, 4, e1000049. [CrossRef] [PubMed]
Maginnis, M.S.; Mainou, B.A.; Derdowski, A.; Johnson, E.M.; Zent, R.; Dermody, T.S. NPXY
motifs in the 31 integrin cytoplasmic tail are required for functional reovirus entry. J. Virol. 2008,
82, 3181-3191. [CrossRef] [PubMed]

Salinas, S.; Zussy, C.; Loustalot, F.; Henaff, D.; Menendez, G.; Morton, P.E.; Parsons, M.;
Schiavo, G.; Kremer, E.J. Disruption of the coxsackievirus and adenovirus receptor-homodimeric
interaction triggers lipid microdomain- and dynamin-dependent endocytosis and lysosomal
targeting. J. Biol. Chem. 2014, 289, 680-695. [CrossRef] [PubMed]

Tomas, A.; Futter, C.E.; Eden, E.R. EGF receptor trafficking: Consequences for signaling and
cancer. Trends Cell Biol. 2014, 24, 26-34. [CrossRef] [PubMed]

Schelhaas, M. Come in and take your coat off—How host cells provide endocytosis for virus
entry. Cell Microbiol. 2010, 12, 1378—1388. [CrossRef] [PubMed]

Ewers, H.; Helenius, A. Lipid-mediated endocytosis. Cold Spring Harb. Perspect. Biol. 2011, 3.
[CrossRef] [PubMed]

Aigal, S.; Claudinon, J.; Romer, W. Plasma membrane reorganization: A glycolipid gateway for
microbes. Biochim. Biophys. Acta 2015, 1853, 858-871. [CrossRef] [PubMed]

Rydell, G.E.; Svensson, L.; Larson, G.; Johannes, L.; Romer, W. Human GII.4 norovirus
VLP induces membrane invaginations on giant unilamellar vesicles containing secretor gene
dependent «1,2-fucosylated glycosphingolipids. Biochim. Biophys. Acta 2013, 1828, 1840-1845.
[CrossRef] [PubMed]

Kagan, J.C.; Medzhitov, R. Phosphoinositide-mediated adaptor recruitment controls Toll-like
receptor signaling. Cell 2006, 125, 943-955. [CrossRef] [PubMed]

Kagan, J.C.; Su, T.; Horng, T.; Chow, A.; Akira, S.; Medzhitov, R. TRAM couples endocytosis of
Toll-like receptor 4 to the induction of interferon-3. Nat. Immunol. 2008, 9, 361-368. [CrossRef]
[PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1189/jlb.0308192
http://www.ncbi.nlm.nih.gov/pubmed/18772280
http://dx.doi.org/10.1371/journal.ppat.1000049
http://www.ncbi.nlm.nih.gov/pubmed/18421379
http://dx.doi.org/10.1128/JVI.01612-07
http://www.ncbi.nlm.nih.gov/pubmed/18216114
http://dx.doi.org/10.1074/jbc.M113.518365
http://www.ncbi.nlm.nih.gov/pubmed/24273169
http://dx.doi.org/10.1016/j.tcb.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24295852
http://dx.doi.org/10.1111/j.1462-5822.2010.01510.x
http://www.ncbi.nlm.nih.gov/pubmed/20678171
http://dx.doi.org/10.1101/cshperspect.a004721
http://www.ncbi.nlm.nih.gov/pubmed/21576253
http://dx.doi.org/10.1016/j.bbamcr.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25450969
http://dx.doi.org/10.1016/j.bbamem.2013.03.016
http://www.ncbi.nlm.nih.gov/pubmed/23528203
http://dx.doi.org/10.1016/j.cell.2006.03.047
http://www.ncbi.nlm.nih.gov/pubmed/16751103
http://dx.doi.org/10.1038/ni1569
http://www.ncbi.nlm.nih.gov/pubmed/18297073

	1. Introduction
	2. Virus Entry is a Complex Multistep Process
	3. Virus Movement on the Cell Surface
	4. Virus Binding to Receptor: The Land and Stick Approach vs. the Land and Seek Approach
	5. Redistribution of Virus Particles to Permissive Endocytic Sites
	6. Signaling in the Host Cell during Viral Entry
	7. Endocytic Signals and Signaling Motifs in Virus Receptors
	8. Concluding Remarks

