>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

R Host—pathogen interactions

Review

The cell biology of receptor-mediated virus entry

Joe Grove and Mark Marsh

Cell Biology Unit, Medical Research Council Laboratory for Molecular Cell Biclogy, University College London, london WCTE 6BT, England, UK

The cell imposes multiple barriers to virus entry. However,
viruses exploit fundamental cellular processes to gain
entry fo cells and deliver their genetic cargo. Virus entry
pathways are largely defined by the interactions between
virus particles and their receptors at the cell surface.
These interactions determine the mechanisms of virus at-
tachment, uptake, intracellular trafficking, and, ultimately,
penetration to the cytosol. Elucidating the complex inter-
play between viruses and their receptors is necessary for
a full understanding of how these remarkable agents in-
vade their cellular hosts.

Introduction

Within an infected cell, viral nucleic acid, be it RNA or DNA,
is relatively cosseted by cellular membranes and a protective
cytosolic environment, but the cell-free stage that viral genomes
must transit to access new host cells is fraught with danger.
Viruses mitigate against these risks by packaging their nucleic
acid into particles protected by a membrane and/or protein shell.
This packaging poses a thermodynamic dilemma for a virus:
particles must be resilient enough to protect the genome from
environmental and/or immunological insults but also appropri-
ately labile to ensure the contents are released when encountering
suitable target cells. Thus, viruses are constructed as metastable
molecular assemblages that can be unlocked during entry by
specific molecular and/or cellular environmental cues, with
minimal energetic input (Marsh and Helenius, 2006). Receptors
are key to the unlocking process, either directly triggering the
molecular changes that lead to fusion/penetration or by guiding
virions to specific cellular sites where environmental cues trig-
ger fusion/penetration and subsequent infection. Thus, the un-
locking process is usually directly coupled to the mechanisms
through which viral genomes are transferred across a limiting
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cellular membrane (usually the plasma membrane or endosome
membrane), the principal barrier to infection.

In this review, we discuss how events at the cell surface deter-
mine viral entry pathways and, using several different examples,
examine some of the strategies viruses use to overcome cellular bar-
riers to infection (Fig. 1). Receptor-mediated signaling will emerge
throughout the review as an important component of virus entry
that can operate at multiple stages, as will insights into the variations
that viruses have developed on the principle themes for entry.

Virus receptors
Initial encounters between a virus and a host cell are mediated
through viral surface components, either membrane glycopro-
teins or sites on a viral capsid (Marsh and Helenius, 2006), bind-
ing to glycolipid and/or glycoprotein attachment factors, such
as heparan sulfate proteoglycans, on the target cell surface
(de Haan et al., 2005; Vlasak et al., 2005). These first interactions,
which may lack specificity, are often electrostatic and serve pri-
marily to give a virus an initial catch-hold from which it can
then recruit specific receptors that drive the reactions leading
to entry. The receptors are cell surface molecules that provide
functions essential for productive infection. In simple situations,
receptors can efficiently target viruses for endocytosis (Fig. 1 A);
alternatively, receptors may be used to activate specific signal-
ing pathways that facilitate entry, or they may directly drive
fusion/penetration events at the surface of a target cell or within
endocytic compartments by inducing conformational changes in
key virus surface structures (Fig. 1). In other cases, the reasons
underlying the use of specific receptors are more obscure, and a
full appreciation will probably require better understanding of
the mode of entry of the virus into the hosts, the architecture of
target cells within different tissue environments, and the biol-
ogy of the virus within its hosts. The use of specific cell surface
components with restricted expression patterns is frequently
responsible for viral tropism, i.e., the ability of a virus to infect
a limited set of target cells.

A number of the cell surface components exploited by
viruses have now been identified (Table I). Many viruses use
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Figure 1. Virus entry strategies. The cell imposes intrinsic barriers to virus entry including the plasma membrane, actin cortex, and limiting intracellular

membranes. (A and B) Viruses have evolved various strategies to overcome these barriers, such as receptor-mediated endocytosis followed by pH-dependent/
independent fusion from endocytic compartments (A) or pH-independent fusion at the plasma membrane, coupled with receptor-mediated signaling and

coordinated disassembly of the actin cortex (B). Enveloped viruses are shown;

action are different. MVB, multivesicular body.

single molecular species as receptors, for example CD155 for
poliovirus (Mendelsohn et al., 1989), the low-density lipo-
protein receptor (LDLR) for human rhinovirus 2 (Fig. 2 A; Hofer
et al., 1994), and dendritic cell-specific intercellular adhesion
molecule-3—grabbing nonintegrin (DC-SIGN) for the phlebo-
viruses (a subgroup of bunyaviruses; Lozach et al., 2011b). Alter-
natively, some viruses can use more than one molecular species
as receptors, each with equivalent roles, for example, angiotensin-
converting enzyme (ACE) or liver-SIGN (L-SIGN) for SARS
coronavirus (Li et al., 2003; Jeffers et al., 2004) and scaven-
ger receptor-B2 (SR-B2) or P-selectin glycoprotein ligand-1
(PSGL-1) for enterovirus 71 (Table I; Nishimura et al., 2009;
Yamayoshi et al., 2009). However, other viruses exhibit a
more complex receptor dependency that involves engage-
ment with at least two distinct plasma membrane components,
each of which is essential (Fig. 2). Human immunodeficiency
viruses (HIVs) are the archetype for such a process. After
adsorption to cell surface attachment factors, the HIV enve-
lope protein (Env, consisting of trimers of gp120/gp41 hetero-
dimers) binds to the primary receptor CD4 (Dalgleish et al.,
1984; Klatzmann et al., 1984). By relieving constraints that
prevent Env from transitioning to thermodynamically more
stable conformations, these interactions initiate conforma-
tional changes that facilitate strain-specific interactions of
gp120 with the coreceptors CCRS or CXCR4 and allow initial
structural changes in gp41, the Env component that promotes
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nonenveloped viruses use similar strategies, although the mechanisms of

fusion (Choe et al., 1996; Deng et al., 1996; Dragic et al.,
1996; Feng et al., 1996; Haim et al., 2011). Engagement of the
coreceptor drives further Env structural rearrangements that
culminate in fusion of the viral and host membranes (Fig. 2 B;
Dragic et al., 1996).

Another intriguing example of a virus requiring multiple
cell surface components for entry is hepatitis C virus (HCV).
Aside from attachment factors that include heparan sulfate
and L-SIGN (Barth et al., 2003; Gardner et al., 2003; P6hlmann
et al., 2003), the HCV envelope glycoprotein E2 interacts di-
rectly with two receptors: the tetraspanin CD81 that is thought
to be involved in membrane microdomain architecture (Pileri
et al., 1998) and SR-B1 that binds several lipoproteins, including
high-density lipoprotein, low-density lipoprotein, and very low-
density lipoprotein (Scarselli et al., 2002). In addition to these
key components, the minimal HCV entry complex requires the
tight junction components claudin-1 and occludin. Thus, co-
expression of four proteins—CDS81, SR-B1, claudin-1, and
occludin—is required to confer permissivity for HCV entry
(Fig. 2 C; Evans et al., 2007; Liu et al., 2009; Ploss et al., 2009;
Dorner et al., 2011). There is limited evidence for a direct inter-
action between the HCV glycoproteins and claudin-1 or occlu-
din (Evans et al., 2007; Krieger et al., 2010), indicating that
these molecules may act by regulating the activities of CD81
and/or SR-B1 rather than binding viruses directly; indeed,
heterodimers of claudin-1 and CD81 may be necessary for
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Table I.  Virus receptors used in this study

Virus Family Receptors

Reference

Old World arenaviruses Arenaviridae a-Dystroglycan

New World arenaviruses Arenaviridae Transferrin receptor

Norovirus Caliciviridae HBGA
Japanese encephalitis virus Flaviviridae Hsp70
Influenza A Orthomyxoviridae Sialic acid
Henipahvirus Paramyxoviridae  Nephrin B2
Bunyavirus Phleboviridae DC-SIGN
Hepatitis A virus Picornaviridae TIM-1
Poliovirus Picornaviridae CD155
Rhinovirus (major group) Picornaviridae ICAM-1
Rhinovirus (minor group) Picornaviridae LDIR

John Cunningham polyomavirus  Polyomaviridae ~ LSTc

SV40 polyomavirus Polyomaviridae =~ GMI
Reovirus Reoviridae JAM
Sindbis virus Togaviridae Laminin receptor

ACE 2 or L-SIGN
Nectin-1/2 or HVEM

SARS coronavirus Coronaviridae

Herpes simplex virus 1/2 Herpesviridae

SLAM or Nectin-4
PSGL-1 or SR-B2

Measles virus Paramyxoviridae

Enterovirus 71 Picornaviridae
Human T cell leukemia virus 1 Retroviridae
CAR and av infegrins
TIM-1 and NPC1

CD81 and SRB1

Adenovirus 2 Adenoviridae

Ebola virus Filoviridae

HCV Flaviviridae

(claudin-1 and occludin)

Epstein—Barr virus Herpesviridae CD21 and MHCHI

Coxsackievirus B Picornaviridae
Rotavirus Reoviridae

HIV

Retroviridae

GLUT-1 or Neuropilin-1

DAF and CAR (occludin)
Sialic acid and integrins
CD4 and CCR5 or CXCR4

Cao etal., 1998

Radoshitzky et al., 2007

Huang et al., 2003; Lindesmith et al., 2003

Das et al., 2009

Matlin et al., 1981

Negrete et al., 2005

Kaplan et al., 1996

lozach et al., 2011b

Mendelsohn et al., 1989

Greve et al., 1989; Staunton et al., 1989

Hofer et al., 1994

Neu et al., 2010

Tsai et al., 2003

Barton et al., 2001

Wang et al., 1992

Li et al., 2003; Jeffers et al., 2004

Montgomery et al., 1996; Geraghty et al., 1998;
Krummenacher et al., 1998

Tatsuo et al., 2000; Noyce et al., 2011

Nishimura et al., 2009; Yamayoshi et al., 2009

Manel et al., 2003; Ghez et al., 2006

Wickham et al., 1993; Bergelson et al., 1997; Tomko et al., 1997

Carette et al., 2011; Cété et al., 2011; Kondratowicz et al., 2011

Pileri et al., 1998; Scarselli et al., 2002;

Evans et al., 2007; Ploss et al., 2009

Fingeroth et al., 1984; Li et al., 1997

Bergelson et al., 1997; Martino et al., 1998; Coyne et al., 2007

Yolken et al., 1987; Coulson et al., 1997; Guerrero et al., 2000

Dalgleish et al., 1984; Klatzman et al., 1984; Choe et al., 1996;
Deng et al., 1996; Dragic et al., 1996; Feng et al., 1996

Virus particles engage a variety of cell surface molecules to facilitate entry. Some virus particles use single-receptor species; others use alternative molecules, either of
which is sufficient, whereas other viruses require a specific combination of receptors. Factors in parentheses may not directly interact with virus particles; however, they
are necessary for virus entry. Examples from each category are given and illustrate the diversity of receptors. The majority of the viruses listed are human pathogens.
ACE, angiotensin-converting enzyme; DAF, decay-accelerating factor; HBGA, histoblood group antigen; HVEM, herpesvirus entry mediator; JAM, junctional adhesion
molecule; PSGL-1, P-selectin glycoprotein ligand-1; SLAM, signaling lymphocyte-activation molecule.

infection (Harris et al., 2008, 2010). HCV requires clathrin-
mediated endocytosis and low endosomal pH for productive in-
fection (Blanchard et al., 2006; Meertens et al., 2006; Tscherne
etal.,2006). That HCV uses such a complex array of cell surface
components to achieve this goal suggests that receptor engage-
ment plays a more substantial role in virus entry than just guiding
virions into clathrin-coated vesicles. Hints that this may be the
case include the observation that HCV particles associate with
host lipoproteins that bind both SR-B1 and/or the LDLR and that
SR-B1 can facilitate the bidirectional transport of cholesterol
from lipoproteins, raising the possibility that virion-associated
lipoproteins can locally modify the lipid environment of a host
cell membrane (Scarselli et al., 2002; Shimizu et al., 2011).
In addition, HCV entry can be modulated by receptor tyrosine
kinases (EGF receptor [EGFR] and EphA?2), possibly through
mechanisms that influence CD81 interaction with claudin-1
(Lupberger et al., 2011).

