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Abstract: Viruses are the smallest life forms and parasitize on many eukaryotic organisms,
including humans. Consequently, the study of viruses and viral diseases has had an
enormous impact on diverse fields of biology and medicine. Due to their often pathogenic
properties, viruses have not only had a strong impact on the development of immune
cells but also on shaping entire immune mechanisms in their hosts. In order to better
characterize virus-specific surface receptors, pathways of virus entry and the mechanisms
of virus assembly, diverse methods to visualize virus particles themselves have been developed
in the past decades. Apart from characterization of virus-specific mechanisms, fluorescent
virus particles also serve as valuable platforms to study receptor-ligand interactions. Along
those lines the authors have developed non-infectious virus-like nanoparticles (VNP),
which can be decorated with immune receptors of choice and used for probing
receptor-ligand interactions, an especially interesting application in the field of basic but
also applied immunology research. To be able to better trace receptor-decorated VNP the
authors have developed technology to introduce fluorescent proteins into such particles
and henceforth termed them fluorosomes (FS). Since VNP are assembled in a simple
expression system relying on HEK-293 cells, gene-products of interest can be assembled in
a simple and straightforward fashion—one of the reasons why the authors like to call
fluorosomes ‘the poor-man’s staining tool’. Within this review article an overview on virus
particle assembly, chemical and recombinant methods of virus particle labeling and
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examples on how FS can be applied as sensors to monitor receptor-ligand interactions on
leukocytes are given.

Keywords: virus-like nanoparticles; fluorosomes; fluorescent dyes; receptor-ligand
interactions

List of abbreviations:

C3 complement component 3

CD cluster of differentiation

CLL chronic lymphocytic leukemia

CR2 complement receptor 2

DNA deoxyribonucleic acid

EDso effective dose 50 percent

FS fluorosome

Gag group specific antigen of retrovirus, i.e., core proteins
GFP green fluorescent protein

GM-CSF granulocyte macrophage colony-stimulating factor
GPI glycosyl phosphatidyl inositol

HIV human immunodeficiency virus

IL interleukin

IL-2R interleukin-2 receptor

MA matrix protein of retrovirus

MoMLV moloney murine leukemia virus

PKH Paul Karl Horan, inventor of PKH dyes
RNA ribonucleic acid

RFP red fluorescent protein

SD standard deviation

VNP virus-like nanoparticle

VSV vesicular stomatitis virus

YFP yellow fluorescent protein

1. Virus Like-Nanoparticles—Just Empty Shells?

Virus-like nanoparticles (VNP) are self-assembling, non-replicating and non-infectious particles
resembling in size and shape the parent viruses they are derived from. Over-expression of viral structural
proteins in different primary cells or permanent cell lines including cells of bacterial, yeast, plant, insect
and mammalian origin, leads to the formation of VNP representing highly-organized particulate structures
of defined size [1-5]. So far, VNP of a wide variety of different viruses belonging either to the RNA or
DNA orders, and either enveloped or non-enveloped, have been created and induced by recombinant
expression in producer cell lines of either single or multiple viral capsid proteins (reviewed in [6]).
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How is VNP budding from producer cells induced by single or multiple capsid proteins? In fact,
budding of viral particles is generally induced by the self-assembling tendency of viral structural
proteins. These proteins carry distinct determinants for self-assembly and have the tendency to form
bended spherical structures upon aggregation with each other. The size of the particles formed during
this process is dictated by the biophysical properties of the respective core proteins, which allow a
certain degree of bending. Of note, alteration of a given core sequence also causes variations in particle
size and shape [7-9]. The end product of the budding process is a stable, often geometrically
sophisticated three-dimensional structure, which characteristically differs between virus families.
Enveloped C-type viruses comprising retroviruses including HIV, which use the plasma membrane of
the infected host cell as a ‘second coat’, display in addition to the self-assembling properties of their
core protein(s) some peculiarities associated with the budding process. In order to get enveloped by the
plasma membrane, their core proteins become typically post-translationally modified by covalent
attachment of myristic acid to their N-terminal glycine residue [10,11]. Proteins with linear lipid
modifications in the form of long fatty acids have the tendency to insert themselves into special
regions of the plasma membrane characterized by an ordered lipid environment and commonly referred
to as lipid rafts or membrane microdomains [12,13]. These modifications function as membrane anchors
for the newly translated core proteins, which otherwise would freely float around within the ocean of
cytoplasmic proteins. Moreover, this mechanism also concentrates the core proteins at the cytoplasmic
aspect of the plasma membrane, which can be appreciated as electron-dense patches in ultrastructural
analyses [14]. This is the way newly synthesized core proteins find each other, start to interact with
each other and eventually form new particles. The high core protein concentration at the inner aspect
of lipid rafts facilitates physical interactions between neighboring proteins so that core protein intrinsic
factors can come into play and promote their further aggregation and stabilization. In addition, a
positively charged stretch of amino acids within the N-terminal region of most core proteins, provided
by a cluster of basic residues brought about by an accumulation of arginines and lysines, promotes
their additional association with the inner aspect of the plasma membrane [15-19]. These residues
most probably contribute to electrostatic interactions with negatively charged head-groups of acidic
phospholipids at the inner leaflet of the plasma membrane [20,21]. Protein-sequence intrinsic features
together with the posttranslational lipid modifications increase the stability of the overall interaction of
core proteins with the plasma membrane [22-24].

Why and how enveloped viral particles eventually bud from the plasma membrane is still
enigmatic. One hypothesis to explain budding claims that the spherical structure formed by core
protein aggregation is strong enough to coat itself with membrane lipids and finally to pinch-off the
cell (pulling force of the virus particle) (reviewed in [25]). Another hypothesis proposes that in the last
phase of budding, newly formed particles reside on stalks, which might be responsible for particle
coating, maturation and release (pushing force of host-encoded proteins) (reviewed in [25]). In fact,
disruption of distinct regions within Gag sequences of retroviruses, now commonly referred to as
late domains (L-domains) have been shown to be of critical importance during the latest steps of
budding [26], since they actively interact with host cell molecules involved in the generation of
cellular vesicles, which bud away from the host cell. Along those lines several proteins belonging to
the endosomal sorting complex required for transport (ESCORT) and providing binding-pockets for
L-domains of retroviruses have been identified [27-29]. Thus host cell intrinsic mechanisms of particle
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formation and release might in fact become usurped by the nascent viral proteins making virus
budding something like a ‘joint effort’ between the host cell and viral factors not only regarding
replication of viral genetic information but also during the particle formation and release process.

Other types of VNP not budded from producer cells have been described in the past. In fact, VNP
can be generated in vitro by benefiting from the self-assembling tendency of viral capsid proteins
under certain environmental conditions, commonly referred to as chemical self-assembly processing.
This approach circumvents purification steps usually required to remove contaminating material of
viral and non-viral origin from producer cell-derived in vivo generated VNP (reviewed in [30]). Such
directly assembled virus particles laid the ground [5,31,32] for the generation of the already
commercialized HPV vaccine [33,34] as well as for the development of experimental vaccines against
e.g., hepatocellular carcinoma based on HBV particles [35], group A streptococcus based on murine
polyomavirus [36], human parvovirus [37] and porcine circovirus type 2 [38]. Apart from that
application, self-assembling VNP are currently being tested as drug-delivery vehicles. A very promising
approach in that respect are bacteriophage MS2-based particles delivering microRNAs to target cells
with high efficiency by virtue of a transactivator of transcription (Tat) cell-penetrating peptide fusion
mechanism [39-41]. In fact, the envelopment of biologically active RNAs significantly ameliorates
their half-life, cellular up-take and targeting specificity. Targeted cell types involve among others
myelogenous leukemia cells as well as cervical cancer cells [39,41]. In addition, classical chemotherapeutic
agents such as the intercalating anthracycline doxorubicin have been successfully attached to the
self- assembling rotavirus VVP6 protein to target hepatic cancer cells [42].

Moreover, genetic fusion of fluorescent proteins to self-assembling hepatitis B virus capsid proteins
allowed the synthesis of fluorescent capsid nanoparticles (FCNPs) showing high in vitro and in vivo
stability when compared to monomeric fluorescent proteins, thus representing potential tools for
in vivo optical imaging [43]. Magnetic particles incorporated into self-assembling M13 bacteriophages
and equipped with a peptide targeting sequence have been successfully applied to detect prostate
cancer tumors by magnetic resonance imaging in vivo [44].

