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Abstract
We compare the receptor-based mechanisms that a small RNA virus and a larger DNA virus have
evolved to drive the fusion of viral and cellular membranes. Both systems rely on tight control
over triggering the concerted refolding of a trimeric fusion protein. While measles virus entry
depends on a receptor-binding protein and a fusion protein only, the herpes simplex virus is more
complex and requires four viral proteins. Nevertheless, in both viruses a receptor-binding protein
is required for triggering the membrane fusion process. Moreover, specificity domains can be
appended to these receptor-binding proteins to target virus entry to cells expressing a designated
receptor. We discuss how principles established with measles and herpes simplex virus can be
applied to targeting other enveloped viruses, and alternatively how retargeted envelopes can be
fitted on foreign capsids.

INTRODUCTION
The Latin virus refers to poison and other noxious substances, but viruses have long been
modified to serve as vectors for gene delivery. Viruses genetically modified to destroy
cancer cells have reached advanced clinical trials, and one of them is an approved
therapeutic[1]. Thus the transformation of viruses from agents of disease into therapeutics is
already clinical reality. New developments that accelerate this transformation are based on
the combination of three principles: targeting, arming and shielding[2]. We discuss here how
the entry of enveloped viruses can be retargeted to specific cells for either oncolytic or gene
delivery purposes. We review how one enveloped RNA virus and one enveloped DNA virus
have been retargeted, and how principles established with these two systems can be applied
to all enveloped viruses.
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Of note, while a few viruses with post-entry tropism modifications are in advanced (phase
III) clinical trials as oncolytics, viruses with retargeted entry have not yet reached the
clinical trial stage. In particular, entry targeting of icosahedral viruses is complicated by the
cumulative constraints of capsid symmetry. In view of these considerations, it is not
surprising that to date, the number of viruses that have been successfully retargeted at the
entry level remains small. However, these constraints do not apply to those enveloped RNA
viruses that have helical nucleocapsids, and affect only indirectly the envelopes of the large
DNA viruses. The virus family Paramyxoviridae, with a negative strand RNA genome, and
the family Herpesviridae, with a double stranded DNA genome, have been retargeted to
recognize and enter cells using designated receptors. In this review, we will cover the
proposed entry mechanisms for measles virus (MV), a member of the paramyxovirus family,
and of herpes simplex virus I (HSV), a member of the herpesviruses. We will discuss the
similarities and differences between HSV and MV entry mechanisms, and how these
systems have been modified to achieve retargeted entry.

Measles Virus (MV) Entry Mechanism
MV is a member of the paramyxovirus family, which includes prevalent human viruses such
as mumps, parainfluenza and respiratory syncytial virus, and emerging viruses such as
Hendra and Nipah. These viruses have similar two-glycoprotein entry complexes, but the
receptor-binding protein is named HN (hemagglutinin-neuraminidase) when it interacts with
oligosaccharide receptors, and either H or G protein when it interacts with protein receptors.

MV fuses its envelope with the host-cell membrane at neutral pH. The receptor binding and
membrane fusion functions are separated on two proteins, the tetrameric hemagglutinin (H)
and the trimeric fusion (F) proteins, respectively (Figure 1). MV uses two receptors
sequentially to infect and spread through selected organs of the human body. In the airway's
lumen, wild type MV-H binds to signaling lymphocyte activation molecule (SLAM, see
Figure 1B) on alveolar macrophages and dendritic cells, which ferry the infection through
the epithelial barrier [3]. Vigorous MV replication in primary and secondary lymphatic
organs follows [4]. After several days progressively strong infection of nectin-4 expressing
airway epithelial cells is documented [5] [6] [7]. The attenuated vaccine strains of MV have
also gained the use of ubiquitous CD46 as a receptor.