In addition to HIV and HCV, other viruses including
adenoviruses, rotaviruses, picornaviruses, and herpesviruses
require multiple cell surface components (Table I; Lépez
and Arias, 2004; Coyne and Bergelson, 2006; Heldwein and

Krummenacher, 2008; Burckhardt et al., 2011). Simply, the use of
multiple receptors will increase binding avidity, but, of more
consequence, the sequential engagement of distinct receptor moi-
eties allows the timing of key events in virus fusion/penetration
to be tightly coordinated (L6pez and Arias, 2004; Burckhardt
et al., 2011). Although viruses have the potential to cluster ho-
mogenous or heterogenous receptors, we know relatively little
of the stoichiometry of receptor engagement. How viruses as-
semble multimeric receptor complexes on the surfaces of cells
and the impacts that variations in this process have on fusion/
penetration dynamics, sites of entry, and subsequent uncoating
remain poorly understood. Lateral motion on the cell surface
or along filopodia has been observed for several viruses and
may help viruses encounter necessary coreceptors in numbers
sufficient to generate productive entry events (Lehmann et al.,
2005; Burckhardt and Greber, 2009). Alternatively, it may bring
viruses to positions of endocytosis or where fusion/penetration
is more likely to lead to productive infection. High-resolution
mapping of most cell surface receptors by EM, super-resolution
light nanoscopy, and live-cell single-molecule tracking remains
to be performed. In the case of virus receptors, mapping the
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A Human rhinovirus 2

B Human immunodeficiency viruses

LDLR

C Hepatitis C virus
SR-B1

Claudin-1

Figure 2. Virus receptors. Virus entry is initiated by specific interactions between virus particles and receptors. (A) Human rhinovirus 2 undergoes receptor-
mediated endocytosis after interaction with LDLR. (B) CD4 is the primary receptor for HIVs, but virus penetration requires further interactions with chemo-
kine receptor CCR5 or CXCRA. Initial observations indicated that coreceptor engagement triggered fusion directly at the plasma membrane; however,
recent studies suggest that fusion can also occur after endocytosis (Miyauchi et al., 2009). Although these mechanisms appear mutually exclusive, it is
possible that both may operate, and additional studies are required to establish the relevant pathway for key target cells in vivo. (C) HCV entry requires
at least four host factors. The virus particle is thought to directly interact with SR-B1 and CD81, whereas the tight junction components claudin-1 and
occludin are indirectly involved. Data suggest that CD81/claudin-1 heteromers are necessary for infection. It is currently unknown how HCV is directed

to clathrin-coated vesicles.

normal distributions of receptor components and how these
distributions are modulated by physiological or viral ligands is
likely to provide key insights to how receptor engagement facili-
tates virus entry and may suggest novel strategies for abrogating
these events.

Exploiting receptors to cross

epithelial barriers

Many mammalian viruses initially gain access to their hosts
by crossing epithelial barriers in the respiratory, digestive, or
reproductive tracts, either with or without infection of the epi-
thelial cells themselves. Although these epithelial tissues act as
barriers between body cavities and underlying tissues, viruses
have become adept at finding ways across. Some viruses exploit
cells of the immune system, such as macrophages and dendritic
cells, which have innate capacities to cross or extend processes
across epithelia, as “Trojan horses” to penetrate the epithelial
barrier (Shannon-Lowe et al., 2006; Stamataki et al., 2009;
Lemon et al., 2011). Others have developed remarkable capaci-
ties to exploit epithelial cell surface proteins. The entry of cox-
sackievirus B provides a striking example. This virus infects its
human hosts through the epithelial lining of the gut. For infec-
tion of polarized epithelial (Caco-2) cells in culture, coxsackie-
virus B requires the coxsackievirus and adenovirus receptor
(CAR), which is located on the basolateral surface and within
tight junctions and is inaccessible to apically delivered viruses
(Cohen et al., 2001). The virions initially bind to an apically
expressed glycosylphosphatidylinositol-linked protein, CD55/
decay-accelerating factor (DAF), the clustering of which acti-
vates Abl kinase and drives Rac-dependent actin reorganization
that in turn leads to translocation of virus particles to tight junc-
tions where they engage CAR and undergo endocytosis (Coyne
and Bergelson, 2006). Binding to CD55 also activates the non-
receptor tyrosine kinase Fyn, which phosphorylates caveolin,
thus facilitating endocytosis (Coyne and Bergelson, 2006). As
CD55 cannot link directly to the actin cytoskeleton, it is unclear
how actin-dependent translocation of virus—receptor complexes
occurs, nor is it clear how the virus transits tight junctions and
undergoes endocytosis. Nevertheless, this system provides an
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exquisite example of how sequential receptor engagement and
receptor-induced signaling are coupled to facilitate virion trans-
location and entry. Recent findings indicate that a related pico-
rnavirus, echovirus 11, also undergoes DAF-dependent transport
to the tight junctions, although a junctional coreceptor has yet
to be identified (Sobo et al., 2011).

Like coxsackievirus B, hepatitis A virus is a fecal orally
transmitted picornavirus; however, its principal site of replica-
tion is the liver, and it must therefore have developed mecha-
nisms to cross the gut epithelium. In vitro studies suggest that
hepatitis A virus—specific IgA facilitates transcytosis of virus
particles through polarized epithelial cells via the polymeric
immunoglobulin receptor (Dotzauer et al., 2005). Critically, com-
plexed IgA can subsequently mediate hepatitis A virus entry to
hepatocytes via asialoglycoprotein receptors (Dotzauer et al.,
2000). Thus, IgA acts as a bridging component for sequential
receptor-mediated hepatitis A virus transit and infection. This
process appears to be independent of the standard hepatitis A
virus receptor T cell immunoglobulin and mucin domain 1
(TIM-1; Kaplan et al., 1996).

In contrast, adenoviruses exploit both the activities of
immune sentinel cells and receptor polarity to penetrate the respi-
ratory epithelium. Adenovirus type 2 uses CAR and avf3/av35
integrins for productive entry (Wickham et al., 1993; Bergelson
etal., 1997; Tomko et al., 1997). As with CAR, avf33 and avf35
are located on the basolateral membrane of polarized respira-
tory epithelial cells, and intact epithelial monolayers are resis-
tant to adenovirus type 2 infection from the apical side. Uptake
of adenovirus type 2 into macrophages associated with the api-
cal surface of the epithelium induces the secretion of cytokines,
in particular, CXCLS8 (IL-8). In response to CXCLS, receptors
expressed on respiratory epithelial cells (CXCR1/2) induce re-
distribution of both av33 and CAR to the apical surface, where
they mediate virus entry (Liitschg et al., 2011). Not only do
these examples illustrate the sophisticated ways in which some
viruses sequentially exploit distinct cell surface moieties and
receptor-signaling activities to successfully mediate infection
or overcome the barrier function of epithelia, but they also dem-
onstrate how analyzing virus entry in experimental systems that
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mimic normal tissues can provide new insights to infection
mechanisms. Significantly, both coxsackievirus B and adeno-
virus type 2 entry require the activation of specific kinases that
are potential targets for pharmacological intervention.

Receptor-mediated endocytosis

Receptor engagement initiates events that enable viruses to
transit the barrier imposed by the plasma membrane and associ-
ated structures. In most cells, the cortex (an elaborate network
of actin fibers, actin-binding proteins, membrane-linker pro-
teins [e.g., ERM proteins], motor proteins, and other compo-
nents tens of nanometers thick) supports and modulates the
physical and dynamic properties of the plasma membrane (Taylor
etal.,2011). From the virus perspective, little attention has been
paid to the actin cortex, in part because of the paucity of tools to
study the structure but also because of the extent to which the
cortex varies in different cell types, particularly in tissue culture
lines. The cortex has the potential to prevent or delay the transit
of large molecular assemblies from the cytoplasm toward the
plasma membrane—for example, it excludes ribosomes from
regions adjacent to the plasma membrane—and presumably sim-
ilarly restricts incoming virus particles (Marsh and Bron, 1997).
In the few examples in which it has been studied, virus-induced
receptor-mediated signaling can cause local actin perturbation
to allow viruses that undergo penetration at the cell surface to
transit the cortex (Fig. 1 B; Wang et al., 2005; Yoder et al.,
2008; Taylor et al., 2011). For HIV, Env engagement with the
coreceptor CXCR4 on resting CD4*° T cells leads to Go; sig-
naling and subsequent activation of the actin-depolymerizing
protein cofilin to induce local cortex reorganization that facili-
tates infection (Yoder et al., 2008). Cross-linking EGFR and
avf3 integrin by human cytomegalovirus at the cell surface re-
sults in the cooperative activation of phosphoinositide 3-kinase
(PI3K) and Src, culminating in actin reorganization through
RhoA and cofilin, events that correlate with translocation of
human cytomegalovirus capsids to the nucleus and infection
(Wang et al., 2005).

Endocytosis provides a mechanism through which viruses
can pass through the cortex by exploiting intrinsic properties of
endocytic vesicles to migrate (Fig. 1 A). The requirement for
exposure to low pH, lysosomal enzymes, or even the reducing
environment of the ER (see below) by many viruses ensures
that they are captured by endocytic vesicles before undergoing
the fusion/penetration reactions that allow them to transit the
membrane barrier (Fig. 3). Recent system-based approaches
have identified several endocytic mechanisms, either constitu-
tively active or induced, that viruses can exploit (Mercer et al.,
2010b). One obvious feature of this endocytic involvement
is that virus size tends to influence the mechanism of uptake.
Thus, small viruses (approximately <140 nm in diameter) tend
to use small endocytic vesicles. The best characterized of these
is the clathrin-mediated pathway that is essential for produc-
tive infection by many viruses. Initially demonstrated for the
alphavirus Semliki Forest virus (Helenius et al., 1980; Marsh
and Helenius, 1980), a more recent study shows, for example,
that human rhinovirus 2 is internalized via the constitutive
clathrin-mediated endocytosis of its receptor LDLR (Snyers
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Figure 3. Sites of virus particle fusion/penetration. Virus particles must
transport genetic material across limiting membranes; this can be achieved
at various locations within the cell. (A) Enveloped virus particles can fuse
directly at the plasma membrane at neutral pH after interaction with cell
surface receptors. (B and C) Alternatively, internalized virus particles can
escape from the endosomal network. This is often dependent on endosome
acidification and occurs at either mild pH (6.5-6) from the early endosome
(B) or low pH (5.5-4) from late endosome and/or lysosome (C). In addi-
tion to the acidic environment, other molecular cues may be required to
trigger fusion/penetration, for example, membrane lipid content (Semliki
Forest virus and Dengue virus) or proteolytic cleavage (reovirus and SARS
coronavirus; Skehel et al., 1982; Schlegel and Wade, 1984; Mothes
et al., 2000; Brabec et al., 2003). (D) Polyomaviruses such as SV40
undergo atypical transport through the endosomal pathway to the ER,
where partially disassembled virus particles are shuttled to the cytosol by
the retrotranslocation machinery.

et al., 2003). Clathrin-mediated endocytosis is also required for
DC-SIGN-mediated uptake of phleboviruses, with endocytic
sorting signals in the N-terminal cytoplasmic domain of DC-
SIGN being essential for endocytosis and infection (Lozach
et al., 2011b).

Although highly effective in many cases, the strat-
egy of passive receptor-mediated uptake may limit the rate
of entry, leaving a virus particle exposed on the cell surface.
Thus, some viruses have developed the means to trigger their
uptake into endocytic vesicles. Influenza A virus, for example,
is internalized by both clathrin-mediated endocytosis and
clathrin/caveolin-independent mechanisms (Rust et al., 2004).

Receptor-mediated virus entry * Grove and Marsh
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For clathrin-mediated endocytosis, at least, influenza A virus
attachment to sialic acid moieties on membrane glycoproteins
and ganglioside initiates de novo clathrin-coated pit formation
under surface-bound virions in a process that appears to involve
ubiquitin-dependent recruitment of the clathrin adaptor protein
Epsin-1 (Rustet al., 2004; Chen and Zhuang, 2008). An indepen-
dent study has demonstrated that activation of PI3K, but not Akt,
is required for influenza A virus entry, and inhibition of PI3K
prevents virus uptake into endosomes (Ehrhardt et al., 2006).
It is proposed that influenza A virus—mediated clustering of
sialylated receptor tyrosine kinases, such as EGFR or c-Met,
activates tyrosine kinase and PI3K signaling (Eierhoff et al.,
2010). However, it remains unclear whether this signal propa-
gation is linked to virus internalization by a clathrin-dependent
or -independent route. Virus-induced receptor clustering also
seems to be important for signaling-dependent DC-SIGN-
mediated infection of phleboviruses (Lozach et al., 2011b).
Other endocytic mechanisms used by viruses have been
identified (Mercer et al., 2010b). Less is known about the mo-
lecular mechanisms and receptors involved or whether these
pathways are constitutively active or driven by receptor engage-
ment. One such example is the pathway used by the polyoma-
virus SV40. This nonenveloped virus measures only 40 nm in
diameter and exhibits a penetration mechanism that is currently
unique to some polyomaviruses. SV40 particles bind directly to
the cell surface via the sialic acid moieties of GM1 ganglio-
sides, for which there are 360 binding sites on the virion surface
(Stehle et al., 1994). Aggregation of GM1 by multivalent parti-
cles results in lipid phase separation and the induction of mem-
brane deformation (Ewers et al., 2010). These two properties
drive SV40 particles into tightly fitting membrane tubules that
extend into the cell interior. Membrane tubulation is dependent
on the long acyl chains of GM1 but is independent of cellular
energy (Ewers et al., 2010). Subsequent scission of these invag-
inations requires tyrosine kinase activity and actin rearrange-
ments (Pelkmans et al., 2002; Ewers et al., 2010; Romer et al.,
2010). It has been suggested that caveolae coat proteins and
dynamin are also recruited (Pelkmans et al., 2001, 2002); how-
ever, other studies indicate that Cav-1 is not essential for SV40
infection (Damm et al., 2005; Ewers et al., 2010). Interestingly,
membrane deformation by SV40 has parallels with the endo-
cytosis of shiga and cholera toxins (Romer et al., 2007, 2010).
Although there is no sequence homology, similar pentameric
ganglioside binding sites on SV40 and the two toxins, in con-
junction with the rigid structure of the long-chained glycosphin-
golipids, appear to induce asymmetric compressive stress that
promotes local membrane tubulation (Neu et al., 2010). Some
related polyomaviruses also induce tubulation and may share a
common route of internalization (Ewers et al., 2010).
Physically larger virus particles, including poxviruses,
filoviruses, herpesviruses, and the recently described mimiviruses
(La Scola et al., 2003), cannot be accommodated by small
endocytic vesicles and instead induce the formation of larger
structures such as phagosomes or macropinosomes. Phagocyto-
sis is receptor driven and involves the actin-dependent forma-
tion of vesicles, the membrane of which is closely apposed to
the surface of the internalized particle (Mercer et al., 2010b).