2. Making the Obvious Visible

Replication of viruses as obligatory intracellular parasites strictly depends on the host cells,
providing the necessary machineries for genome replication and protein synthesis, as well as the
assembly and budding of the viral offspring. Prior to host cell infection a highly specific interaction
between molecules on the surface of the virus (spike proteins, ligand) and (an) interaction partner(s) of
the host cell (receptor) is a conditio sine qua non. Visualization of virus-host cell interactions, i.e.,
receptor-ligand interactions, was in early virological studies accomplished by utilizing electron
microscopy. Along those lines Dales showed already in 1962 attachment of two mammalian viruses to
host cells by means of electron microscopy [45]. However, electron microscopy bears the major
disadvantage that cells to be analyzed have to become fixed and thus cannot be applied to living cells
making kinetic studies difficult. The development of fluorescent microscopy and the ever growing
variety of available fluorescent dyes allowed to directly visualize not only the interaction between
entire viruses and host cells, but also to localize and track virus proteins at the subcellular level. This
formed a solid basis for the development of methods for real-time single-virus tracking within living
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cells and permitted to follow the fate of individual viral particles [46]. Moreover, fluorescent proteins
enabled the researchers to in vivo localize and trace viral particles [47,48]. Furthermore, flow
cytometry enlarged the possible applications for fluorescent viral particles, e.g., by making direct
quantification of virus-host interactions possible. In fact, several approaches to label viral particles
have been devised over the last decades, which in general can be divided into either methods relying
on chemical coupling of fluorophores to the virus surface or genetic fusion of fluorescent proteins to
viral structural or non-structural proteins. In the following section a comprehensive overview on
labeling methods will be provided with a special focus on fluorescent virus-like nanoparticles, so
called fluorosomes (FS).

3. Techniques Applied for the Chemical Labeling of Viral Particles

Chemical compounds can be either coupled non-covalently or covalently to viral particles, making
the labels more or less stably associated with their target structures (Figure 1 and Table 1). Chemical
labeling can also be performed after the virus particles have already assembled.

Table 1. Fluorescent labels applied for chemical labeling of viral particles.

Labeling Method Fluorescent Label Virus/VNP Reference
Non-Covalent Linkage

PKHG67 (green)
PKH26 (red)
lipophilic dyes DiD/Dil Influenza A, HIV, Dengue virus, VSV [50-53]
octadecyl rhodamine

NDV [49]

. Sendai Virus, VSV, HIV, RSV, NDV [54-59]
B chloride (R18)
Intercalating dye [Ru(phen),(dppz)]** Baculovirus [60]
. . FIAsH (Fluorescein) .
Biarsenical dyes ) VSV, FHV, HIV, Ebola Virus [61-68]
ReAsH (Resurfin)
Covalent Linkage
Fluorescein/FITC EBV, Reovirus, HIV, VSV [69-73]
FITC disphophate Influenza A [74]
Alexa Fluor488 AAV, Influenza A, Dengue Virus [75-77]
Cy3 Ad, AAV [47,78]
Amine reactive groups Rhodamine derivates Ad, Reovirus [71,79]
Alexa Fluor594 DengueVirus [77]
CypHers Influenza A [50]
Cy5 AAV [46]
IRDye®800CW SHIV VNP [48]
HTLV, HAV, MNV,
Quantum dots [80-84]

Influenza A, MoMLV, IHNV
AAV (adeno-associated virus), Ad (adenovirus), EBV (Eppstein Barr virus), FHV (flock house virus), FITC
(fluorescein isothiocyanate), HAV (hepatitis A virus), HIV (human immunodeficiency virus), HTLV (human
T cell leukemia virus), IHNV (infectious hematopoietic necrosis virus), MNV (murine norovirus), MoOMLV
(moloney murine leukemia virus), NDV (Newcastle disease virus), NIR (near infrared), RSV (respiratory
syncytial virus), SHIV (simian immunodeficiency virus), VSV (vesicular stomatitis virus).
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Figure 1. Methods applied for the labeling of viral particles. Viral particles can be labeled
by chemical labeling methods (covalent or non-covalent) or by fusion of fluorophores to
proteins integrated into the viral particle. Non-covalent labeling of viral particles can
be achieved by (a) lipophilic membrane dyes inserting themselves into the host-cell
membrane, (b) biarsenic dyes binding to tetracysteine motifs introduced into viral proteins
or (c) intercalating dyes interacting with the viral genome. Alternatively, (d) amine reactive
fluorophores can be covalently attached to proteins present on the surface of the viral
membrane. (e) Attachment of streptavidin coupled quantum dots can be achieved by
biotinylating target structures of interest. (f) Fluorophores can be genetically fused to
proteins of viral and non-viral origin.

Chemical labeling Genetic fusion
(of fluorophores to viral or non-viral proteins)
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membrane dyes

core proteins
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RNA/DNA
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RNA/DNA binding protein g protein of non-viral origin

4. Non-Covalent Attachment of Fluorophores
4.1. Lipophilic Membrane Dyes and Dyes for the Viral Genome

Enveloped viruses, which are enveloped into the plasma membrane of the host cell, can be
non-covalently stained with classical membrane dyes like PKH67 or PKH26. The PKH dyes were
named after their inventor Paul Karl Horan and were patented in the late 1980s [85]. PKH dyes consist
of a fluorescent dye attached to long lipophilic side chains, which are readily inserted into biological
membranes. Staining of viral particles with PKH67 or PKH26 to study virus-host interactions has been
proven a very quick and simple method without the need of cumbersome purification steps following
the staining procedure [49].
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A very elegant method to study membrane fusion between viruses and their corresponding host cell
membranes applies to the lipophilic dyes octadecyl rhodamine B chloride (R18) and carbocyanines
(e.g., Dil, DiO, DiD, DiR), which can be incorporated into biological membranes [86,87]. If R18 or
carbocyanines are present at high concentrations in close proximity—e.g., on the surface of viral
particles—their fluorescence becomes largely quenched. Upon fusion with another cellular membrane,
e.g., plasma or endosomal membranes, the dyes are diluted by lateral diffusion on the membrane of the
target cell and an increase in fluorescence can be readily detected [50-59].

In order to study the fate of the viral genome upon virus entry intercalating agents like
[Ru(phen)®(dppz)]** staining the genome of viruses can be utilized to visualize cellular uptake and
subcellular distribution of viruses [60].

4.2. Biarsenical Dyes

The development of biarsenical compounds associated with fluorophores, like fluorescein arsenical
helix binder (FIAsH) and resurfin arsencial helix binder (ReAsH), which interact with proteins
containing a tetracysteine motif (tc-tag) (-CCxxCC-) [88] allowed non-covalent labeling of proteins
with very high affinities (Kd 10*) [89]. Both the tagged molecules and the biarsenical compounds are
non-fluorescent when unbound. Upon binding of the biarsenical molecule to the tetracysteine motif,
they start to emit a strong fluorescence signal. Introduction of the very small amino acid motif into
viral structural proteins by means of genetic modification allowed labeling and subsequent subcellular
localization of different types of viruses (reviewed in [61-68,90]). In contrast to other chemical
labeling methods, the use of tetracysteine motifs in combination with biarsencial compounds permitted
to obtain kinetic information on protein synthesis by sequential labeling with FIASH (green) and
ReAsH (red) [68,91]. Moreover, the combination of a biarsenical dye, staining matrix protein (M
protein), with a fluorescent phosphoprotein (P protein) fusion protein, staining the ribonucleoprotein
(RNP) allowed to investigate the early events upon VSV infection and the different fates of viral core
protein and RNP after uncoating of double fluorescent virus particles [61]. Two major drawbacks of
using biarsenical dyes relate to the necessity for genetic modification of viral proteins, which stands in
marked contrast to other chemical labeling methods and their tendency to cause high background
fluorescence due to unspecific binding to cysteine motifs of cellular origin [92]. However, the
relatively small genetic modifications required for the introduction of the tetracysteine motif into viral
proteins served as an attractive alternative to fusion of viral proteins to entire fluorescent proteins [61,66].