The current model for MV entry considers that any interaction with a membrane-anchored
receptor that results in concerted movement of the H heads will trigger refolding of the
trimeric F protein and subsequent membrane fusion[8–10]. In particular, H exists as a non-
covalent dimer of dimers with the two subunits of each dimer linked by two disulfide bonds
in the stalk (Figure 1A and Figure 1B, left panel). The F-protein is in contact with the H-
stalk prior to receptor engagement by the globular H-head. Using engineered disulfide bonds
to constrain movement of the H-head dimers, it was shown that the H-heads must move
relative to each other after receptor binding to transmit the fusion-triggering signal to F [8].
Signal transmission may occur through an interaction between the H-stalk and the F-protein.
Upon triggering, F undergoes dramatic refolding to insert its fusion peptide in the target
membrane, resulting in membrane fusion.

Paramyxovirus Retargeting
Paramyxoviruses have been an ideal starting point to develop targeted cell entry because
receptor attachment and fusion functions are separated on two proteins. Viruses that use
protein-based receptors, like those of the morbillivirus genus including MV, have proven to
be easier to retarget. Over a decade ago, it was shown that MV can enter cells through
designated receptors when specificity domains are displayed on the flexible C-terminus of H
[11]. The presence of these domains on the MV envelope has minimal effect on the use of
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natural receptors. However, recognition of the natural MV receptors can be selectively
disrupted by mutations within the mapped receptor binding interfaces[12], generating
completely retargeted vectors only able to enter cells through the designated receptor[13].

To characterize the mechanism of fusion triggering, hexahistidine tags were inserted in
different locations in the top half of the H-protein [8]. The tag is recognized by a membrane-
anchored single-chain antibody expressed on Vero-His cells. It was shown that these
hexahistidine “handles,” when added to locations in close proximity to the binding footprints
of the natural receptors, can be used by the membrane-anchored artificial receptor to trigger
fusion, proving that “key-in-lock” specificity during receptor engagement is not required in
this system. Strikingly, even addition of the hexahistidine handle to the flexible C-terminus
sustains cell entry. All these observations are consistent with a torsional model of triggering.
It is likely that binding to natural and artificial receptors ultimately triggers fusion through
de-stabilization of the H-stalk interaction with F-trimers.

Based on this compliant, H-head movement based entry system, MV retargeting has been
achieved through a broad range of cell surface molecules, including proteins that span the
membrane only once, in type I or type II orientations, or several times. These receptors can
be monomeric, homo- or hetero-oligomeric, and have a wide range of functions [14].
Equally important is the ability of the virus to accommodate the specificity ligands, which
range in size from the compact 60-residue epithelial growth factor to single-chain antibodies
with nearly 250 residues [14].

At least two factors contribute to the retargeting efficiency observed with MV: 1) the
separation of receptor binding and membrane fusion functionality to different glycoproteins;
and 2) the proposed entry mechanism that does not depend on key-in-lock receptor
specificity. In this context, any specificity domain capable of transmitting torsional or
extensional force on the H tetramer following receptor binding should function as a
retargeting specificity domain. The versatility of the MV entry system therefore reflects the
elegant simplicity of its mechanism, and future retargeting approaches that preserve the
mobility of the H-heads in response to receptor binding should see continued success.

Herpes Simplex Virus (HSV) Entry Mechanism
HSV entry is more complex than MV entry: it can occur via fusion of the viral envelope
with either the plasma or endocytic membranes [15] (see also chapter by Campadelli-Fiume
in this issue [16]). Five glycoproteins are implicated in HSV entry, gC, gB, gD and the
heterodimer gH/gL [17]. The virus initially attaches to cells through the interaction of gC
and gB with cell surface proteoglycans [18]. However, attachment is not sufficient to allow
entry and requires the interaction between the receptor-binding protein gD and a specific cell
surface receptor (Figure 2). The latter event triggers the membrane fusion process that is
mediated by gB and gH/gL. Importantly, the gB trimer and gH/gL heterodimer are
conserved across the Herpesviridae family (Figure 2B, right panel) whereas the receptor-
binding protein varies amongst the family members.