JCB « VOLUME 195 « NUMBER 7 « 2011

Mimiviruses are the largest known viruses. With fibrils extending
out to a diameter of 750 nm from an icosohedral capsid, these
viruses are similar in size to small bacteria. Although typically
found in amoebal hosts, in vitro mimivirus can infect profes-
sional phagocytes, such as macrophages, via PI3K and dynamin-1I—
dependent phagocytosis (Ghigo et al., 2008).

In contrast, macropinocytosis, which usually mediates the
uptake of large volumes of extracellular fluid and bulky cargo
such as apoptotic bodies (Mercer and Helenius, 2008; Mercer
et al., 2010b), involves actin remodeling mediated by Rac-1
GTPase and its effector p21-activated kinase 1 (Pak-1), lead-
ing to the extension of membrane ruffles and blebs from the
cell surface. These large membrane protrusions can fold/drop
back on themselves, enclosing extracellular material (Swanson,
2008). Macropinocytosis can occur constitutively in profes-
sional phagocytes such as dendritic cells but can be induced in
other cell types by activation of tyrosine kinases such as EGFR
(Swanson, 2008). Kaposi’s sarcoma-associated herpesvirus,
adenovirus (2 and 3), echovirus 1, Ebola virus, and Vaccinia,
the prototype poxvirus, are internalized via macropinocytosis
(Amstutz et al., 2008; Liberali et al., 2008; Mercer and Helenius,
2008; Raghu et al., 2009; Mercer et al., 2010a; Nanbo et al.,
2010; Saeed et al., 2010; Valiya Veettil et al., 2010; Schmidt
et al., 2011). Poxviruses have the unusual characteristic of
producing two forms of infectious particle. Mature virions are
brick-shaped particles that form in the cytoplasm of infected
cells and possess a single-bilayer membrane. These particles are
released when infected cells lyse. A second form, the so-called
extracellular virus, is a mature virion that undergoes further
envelopment by wrapping in membrane cisternae derived from
the TGN or endosomes. These particles are secreted before cell
lysis and have two membranes (Roberts and Smith, 2008). Dur-
ing entry, mature virus particles attach to preexisting filopodia
and migrate toward the cell body, where they induce strain-
specific atypical macropinocytosis via membrane blebbing or filo-
podial extension (Mercer et al., 2010a). The cellular receptors
for Vaccinia virus are unknown, and it remains unclear how
these processes are initiated. However, attachment of mature
virions activates EGFR, Rho-GTPases, and actin remodeling
(Mercer and Helenius, 2008; Mercer et al., 2010a). Phospha-
tidylserine associated with the mature virion membrane has
been proposed to contribute to Vaccinia virus—induced macro-
pinocytosis in a process mimicking the uptake of apoptotic cells
(Mercer and Helenius, 2008), though another study disputes this
(Laliberte and Moss, 2009). Recent work suggests that entry of
the extracellular virion also involves macropinocytosis, though
phosphatidylserine is not involved, and entry is not affected by
exogenous addition of the phosphatidylserine-binding protein
annexin 5 (Schmidt et al., 2011).

The filamentous particles of Ebola virus have a diameter
of only 80-100 nm but range from 1-2 pm in length. It is not
surprising that these viruses also induce macropinocytosis
through Rac-1/Pak-1-dependent membrane ruffling. Although
the role of the putative Ebola virus receptor TIM-1 in macro-
pinocytosis is unclear, Ebola virus uptake is promoted by the
receptor tyrosine kinase Ax1. The virus particle is not thought to
directly engage Axl; however, Gas-6, an Axl ligand, has been
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shown to play a role in the entry of other viruses and may asso-
ciate with Ebola virus particles to act as a bridge for indirect
interaction with Axl (Shimojima et al., 2006; Nanbo et al.,
2010; Saeed et al., 2010; Brindley et al., 2011; Hunt et al.,
2011; Kondratowicz et al., 2011; Morizono et al., 2011).

Although it is clear that many viruses—in particular,
pH-dependent viruses—have an absolute dependence on endo-
cytosis for productive infection, some viruses may exhibit plas-
ticity in their mechanism of entry. For example, a study has
demonstrated entry by direct fusion at the cell surface as well
as by fusion after endocytosis for herpesviruses (Heldwein and
Krummenacher, 2008). For HIV, pH-independent fusion, the
ability of infected cells to form syncytia, and images of puta-
tive fusion events at the cell surface have led to the idea that
entry occurs by direct fusion at the plasma membrane (Stein
et al., 1987). However, work with inhibitors of endocytosis and
direct single-particle tracking have recently provided evidence
that fusion and infection occur after endocytic uptake (Daecke
et al., 2005; Miyauchi et al., 2009; von Kleist et al., 2011).
Moreover, HIV infection of macrophages has been suggested
to require an atypical form of macropinocytosis (Maréchal et al.,
2001; Carter et al., 2011). Thus, factors that influence the kinet-
ics of fusion and internalization, such as receptor density and
mobility, may determine whether pH-independent viruses pen-
etrate directly at the cell surface or after endocytosis. The abil-
ity to use different mechanisms may have distinct advantages
for viruses, providing access to a broader range of cell types or
rendering them less susceptible to situations in which a specific
pathway is absent or blocked.

The great escape

As with virtually all endocytic cargoes, regardless of the mech-
anism of uptake, most viruses internalized by endocytosis are
delivered to endosomes. Many of these will use endosomal
environmental cues, usually low pH, to trigger the membrane
fusion/penetration reactions that deliver the viral genetic mate-
rial to the cytoplasm (Fig. 3; details of the fusion and penetration
mechanisms used by different viruses will not be considered
here; Kielian and Rey, 2006; Moyer and Nemerow, 2011).
Fusion or penetration from endosomes offers several potential
advantages to a virus: it ensures that there is no cortical actin
barrier to contend with, limits the display of viral components
on the surface of the cell where they may be targets for the
immune system, and, in the case of viruses that cause mem-
brane lysis, such as adenoviruses, limits membrane damage to
a single endosome.

For an invading virus, the endosomal lumen is a dynamic
labyrinth of vesicles and tubules. The sorting function of the
early and recycling endosomes can potentially return virus—
receptor complexes to the cell surface. Alternatively, matura-
tion to late endosomes and lysosomes renders the endosomal
lumen a potentially hazardous environment (Dikic, 2006). Thus,
many viruses fuse/penetrate at mildly acid pH (approximately
pH 6.0) in early endosomes to avoid these fates (Fig. 3 B),
whereas others exploit the changing environment within endo-
somes to precisely regulate the timing or cellular location of
fusion/penetration. Endosomal maturation to late endosomes

and lysosomes (involving decreasing luminal pH, increasing
levels of active hydrolytic enzymes, and alteration in lipid com-
position) correlates with movement of endocytic organelles
toward the nucleus by microtubule-mediated retrograde translo-
cation. The need for some viruses to be delivered to more peri-
nuclear environments may be particularly important in some
cell targets in vivo where cell organization is more elaborate
and key for cell function. Neurons are an extreme example in
which viruses may be taken into the cell by endocytosis at a
peripheral synapse such as a neuromuscular junction but require
transport, in some cases many tens of centimeters to the cell
body and nucleus. In such cases, viruses can exploit endosomal
transport along axons and use the lower pH of late endosomes
(approximately pH 5.0) or exposure to acid hydrolases to delay
penetration until endosomal or lysosomal delivery to a peri-
nuclear location (Fig. 3 C; Lozach et al., 2011a).

Additional molecular cues for fusion/penetration may
be provided by the lipid composition of endosomal mem-
branes. The fusion of tick-borne encephalitis virus requires
cholesterol in the target membrane (Stiasny et al., 2003), and
fusion of Semliki Forest virus is dependent on both choles-
terol and sphingolipids (Kielian and Helenius, 1984; Nieva
et al., 1994), both of which are available in the plasma mem-
brane as well as endosomal membranes. Dengue virus tran-
sits through the early endosomes to fuse with late endocytic
organelles (van der Schaar et al., 2008). In addition to low
pH, Dengue virus fusion requires the target membrane to con-
tain anionic lipids such as lysobisphosphatidic acid, which
is predominantly found within the lysosome (Brotherus and
Renkonen, 1977; Zaitseva et al., 2010). Other viruses, includ-
ing SARS coronavirus and orthoreoviruses, also exhibit atypi-
cal pH-dependent entry; in these cases, proteolytic cleavage
of the viral envelope or surface proteins by acid-dependent
cellular proteases (cathepsins L and B) triggers the structural
changes required for fusion (Figs. 3 C and 4; Ebert et al., 2002;
Chandran et al., 2005; Simmons et al., 2005). Ebola virus GP1
glycoprotein also undergoes cleavage by cathepsins to reveal a
putative binding domain for the late endosomal/lysosomal cho-
lesterol transporter Niemann—Pick C1 (NPC1; Chandran et al.,
2005; Schornberg et al., 2006; Coté et al., 2011). Depletion of
NPC1 from target cells prevents Ebola virus glycoprotein-
dependent fusion, suggesting that NPC1 acts as a postendocytic
intracellular receptor necessary for virus penetration (Carette
et al., 2011). These and other recent findings have provided in-
creasing clarity on Ebola virus infection, suggesting a putative
entry pathway for this infamous virus (Fig. 4).

However, fusion/penetration is not restricted to endo-
cytic organelles. After their internalization, several polyoma-
viruses take an intracellular retrograde vesicular pathway to
the ER via endosomes before penetration (Kartenbeck et al.,
1989). In the ER, these particles undergo partial uncoating
mediated by protein-folding factors, including ERp57 and
protein disulfide isomerase, and retrotranslocation to the
cytosol by the machinery that normally mediates retrograde
transport of misfolded ER proteins for cytosolic degradation
(Fig. 3 D; Lilley et al., 2006; Schelhaas et al., 2007; Jiang
et al., 2009).

Receptor-mediated virus entry * Grove and Marsh
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Figure 4. Ebola virus eniry. (A) Lectins DC-SIGN and L-SIGN act as at-
tachment factors to concentrate Ebola virus particles at the cell surface
(Alvarez et al., 2002; Simmons et al., 2003), facilitating interaction with
the receptor TIM-1. (B) Axl receptor tyrosine kinase is thought to promote
virus particle uptake via macropinocytosis. Critically, Ebola virus does not
directly engage Axl; the Axl ligand Gas-6 may associate with virus par-
ticles and facilitate indirect interaction between Ebola virus and Axl, as
demonstrated for other viruses (Morizono et al., 2011). (C) Within the late
endosome/lysosome, viral glycoprotein GP1 undergoes sequential proteo-
lytic cleavage by cathepsins L and B, allowing interaction with NPC1, a
putative endosomal receptor. Ebola virus membrane fusion is dependent
on the viral glycoprotein GP2 and occurs from the late endosome/lysosome,
although the exact molecular triggers remain unclear.

Navigating the cell interior

For many viruses, the journey into the cell is complete after
fusion/penetration from endosomes, and the final steps in un-
coating and subsequent replication occur in the cytoplasm,
often in association with specific membrane domains. But some
DNA (e.g., adenoviruses and herpesviruses) and RNA (e.g., in-
fluenza viruses) viruses have to journey through the cytosol to
replicate in the nucleus. The cell interior is very crowded. It
consists of membrane-bound organelles, meshworks of cyto-
skeletal fibers, and the viscous cytosol. For large macromolecu-
lar complexes, unaided movement is slow. As discussed in the
previous section, some viruses use the inherent capacity of endo-
somes to move along microtubules before fusion/penetration.
Others can also exploit the cytoskeleton after fusion/penetration
(Greber and Way, 20006).