5. Covalent Attachment of Fluorophores

In order to achieve covalent attachment of chemical compounds to viruses or viral particles, the
potential of amine-reactive groups of different fluorophores, e.g., of fluorescein, rhodamine or Alexa
dyes has been explored. Fluorophores containing amine-reactive groups like N-hydroxysuccinimidyl
(NHS) reactive ester groups or isothiocyanate (NCS) reactive groups can be coupled to primary amines
of viral proteins thus allowing to visualize early virus-host interactions (Table 1). In addition, the use of
pH-sensitive dyes (e.g., CypHer5) enlarges the repertoire of applications for labeled viral particles by
making it possible to sense differences in the hydrogen ion concentrations of the compartments the
viruses or parts of them are shuttling through, e.g., after infection [50]. Moreover, the recently
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developed fluorescent semiconductor nanocrystals, so called quantum dots (Qdots) might overcome
some of the spectral drawbacks of organic fluorophores, like narrow bandwidth of excitation,
overlapping emission spectra and poor photostability. Qdots consist of a cadmium selenide (CdSe)
core coated by a zinc sulfide (ZnS) shell [93,94]. Qdots absorb photons over a broad range of
wavelengths but their emission spectrum is very confined and can be varied depending on the size and
composition of the nanocrystal core [95-99]. Qdots can be either covalently conjugated to sulfhydryl
or amino groups of proteins of interest by attachment of reactive amino or carboxylic groups into the
organic coating of Qdots [100]. Alternatively, non-covalent coupling can be achieved using distinct
proteins with highly positive charges such as avidin, which have been shown to tightly adsorb to
chemically modified Qdots [101]. This offers the possibility to link proteins of interest using the
avidin/biotin system with high affinity to Qdots. In fact, this system has been successfully utilized to
attach Qdots to viral particles [80-83]. Alternatively, colloidal clustering in the presence of the
cationic polymere polybrene can be used to form complexes between virus particles and Qdots [84].
Due to its instability this labeling method seems to be rather inferior when compared to the above
described covalent labeling procedures. In order to visualize virus-host interactions quantum dots have
been successfully attached to e.g., human T cell leukemia virus type 1 (HTLV-1) [80], hepatitis A
virus (HAV) [83], murine norovirus (MNV-1) [83], influenza A virus [82], Moloney murine leukemia
virus (MoMLYV) [84] and infectious hematopoietic necrosis virus (IHNV) [81].

A clear advantage of using chemical labeling procedures to stain viruses or virus particles is the fact
that no precious space within the viral genome coding for the fluorophore has to be sacrificed, which is
per se restricted due to size limitations of the packaging machinery. Moreover, without the need of
genetic modifications of virus proteins no risk regarding proper protein folding subsequent to particle
assembly has to be taken into account. Nevertheless, it is also evident that chemical labeling, might
lead to denaturation of important viral proteins thus impacting on their function. Moreover, random
attachment of fluorophores to sites important for virus-host interactions might interfere with virus
binding and infectivity. Large chemical fluorophores might even compromise virus biology when
attached in the neighborhood of important interaction sites due to steric hindrance. However, due to
the plasma membrane coat of enveloped viruses, chemical dyes do not get access to the viral capsid of
some viruses. Thus upon target cell entry of such particles and following un-coating, they lose their
specific fluorescence which was only associated with the virus envelope. Moreover, since the
information for the fluorescence activity of such particles is not encoded within the viral genome, the
viral offspring of chemically labeled viruses lose their fluorescence restricting the application of
chemically labeled viruses primarily to the investigation of early events during viral infection. In
addition, chemical labeling of whole particles has to remain restricted to one fluorophore, i.e., one
color. In order to circumvent these limitations, labeling of viruses or virus-like nanoparticles (VNP) by
genetic fusion of structural or non-structural proteins to fluorescent proteins of cnidarian origin
(e.g., GFP, RFP, YFP or codon-optimized variants thereof) [102-104] or so called “fruit colors”
(e.g., mCherry) [105] has been devised.

Besides the above-discussed methodologies for labeling virus particles other cell surface membrane
sensors have been created and explored on a cellular background in the past. Among them aptamer
sensors [106], gold particles with unique surface plasmon resonance properties, sensors based on
cleavage of fluorescent substrate by specific enzymes as well as cleavage dependent bioluminescence
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inducing sensors [107]. The future will show whether these technologies, which proofed to be useful to
study the interaction of cells with their environment, will also become adapted to investigate
virus-host interactions.

6. Generation of Fluorescent Viral Particles by Genetic Fusion of Fluorophores to Proteins of
Viral or Non-Viral Origin

A variety of different viruses belonging to the family of both DNA or RNA viruses (enveloped or
non-enveloped) have been fluorescently tagged by fusion of genes encoding virus and fluorescent
proteins (Figure 1 and Table 2). In such instances each particle carries the genetic information for the
fluorescently labeled viral proteins, thus each generation of virus offspring will also expresses the
tagged proteins. Consequently and in contrast to chemical labeling, which allows to study only the
early events upon viral infection, genetic labeling allows to explore much larger aspects of the viral
life cycle. The concurrent tagging of several viral proteins with fluorescent proteins emitting light of
different wavelengths allowed to follow the fate of such viral proteins upon virus infection but also
during virus assembly [108-111]. In order to avoid interferences between large fluorescent proteins
and particle formation, enveloped viruses have also been decorated with modified GFP forms, which
have a high intrinsic affinity for the virus envelope. For that purpose GFP has been fused to GPIl-anchor
acceptor sequences [112] or membrane targeting sequences derived from proteins of non-viral
origin [113,114].

Table 2. Generation of fluorescent viral particles by genetic fusion of fluorophores to
proteins of viral and non-viral origin.

. Fusion Partner of Viral or L
Virus (VNP) . o Fluorophore Application Reference
Non-Viral (*) Origin

RNA-viruses (enveloped)

Retroviridae

investigation of
MA GFP receptor-ligand interactions of [115]
non-viral origin

MoMLV
influence of insertions
SuU GFP into viral envelope [116]
proteins on infectivity
subcellular Gag localization upon
Gag eGFP . [117]
virus assembly
intracellular
Vpr GFP cytoskeleton-dependent trafficking [52]
upon infection
MA eGFP host cell infection [118]
HIV double-labeled viral
Vpr MRFP1 particles for subcellular [110]
MA eGFP localization of viral
proteins upon infection
S15 p60c-Src * mCherry virus-host cell fusion [113]
GPl-anchor GFP fluorescence molecular painting [114]

of CD55 * (monomeric) (FMP), virus attachment
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Table 2. Cont.
. Fusion Partner of Viral o
Virus (VNP) . . Fluorophore Application Reference
or Non-Viral (*) Origin
Orthomyxoviridae
M2 eGFP VNP uptake by host cells [119]
fluorescence molecular
Influenza A . s
GPI-anchor of CD55 * GFP (monomeric) painting (FMP), [114]
virus attachment
Rhadbdoviridae
virus binding and
Phosphoprotein P eGFP internalization, interaction [120]
with other viral proteins
fate of envelope and RNP
RV upon viral infection,
Glycoprotein G mMRFP (tdtomato) determination of [121]
Phosphoprotein P eGFP composition of
viral particles transported
within cells
i influence of GFP on virus
Glycoprotein G eGFP . . [122]
assembly, host cell infection
dynamic imaging of M
VsV protein distribution by dual
Phosphoprotein P eGFP biarsenical labeling, [61]
mechanisms
of virus uncoating
Paramyxoviridae
. i localization of L protein
Measles virus (MV) L-protein eGFP . [123]
within infected cells
RNA-viruses (non-enveloped)
Reoviridae
) . VNP interaction with and
Rotavirus derived VNP VP2 GFP o [124]
entry into living cells
DNA-viruses (enveloped)
Poxviridae
intracellular movement,
test system to test drugs
B5R GFP inhibiting intracellular [125]
o virus trafficking
Vaccinia virus .
(anti-viral drug systems)
cytoskeleton dependent
p37 GFP virus motility upon [126]

assembly
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Table 2. Cont.
. Fusion Partner of Viral o
Virus (VNP) . . Fluorophore Application Reference
or Non-Viral (*) Origin
Herpesviridae
infection, localization of
VP26 GFP capsid protein VP26 upon [127]
virus assembly
subcellular distribution
VP22 GFP . . [128]
upon virus replication
intracellular localization and
ICP27 eGFP trafficking of potential [129]
loss-of-function mutants
retrograde movement of virus
VP16 eGFP [130]
along axons
subcellular organization and
L [131]
compartmentalization
subcellular localization upon
VP13/14 YFP . [132]
virus tegument assembly
distribution upon infection,
rapid directional,
VP11/12 GFP , ) [133]
translocations during
HSV virus replication
dynamics of subcellular
VP22 CFP o .
distribution during [109]
VP13/14 YFP . -
virus replication
subcellular localization
gB eGFP . [134]
upon virus assembly
DNA-binding protein viral genome localization
eYFP . ) [135]
(TetR) upon infection
dynamics of subcellular
ICP4, ICPO eCFP, eYFP distribution upon [136]
virus assembly
transport of viral capsids
VP26 mRFP1 . [137]
in sensory axons
virus entry and uncoating,
VP26 VenusA206K Simultaneous observation
VP22 mRFP of capsid, tegument and [111]
gB ECFPA206K envelope proteins during virus
assembly processes
intracellular viral particle
HCMV pp150 eGFP movement during [138]
virus life (live images)
fluorescence molecular
Feline Herpesvirus GPI-anchor of CD55 * GFP (monomeric) painting (FMP), [114]

virus attachment
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Table 2. Cont.