HSV gD (Figure 2B, left panel) can bind to three different receptors [15]. The herpesvirus
entry mediator (HVEM), an immune modulator expressed on fibroblasts and ocular cell
types was the first described HSV receptor [19] (Figure 2B, bottom right panel). The cell
adhesion molecule nectin-1 is the primary receptor for HSV on neurons, keratinocytes and
epithelial cells [20–22] (Figure 2B, top right panel). Finally, gD can also bind heparan
sulfate specifically modified by 3-O-sulfotransfereases to trigger entry [23]. In addition, gB
and the gH/gL heterodimer may also bind cellular tethering factors that serve to enhance
entry [24].
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In the last ten years detailed structural information has become available for the ectodomains
of all four essential HSV viral entry glycoproteins (gD, gB and gH/gL) providing key
insights into the HSV entry mechanism [25,26]. Co-crystal structures of gD in complex with
each of the two proteinaceous receptors nectin-1 [27] and HVEM[28] are now available and
a comparison between gD-receptor complexes versus unliganded gD structures have
provided critical insight into the receptor-mediated activation of HSV fusion.

gD is composed of an Ig-like core that is wrapped by proline rich N- and C-terminal
extensions. Binding to HVEM is associated with refolding of the gD 20 N-terminal amino
acids to form a hairpin that contacts the receptor (Figure 2, bottom panel) [28]. Importantly,
in this complex the gD N-terminal hairpin occupies the space filled by the C-terminal region
of the gD-ectodomain in the unliganded molecule. However, the 20 N-terminal gD residues
are dispensable for nectin-1 binding and HSV entry [29]. Instead, nectin-1 binds to an
epitope that is buried by the same region of the C-terminal extension that is displaced upon
formation of the gD/HVEM complex (Figure 2, upper panel) [27]. Thus, the interaction of
gD with either receptor disrupts the association of the Ig-core and C-terminal residues
causing unwrapping and exposure of the last 50-residues of the C-terminal extension (also
referred as the pro-fusion domain) [30] [31].

After receptor binding the pro-fusion domain has been proposed to interact with the gH/gL
heterodimer and/or the gB trimer [32]. Receptor-binding may also promote formation of
specific contacts between gH/gL and gB. All these interactions converge towards the same
event: they trigger gB to insert its fusion loops into the target cell membrane and to refold to
a post-fusion structure concomitantly leading to membrane fusion. Thus, both HSV and MV
fusion mechanisms rely on the tight control of the concerted triggering of a trimeric fusion
protein. In both viral systems specific triggering can be achieved by at least three different
receptors, setting a precedent for activation through targeted receptors.

Herpes Simplex Virus Retargeting
Herpesviruses require more proteins to accomplish cell entry compared to paramyxoviruses.
As a result more aspects of the HSV entry mechanism remain to be elucidated. For example
the role of gH/gL in the membrane fusion process is not understood and how the profusion
domain triggers the fusion process remains to be determined. Notwithstanding the
outstanding questions about the entry mechanism, the principles underlying retargeting of
HSV are similar to those underlying MV retargeted entry. Similar to MV, the HSV receptor-
binding protein gD is sufficiently plastic to allow insertion close to the N-terminus of
targeting ligands such as interleukin 13 (IL-13) [33], urokinase plasminogen activator (uPA)
[34] [35] and a single-chain antibody (scFv) to human epidermal growth factor receptor-2
[36] (HER2). This is especially significant as the HER2 scFv is comparable in size to gD,
demonstrating that gD can tolerate large insertions and remain functional. Detargeting HSV
was achieved analogous to the MV paradigm by mutation or deletion of gD residues known
to be involved in receptor binding. These include the HVEM and heparan sulfate binding
sites that map to amino acid residues 6–38. Nectin-1 binding was prevented by mutations in
the binding site or by steric occlusion by inserting the targeting ligand in front of its
interacting surface [36].