Several viruses exploit motor proteins to travel along the
cytoskeleton within the cell body (Greber and Way, 20006).
HIV, Herpes simplex virus, and adenovirus all appear to exploit
dynein-mediated retrograde microtubule translocation to facili-
tate transport to the nucleus and infection (Sodeik et al., 1997;
Suomalainen et al., 1999; McDonald et al., 2002). The use of
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so-called actin comets to propel virus particles during viral
egress is well documented for Vaccinia virus (Taylor et al.,
2011). However, the intracellular transport strategy of insect
baculoviruses is unique in their capacity to induce comet forma-
tion during entry. Upon reaching the cytoplasm, the baculovirus
Autographa californica P78/83 capsid protein acts as a nucle-
ation site for Arp2/3-dependent actin polymerization that drives
the virion through the cell interior. As capsids reach the nucleus,
they are held against the nuclear membrane by continuing actin
polymerization, promoting their ultimate invasion through nu-
clear pores (Ohkawa et al., 2010).

Conclusions

Cells raise multiple barriers to prevent virus infection. These are
either general physical barriers, such as the plasma membrane or
actin cortex, that define the cell or other restriction factors, often
induced by interferons, that can be mobilized to limit viral repli-
cation. Although most viruses use broadly similar tactics to
breach these barriers, many have developed unique approaches
that ensure their delivery to optimal cellular sites for replication.
The details of these specific mechanisms are starting to emerge.
New technologies—in particular, in imaging—will provide key
mechanistic insights into how virus receptors are organized, how
they are commandeered by viruses to form functional entry com-
plexes, and how they engage the machinery of the cell to mediate
infection. Such information will be essential in the development
of targeted and specific inhibitors of virus entry and infection.

We thank Sebastian Giese, Annegret PelchenMatthews, and Jennifer Rohn for
comments and discussion. lllustrations were provided by Neil Smith, neil@
neilsmithillustration.co.uk.

The authors are supported by UK Medical Research Council funding to
the Medical Research Council Cell Biology Unit.

Submitted: 22 August 2011
Accepted: 19 October 2011

References

Alvarez, C.P., F. Lasala, J. Carrillo, O. Muifiiz, A.L. Corbi, and R. Delgado.
2002. C-type lectins DC-SIGN and L-SIGN mediate cellular entry by
Ebola virus in cis and in trans. J. Virol. 76:6841-6844. http://dx.doi
.org/10.1128/IV1.76.13.6841-6844.2002

Amstutz, B., M. Gastaldelli, S. Kilin, N. Imelli, K. Boucke, E. Wandeler, J.
Mercer, S. Hemmi, and U.F. Greber. 2008. Subversion of CtBP1-controlled
macropinocytosis by human adenovirus serotype 3. EMBO J. 27:956—
969. http://dx.doi.org/10.1038/emboj.2008.38

Barth, H., C. Schafer, M.I. Adah, F. Zhang, R.J. Linhardt, H. Toyoda, A.
Kinoshita-Toyoda, T. Toida, T.H. Van Kuppevelt, E. Depla, et al. 2003.
Cellular binding of hepatitis C virus envelope glycoprotein E2 requires cell
surfaceheparansulfate. J. Biol. Chem.278:41003—41012.http://dx.doi.org/
10.1074/jbc.M302267200

Barton, E.S., J.C. Forrest, J.L. Connolly, J.D. Chappell, Y. Liu, F.J. Schnell,
A. Nusrat, C.A. Parkos, and T.S. Dermody. 2001. Junction adhesion
molecule is a receptor for reovirus. Cell. 104:441-451. http://dx.doi.org/
10.1016/S0092-8674(01)00231-8

Bergelson, J.M., J.A. Cunningham, G. Droguett, E.A. Kurt-Jones, A. Krithivas, J.S.
Hong, M.S. Horwitz, R.L. Crowell, and R.W. Finberg. 1997. Isolation of a
common receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science.
275:1320-1323. http://dx.doi.org/10.1126/science.275.5304.1320

Blanchard, E., S. Belouzard, L. Goueslain, T. Wakita, J. Dubuisson, C.
Wychowski, and Y. Rouillé. 2006. Hepatitis C virus entry depends on
clathrin-mediated endocytosis. J. Virol. 80:6964—-6972. http://dx.doi
.org/10.1128/JVI1.00024-06

Brabec, M., G. Baravalle, D. Blaas, and R. Fuchs. 2003. Conformational changes,
plasma membrane penetration, and infection by human rhinovirus type 2:
Role of receptors and low pH. J. Virol. 77:5370-5377. http://dx.doi.org/
10.1128/JV1.77.9.5370-5377.2003

620z Jequiede( G0 U0 3senb Aq 4pd- L1801 LOZ A0l/SEYL06 L/LLOL/LIS6L/4Pd-8loe/qol/Bi0"sseidnu//:dpy wol papeojumog


http://dx.doi.org/10.1128/JVI.76.13.6841-6844.2002
http://dx.doi.org/10.1128/JVI.76.13.6841-6844.2002
http://dx.doi.org/10.1038/emboj.2008.38
http://dx.doi.org/10.1074/jbc.M302267200
http://dx.doi.org/10.1074/jbc.M302267200
http://dx.doi.org/10.1016/S0092-8674(01)00231-8
http://dx.doi.org/10.1016/S0092-8674(01)00231-8
http://dx.doi.org/10.1126/science.275.5304.1320
http://dx.doi.org/10.1128/JVI.00024-06
http://dx.doi.org/10.1128/JVI.00024-06
http://dx.doi.org/10.1128/JVI.77.9.5370-5377.2003
http://dx.doi.org/10.1128/JVI.77.9.5370-5377.2003

Brindley, M.A., C.L. Hunt, A.S. Kondratowicz, J. Bowman, P.L. Sinn, P.B.
McCray Jr., K. Quinn, M.L. Weller, J.A. Chiorini, and W. Maury. 2011.
Tyrosine kinase receptor Axl enhances entry of Zaire ebolavirus with-
out direct interactions with the viral glycoprotein. Virology. 415:83-94.
http://dx.doi.org/10.1016/j.virol.2011.04.002

Brotherus, J., and O. Renkonen. 1977. Subcellular distributions of lipids in cul-
tured BHK cells: Evidence for the enrichment of lysobisphosphatidic
acid and neutral lipids in lysosomes. J. Lipid Res. 18:191-202.

Burckhardt, C.J., and U.F. Greber. 2009. Virus movements on the plasma mem-
brane support infection and transmission between cells. PLoS Pathog.
5:e1000621. http://dx.doi.org/10.1371/journal.ppat.1000621

Burckhardt, C.J., M. Suomalainen, P. Schoenenberger, K. Boucke, S. Hemmi,
and U.F. Greber. 2011. Drifting motions of the adenovirus receptor CAR
and immobile integrins initiate virus uncoating and membrane lytic
protein exposure. Cell Host Microbe. 10:105-117. http://dx.doi.org/10
.1016/j.chom.2011.07.006

Cao, W., M.D. Henry, P. Borrow, H. Yamada, J.H. Elder, E.V. Ravkov, S.T.
Nichol, R.W. Compans, K.P. Campbell, and M.B. Oldstone. 1998.
Identification of alpha-dystroglycan as a receptor for lymphocytic chorio-
meningitis virus and Lassa fever virus. Science. 282:2079-2081. http://
dx.doi.org/10.1126/science.282.5396.2079

Carette, J.E., M. Raaben, A.C. Wong, A.S. Herbert, G. Obernosterer, N.
Mulherkar, A.I. Kuehne, P.J. Kranzusch, A.M. Griffin, G. Ruthel, et al.
2011. Ebola virus entry requires the cholesterol transporter Niemann-
Pick C1. Nature. 477:340-343. http://dx.doi.org/10.1038/nature 10348

Carter, G.C., L. Bernstone, D. Baskaran, and W. James. 2011. HIV-1 infects
macrophages by exploiting an endocytic route dependent on dynamin,
Racl and Pakl1. Virology. 409:234-250. http://dx.doi.org/10.1016/j.virol
.2010.10.018

Chandran, K., N.J. Sullivan, U. Felbor, S.P. Whelan, and J.M. Cunningham.
2005. Endosomal proteolysis of the Ebola virus glycoprotein is neces-
sary for infection. Science. 308:1643-1645. http://dx.doi.org/10.1126/
science.1110656

Chen, C., and X. Zhuang. 2008. Epsin 1 is a cargo-specific adaptor for the clathrin-
mediated endocytosis of the influenza virus. Proc. Natl. Acad. Sci. USA.
105:11790-11795. http://dx.doi.org/10.1073/pnas.0803711105

Choe, H., M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P.D. Ponath, L. Wu,
C.R. Mackay, G. LaRosa, W. Newman, et al. 1996. The beta-chemokine
receptors CCR3 and CCRS facilitate infection by primary HIV-1 iso-
lates. Cell. 85:1135-1148. http://dx.doi.org/10.1016/S0092-8674(00)
81313-6

Cohen, C.J., J.T. Shieh, R.J. Pickles, T. Okegawa, J.T. Hsieh, and J.M. Bergelson.
2001. The coxsackievirus and adenovirus receptor is a transmembrane
component of the tight junction. Proc. Natl. Acad. Sci. USA. 98:15191—
15196. http://dx.doi.org/10.1073/pnas.261452898

Coté, M., J. Misasi, T. Ren, A. Bruchez, K. Lee, C.M. Filone, L. Hensley, Q.
Li, D. Ory, K. Chandran, and J. Cunningham. 2011. Small molecule in-
hibitors reveal Niemann-Pick C1 is essential for Ebola virus infection.
Nature. 477:344-348. http://dx.doi.org/10.1038/nature10380

Coulson, B.S., S.L. Londrigan, and D.J. Lee. 1997. Rotavirus contains integ-
rin ligand sequences and a disintegrin-like domain that are implicated in
virus entry into cells. Proc. Natl. Acad. Sci. USA. 94:5389-5394. http://
dx.doi.org/10.1073/pnas.94.10.5389

Coyne, C.B., and J.M. Bergelson. 2006. Virus-induced Abl and Fyn kinase sig-
nals permit coxsackievirus entry through epithelial tight junctions. Cell.
124:119-131. http://dx.doi.org/10.1016/j.cell.2005.10.035

Coyne, C.B., L. Shen, J.R. Turner, and J.M. Bergelson. 2007. Coxsackievirus
entry across epithelial tight junctions requires occludin and the small
GTPases Rab34 and Rab5. Cell Host Microbe. 2:181-192. http://dx.doi
.org/10.1016/j.chom.2007.07.003

Daecke, J., O.T. Fackler, M.T. Dittmar, and H.-G. Kriusslich. 2005. Involvement
of clathrin-mediated endocytosis in human immunodeficiency virus type 1
entry. J. Virol. 79:1581-1594. http://dx.doi.org/10.1128/JV1.79.3.1581-
1594.2005

Dalgleish, A.G., P.C. Beverley, P.R. Clapham, D.H. Crawford, M.F. Greaves,
and R.A. Weiss. 1984. The CD4 (T4) antigen is an essential component
of the receptor for the AIDS retrovirus. Nature. 312:763-767. http://
dx.doi.org/10.1038/312763a0

Damm, E.-M., L. Pelkmans, J. Kartenbeck, A. Mezzacasa, T. Kurzchalia, and
A. Helenius. 2005. Clathrin- and caveolin-1-independent endocytosis:
Entry of simian virus 40 into cells devoid of caveolae. J. Cell Biol. 168:
477-488. http://dx.doi.org/10.1083/jcb.200407113

Das, S., S.V. Laxminarayana, N. Chandra, V. Ravi, and A. Desai. 2009. Heat
shock protein 70 on Neuro2a cells is a putative receptor for Japanese
encephalitis virus. Virology. 385:47-57. http://dx.doi.org/10.1016/j.virol
.2008.10.025

de Haan, C.A.M.,Z.Lj, E. te Lintelo, B.J. Bosch, B.J. Haijema, and P.J.M. Rottier.
2005. Murine coronavirus with an extended host range uses heparan

sulfate as an entry receptor. J. Virol. 79:14451-14456. http://dx.doi.org/
10.1128/JV1.79.22.14451-14456.2005

Deng, H., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P. Di Marzio,
S. Marmon, R.E. Sutton, C.M. Hill, et al. 1996. Identification of a major
co-receptor for primary isolates of HIV-1. Nature. 381:661-666. http://
dx.doi.org/10.1038/381661a0

Dikic, I., editor. 2006. Endosomes. Landes Bioscience/Eurekah.com, Georgetown,
TX/New York. 157 pp.