. Fusion partner of viral o
Virus (VNP) . . Fluorophore Application Reference
or non-viral (*) origin

spread of virus
9G GFP - [139]
between living cells

viral anterograde transport

VP26 GFP kinetics along axons [140]
Pseudorabies Virus of sensory neurons
virus-host interaction,
VP26 mRFP directional transport [108]
VP22 GFP of viral proteins upon
assembly in axons
Asfariviridae
virus-host infection,
African swine fever virus p54 eGFP intracellular localization upon [141]

infection

Baculoviridae

multicolor labeling in
. combination with a labeled
Baculovirus GP64 GFP [60]
genome, cellular uptake and

subcellular distribution

DNA-viruses (non-enveloped)

Parvoviridae

virus infection, intracellular
VP2 eGFP . s [142]
trafficking upon infection

influence of insertion of
AAV . .
peptides of different
VP1, VP2 GFP . . . [143]
size on particle formation and

infectivity

Adenoviridae

cytoskeleton dependent
MAP4 eGFP _ L [144]
intracellular trafficking

Ad AdLite particles, intracellular

DNA-binding L
. GFP trafficking [145]
protein (TetR) .
of viral genomes

AAV (adeno-associated virus), Ad (adenovirus), A MLV (amphotropic murine leukemia virus), CA (capsid protein),
HCMYV (human cytomegalovirus), HIV (human immunodeficiency virus), HSV (herpes simplex virus), ICP (infected cell
protein), IN (integrase), LV (lentivirus), MA (matrix protein), MAP4 (microtubule-associated protein 4), MoMLV
(moloney murine leukemia virus), NC (nuclear capsid protein), PR (protease), RN (RNase-H), RT (reverse transcriptase),
RV (rabies virus), TC (tetracysteine), tm (transmembrane).

Interestingly, decoration with modified forms of GFP can also be achieved after virus assembly
has already been completed since GPl-anchored molecules can insert themselves spontaneously into
VNP [146]. The authors termed this process ‘fluorescence molecular painting (FMP)’ [114].

In an attempt to explore the versatility of virus derived nanoparticles as reductionist membrane
derived platforms to interrogate not only mere virus-host cell interactions but also to test specific
receptor-ligand interactions between molecules of interest in the immune system we utilized
fluorescent virus-like nanoparticles (fluorosomes), in which the matrix protein of MoMLV was fused
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to GFP giving rise to a MA::GFP fusion protein [115]. The modular make-up of FS allowed us to
additionally decorate VNP with various ligands or receptors and to subsequently test them for specific
binding to target cells expressing the corresponding receptor-ligand structure.

7. Virus-Like Nanoparticles as a Novel Versatile Platform to Visualize Receptor-Ligand Interactions

VNP induced by core-proteins from enveloped viruses such as MoMLV represent modular
platforms, which can be deliberately decorated with molecules of choice without altering the biological
activity of the latter [115,147]. VNP not only incorporate heterologous viral envelope proteins
(if present) but also proteins originating from the host cell if they reside in the lipid raft regions of
plasma membranes of producer cells [12]. In fact, incorporation of extra- and intracellular constituents
of host cell lipid rafts is a well-known phenomenon central to pseudotyping. Pseudotyping initially
described the association of viral cores of one virus with the envelope proteins of a second virus,
which tends to happen during mixed infections of a given target cell [148-151]. Over the last decades,
pseudotyping has in fact proven to be a very useful tool for extending the host range of viral vector
systems [152-154]. Thus, lipid rafts of the plasma membrane represent an important meeting point
for phylogenetically different virus core and envelope proteins but also for post-translationally
lipid-modified host cell proteins. Consequently, targeting of candidate molecules to lipid rafts, by e.g.,
fusion to a glycosyl phosphatidyl inositol (GPI)-anchor acceptor sequence, shuttles them onto the VNP
surface of a large collection of enveloped viruses (e.g., MOMLYV) since VNP bud from the lipid raft
regions of the plasma membrane (Figure 2). Decoration of VNP with appropriate immuno-modulatory
molecules of choice allows direct and specific interaction of VNP upon co-culture with distinct
leukocyte subsets bearing the receptors for such ligands. Incorporation of fluorescent proteins during
the assembly and budding process of VNP, e.g., in the form of matrix protein::green fluorescent
protein(MA::GFP) fusion proteins into the nascent VNP, leading to the formation so called
fluorosomes (FS), permits visualization of specific interactions between ligand-decorated VNP and
cell populations (leukocytes) expressing the corresponding receptors. Along those lines we could show
in proof of principle experiments that interleukin(IL)-2 decorated VNP can distinguish between freshly
isolated na'we T cells, lacking high affinity IL-2 receptor (IL-2R) expression on their surface, and
in vitro and in vivo activated CD25" cells by means of flow cytometric analyses [115]. The interaction
of IL-2 decorated FS with IL-2R* T cells was highly specific, since it could be blocked
dose-dependently by the addition of increasing amounts of soluble IL-2 [115].

In general, leukocyte development and maturation is associated with gross changes in cell surface
receptor expression pattern, which is a direct reflection of the changing functional demands a cell type
is going through. On a similar note, malignant hematopoetic diseases affecting distinct leukocyte
populations sometimes cause considerable changes in the expression pattern of affected cell types.
Accordingly, determination of cell surface receptor expression pattern not only allows the identification
of leukocytes residing within a certain state of differentiation, activation or maturation but also
permits to distinguish normal from malignant cell types. In fact, it is a major objective of modern
immunohematology to be able to accurately identify and assign malignantly transformed leukocyte
subsets to clinical risk groups forming the basis for state-of-the-art therapeutic intervention
procedures [155]. Along those lines the authors could show in proof of principle experiments that IL-2
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decorated FS were able to clearly identify malignantly transformed B non-Hodgkin lymphoma
(B-NHL) chronic lymphocytic leukemia (CLL) cells obtained from CLL patients. In contrast to the
majority of B cells isolated from the peripheral blood of healthy individuals, they can express high
levels of the IL-2R a-chain, which might contribute to disease progression due to delivery of
anti-apoptotic signals in activated CLL cells [156].

Figure 2. Scheme for the production of fluorosomes (FS) decorated with cytokines,
cytokine receptors, complement proteins or other immunoregulatory proteins. Proteins of
interest genetically fused to membrane anchors containing GPI-anchor acceptor sequences,
are—upon expression in 293 cells—targeted to lipid rafts of the plasma membrane.
Similarly, in order to obtain fluorescent VNP GFP fused to MOMLYV matrix protein (MA)
is targeted to lipid rafts within the plasma membrane. Formation of plasma membrane
derived FS is induced by co-transfection of producer cells with MoMLV gag-pol (OGP).
Lipid raft resident molecules are incorporated into the FS arising. For target cell
identification or modulation either VNP can be applied directly or purified by
ultrafiltration and/or ultracentrifugation.
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The general applicability of the fluorosome principle was demonstrated by generating IL-7
decorated FS, which identified IL-7R™ T cells isolated from healthy human individuals. Cytokine
binding studies give more accurate information on cytokine receptor composition than evaluation
of individual receptor chains of cytokine receptors. In fact, they directly measure cytokine-cytokine
receptor binding and not expression of individual components of a receptor, e.g., one cytokine
receptor chain.

However, the FS technology is not restricted to the investigation of cytokine/cytokine-receptor
interactions but can also be used to identify receptor-ligand interactions of bona fide transmembrane
immune receptors. Of note, the decoration of FS with CD80 allowed the identification of cytotoxic T
lymphocyte antigen (CTLA)-4 positive target cells [115]. In further experiments, it was shown that the
FS technology can also be used to investigate multi-subunit molecular interactions. By targeting all
three interleukin-2 receptor (IL-2R)-chains (i.e., IL-2R alpha, beta and gamma) onto FS, it was
possible to identify IL-2-expressing target cells displaying a membrane-bound form of IL-2 in a
concentration dependent manner. One additional attraction of receptor-decorated VNP is the possibility
to employ them as ‘cytokine-sinks’ [157] depriving immune cells from excess growth factors thereby
modulating their function [115]. More than that, VNP decorated with several different types of ligands
can be used to deliver synergistic signals to selected responder cells, e.g., signal 1 and signal 2 to T
cells [147]. Importantly, VNP have been considered as potent subunit vaccination platforms as they
induce potent B cell-specific immune responses, even when applied via different routes [158,159]. In
addition direct activation of macrophages and dendritic cells by filovirus VNP has been described and
such VNP represent promising candidate vaccines to protect from Ebola and/or Marburg virus
infections [160-162]. Notably, several VNP based vaccines are already clinically used, e.g., from
hepatitis B virus [163], human papilloma virus [31,164] and norovirus [165]. Moreover, VNP have
been exploited to directly deliver non-transducing mRNA in a dose-controlled and transient fashion to
target cells commonly referred to as pseudotransduction [166,167].