Strikingly, it was recently shown that gD function was maintained and complete detargeting
achieved when the entire Ig-core of gD was replaced by a scFv antibody to HER2 [37]. This
finding is consistent with and highlights the critical role of the gD pro-fusion domain in the
triggering of the fusion process (Figure 2A). However, the current data cannot assess
whether in these chimeric gDs the C-terminal region is displaced upon interaction with the
retargeting receptor or is already exposed previous to binding resulting in a pre-activated
gD. While the latter may be true for these engineered forms of gD, it may not be the
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mechanism that wild-type HSV uses. Exposure of the C-terminal region prior to receptor
binding may diminish selectivity for target cells. For instance, if the C-terminus were always
exposed, the virus could enter cells that express only a gB or a gH/gL receptor with the risk
of inefficient entry or even fusion with the wrong cell compartment. Unmasking of the C-
terminus only in the presence of a bona fide gD-receptor has the advantage of initiating the
process only at the right time/place. It is likely that HSV has evolved to release the gD C-
terminal region and initiate cell entry only upon receptor binding to ensure efficient tropism
in the host.

In conclusion, the fact that separate HSV proteins are responsible for receptor-binding and
fusion function allows for efficient retargeted entry. Moreover, the HSV receptor-binding
protein is also sufficiently plastic to accommodate large insertions. The fact that the Ig-core
of gD is dispensable for fusion-support function should allow the substitution of a large
variety of targeting ligands and the development of versatile therapeutic gene delivery
vectors. Mechanistic information, once available will facilitate the design of additional re-
targeting strategies.

Perspectives
Remarkably, the structurally diverse receptor-binding proteins of MV and HSV both bind to
the same location on their respective Ig-like receptors, SLAM and nectin-1. More generally,
viruses of several families bind near the tip of one side of the most membrane-distal domain
of Ig-superfamily proteins involved in cell adhesion [38]. Binding to cell adhesion
molecules may favor virus spread by opening intracellular junctions, and reflect early
adaptation of viruses to multicellular systems.

Both MV and HSV entry mechanisms rely principally on one oligomeric protein for
binding, which then transmits a triggering signal to a trimeric fusion protein. Signal
transmission is direct and involves the stalk of the binding protein for MV, whereas for HSV
more than one triggering pathways may exist. In both systems viral attachment may involve
multiple interactions: receptors may bind to different oligomers, and to individual subunits
within each oligomer. Engagement of all the subunits within an oligomer may require their
re-orientation and reconfiguration. Simultaneous re-configuration of multiple oligomers
would result in de-stabilization of the envelope glycoprotein lattice, concerted re-folding of
trimeric fusion proteins, and membrane fusion.

How easy is it to apply the principles of re-targeting delineated here to viruses other than
MV or HSV? Among paramyxoviruses, the H-protein of the closely MV-related canine
distemper virus, and that of the more distantly related Tupaia paramyxovirus, have been
retargeted by display of single-chain antibodies [39] [40]. However, no success has been
reported yet on re-targeting of sialic acid-binding HN-proteins, which are used by a majority
of paramyxoviruses. Interestingly, recent mechanistic studies of fusion triggering [8],
together with several other observations [41,42] and structural studies of the HN ectodomain
[10] have suggested that the details of the activation mechanisms of H/G- versus HN-based
fusion systems may differ. Once again, these observations highlight the importance of a
deeper understanding of the molecular mechanisms of receptor binding and fusion triggering
for the development of targeted cell-entry. Analogously, it should be relatively
straightforward to retarget the closely related alphaherpesvirus HSV-2 based on the same
principles established for HSV-1.