Dorner, M., J.A. Horwitz, J.B. Robbins, W.T. Barry, Q. Feng, K. Mu, C.T.
Jones, J.W. Schoggins, M.T. Catanese, D.R. Burton, et al. 2011. A ge-
netically humanized mouse model for hepatitis C virus infection. Nature.
474:208-211. http://dx.doi.org/10.1038/nature 10168

Dotzauer, A., U. Gebhardt, K. Bieback, U. Gottke, A. Kracke, J. Mages, S.M.
Lemon, and A. Vallbracht. 2000. Hepatitis A virus-specific immuno-
globulin A mediates infection of hepatocytes with hepatitis A virus via the
asialoglycoprotein receptor. J. Virol. 74:10950-10957. http://dx.doi.org/
10.1128/JV1.74.23.10950-10957.2000

Dotzauer, A., M. Brenner, U. Gebhardt, and A. Vallbracht. 2005. IgA-coated
particles of Hepatitis A virus are translocalized antivectorially from the
apical to the basolateral site of polarized epithelial cells via the polymeric
immunoglobulin receptor. J. Gen. Virol. 86:2747-2751. http://dx.doi
.org/10.1099/vir.0.81157-0

Dragic, T., V. Litwin, G.P. Allaway, S.R. Martin, Y. Huang, K.A. Nagashima, C.
Cayanan, P.J. Maddon, R.A. Koup, J.P. Moore, and W.A. Paxton. 1996.
HIV-1 entry into CD4+ cells is mediated by the chemokine receptor CC-
CKR-5. Nature. 381:667-673. http://dx.doi.org/10.1038/381667a0

Ebert, D.H., J. Deussing, C. Peters, and T.S. Dermody. 2002. Cathepsin L and ca-
thepsin B mediate reovirus disassembly in murine fibroblast cells. J. Biol.
Chem. 277:24609-24617. http://dx.doi.org/10.1074/jbc.M201107200

Ehrhardt, C., H. Marjuki, T. Wolff, B. Niirnberg, O. Planz, S. Pleschka, and S.
Ludwig. 2006. Bivalent role of the phosphatidylinositol-3-kinase (PI3K)
during influenza virus infection and host cell defence. Cell. Microbiol.
8:1336-1348. http://dx.doi.org/10.1111/j.1462-5822.2006.00713.x

Eierhoff, T., E.R. Hrincius, U. Rescher, S. Ludwig, and C. Ehrhardt. 2010. The
epidermal growth factor receptor (EGFR) promotes uptake of influenza A
viruses (IAV) into host cells. PLoS Pathog. 6:e1001099. http://dx.doi.org/
10.1371/journal.ppat.1001099

Evans, M.J., T. von Hahn, D.M. Tscherne, A.J. Syder, M. Panis, B. Wolk, T.
Hatziioannou, J.A. McKeating, P.D. Bieniasz, and C.M. Rice. 2007.
Claudin-1 is a hepatitis C virus co-receptor required for a late step in entry.
Nature. 446:801-805. http://dx.doi.org/10.1038/nature05654

Ewers, H., W. Romer, A.E. Smith, K. Bacia, S. Dmitrieff, W. Chai, R. Mancini,
J. Kartenbeck, V. Chambon, L. Berland, et al. 2010. GM1 structure de-
termines SV40-induced membrane invagination and infection. Nat. Cell
Biol. 12:11-18: 1-12. http://dx.doi.org/10.1038/ncb1999

Feng, Y., C.C. Broder, PE. Kennedy, and E.A. Berger. 1996. HIV-1 entry
cofactor: Functional cDNA cloning of a seven-transmembrane, G protein-
coupled receptor. Science. 272:872-877. http://dx.doi.org/10.1126/
science.272.5263.872

Fingeroth, J.D., J.J. Weis, T.F. Tedder, J.L. Strominger, P.A. Biro, and D.T.
Fearon. 1984. Epstein-Barr virus receptor of human B lymphocytes is
the C3d receptor CR2. Proc. Natl. Acad. Sci. USA. 81:4510-4514. http://
dx.doi.org/10.1073/pnas.81.14.4510

Gardner, J.P., R.J. Durso, R.R. Arrigale, G.P. Donovan, P.J. Maddon, T. Dragic,
and W.C. Olson. 2003. L-SIGN (CD 209L) is a liver-specific capture re-
ceptor for hepatitis C virus. Proc. Natl. Acad. Sci. USA. 100:4498-4503.
http://dx.doi.org/10.1073/pnas.0831128100

Geraghty, R.J., C. Krummenacher, G.H. Cohen, R.J. Eisenberg, and P.G. Spear.
1998. Entry of alphaherpesviruses mediated by poliovirus receptor-
related protein 1 and poliovirus receptor. Science. 280:1618-1620. http://
dx.doi.org/10.1126/science.280.5369.1618

Ghez, D., Y. Lepelletier, S. Lambert, J.-M. Fourneau, V. Blot, S. Janvier, B.
Arnulf, P.M. van Endert, N. Heveker, C. Pique, and O. Hermine. 2006.
Neuropilin-1 is involved in human T-cell lymphotropic virus type 1 entry.
J. Virol. 80:6844—-6854. http://dx.doi.org/10.1128/JVI1.02719-05

Ghigo, E., J. Kartenbeck, P. Lien, L. Pelkmans, C. Capo, J.-L. Mege, and D.
Raoult. 2008. Ameobal pathogen mimivirus infects macrophages through
phagocytosis. PLoS Pathog. 4:¢1000087. http://dx.doi.org/10.1371/
journal.ppat.1000087

Greber, U.F., and M. Way. 2006. A superhighway to virus infection. Cell.
124:741-754. http://dx.doi.org/10.1016/j.cell.2006.02.018

Greve, J. M., G. Davis, A M. Meyer, C.P. Forte, S.C. Yost, C.W. Marlor,
M.E. Kamarck, and A. McClelland. 1989. The major human rhino-
virus receptor is ICAM-1. Cell. 56:839-847. http://dx.doi.org/10.1016/
0092-8674(89)90688-0

Guerrero, C.A., E. Méndez, S. Zarate, P. Isa, S. Lopez, and C.F. Arias. 2000.
Integrin alpha(v)beta(3) mediates rotavirus cell entry. Proc. Natl. Acad.
Sci. USA. 97:14644-14649. http://dx.doi.org/10.1073/pnas.250299897

Receptor-mediated virus entry * Grove and Marsh

1079

620z Jequiede( G0 U0 3senb Aq 4pd- L1801 LOZ A0l/SEYL06 L/LLOL/LIS6L/4Pd-8loe/qol/Bi0"sseidnu//:dpy wol papeojumog


http://dx.doi.org/10.1128/JVI.79.22.14451-14456.2005
http://dx.doi.org/10.1128/JVI.79.22.14451-14456.2005
http://dx.doi.org/10.1038/381661a0
http://dx.doi.org/10.1038/381661a0
http://dx.doi.org/10.1038/nature10168
http://dx.doi.org/10.1128/JVI.74.23.10950-10957.2000
http://dx.doi.org/10.1128/JVI.74.23.10950-10957.2000
http://dx.doi.org/10.1099/vir.0.81157-0
http://dx.doi.org/10.1099/vir.0.81157-0
http://dx.doi.org/10.1038/381667a0
http://dx.doi.org/10.1074/jbc.M201107200
http://dx.doi.org/10.1111/j.1462-5822.2006.00713.x
http://dx.doi.org/10.1371/journal.ppat.1001099
http://dx.doi.org/10.1371/journal.ppat.1001099
http://dx.doi.org/10.1038/nature05654
http://dx.doi.org/10.1038/ncb1999
http://dx.doi.org/10.1126/science.272.5263.872
http://dx.doi.org/10.1126/science.272.5263.872
http://dx.doi.org/10.1073/pnas.81.14.4510
http://dx.doi.org/10.1073/pnas.81.14.4510
http://dx.doi.org/10.1073/pnas.0831128100
http://dx.doi.org/10.1126/science.280.5369.1618
http://dx.doi.org/10.1126/science.280.5369.1618
http://dx.doi.org/10.1128/JVI.02719-05
http://dx.doi.org/10.1371/journal.ppat.1000087
http://dx.doi.org/10.1371/journal.ppat.1000087
http://dx.doi.org/10.1016/j.cell.2006.02.018
http://dx.doi.org/10.1016/0092-8674(89)90688-0
http://dx.doi.org/10.1016/0092-8674(89)90688-0
http://dx.doi.org/10.1073/pnas.250299897
http://dx.doi.org/10.1016/j.virol.2011.04.002
http://dx.doi.org/10.1371/journal.ppat.1000621
http://dx.doi.org/10.1016/j.chom.2011.07.006
http://dx.doi.org/10.1016/j.chom.2011.07.006
http://dx.doi.org/10.1126/science.282.5396.2079
http://dx.doi.org/10.1126/science.282.5396.2079
http://dx.doi.org/10.1038/nature10348
http://dx.doi.org/10.1016/j.virol.2010.10.018
http://dx.doi.org/10.1016/j.virol.2010.10.018
http://dx.doi.org/10.1126/science.1110656
http://dx.doi.org/10.1126/science.1110656
http://dx.doi.org/10.1073/pnas.0803711105
http://dx.doi.org/10.1016/S0092-8674(00)81313-6
http://dx.doi.org/10.1016/S0092-8674(00)81313-6
http://dx.doi.org/10.1073/pnas.261452898
http://dx.doi.org/10.1038/nature10380
http://dx.doi.org/10.1073/pnas.94.10.5389
http://dx.doi.org/10.1073/pnas.94.10.5389
http://dx.doi.org/10.1016/j.cell.2005.10.035
http://dx.doi.org/10.1016/j.chom.2007.07.003
http://dx.doi.org/10.1016/j.chom.2007.07.003
http://dx.doi.org/10.1128/JVI.79.3.1581-1594.2005
http://dx.doi.org/10.1128/JVI.79.3.1581-1594.2005
http://dx.doi.org/10.1038/312763a0
http://dx.doi.org/10.1038/312763a0
http://dx.doi.org/10.1083/jcb.200407113
http://dx.doi.org/10.1016/j.virol.2008.10.025
http://dx.doi.org/10.1016/j.virol.2008.10.025

1080

Haim, H., B. Strack, A. Kassa, N. Madani, L. Wang, J.R. Courter, A. Princiotto,
K. McGee, B. Pacheco, M.S. Seaman, et al. 2011. Contribution of in-
trinsic reactivity of the HIV-1 envelope glycoproteins to CD4-independent
infection and global inhibitor sensitivity. PLoS Pathog. 7:¢1002101.
http://dx.doi.org/10.1371/journal.ppat.1002101

Harris, H.J., M.J. Farquhar, C.J. Mee, C. Davis, G.M. Reynolds, A. Jennings, K.
Hu, F. Yuan, H. Deng, S.G. Hubscher, et al. 2008. CD81 and claudin 1
coreceptor association: Role in hepatitis C virus entry. J. Virol. 82:5007—
5020. http://dx.doi.org/10.1128/JVI1.02286-07

Harris, H.J., C. Davis, J.G.L. Mullins, K. Hu, M. Goodall, M.J. Farquhar, C.J.
Mee, K. McCaffrey, S. Young, H. Drummer, et al. 2010. Claudin associa-
tion with CD81 defines hepatitis C virus entry. J. Biol. Chem. 285:21092—
21102. http://dx.doi.org/10.1074/jbc.M110.104836

Heldwein, E.E., and C. Krummenacher. 2008. Entry of herpesviruses into
mammalian cells. Cell. Mol. Life Sci. 65:1653-1668. http://dx.doi.org/
10.1007/s00018-008-7570-z

Helenius, A., J. Kartenbeck, K. Simons, and E. Fries. 1980. On the entry of
Semliki forest virus into BHK-21 cells. J. Cell Biol. 84:404—420. http://
dx.doi.org/10.1083/jcb.84.2.404

Hofer, F., M. Gruenberger, H. Kowalski, H. Machat, M. Huettinger, E. Kuechler,
and D. Blaas. 1994. Members of the low density lipoprotein receptor
family mediate cell entry of a minor-group common cold virus.Proc. Natl.
Acad. Sci. USA. 91:1839-1842. http://dx.doi.org/10.1073/pnas.91.5.1839

Huang, P., T. Farkas, S. Marionneau, W. Zhong, N. Ruvoén-Clouet, A.L.
Morrow, M. Altaye, L.K. Pickering, D.S. Newburg, J. LePendu, and X.
Jiang. 2003. Noroviruses bind to human ABO, Lewis, and secretor histo-
blood group antigens: Identification of 4 distinct strain-specific patterns.
J. Infect. Dis. 188:19-31. http://dx.doi.org/10.1086/375742

Hunt, C.L., A.A. Kolokoltsov, R.A. Davey, and W. Maury. 2011. The Tyro3
receptor kinase Axl enhances macropinocytosis of Zaire ebolavirus.
J. Virol. 85:334-347. http://dx.doi.org/10.1128/JV1.01278-09

Jeffers, S.A., S.M. Tusell, L. Gillim-Ross, E.M. Hemmila, J.E. Achenbach, G.J.
Babcock, W.D. Thomas Jr., L.B. Thackray, M.D. Young, R.J. Mason,
et al. 2004. CD209L (L-SIGN) is a receptor for severe acute respiratory
syndrome coronavirus. Proc. Natl. Acad. Sci. USA. 101:15748-15753.
http://dx.doi.org/10.1073/pnas.0403812101

Jiang, M., J.R. Abend, B. Tsai, and M.J. Imperiale. 2009. Early events during
BK virus entry and disassembly. J. Virol. 83:1350-1358. http://dx.doi
.org/10.1128/JVI.02169-08

Kaplan, G., A. Totsuka, P. Thompson, T. Akatsuka, Y. Moritsugu, and S.M.
Feinstone. 1996. Identification of a surface glycoprotein on African
green monkey kidney cells as a receptor for hepatitis A virus. EMBO J.
15:4282-4296.