In order to investigate, whether the fluorosome technology can also be used to study interactions
between receptor-ligand pairs belonging to the innate immune system we membrane-anchored the
C-terminal fragment of complement component 3, i.e., C3d, a cleavage product of the complement
protein C3 with the help of a GPI-anchor attachment sequence. Receptor-ligand-specific interactions
between complement receptor 2 (CR2; CD21) positive target cells and C3d-decorated FS were
investigated by decorating FS with either C3d::GPI, the murine C3d fragment fused to the
GPI-anchor acceptor sequence of human CD16b, a variant of C3d in which the binding-site for CD21
has been mutated (C3d(D1156A)::GPI) and full length hCD16b applied for control purposes. Binding
of the different types of FS to splenocytes obtained from BALB/c mice was tested by multicolor flow
cytometry (Figure 3A). B220" splenocytes (belonging to the B lymphocyte lineage) acquired clear-cut
GFP fluorescence when incubated with FS_C3d::GPI at 4 <T for 60 min (Figure 3B). In marked
contrast, FS_C3d(D1156A)::GPI decorated fluorosomes did not specifically bind to B220" splenocytes
when compared to background staining. Background staining was determined by incubating splenocytes
with FS decorated with the negative control molecule hCD16b (Figure 3A). Fluorescence intensity
values obtained for FS_C3d::GPI and FS_C3d(D1156A)::GPI were corrected for background staining
and are given as geometric mean fluorescence intensity (GeoMFI) values. Incubation of splenocytes
with titrated amounts of differentially decorated VNP followed by flow cytometric analysis allowed
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determination of half-maximum binding rates (EDsp). Half-maximum binding rates with FS decorated
with C3d::GPI were obtained by incubating 1 > 10° splenocytes with 8.1 +1.8 pg VNP (mean =SD).
In marked contrast FS_C3d(D1156A)::GPI did not bind to B220" splenocytes (p < 0.001, Student’s
t-test, n = 3) at similar concentration (data not shown).

Figure 3. Binding of complement component C3d decorated VNP to B220" murine
splenocytes. (A) Scheme displaying the two different types of FS. FS decorated with C3d::GPI
can very potently interact with murine B cells. FS decorated with C3d(D1156A)::GPI fail
to interact with murine B cells due to the mutation in the CD21 binding site. (B) Splenocytes
(1 < 10°) obtained from BALB/c mice were incubated with 10 Lg MA::GFP* FS decorated
with either C3d::GPI (filled histogram, lilac), or C3d(D1156A)::GPI (filled histogram,
magenta), or mock decorated FS (solid line black) in the presence of APC conjugated
B220" mAb at 4 <T for 60 minutes. B220" lymphocytes (FSC/SSC) were identified (gates
indicated) and their GFP fluorenscence (C3d-dependent) displayed as overlay histograms
C3d-particles vs. mock-particles. Numbers indicate percent positive cells. One representative
out of several independent experiments performed is shown.
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Moreover, the specificity of the C3d-CD21 interaction was assessed by addition of titrated amounts
of the CD21 blocking mAb 7G6 [168] which were able inhibit C3d mediated particle binding in a dose
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dependent manner (not shown). Evaluations, testing the functional consequences of binding of C3d
decorated VNP to target cells are ongoing. Previous studies have shown that blocking CD21
monoclonal antibodies or anti sera prevent EBV infection of human B cells [169-171]. Our
preliminary results suggest that C3d-decorated VNP function as specific competitors of EBV infection
of human B cells (manuscript in preparation).

In summary, fluorescent virus particles have been used in the past to better characterize many
aspects of virus biology including mechanisms operative during infection, uncoating, intracellular
transport and assembly of virus particles. Moreover, fluorescent virus-like nanoparticles have been
established during the last years and represent a powerful tool to visualize receptor-ligand interactions.
The lipid-membrane context of FS induced by core-proteins derived from enveloped viruses allows the
expression of multi-subunit molecules (receptors) and the identification of target cells expressing the
respective interaction partners (ligands). In addition, VNP allow the expression of several copies of
one and the same molecule on their surface increasing their avidity for the respective ligand and thus
potentially facilitating the visualization of low-affinity interactions. Moreover, the lipid-membrane
composition of VNP should allow for the expression and functional evaluation of type Il integral
membrane proteins, which pass the plasma membrane several times [172] and are associated with lipid
rafts [173,174]. The use of novel fluorescent proteins with alternative emission spectra, like the
recently described “fruit” colors [105] bears the potential to use several differentially decorated and
labeled FS within the same experiment. Apart from studying virus biology, virus particles can also be
used as a platform to anchor proteins of interest and to study receptor-ligand interactions. Thus VNP
not only represent a useful and versatile tool to study and identify a variety of different receptor-ligand
interactions but also possess the capability to very potently modulate functions and fates of target
cells of interest.

Acknowledgements

The authors thank Alina Neunkirchner and Peter Steinberger for critically reading the manuscript
and for helpful discussions and suggestions. This work was supported by the Austrian Science Fund
(FWF) grant SFB-F4609, the Christian Doppler Society and Biomay AG.

Conflict of Interest
The authors declare no conflict of interest.
References

1.  Delchambre, M.; Gheysen, D.; Thines, D.; Thiriart, C.; Jacobs, E.; Verdin, E.; Horth, M.; Burny, A,;
Bex, F. The GAG precursor of simian immunodeficiency virus assembles into virus-like particles.
EMBO J. 1989, 8, 2653-2660.

2. Jalaguier, P.; Turcotte, K.; Danylo, A.; Cantin, R.; Tremblay, M.J. Efficient production of HIV-1
virus-like particles from a mammalian expression vector requires the N-terminal capsid domain.
PLoS One 2011, 6, e28314.



Sensors 2013, 13 8739

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Mason, H.S.; Ball, J.M.; Shi, J.J.; Jiang, X.; Estes, M.K.; Arntzen, C.J. Expression of Norwalk
virus capsid protein in transgenic tobacco and potato and its oral immunogenicity in mice.
Proc. Natl. Acad. Sci. USA 1996, 93, 5335-5340.

Miyanohara, A.; Imamura, T.; Araki, M.; Sugawara, K.; Ohtomo, N.; Matsubara, K. Expression
of hepatitis B virus core antigen gene in Saccharomyces cerevisiae: Synthesis of two polypeptides
translated from different initiation codons. J. Virol. 1986, 59, 176-180.

Zhang, W.; Carmichael, J.; Ferguson, J.; Inglis, S.; Ashrafian, H.; Stanley, M. Expression of
human papillomavirus type 16 L1 protein in Escherichia coli: Denaturation, renaturation, and
self-assembly of virus-like particles in vitro. Virology 1998, 243, 423-431.

Noad, R.; Roy, P. Virus-like particles as immunogens. Trends Microbiol. 2003, 11, 438-444.
Strambio-de-Castillia, C.; Hunter, E. Mutational analysis of the major homology region of
Mason-Pfizer monkey virus by use of saturation mutagenesis. J. Virol. 1992, 66, 7021-7032.
Weldon, R.A., Jr.; Wills, J.W. Characterization of a small (25-kilodalton) derivative of the Rous
sarcoma virus Gag protein competent for particle release. J. Virol. 1993, 67, 5550-5561.

Wills, JW.; Cameron, C.E.; Wilson, C.B.; Xiang, Y.; Bennett, R.P.; Leis, J. An assembly
domain of the Rous sarcoma virus Gag protein required late in budding. J. Virol. 1994, 68,
6605-6618.

Henderson, L.E.; Krutzsch, H.C.; Oroszlan, S. Myristyl amino-terminal acylation of murine
retrovirus proteins: An unusual post-translational proteins modification. Proc. Natl. Acad. Sci.
USA 1983, 80, 339-343.

Ono, A.; Freed, E.O. Binding of human immunodeficiency virus type 1 Gag to membrane: Role
of the matrix amino terminus. J. Virol. 1999, 73, 4136-4144.

Pickl, W.F.; Pimentel-Muinos, F.X.; Seed, B. Lipid rafts and pseudotyping. J. Virol. 2001, 75,
7175-7183.

Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 2000, 1,
31-39.

Swanstrom, R.; Kaplan, A.H.; Manchester, M. The aspartic proteinase of HIV-1. Semin. Virol.
1990, 1, 175-186.

Hill, C.P.; Worthylake, D.; Bancroft, D.P.; Christensen, A.M.; Sundquist, W.I. Crystal structures
of the trimeric human immunodeficiency virus type 1 matrix protein: Implications for membrane
association and assembly. Proc. Natl. Acad. Sci. USA 1996, 93, 3099-3104.

Massiah, M.A.; Starich, M.R.; Paschall, C.; Summers, M.F.; Christensen, A.M.; Sundquist, W.1.
Three-dimensional structure of the human immunodeficiency virus type 1 matrix protein. J. Mol.
Biol. 1994, 244, 198-223.