Finally, modification of the glycoproteins of certain enveloped virus families towards
retargeting has been difficult. However, in an alternative experimental approach the
retargeted MV glycoproteins have been incorporated in place of the original glycoprotein in
the envelope of a lentiviral vector. These “pseudotyped” HIV nucleocapsids deliver genetic
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material very specifically to different target cell types [43]. To sustain efficient
incorporation of the MV glycoproteins it was sufficient to precisely trim their respective
cytoplasmic tails [44]. Analogously, after proper fitting of the retargeted glycoproteins of
MV or related paramyxoviruses [39] [40] in the envelope of other viruses, chimeric vectors
can be generated for systemic inoculation to achieve targeted gene transfer or oncolysis.
Thus, re-targeting of enveloped virus families whose entry systems are complex or not well
understood can be approached based on envelope exchange.
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Highlights

• Targeting: addition of specificity domains to the receptor-binding protein

• Entry targeting of viral vectors improves efficacy of oncolytic and gene
therapies

• Enveloped viruses measles and herpes simplex virus I have been successfully
retargeted

• Envelope exchange for viruses with prohibitive entry constraints
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Figure 1.
MV fusion complex.
A. Schematic of MV F and H proteins indicating cytoplasmic tail (CT), transmembrane
(TM), stalk (S) and globular head regions. For the F-protein the fusion peptide (FP, blue
shading) and the F1 and F2 subunits that are the result of an activating proteolytic cleavage
are indicated. The first residue of the F2 protein is His29; residues 1–28 constitute the signal
peptide. The inter-subunit disulfide bond between F1 and F2 is indicated (s–s). The inter-
dimer disulfide bonds in the H-dimer are indicated by red lines (C139 and C154). Targeting
ligands are appended to the C-terminus of the H-protein as indicated by an arrow. B. Left
panel. The H-tetramer is indicated as a combination of a schematic (stalk) and crystal
structure[45] (two H-head dimers). Each monomer of the H-tetramer is shaded in a unique
color which is extended to the stalk schematic. The C-terminal residue of the crystal
structure is indicated by a grey shaded space-filling amino acid (residue 607). The MV F-
trimer has been modeled based on the crystal structure of the related human paramyxovirus
5 F-trimer[46]. Each monomer has been shaded in a different color for clarity. The fusion
peptide has been shaded blue. Middle panel. The SLAM-binding footprint has been shaded
orange and a schematic used to depict the approximate SLAM-binding location. Right panel.
The nectin4-binding footprint is indicated by cyan shading. The proposed location of
nectin4-binding is indicated by a schematic. Each oval represents an Ig-like domain. Only
two receptor molecules are drawn for simplicity, but up to four receptor molecules may bind
one H-tetramer to trigger fusion.
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Figure 2.
Involvement of the HSV receptor-binding protein gD in entry.
A. Schematic representation of HSV-1 gD. Numbering for gD starts at lysine 1 of the mature
glycoprotein. The gD IgG core, labeled V for the Ig V-fold, is colored in yellow, residues
forming the HVEM binding hairpin are in green and residues 260 to 316 that are displaced
by receptor binding are in red. The gD Ig core has been shown to be replaceable when used
for retargeting the virus. B. Structural schematic showing the triggering of the entry process
mediated by gD. The same color code as in panel A was used. Regions that were not
determined and presumably flexible in the crystal structures are shown as dotted lines. The
left panel shows gD in the unliganded state where residues 260–306 are folded against the
core structure. Nectin-1 or HVEM receptors bind to gD causing unwrapping of this C-
terminal region (central panel). Exposure of this region mediates gH/gL (orange/green,
respectively) and gB (blue trimer) interactions with concomitant membrane fusion and viral
entry. The location of the C-terminal region of gD (residues 260–316) was not determined in
the gD/Nectin-1 and gD/HVEM structures and is modeled as an extended coil pointing
towards the viral membrane. Similarly the N-terminal 20 amino acids of gD were not
localized in the unliganded gD and in the gD/Nectin-1 complex.

Navaratnarajah et al. Page 11

Curr Opin Virol. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