Kartenbeck, J., H. Stukenbrok, and A. Helenius. 1989. Endocytosis of simian
virus 40 into the endoplasmic reticulum. J. Cell Biol. 109:2721-2729.
http://dx.doi.org/10.1083/jcb.109.6.2721

Kielian, M., and F.A. Rey. 2006. Virus membrane-fusion proteins: More than
one way to make a hairpin. Nat. Rev. Microbiol. 4:67-76. http://dx.doi
.org/10.1038/nrmicro1326

Kielian, M.C., and A. Helenius. 1984. Role of cholesterol in fusion of Semliki
Forest virus with membranes. J. Virol. 52:281-283.

Klatzmann, D., E. Champagne, S. Chamaret, J. Gruest, D. Guetard, T. Hercend,
J.C. Gluckman, and L. Montagnier. 1984. T-lymphocyte T4 molecule
behaves as the receptor for human retrovirus LAV. Nature. 312:767-768.
http://dx.doi.org/10.1038/312767a0

Kondratowicz, A.S., N.J. Lennemann, PL. Sinn, R.A. Davey, C.L. Hunt, S.
Moller-Tank, D.K. Meyerholz, P. Rennert, R.F. Mullins, M. Brindley, et al.
2011. T-cell immunoglobulin and mucin domain 1 (TIM-1) is a receptor
for Zaire Ebolavirus and Lake Victoria Marburgvirus. Proc. Natl. Acad. Sci.
USA. 108:8426-8431. http://dx.doi.org/10.1073/pnas.1019030108

Krieger, S.E., M.B. Zeisel, C. Davis, C. Thumann, H.J. Harris, E.K. Schnober,
C. Mee, E. Soulier, C. Royer, M. Lambotin, et al. 2010. Inhibition of
hepatitis C virus infection by anti-claudin-1 antibodies is mediated by
neutralization of E2-CD81-claudin-1 associations. Hepatology. 51:1144—
1157. http://dx.doi.org/10.1002/hep.23445

Krummenacher, C., A.V. Nicola, J.C. Whitbeck, H. Lou, W. Hou, J.D. Lambris,
R.J. Geraghty, P.G. Spear, G.H. Cohen, and R.J. Eisenberg. 1998. Herpes
simplex virus glycoprotein D can bind to poliovirus receptor-related pro-
tein 1 or herpesvirus entry mediator, two structurally unrelated mediators
of virus entry. J. Virol. 72:7064-7074.

Laliberte, J.P., and B. Moss. 2009. Appraising the apoptotic mimicry model and
the role of phospholipids for poxvirus entry. Proc. Natl. Acad. Sci. USA.
106:17517-17521. http://dx.doi.org/10.1073/pnas.0909376106

La Scola, B., S. Audic, C. Robert, L. Jungang, X. de Lamballerie, M. Drancourt,
R. Birtles, J.-M. Claverie, and D. Raoult. 2003. A giant virus in amoebae.
Science. 299:2033. http://dx.doi.org/10.1126/science.1081867

Lehmann, M.J., N.M. Sherer, C.B. Marks, M. Pypaert, and W. Mothes. 2005.
Actin- and myosin-driven movement of viruses along filopodia precedes

JCB « VOLUME 195 « NUMBER 7 « 2011

their entry into cells. J. Cell Biol. 170:317-325. http://dx.doi.org/10
.1083/jcb.200503059

Lemon, K., R.D. de Vries, A.W. Mesman, S. McQuaid, G. van Amerongen, S.
Yiiksel, M. Ludlow, L.J. Rennick, T. Kuiken, B.K. Rima, et al. 2011.
Early target cells of measles virus after aerosol infection of non-human
primates. PLoS Pathog. 7:¢1001263. http://dx.doi.org/10.1371/journal
.ppat.1001263

Li, Q., M.K. Spriggs, S. Kovats, S.M. Turk, M.R. Comeau, B. Nepom, and L.M.
Hutt-Fletcher. 1997. Epstein-Barr virus uses HLA class IT as a cofactor
for infection of B lymphocytes. J. Virol. 71:4657-4662.

Li, W., MJ. Moore, N. Vasilieva, J. Sui, S.K. Wong, M.A. Berne, M.
Somasundaran, J.L. Sullivan, K. Luzuriaga, T.C. Greenough, et al. 2003.
Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus. Nature. 426:450-454. http://dx.doi.org/10.1038/nature02145

Liberali, P., E. Kakkonen, G. Turacchio, C. Valente, A. Spaar, G. Perinetti, R.A.
Bockmann, D. Corda, A. Colanzi, V. Marjomaki, and A. Luini. 2008.
The closure of Pakl-dependent macropinosomes requires the phos-
phorylation of CtBP1/BARS. EMBO J. 27:970-981. http://dx.doi.org/
10.1038/emboj.2008.59

Lilley, B.N., J.M. Gilbert, H.L. Ploegh, and T.L. Benjamin. 2006. Murine poly-
omavirus requires the endoplasmic reticulum protein Derlin-2 to initiate in-
fection. J. Virol. 80:8739-8744. http://dx.doi.org/10.1128/JVI.00791-06

Lindesmith, L., C. Moe, S. Marionneau, N. Ruvoen, X. Jiang, L. Lindblad, P.
Stewart, J. LePendu, and R. Baric. 2003. Human susceptibility and re-
sistance to Norwalk virus infection. Nat. Med. 9:548-553. http://dx.doi
.org/10.1038/nm860

Liu, S., W. Yang, L. Shen, J.R. Turner, C.B. Coyne, and T. Wang. 2009. Tight
junction proteins claudin-1 and occludin control hepatitis C virus entry
and are downregulated during infection to prevent superinfection.
J. Virol. 83:2011-2014. http://dx.doi.org/10.1128/JVI1.01888-08

Lopez, S., and C.F. Arias. 2004. Multistep entry of rotavirus into cells: A
Versaillesque dance. Trends Microbiol. 12:271-278. http://dx.doi.org/10
.1016/j.tim.2004.04.003

Lozach, P.-Y.,J. Huotari, and A. Helenius. 201 1a. Late-penetrating viruses. Curr.
Opin. Virol. 1:35-43. http://dx.doi.org/10.1016/j.coviro.2011.05.004

Lozach, P.-Y., A. Kiihbacher, R. Meier, R. Mancini, D. Bitto, M. Bouloy, and
A. Helenius. 2011b. DC-SIGN as a receptor for phleboviruses. Cell Host
Microbe. 10:75-88. http://dx.doi.org/10.1016/j.chom.2011.06.007

Lupberger, J., M.B. Zeisel, F. Xiao, C. Thumann, I. Fofana, L. Zona, C. Davis,
C.J. Mee, M. Turek, S. Gorke, et al. 2011. EGFR and EphA?2 are host fac-
tors for hepatitis C virus entry and possible targets for antiviral therapy.
Nat. Med. 17:589-595. http://dx.doi.org/10.1038/nm.2341

Liitschg, V., K. Boucke, S. Hemmi, and U.F. Greber. 2011. Chemotactic anti-
viral cytokines promote infectious apical entry of human adenovirus
into polarized epithelial cells. Nat Commun. 2:391. http://dx.doi.org/10
.1038/ncomms1391

Manel, N., F.J. Kim, S. Kinet, N. Taylor, M. Sitbon, and J.-L. Battini. 2003.
The ubiquitous glucose transporter GLUT-1 is a receptor for HTLV. Cell.
115:449-459. http://dx.doi.org/10.1016/S0092-8674(03)00881-X

Maréchal, V., M.C. Prevost, C. Petit, E. Perret, J M. Heard, and O. Schwartz.
2001. Human immunodeficiency virus type 1 entry into macrophages
mediated by macropinocytosis. J. Virol. 75:11166-11177. http://dx.doi
.org/10.1128/JVL.75.22.11166-11177.2001

Marsh, M., and R. Bron. 1997. SFV infection in CHO cells: Cell-type specific
restrictions to productive virus entry at the cell surface. J. Cell Sci. 110:
95-103.

Marsh, M., and A. Helenius. 1980. Adsorptive endocytosis of Semliki Forest
virus. J. Mol. Biol. 142:439—454. http://dx.doi.org/10.1016/0022-2836
(80)90281-8

Marsh, M., and A. Helenius. 2006. Virus entry: Open sesame. Cell. 124:729—
740. http://dx.doi.org/10.1016/j.cell.2006.02.007

Martino, T.A., M. Petric, M. Brown, K. Aitken, C.J. Gauntt, C.D. Richardson,
L.H. Chow, and P.P. Liu. 1998. Cardiovirulent coxsackieviruses and
the decay-accelerating factor (CD55) receptor. Virology. 244:302-314.
http://dx.doi.org/10.1006/viro.1998.9122

Matlin, K.S., H. Reggio, A. Helenius, and K. Simons. 1981. Infectious entry
pathway of influenza virus in a canine kidney cell line. J. Cell Biol.
91:601-613. http://dx.doi.org/10.1083/jcb.91.3.601

McDonald, D., M.A. Vodicka, G. Lucero, T.M. Svitkina, G.G. Borisy, M.
Emerman, and T.J. Hope. 2002. Visualization of the intracellular be-
havior of HIV in living cells. J. Cell Biol. 159:441-452. http://dx.doi
.org/10.1083/jcb.200203150

Meertens, L., C. Bertaux, and T. Dragic. 2006. Hepatitis C virus entry requires
a critical postinternalization step and delivery to early endosomes via
clathrin-coated vesicles. J. Virol. 80:11571-11578. http://dx.doi.org/10
.1128/1V1.01717-06

620z Jequiede( G0 U0 3senb Aq 4pd- L1801 LOZ A0l/SEYL06 L/LLOL/LIS6L/4Pd-8loe/qol/Bi0"sseidnu//:dpy wol papeojumog


http://dx.doi.org/10.1083/jcb.200503059
http://dx.doi.org/10.1083/jcb.200503059
http://dx.doi.org/10.1371/journal.ppat.1001263
http://dx.doi.org/10.1371/journal.ppat.1001263
http://dx.doi.org/10.1038/nature02145
http://dx.doi.org/10.1038/emboj.2008.59
http://dx.doi.org/10.1038/emboj.2008.59
http://dx.doi.org/10.1128/JVI.00791-06
http://dx.doi.org/10.1038/nm860
http://dx.doi.org/10.1038/nm860
http://dx.doi.org/10.1128/JVI.01888-08
http://dx.doi.org/10.1016/j.tim.2004.04.003
http://dx.doi.org/10.1016/j.tim.2004.04.003
http://dx.doi.org/10.1016/j.coviro.2011.05.004
http://dx.doi.org/10.1016/j.chom.2011.06.007
http://dx.doi.org/10.1038/nm.2341
http://dx.doi.org/10.1038/ncomms1391
http://dx.doi.org/10.1038/ncomms1391
http://dx.doi.org/10.1016/S0092-8674(03)00881-X
http://dx.doi.org/10.1128/JVI.75.22.11166-11177.2001
http://dx.doi.org/10.1128/JVI.75.22.11166-11177.2001
http://dx.doi.org/10.1016/0022-2836(80)90281-8
http://dx.doi.org/10.1016/0022-2836(80)90281-8
http://dx.doi.org/10.1016/j.cell.2006.02.007
http://dx.doi.org/10.1006/viro.1998.9122
http://dx.doi.org/10.1083/jcb.91.3.601
http://dx.doi.org/10.1083/jcb.200203150
http://dx.doi.org/10.1083/jcb.200203150
http://dx.doi.org/10.1128/JVI.01717-06
http://dx.doi.org/10.1128/JVI.01717-06
http://dx.doi.org/10.1371/journal.ppat.1002101
http://dx.doi.org/10.1128/JVI.02286-07
http://dx.doi.org/10.1074/jbc.M110.104836
http://dx.doi.org/10.1007/s00018-008-7570-z
http://dx.doi.org/10.1007/s00018-008-7570-z
http://dx.doi.org/10.1083/jcb.84.2.404
http://dx.doi.org/10.1083/jcb.84.2.404
http://dx.doi.org/10.1073/pnas.91.5.1839
http://dx.doi.org/10.1086/375742
http://dx.doi.org/10.1128/JVI.01278-09
http://dx.doi.org/10.1073/pnas.0403812101
http://dx.doi.org/10.1128/JVI.02169-08
http://dx.doi.org/10.1128/JVI.02169-08
http://dx.doi.org/10.1083/jcb.109.6.2721
http://dx.doi.org/10.1038/nrmicro1326
http://dx.doi.org/10.1038/nrmicro1326
http://dx.doi.org/10.1038/312767a0
http://dx.doi.org/10.1073/pnas.1019030108
http://dx.doi.org/10.1002/hep.23445
http://dx.doi.org/10.1073/pnas.0909376106
http://dx.doi.org/10.1126/science.1081867

Mendelsohn, C.L., E. Wimmer, and V.R. Racaniello. 1989. Cellular receptor
for poliovirus: Molecular cloning, nucleotide sequence, and expression
of a new member of the immunoglobulin superfamily. Cell. 56:855-865.
http://dx.doi.org/10.1016/0092-8674(89)90690-9