Matthews, S.; Barlow, P.; Boyd, J.; Barton, G.; Russell, R.; Mills, H.; Cunningham, M.; Meyers, N.;
Burns, N.; Clark, N.; et al. Structural similarity between the pl7 matrix protein of HIV-1 and
interferon-gamma. Nature 1994, 370, 666—668.

Ono, A.; Orenstein, J.M.; Freed, E.O. Role of the Gag matrix domain in targeting human
immunodeficiency virus type 1 assembly. J. Virol. 2000, 74, 2855-2866.

Rao, Z.; Belyaev, A.S.; Fry, E.; Roy, P.; Jones, I.M.; Stuart, D.l. Crystal structure of SIV matrix
antigen and implications for virus assembly. Nature 1995, 378, 743-747.



Sensors 2013, 13 8740

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Kim, J.; Mosior, M.; Chung, L.A.; Wu, H.; McLaughlin, S. Binding of peptides with basic
residues to membranes containing acidic phospholipids. Biophys. J. 1991, 60, 135-148.

Peitzsch, R.M.; McLaughlin, S. Binding of acylated peptides and fatty acids to phospholipid
vesicles: Pertinence to myristoylated proteins. Biochemistry 1993, 32, 10436-10443.
Chukkapalli, V.; Ono, A. Molecular determinants that regulate plasma membrane association of
HIV-1 Gag. J. Mol. Biol. 2011, 410, 512-524.

Yuan, X.; Yu, X.; Lee, T.H.; Essex, M. Mutations in the N-terminal region of human
immunodeficiency virus type 1 matrix protein block intracellular transport of the Gag precursor.
J. Virol. 1993, 67, 6387-6394.

Zhou, W.; Parent, L.J.; Wills, JW.; Resh, M.D. Identification of a membrane-binding domain
within the amino-terminal region of human immunodeficiency virus type 1 Gag protein which
interacts with acidic phospholipids. J. Virol. 1994, 68, 2556-2569.

Welsch, S.; Muller, B.; Krausslich, H.G. More than one door—Budding of enveloped viruses
through cellular membranes. FEBS Lett. 2007, 581, 2089-2097.

Gottlinger, H.G.; Dorfman, T.; Sodroski, J.G.; Haseltine, W.A. Effect of mutations affecting the
p6 gag protein on human immunodeficiency virus particle release. Proc. Natl. Acad. Sci. USA
1991, 88, 3195-3199.

Fisher, R.D.; Chung, H.Y.; Zhai, Q.; Robinson, H.; Sundquist, W.I.; Hill, C.P. Structural and
biochemical studies of ALIX/AIP1 and its role in retrovirus budding. Cell 2007, 128, 841-852.
Lee, S.; Joshi, A.; Nagashima, K.; Freed, E.O.; Hurley, J.H. Structural basis for viral late-domain
binding to Alix. Nat. Struct. Mol. Biol. 2007, 14, 194-199.

Pornillos, O.; Alam, S.L.; Davis, D.R.; Sundquist, W.I. Structure of the Tsg101 UEV domain in
complex with the PTAP motif of the HIV-1 p6 protein. Nat. Struct. Biol. 2002, 9, 812-817.
Pattenden, L.K.; Middelberg, A.P.; Niebert, M.; Lipin, D.l. Towards the preparative and
large-scale precision manufacture of virus-like particles. Trends Biotechnol. 2005, 23, 523-529.
Kirnbauer, R.; Booy, F.; Cheng, N.; Lowy, D.R.; Schiller, J.T. Papillomavirus L1 major capsid
protein self-assembles into virus-like particles that are highly immunogenic. Proc. Natl. Acad.
Sci. USA 1992, 89, 12180-12184.

Rose, R.C.; Bonnez, W.; Reichman, R.C.; Garcea, R.L. Expression of human papillomavirus
type 11 L1 protein in insect cells: In vivo and in vitro assembly of viruslike particles. J. Virol.
1993, 67, 1936-1944.

Jansen, K.U.; Cook, J.C.; George, H.A.; Hofmann, K..; Joyce, J.G.; Lehman, E.D,;
Markus, H.Z.; Rosolowsky, M.; Schultz, L.S. Recombinant Papillomavirus Vaccines.
U.S. Patent 5,888,516, 30 March1999.

Volkin, D.B.; Mach, H.; Shi, L. Human Papilloma Virus Vaccine with Disassembled and
Reassembled Virus-Like Particles. U.S. Patent 6,245,568, 12 June 2001.

Zhang, Y.; Song, S.; Liu, C.; Wang, Y.; Xian, X.; He, Y.; Wang, J.; Liu, F.; Sun, S. Generation
of chimeric HBc proteins with epitopes in E. coli: Formation of virus-like particles and a potent
inducer of antigen-specific cytotoxic immune response and anti-tumor effect in vivo.
Cell Immunol. 2007, 247, 18-27.



Sensors 2013, 13 8741

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Rivera-Hernandez, T.; Hartas, J.; Wu, Y.; Chuan, Y.P.; Lua, L.H.; Good, M.; Batzloff, M.R.;
Middelberg, A.P. Self-Adjuvanting modular virus-like particles for mucosal vaccination against
group A streptococcus (GAS). Vaccine 2013, 31, 1950-1955.

Sanchez-Rodriguez, S.P.; Munch-Anguiano, L.; Echeverria, O.; Vazquez-Nin, G.; Mora-Pale, M.;
Dordick, J.S.; Bustos-Jaimes, I. Human parvovirus B19 virus-like particles: In vitro assembly
and stability. Biochimie 2012, 94, 870-878.

Yin, S.; Sun, S.; Yang, S.; Shang, Y.; Cai, X.; Liu, X. Self-assembly of virus-like particles of
porcine circovirus type 2 capsid protein expressed from Escherichia coli. Virol. J. 2010, 7, 166.
Pan, Y.; Zhang, Y.; Jia, T.; Zhang, K.; Li, J.; Wang, L. Development of a microRNA delivery
system based on bacteriophage MS2 virus-like particles. FEBS J. 2012, 279, 1198-1208.

Wei, B.; Wei, Y.; Zhang, K.; Wang, J.; Xu, R.; Zhan, S.; Lin, G.; Wang, W.; Liu, M,;
Wang, L.; et al. Development of an antisense RNA delivery system using conjugates of the MS2
bacteriophage capsids and HIV-1 TAT cell-penetrating peptide. Biomed. Pharmacother. 2009,
63, 313-318.

Wu, M.; Sherwin, T.; Brown, W.L.; Stockley, P.G. Delivery of antisense oligonucleotides to
leukemia cells by RNA bacteriophage capsids. Nanomedicine 2005, 1, 67—-76.

Zhao, Q.; Chen, W.; Chen, Y.; Zhang, L.; Zhang, J.; Zhang, Z. Self-assembled virus-like
particles from rotavirus structural protein VVP6 for targeted drug delivery. Bioconjug. Chem. 2011,
22, 346-352.

Yoo, L.; Park, J.S.; Kwon, K.C.; Kim, S.E.; Jin, X.; Kim, H.; Lee, J. Fluorescent viral
nanoparticles with stable in vitro and in vivo activity. Biomaterials 2012, 33, 6194—6200.

Ghosh, D.; Lee, Y.; Thomas, S.; Kohli, A.G.; Yun, D.S.; Belcher, A.M.; Kelly, K.A. M13-templated
magnetic nanoparticles for targeted in vivo imaging of prostate cancer. Nat. Nanotechnol. 2012, 7,
677-682.

Dales, S. An electron microscope study of the early association between two mammalian viruses
and their hosts. J. Cell Biol. 1962, 13, 303-322.

Seisenberger, G.; Ried, M.U.; Endress, T.; Buning, H.; Hallek, M.; Brauchle, C. Real-time
single-molecule imaging of the infection pathway of an adeno-associated virus. Science 2001,
294, 1929-1932.

Bartlett, J.S.; Samulski, R.J.; McCown, T.J. Selective and rapid uptake of adeno-associated virus
type 2 in brain. Hum. Gene Ther. 1998, 9, 1181-1186.

Cubas, R.; Zhang, S.; Kwon, S.; Sevick-Muraca, E.M.; Li, M.; Chen, C.; Yao, Q. Virus-like
particle (VLP) lymphatic trafficking and immune response generation after immunization by
different routes. J. Immunother. 2009, 32, 118-128.

Balogh, A.; Pap, M.; Marko, L.; Koloszar, I.; Csatary, L.K.; Szeberenyi, J. A simple fluorescent
labeling technique to study virus adsorption in Newcastle disease virus infected cells. Enzyme
Microb. Technol. 2011, 49, 255-259.

Lakadamyali, M.; Rust, M.J.; Babcock, H.P.; Zhuang, X. Visualizing infection of individual
influenza viruses. Proc. Natl. Acad. Sci. USA 2003, 100, 9280-9285.

Le Blanc, I.; Luyet, P.P.; Pons, V.; Ferguson, C.; Emans, N.; Petiot, A.; Mayran, N.; Demaurex, N.;
Faure, J.; Sadoul, R.; et al. Endosome-to-cytosol transport of viral nucleocapsids. Nat. Cell Biol.
2005, 7, 653-664.



Sensors 2013, 13 8742

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

McDonald, D.; Vodicka, M.A.; Lucero, G.; Svitkina, T.M.; Borisy, G.G.; Emerman, M.; Hope, T.J.
Visualization of the intracellular behavior of HIV in living cells. J. Cell Biol. 2002, 159, 441-452.
Van der Schaar, H.M.; Rust, M.J.; Waarts, B.L.; van der Ende-Metselaar, H.; Kuhn, R.J.;
Wilschut, J.; Zhuang, X.; Smit, J.M. Characterization of the early events in dengue virus cell
entry by biochemical assays and single-virus tracking. J. Virol. 2007, 81, 12019-12028.
Blumenthal, R.; Bali-Puri, A.; Walter, A.; Covell, D.; Eidelman, O. pH-dependent fusion of
vesicular stomatitis virus with Vero cells. Measurement by dequenching of octadecyl rhodamine
fluorescence. J. Biol. Chem. 1987, 262, 13614—-136109.

Hoekstra, D.; Klappe, K.; de Boer, T.; Wilschut, J. Characterization of the fusogenic properties
of Sendai virus: Kinetics of fusion with erythrocyte membranes. Biochemistry 1985, 24,
4739-4745.

De Lima, P.M.C.; Ramalho-Santos, J.; Martins, M.F.; de Carvalho, P.A.; Bairos, V.; Nir, S.
Kinetic modeling of Sendai virus fusion with PC-12 cells. Effect of pH and temperature on
fusion and viral inactivation. Eur. J. Biochem. 1992, 205, 181-186.

San, R.K.; Villar, E.; Munoz-Barroso, I. Acidic pH enhancement of the fusion of Newcastle
disease virus with cultured cells. Virology 1999, 260, 329-341.

Sinangil, F.; Loyter, A.; Volsky, D.J. Quantitative measurement of fusion between human
immunodeficiency virus and cultured cells using membrane fluorescence dequenching. FEBS Lett.
1988, 239, 88-92.

Srinivasakumar, N.; Ogra, P.L.; Flanagan, T.D. Characteristics of fusion of respiratory syncytial
virus with HEp-2 cells as measured by R18 fluorescence dequenching assay. J. Virol. 1991, 65,
4063-4069.

Zhou, P.; Zheng, Z.; Lu, W.; Zhang, F.; Zhang, Z.; Pang, D.; Hu, B.; He, Z.; Wang, H.
Multicolor labeling of living-virus particles in live cells. Angew. Chem. Int. Ed. Engl. 2012, 51,
670-674.

Das, S.C.; Panda, D.; Nayak, D.; Pattnaik, A.K. Biarsenical labeling of vesicular stomatitis virus
encoding tetracysteine-tagged m protein allows dynamic imaging of m protein and virus
uncoating in infected cells. J. Virol. 2009, 83, 2611-2622.

Gousset, K.; Ablan, S.D.; Coren, L.V.; Ono, A.; Soheilian, F.; Nagashima, K.; Ott, D.E;
Freed, E.O. Real-time visualization of HIV-1 GAG trafficking in infected macrophages. PL0S
Pathog. 2008, 4, e1000015.

Lanman, J.; Crum, J.; Deerinck, T.J.; Gaietta, G.M.; Schneemann, A.; Sosinsky, G.E.;
Ellisman, M.H.; Johnson, J.E. Visualizing flock house virus infection in Drosophila cells with
correlated fluorescence and electron microscopy. J. Struct. Biol. 2008, 161, 439-446.

Mire, C.E.; Dube, D.; Delos, S.E.; White, J.M.; Whitt, M.A. Glycoprotein-dependent
acidification of vesicular stomatitis virus enhances release of matrix protein. J. Virol. 2009, 83,
12139-12150.

Mire, C.E.; White, J.M.; Whitt, M.A. A spatio-temporal analysis of matrix protein and
nucleocapsid trafficking during vesicular stomatitis virus uncoating. PLoS Pathog. 2010, 6,
e1000994.



Sensors 2013, 13 8743

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Panchal, R.G.; Ruthel, G.; Kenny, T.A.; Kallstrom, G.H.; Lane, D.; Badie, S.S.; Li, L
Bavari, S.; Aman, M.J. In vivo oligomerization and raft localization of Ebola virus protein VP40
during vesicular budding. Proc. Natl. Acad. Sci. USA 2003, 100, 15936-15941.

Pereira, C.F.; Ellenberg, P.C.; Jones, K.L.; Fernandez, T.L.; Smyth, R.P.; Hawkes, D.J.; Hijnen, M.;
Vivet-Boudou, V.; Marquet, R.; Johnson, I.; et al. Labeling of multiple HIV-1 proteins with the
biarsenical-tetracysteine system. PLoS One 2011, 6, e17016.

Rudner, L.; Nydegger, S.; Coren, L.V.; Nagashima, K.; Thali, M.; Ott, D.E. Dynamic fluorescent
imaging of human immunodeficiency virus type 1 gag in live cells by biarsenical labeling.
J. Virol. 2005, 79, 4055-4065.

Altstiel, L.D.; Landsberger, F.R. Structural changes in BHK cell plasma membrane caused by the
binding of vesicular stomatitis virus. J. Virol. 1981, 39, 82-86.

Da Poian, A.T.; Gomes, A.M.; Oliveira, R.J.; Silva, J.L. Migration of vesicular stomatitis virus
glycoprotein to the nucleus of infected cells. Proc. Natl. Acad. Sci. USA 1996, 93, 8268-8273.
Georgi, A.; Mottola-Hartshorn, C.; Warner, A.; Fields, B.; Chen, L.B. Detection of individual
fluorescently labeled reovirions in living cells. Proc. Natl. Acad. Sci. USA 1990, 87, 6579-6583.
Joling, P.; Bakker, L.J.; van Strijp, J.A.; Meerloo, T.; de Graaf, L.; Dekker, M.E.; Goudsmit, J.;
Verhoef, J.; Schuurman, H.J. Binding of human immunodeficiency virus type-1 to follicular
dendritic cells in vitro is complement dependent. J. Immunol. 1993, 150, 1065-1073.

Khelifa, R.; Menezes, J. Use of fluoresceinated Epstein-Barr virus to study Epstein-Barr
virus-lymphoid cell interactions. J. Virol. 1982, 41, 649-656.

Yoshimura, A.; Ohnishi, S. Uncoating of influenza virus in endosomes. J. Virol. 1984, 51,
497-504.

Kumari, K.; Gulati, S.; Smith, D.F.; Gulati, U.; Cummings, R.D.; Air, G.M. Receptor binding
specificity of recent human H3N2 influenza viruses. Virol. J. 2007, 4, doi:10.1186/1743-422X-4-42.
Xiao, W.; Warrington, K.H., Jr.; Hearing, P.; Hughes, J.; Muzyczka, N. Adenovirus-facilitated
nuclear translocation of adeno-associated virus type 2. J. Virol. 2002, 76, 11505-11517.

Zhang, S.L.; Tan, H.C.; Hanson, B.J.; Ooi, E.E. A simple method for Alexa Fluor dye labelling
of dengue virus. J. Virol. Methods 2010, 167, 172-177.

Leopold, P.L.; Ferris, B.; Grinberg, I.; Worgall, S.; Hackett, N.R.; Crystal, R.G. Fluorescent
virions: Dynamic tracking of the pathway of adenoviral gene transfer vectors in living cells. Hum.
Gene Ther. 1998, 9, 367-378.

Persson, R.; Svensson, U.; Everitt, E. Virus receptor interaction in the adenovirus system. II.
Capping and cooperative binding of virions on HeLa cells. J. Virol. 1983, 46, 956-963.

Kampani, K.; Quann, K.; Ahuja, J.; Wigdahl, B.; Khan, Z.K.; Jain, P. A novel high throughput
quantum dot-based fluorescence assay for quantitation of virus binding and attachment. J. Virol.
Methods 2007, 141, 125-132.

Liu, H.; Liu, Y.; Liu, S.; Pang, D.W.; Xiao, G. Clathrin-mediated endocytosis in living host cells
visualized through quantum dot labeling of infectious hematopoietic necrosis virus. J. Virol.
2011, 85, 6252-6262.