Merecer, J., and A. Helenius. 2008. Vaccinia virus uses macropinocytosis and
apoptotic mimicry to enter host cells. Science. 320:531-535. http://dx.doi
.org/10.1126/science.1155164

Mercer, J., S. Knébel, F.I. Schmidt, J. Crouse, C. Burkard, and A. Helenius.
2010a. Vaccinia virus strains use distinct forms of macropinocytosis for
host-cell entry. Proc. Natl. Acad. Sci. USA. 107:9346-9351. http://dx.doi
.org/10.1073/pnas.1004618107

Mercer, J., M. Schelhaas, and A. Helenius. 2010b. Virus entry by endocytosis.
Annu. Rev. Biochem. 79:803-833. http://dx.doi.org/10.1146/annurev-
biochem-060208-104626

Miyauchi, K., Y. Kim, O. Latinovic, V. Morozov, and G.B. Melikyan. 2009. HIV
enters cells via endocytosis and dynamin-dependent fusion with endo-
somes. Cell. 137:433—444. http://dx.doi.org/10.1016/j.cell.2009.02.046

Montgomery, R.I., M.S. Warner, B.J. Lum, and P.G. Spear. 1996. Herpes sim-
plex virus-1 entry into cells mediated by a novel member of the TNF/NGF
receptor family. Cell. 87:427-436. http://dx.doi.org/10.1016/S0092-
8674(00)81363-X

Morizono, K., Y. Xie, T. Olafsen, B. Lee, A. Dasgupta, A.M. Wu, and 1.S.Y.
Chen. 2011. The soluble serum protein Gas6 bridges virion envelope
phosphatidylserine to the TAM receptor tyrosine kinase Axl to mediate
viral entry. Cell Host Microbe. 9:286-298. http://dx.doi.org/10.1016/
j.chom.2011.03.012

Mothes, W., A.L. Boerger, S. Narayan, J.M. Cunningham, and J.A. Young.
2000. Retroviral entry mediated by receptor priming and low pH trig-
gering of an envelope glycoprotein. Cell. 103:679-689. http://dx.doi.org/
10.1016/S0092-8674(00)00170-7

Moyer, C.L., and G.R. Nemerow. 2011. Viral weapons of membrane destruction:
Variable modes of membrane penetration by non-enveloped viruses. Curr.
Opin. Virol. 1:44-99. http://dx.doi.org/10.1016/j.coviro.2011.05.002

Nanbo, A., M. Imai, S. Watanabe, T. Noda, K. Takahashi, G. Neumann, P.
Halfmann, and Y. Kawaoka. 2010. Ebolavirus is internalized into host
cells via macropinocytosis in a viral glycoprotein-dependent manner. PLoS
Pathog. 6:e1001121. http://dx.doi.org/10.1371/journal.ppat.1001121

Negrete, O.A., E.L. Levroney, H.C. Aguilar, A. Bertolotti-Ciarlet, R. Nazarian,
S. Tajyar, and B. Lee. 2005. EphrinB2 is the entry receptor for Nipah
virus, an emergent deadly paramyxovirus. Nature. 436:401-405.

Neu, U., M.S. Maginnis, A.S. Palma, L.J. Stroh, C.D.S. Nelson, T. Feizi, W.J.
Atwood, and T. Stehle. 2010. Structure-function analysis of the human
JC polyomavirus establishes the LSTc pentasaccharide as a functional
receptor motif. Cell Host Microbe. 8:309-319. http://dx.doi.org/10.1016/
j.chom.2010.09.004

Nieva, J.L., R. Bron, J. Corver, and J. Wilschut. 1994. Membrane fusion of
Semliki Forest virus requires sphingolipids in the target membrane.
EMBO J. 13:2797-2804.

Nishimura, Y., M. Shimojima, Y. Tano, T. Miyamura, T. Wakita, and H.
Shimizu. 2009. Human P-selectin glycoprotein ligand-1 is a func-
tional receptor for enterovirus 71. Nat. Med. 15:794-797. http://dx.doi
.org/10.1038/nm.1961

Noyce, R.S., D.G. Bondre, M.N. Ha, L.-T. Lin, G. Sisson, M.-S. Tsao, and C.D.
Richardson. 2011. Tumor cell marker PVRL4 (nectin 4) is an epithelial
cell receptor for measles virus. PLoS Pathog. 7:¢1002240. http://dx.doi
.org/10.1371/journal.ppat.1002240

Ohkawa, T., L.E. Volkman, and M.D. Welch. 2010. Actin-based motility drives
baculovirus transit to the nucleus and cell surface. J. Cell Biol. 190:187-
195. http://dx.doi.org/10.1083/jcb.201001162

Pelkmans, L., J. Kartenbeck, and A. Helenius. 2001. Caveolar endocytosis of
simian virus 40 reveals a new two-step vesicular-transport pathway to the
ER. Nat. Cell Biol. 3:473-483. http://dx.doi.org/10.1038/35074539

Pelkmans, L., D. Piintener, and A. Helenius. 2002. Local actin polymerization
and dynamin recruitment in SV40-induced internalization of caveolae.
Science. 296:535-539. http://dx.doi.org/10.1126/science.1069784

Pileri, P., Y. Uematsu, S. Campagnoli, G. Galli, F. Falugi, R. Petracca, A.J. Weiner,
M. Houghton, D. Rosa, G. Grandi, and S. Abrignani. 1998. Binding of hep-
atitis C virus to CD81. Science. 282:938-941. http://dx.doi.org/10.1126/
science.282.5390.938

Ploss, A., M.J. Evans, V.A. Gaysinskaya, M. Panis, H. You, Y.P. de Jong, and
C.M. Rice. 2009. Human occludin is a hepatitis C virus entry factor re-
quired for infection of mouse cells. Nature. 457:882-886. http://dx.doi
.org/10.1038/nature07684

Pohlmann, S., J. Zhang, F. Baribaud, Z. Chen, G.J. Leslie, G. Lin, A. Granelli-
Piperno, R.W. Doms, C.M. Rice, and J.A. McKeating. 2003. Hepatitis
C virus glycoproteins interact with DC-SIGN and DC-SIGNR. J. Virol.
77:4070-4080. http://dx.doi.org/10.1128/IV1.77.7.4070-4080.2003

Radoshitzky, S.R., J. Abraham, C.F. Spiropoulou, J.H. Kuhn, D. Nguyen, W. Li, J.
Nagel, P.J. Schmidt, J.H. Nunberg, N.C. Andrews, et al. 2007. Transferrin
receptor 1 is a cellular receptor for New World haemorrhagic fever arena-
viruses. Nature. 446:92-96. http://dx.doi.org/10.1038/nature05539

Raghu, H., N. Sharma-Walia, M.V. Veettil, S. Sadagopan, and B. Chandran.
2009. Kaposi’s sarcoma-associated herpesvirus utilizes an actin poly-
merization-dependent macropinocytic pathway to enter human dermal
microvascular endothelial and human umbilical vein endothelial cells.
J. Virol. 83:4895-4911. http://dx.doi.org/10.1128/JV1.02498-08

Roberts, K.L., and G.L. Smith. 2008. Vaccinia virus morphogenesis and dis-
semination. Trends Microbiol. 16:472—479. http://dx.doi.org/10.1016/
j-tim.2008.07.009

Romer, W., L. Berland, V. Chambon, K. Gaus, B. Windschiegl, D. Tenza,
M.R.E. Aly, V. Fraisier, J.-C. Florent, D. Perrais, et al. 2007. Shiga toxin
induces tubular membrane invaginations for its uptake into cells. Nature.
450:670-675. http://dx.doi.org/10.1038/nature05996

Romer, W., L.-L. Pontani, B. Sorre, C. Rentero, L. Berland, V. Chambon,
C. Lamaze, P. Bassereau, C. Sykes, K. Gaus, and L. Johannes. 2010.
Actin dynamics drive membrane reorganization and scission in clathrin-
independent endocytosis. Cell. 140:540-553. http://dx.doi.org/10.1016/j
.cell.2010.01.010

Rust, M.J., M. Lakadamyali, F. Zhang, and X. Zhuang. 2004. Assembly of endo-
cytic machinery around individual influenza viruses during viral entry.
Nat. Struct. Mol. Biol. 11:567-573. http://dx.doi.org/10.1038/nsmb769

Saeed, M.F., A.A. Kolokoltsov, T. Albrecht, and R.A. Davey. 2010. Cellular
entry of ebola virus involves uptake by a macropinocytosis-like mecha-
nism and subsequent trafficking through early and late endosomes. PLoS
Pathog. 6:¢1001110. http://dx.doi.org/10.1371/journal.ppat.1001110

Scarselli, E., H. Ansuini, R. Cerino, R.M. Roccasecca, S. Acali, G. Filocamo, C.
Traboni, A. Nicosia, R. Cortese, and A. Vitelli. 2002. The human scaven-
ger receptor class B type I is a novel candidate receptor for the hepatitis C
virus. EMBO J. 21:5017-5025. http://dx.doi.org/10.1093/emboj/cdf529

Schelhaas, M., J. Malmstrom, L. Pelkmans, J. Haugstetter, L. Ellgaard, K.
Griinewald, and A. Helenius. 2007. Simian Virus 40 depends on ER
protein folding and quality control factors for entry into host cells. Cell.
131:516-529. http://dx.doi.org/10.1016/j.cell.2007.09.038

Schlegel, R., and M. Wade. 1984. A synthetic peptide corresponding to the NH2
terminus of vesicular stomatitis virus glycoprotein is a pH-dependent
hemolysin. J. Biol. Chem. 259:4691-4694.

Schmidt, F.I., C.K. Bleck, A. Helenius, and J. Mercer. 2011. Vaccinia extracellular
virions enter cells by macropinocytosis and acid-activated membrane rup-
ture. EMBO J. 30:3647-3661. http://dx.doi.org/10.1038/embo;j.2011.245

Schornberg, K., S. Matsuyama, K. Kabsch, S. Delos, A. Bouton, and J. White.
2006. Role of endosomal cathepsins in entry mediated by the Ebola
virus glycoprotein. J. Virol. 80:4174-4178. http://dx.doi.org/10.1128/
JVI1.80.8.4174-4178.2006

Shannon-Lowe, C.D., B. Neuhierl, G. Baldwin, A.B. Rickinson, and H.-J.
Delecluse. 2006. Resting B cells as a transfer vehicle for Epstein-Barr
virus infection of epithelial cells. Proc. Natl. Acad. Sci. USA. 103:7065—
7070. http://dx.doi.org/10.1073/pnas.0510512103

Shimizu, Y., T. Hishiki, S. Ujino, K. Sugiyama, K. Funami, and K. Shimotohno.
2011. Lipoprotein component associated with hepatitis C virus is es-
sential for virus infectivity. Curr. Opin. Virol. 1:19-26. http://dx.doi
.org/10.1016/j.coviro.2011.05.017

Shimojima, M., A. Takada, H. Ebihara, G. Neumann, K. Fujioka, T. Irimura, S.
Jones, H. Feldmann, and Y. Kawaoka. 2006. Tyro3 family-mediated cell
entry of Ebola and Marburg viruses. J. Virol. 80:10109-10116. http://
dx.doi.org/10.1128/JVI1.01157-06

Simmons, G., J.D. Reeves, C.C. Grogan, L.H. Vandenberghe, F. Baribaud, J.C.
Whitbeck, E. Burke, M.J. Buchmeier, E.J. Soilleux, J.L. Riley, et al.
2003. DC-SIGN and DC-SIGNR bind ebola glycoproteins and enhance
infection of macrophages and endothelial cells. Virology. 305:115-123.
http://dx.doi.org/10.1006/viro.2002.1730

Simmons, G., D.N. Gosalia, A.J. Rennekamp, J.D. Reeves, S.L. Diamond, and
P. Bates. 2005. Inhibitors of cathepsin L prevent severe acute respiratory
syndrome coronavirus entry. Proc. Natl. Acad. Sci. USA. 102:11876—
11881. http://dx.doi.org/10.1073/pnas.0505577102

Skehel, J.J., P.M. Bayley, E.B. Brown, S.R. Martin, M.D. Waterfield, J.M.
White, I.A. Wilson, and D.C. Wiley. 1982. Changes in the conformation
of influenza virus hemagglutinin at the pH optimum of virus-mediated
membrane fusion. Proc. Natl. Acad. Sci. USA. 79:968-972. http://dx.doi
.org/10.1073/pnas.79.4.968

Snyers, L., H. Zwickl, and D. Blaas. 2003. Human rhinovirus type 2 is inter-
nalized by clathrin-mediated endocytosis. J. Virol. 77:5360-5369. http://
dx.doi.org/10.1128/JV1.77.9.5360-5369.2003

Sobo, K., L. Rubbia-Brandt, T.D.K. Brown, A.D. Stuart, and T.A. McKee. 2011.
DAF binding determines the entry route of echovirus 11 in polarized epi-
thelial cells. J. Virol. In press.

Receptor-mediated virus entry * Grove and Marsh

1081

620z Jequiede( G0 U0 3senb Aq 4pd- L1801 LOZ A0l/SEYL06 L/LLOL/LIS6L/4Pd-8loe/qol/Bi0"sseidnu//:dpy wol papeojumog


http://dx.doi.org/10.1038/nature05539
http://dx.doi.org/10.1128/JVI.02498-08
http://dx.doi.org/10.1016/j.tim.2008.07.009
http://dx.doi.org/10.1016/j.tim.2008.07.009
http://dx.doi.org/10.1038/nature05996
http://dx.doi.org/10.1016/j.cell.2010.01.010
http://dx.doi.org/10.1016/j.cell.2010.01.010
http://dx.doi.org/10.1038/nsmb769
http://dx.doi.org/10.1371/journal.ppat.1001110
http://dx.doi.org/10.1093/emboj/cdf529
http://dx.doi.org/10.1016/j.cell.2007.09.038
http://dx.doi.org/10.1038/emboj.2011.245
http://dx.doi.org/10.1128/JVI.80.8.4174-4178.2006
http://dx.doi.org/10.1128/JVI.80.8.4174-4178.2006
http://dx.doi.org/10.1073/pnas.0510512103
http://dx.doi.org/10.1016/j.coviro.2011.05.017
http://dx.doi.org/10.1016/j.coviro.2011.05.017
http://dx.doi.org/10.1128/JVI.01157-06
http://dx.doi.org/10.1128/JVI.01157-06
http://dx.doi.org/10.1006/viro.2002.1730
http://dx.doi.org/10.1073/pnas.0505577102
http://dx.doi.org/10.1073/pnas.79.4.968
http://dx.doi.org/10.1073/pnas.79.4.968
http://dx.doi.org/10.1128/JVI.77.9.5360-5369.2003
http://dx.doi.org/10.1128/JVI.77.9.5360-5369.2003
http://dx.doi.org/10.1016/0092-8674(89)90690-9
http://dx.doi.org/10.1126/science.1155164
http://dx.doi.org/10.1126/science.1155164
http://dx.doi.org/10.1073/pnas.1004618107
http://dx.doi.org/10.1073/pnas.1004618107
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
http://dx.doi.org/10.1016/j.cell.2009.02.046
http://dx.doi.org/10.1016/S0092-8674(00)81363-X
http://dx.doi.org/10.1016/S0092-8674(00)81363-X
http://dx.doi.org/10.1016/j.chom.2011.03.012
http://dx.doi.org/10.1016/j.chom.2011.03.012
http://dx.doi.org/10.1016/S0092-8674(00)00170-7
http://dx.doi.org/10.1016/S0092-8674(00)00170-7
http://dx.doi.org/10.1016/j.coviro.2011.05.002
http://dx.doi.org/10.1371/journal.ppat.1001121
http://dx.doi.org/10.1016/j.chom.2010.09.004
http://dx.doi.org/10.1016/j.chom.2010.09.004
http://dx.doi.org/10.1038/nm.1961
http://dx.doi.org/10.1038/nm.1961
http://dx.doi.org/10.1371/journal.ppat.1002240
http://dx.doi.org/10.1371/journal.ppat.1002240
http://dx.doi.org/10.1083/jcb.201001162
http://dx.doi.org/10.1038/35074539
http://dx.doi.org/10.1126/science.1069784
http://dx.doi.org/10.1126/science.282.5390.938
http://dx.doi.org/10.1126/science.282.5390.938
http://dx.doi.org/10.1038/nature07684
http://dx.doi.org/10.1038/nature07684
http://dx.doi.org/10.1128/JVI.77.7.4070-4080.2003

1082

Sodeik, B., M.W. Ebersold, and A. Helenius. 1997. Microtubule-mediated trans-
port of incoming herpes simplex virus 1 capsids to the nucleus. J. Cell
Biol. 136:1007-1021. http://dx.doi.org/10.1083/jcb.136.5.1007

Stamataki, Z., C. Shannon-Lowe, J. Shaw, D. Mutimer, A.B. Rickinson, J.
Gordon, D.H. Adams, P. Balfe, and J.A. McKeating. 2009. Hepatitis C
virus association with peripheral blood B lymphocytes potentiates viral
infection of liver-derived hepatoma cells. Blood. 113:585-593. http:/
dx.doi.org/10.1182/blood-2008-05-158824

Staunton, D.E., V.J. Merluzzi, R. Rothlein, R. Barton, S.D. Marlin, and
T.A. Springer. 1989. A cell adhesion molecule, ICAM-1, is the major
surface receptor for rhinoviruses. Cell. 56:849-853. http://dx.doi.org/
10.1016/0092-8674(89)90689-2

Stehle, T., Y. Yan, T.L. Benjamin, and S.C. Harrison. 1994. Structure of mu-
rine polyomavirus complexed with an oligosaccharide receptor fragment.
Nature. 369:160-163. http://dx.doi.org/10.1038/369160a0

Stein, B.S., S.D. Gowda, J.D. Lifson, R.C. Penhallow, K.G. Bensch, and E.G.
Engleman. 1987. pH-independent HIV entry into CD4-positive T cells
via virus envelope fusion to the plasma membrane. Cell. 49:659-668.
http://dx.doi.org/10.1016/0092-8674(87)90542-3

Stiasny, K., C. Koessl, and F.X. Heinz. 2003. Involvement of lipids in different
steps of the flavivirus fusion mechanism. J. Virol. 77:7856-7862. http://
dx.doi.org/10.1128/JV1.77.14.7856-7862.2003

Suomalainen, M., M.Y. Nakano, S. Keller, K. Boucke, R.P. Stidwill, and U.F.
Greber. 1999. Microtubule-dependent plus- and minus end—directed
motilities are competing processes for nuclear targeting of adenovirus.
J. Cell Biol. 144:657-672. http://dx.doi.org/10.1083/jcb.144.4.657

Swanson, J.A. 2008. Shaping cups into phagosomes and macropinosomes. Nat.
Rev. Mol. Cell Biol. 9:639-649. http://dx.doi.org/10.1038/nrm2447

Tatsuo, H., N. Ono, K. Tanaka, and Y. Yanagi. 2000. SLAM (CDw150) is a cel-
lular receptor for measles virus. Nature. 406:893-897. http://dx.doi.org/
10.1038/35022579

Taylor, M.P., O0.0. Koyuncu, and L.W. Enquist. 2011. Subversion of the
actin cytoskeleton during viral infection. Nat. Rev. Microbiol. 9:427-439.
http://dx.doi.org/10.1038/nrmicro2574

Tomko, R.P., R. Xu, and L. Philipson. 1997. HCAR and MCAR: The human and
mouse cellular receptors for subgroup C adenoviruses and group B cox-
sackieviruses. Proc. Natl. Acad. Sci. USA. 94:3352-3356. http://dx.doi
.org/10.1073/pnas.94.7.3352

Tsai, B., .M. Gilbert, T. Stehle, W. Lencer, T.L. Benjamin, and T.A. Rapoport.
2003. Gangliosides are receptors for murine polyoma virus and SV40.
EMBO J. 22:4346-4355. http://dx.doi.org/10.1093/emboj/cdg439

Tscherne, D.M., C.T. Jones, M.J. Evans, B.D. Lindenbach, J.A. McKeating, and
C.M. Rice. 2006. Time- and temperature-dependent activation of hepa-
titis C virus for low-pH-triggered entry. J. Virol. 80:1734-1741. http://
dx.doi.org/10.1128/JV1.80.4.1734-1741.2006

Valiya Veettil, M., S. Sadagopan, N. Kerur, S. Chakraborty, and B. Chandran.
2010. Interaction of c-Cbl with myosin ITA regulates Bleb associated
macropinocytosis of Kaposi’s sarcoma-associated herpesvirus. PLoS
Pathog. 6:¢1001238. http://dx.doi.org/10.1371/journal.ppat.1001238

van der Schaar, H.M., M.J. Rust, C. Chen, H. van der Ende-Metselaar, J.
Wilschut, X. Zhuang, and J.M. Smit. 2008. Dissecting the cell entry
pathway of dengue virus by single-particle tracking in living cells. PLoS
Pathog. 4:1000244. http://dx.doi.org/10.1371/journal.ppat.1000244

Vlasak, M., I. Goesler, and D. Blaas. 2005. Human rhinovirus type 89 variants
use heparan sulfate proteoglycan for cell attachment. J. Virol. 79:5963—
5970. http://dx.doi.org/10.1128/JV1.79.10.5963-5970.2005

von Kleist, L., W. Stahlschmidt, H. Bulut, K. Gromova, D. Puchkov, M.J.
Robertson, K.A. MacGregor, N. Tomilin, A. Pechstein, N. Chau, et al. 2011.
Role of the clathrin terminal domain in regulating coated pit dynamics
revealed by small molecule inhibition. Cell. 146:471-484. http://dx.doi
.org/10.1016/j.cell.2011.06.025

Wang, K.S., RJ. Kuhn, E.G. Strauss, S. Ou, and J.H. Strauss. 1992. High-
affinity laminin receptor is a receptor for Sindbis virus in mammalian
cells. J. Virol. 66:4992-5001.

Wang, X., D.Y. Huang, S.-M. Huong, and E.-S. Huang. 2005. Integrin alphav-
beta3 is a coreceptor for human cytomegalovirus. Nat. Med. 11:515-521.
http://dx.doi.org/10.1038/nm1236

Wickham, T.J., P. Mathias, D.A. Cheresh, and G.R. Nemerow. 1993.
Integrins alpha v beta 3 and alpha v beta 5 promote adenovirus inter-
nalization but not virus attachment. Cell. 73:309-319. http://dx.doi.org/
10.1016/0092-8674(93)90231-E

Yamayoshi, S., Y. Yamashita, J. Li, N. Hanagata, T. Minowa, T. Takemura, and
S. Koike. 2009. Scavenger receptor B2 is a cellular receptor for entero-
virus 71. Nat. Med. 15:798-801. http://dx.doi.org/10.1038/nm.1992

Yoder, A., D. Yu, L. Dong, S.R. Iyer, X. Xu, J. Kelly, J. Liu, W. Wang, P.J.
Vorster, L. Agulto, et al. 2008. HIV envelope-CXCR4 signaling activates

JCB « VOLUME 195 « NUMBER 7 « 2011

cofilin to overcome cortical actin restriction in resting CD4 T cells. Cell.
134:782-792. http://dx.doi.org/10.1016/j.cell.2008.06.036

Yolken, R.H., R. Willoughby, S.B. Wee, R. Miskuff, and S. Vonderfecht. 1987.
Sialic acid glycoproteins inhibit in vitro and in vivo replication of rota-
viruses. J. Clin. Invest. 79:148-154. http://dx.doi.org/10.1172/ICI112775

Zaitseva, E., S.T. Yang, K. Melikov, S. Pourmal, and L.V. Chernomordik. 2010.
Dengue virus ensures its fusion in late endosomes using compartment-
specific lipids. PLoS Pathog. 6:¢1001131. http://dx.doi.org/10.1371/journal
.ppat.1001131

620z Jequiede( G0 U0 3senb Aq 4pd- L1801 LOZ A0l/SEYL06 L/LLOL/LIS6L/4Pd-8loe/qol/Bi0"sseidnu//:dpy wol papeojumog


http://dx.doi.org/10.1016/j.cell.2008.06.036
http://dx.doi.org/10.1172/JCI112775
http://dx.doi.org/10.1371/journal.ppat.1001131
http://dx.doi.org/10.1371/journal.ppat.1001131
http://dx.doi.org/10.1083/jcb.136.5.1007
http://dx.doi.org/10.1182/blood-2008-05-158824
http://dx.doi.org/10.1182/blood-2008-05-158824
http://dx.doi.org/10.1016/0092-8674(89)90689-2
http://dx.doi.org/10.1016/0092-8674(89)90689-2
http://dx.doi.org/10.1038/369160a0
http://dx.doi.org/10.1016/0092-8674(87)90542-3
http://dx.doi.org/10.1128/JVI.77.14.7856-7862.2003
http://dx.doi.org/10.1128/JVI.77.14.7856-7862.2003
http://dx.doi.org/10.1083/jcb.144.4.657
http://dx.doi.org/10.1038/nrm2447
http://dx.doi.org/10.1038/35022579
http://dx.doi.org/10.1038/35022579
http://dx.doi.org/10.1038/nrmicro2574
http://dx.doi.org/10.1073/pnas.94.7.3352
http://dx.doi.org/10.1073/pnas.94.7.3352
http://dx.doi.org/10.1093/emboj/cdg439
http://dx.doi.org/10.1128/JVI.80.4.1734-1741.2006
http://dx.doi.org/10.1128/JVI.80.4.1734-1741.2006
http://dx.doi.org/10.1371/journal.ppat.1001238
http://dx.doi.org/10.1371/journal.ppat.1000244
http://dx.doi.org/10.1128/JVI.79.10.5963-5970.2005
http://dx.doi.org/10.1016/j.cell.2011.06.025
http://dx.doi.org/10.1016/j.cell.2011.06.025
http://dx.doi.org/10.1038/nm1236
http://dx.doi.org/10.1016/0092-8674(93)90231-E
http://dx.doi.org/10.1016/0092-8674(93)90231-E
http://dx.doi.org/10.1038/nm.1992