Liu, S.L.; Tian, Z.Q.; Zhang, Z.L.; Wu, Q.M.; Zhao, H.S.; Ren, B.; Pang, D.W. High-efficiency
dual labeling of influenza virus for single-virus imaging. Biomaterials 2012, 33, 7828-7833.



Sensors 2013, 13 8744

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

Rawsthorne, H.; Phister, T.G.; Jaykus, L.A. Development of a fluorescent in situ method for
visualization of enteric viruses. Appl. Environ. Microbiol. 2009, 75, 7822-7827.

You, J.O.; Liu, Y.S.; Liu, Y.C.; Joo, K.I.; Peng, C.A. Incorporation of quantum dots on virus in
polycationic solution. Int. J. Nanomed. 2006, 1, 59-64.

Horan, P.K.; Melnicoff, M.J.; Jensen, B.D.; Slezak, S.E. Fluorescent cell labeling for in vivo and
in vitro cell tracking. Method. Cell Biol. 1990, 33, 469-490.

Hoekstra, D.; de Boer, T.; Klappe, K.; Wilschut, J. Fluorescence method for measuring the
kinetics of fusion between biological membranes. Biochemistry 1984, 23, 5675-5681.

Sims, P.J.; Waggoner, A.S.; Wang, C.H.; Hoffman, J.F. Studies on the mechanism by which
cyanine dyes measure membrane potential in red blood cells and phosphatidylcholine vesicles.
Biochemistry 1974, 13, 3315-3330.

Griffin, B.A.; Adams, S.R.; Tsien, R.Y. Specific covalent labeling of recombinant protein
molecules inside live cells. Science 1998, 281, 269-272.

Adams, S.R.; Campbell, R.E.; Gross, L.A.; Martin, B.R.; Walkup, G.K.; Yao, Y.; Llopis, J.;
Tsien, R.Y. New biarsenical ligands and tetracysteine motifs for protein labeling in vitro and
in vivo: Synthesis and biological applications. J. Am. Chem. Soc. 2002, 124, 6063-6076.

Whitt, M.A.; Mire, C.E. Utilization of fluorescently-labeled tetracysteine-tagged proteins to
study virus entry by live cell microscopy. Methods 2011, 55, 127-136.

Gaietta, G.; Deerinck, T.J.; Adams, S.R.; Bouwer, J.; Tour, O.; Laird, D.W.; Sosinsky, G.E.;
Tsien, R.Y.; Ellisman, M.H. Multicolor and electron microscopic imaging of connexin
trafficking. Science 2002, 296, 503-507.

Stroffekova, K.; Proenza, C.; Beam, K.G. The protein-labeling reagent FLASH-EDT2 binds not
only to CCXXCC motifs but also non-specifically to endogenous cysteine-rich proteins. Pflugers.
Arch. 2001, 442, 859-866.

Murray, C.B. Norris, D.J.; Bawendi, M.G. Synthesis and characterization of nearly monodisperse
CdE Semiconductor Nanocrystallites. J. Am. Chem. Soc. 1993, 115, 8706-8715.

Steckel, J.S.; Zimmer, J.P.; Coe-Sullivan, S.; Stott, N.E.; Bulovic, V.; Bawendi, M.G. Blue
luminescence from (CdS)ZnS core-shell nanocrystals. Angew. Chem. Int. Ed. Engl. 2004, 43,
2154-2158.

Bruchez, M., Jr.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A.P. Semiconductor nanocrystals
as fluorescent biological labels. Science 1998, 281, 2013-2016.

Jaiswal, J.K.; Mattoussi, H.; Mauro, J.M.; Simon, S.M. Long-term multiple color imaging of live
cells using quantum dot bioconjugates. Nat. Biotechnol. 2003, 21, 47-51.

Lidke, D.S.; Arndt-Jovin, D.J. Imaging takes a quantum leap. Physiology 2004, 19, 322-325.
Mattheakis, L.C.; Dias, J.M.; Choi, Y.J.; Gong, J.; Bruchez, M.P.; Liu, J.; Wang, E. Optical
coding of mammalian cells using semiconductor quantum dots. Anal. Biochem. 2004, 327, 200-208.
Wu, X.; Liu, H.; Liu, J.; Haley, K.N.; Treadway, J.A.; Larson, J.P.; Ge, N.; Peale, F.;
Bruchez, M.P. Immunofluorescent labeling of cancer marker Her2 and other cellular targets with
semiconductor quantum dots. Nat. Biotechnol. 2003, 21, 41-46.

Nabiev, I.; Sukhanova, A.; Artemyev, M.; Oleinikov, V. Fluorescent Colloidal Particles as a
Detection Tools in Biotechnology Systems; Wiley & Sons Inc.: New York, NY, USA, 2008; pp.
133-168.



Sensors 2013, 13 8745

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Goldman, E.R.; Anderson, G.P.; Tran, P.T.; Mattoussi, H.; Charles, P.T.; Mauro, J.M.
Conjugation of luminescent quantum dots with antibodies using an engineered adaptor protein to
provide new reagents for fluoroimmunoassays. Anal. Chem. 2002, 74, 841-847.

Haas, J.; Park, E.C.; Seed, B. Codon usage limitation in the expression of HIV-1 envelope
glycoprotein. Curr. Biol. 1996, 6, 315-324.

Matz, M.V.; Fradkov, A.F.; Labas, Y.A.; Savitsky, A.P.; Zaraisky, A.G.; Markelov, M.L.;
Lukyanov, S.A. Fluorescent proteins from nonbioluminescent Anthozoa species. Nat. Biotechnol.
1999, 17, 969-973.

Prasher, D.C.; Eckenrode, V.K.; Ward, W.W.; Prendergast, F.G.; Cormier, M.J. Primary
structure of the Aequorea victoria green-fluorescent protein. Gene 1992, 111, 229-233.

Shaner, N.C.; Campbell, R.E.; Steinbach, P.A.; Giepmans, B.N.; Palmer, A.E.; Tsien, R.Y.
Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp.
red fluorescent protein. Nat. Biotechnol. 2004, 22, 1567-1572.

Nutiu, R.; Li, Y. Aptamers with fluorescence-signaling properties. Methods 2005, 37, 16-25.

Ali, M.M.; Kang, D.K.; Tsang, K.; Fu, M.; Karp, J.M.; Zhao, W. Cell-Surface sensors: Lighting
the cellular environment. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2012, 4, 547-561.
Del Rio, T.; Ch’ng, T.H.; Flood, E.A.; Gross, S.P.; Enquist, L.W. Heterogeneity of a fluorescent
tegument component in single pseudorabies virus virions and enveloped axonal assemblies.
J. Virol. 2005, 79, 3903-39109.

Hutchinson, I.; Whiteley, A.; Browne, H.; Elliott, G. Sequential localization of two herpes
simplex virus tegument proteins to punctate nuclear dots adjacent to ICPO domains. J. Virol.
2002, 76, 10365-10373.

Lampe, M.; Briggs, J.A.; Endress, T.; Glass, B.; Riegelsberger, S.; Krausslich, H.G.; Lamb, D.C;
Brauchle, C.; Muller, B. Double-labelled HIV-1 particles for study of virus-cell interaction.
Virology 2007, 360, 92-104.

Sugimoto, K.; Uema, M.; Sagara, H.; Tanaka, M.; Sata, T.; Hashimoto, Y.; Kawaguchi, Y.
Simultaneous tracking of capsid, tegument, and envelope protein localization in living cells
infected with triply fluorescent herpes simplex virus 1. J. Virol. 2008, 82, 5198-5211.

Berger, J.; Howard, A.D.; Brink, L.; Gerber, L.; Hauber, J.; Cullen, B.R.; Udenfriend, S.
COOH-terminal requirements for the correct processing of a phosphatidylinositol-glycan anchored
membrane protein. J. Biol. Chem. 1988, 263, 10016-10021.

Campbell, E.M.; Perez, O.; Melar, M.; Hope, T.J. Labeling HIV-1 virions with two fluorescent
proteins allows identification of virions that have productively entered the target cell. Virology
2007, 360, 286-293.

Metzner, C.; Kochan, F.; Dangerfield, J.A. Fluorescence molecular painting of enveloped viruses.
Mol. Biotechnol. 2013, 53, 9-18.

Kueng, H.J.; Manta, C.; Haiderer, D.; Leb, V.M.; Schmetterer, K.G.; Neunkirchner, A.; Byrne, R.A;;
Scheinecker, C.; Steinberger, P.; Seed, B.; et al. Fluorosomes: A convenient new reagent to
detect and block multivalent and complex receptor-ligand interactions. FASEB J. 2010, 24,
1572-1582.

Kizhatil, K.; Gromley, A.; Albritton, L.M. Two point mutations produce infectious retrovirus
bearing a green fluorescent protein-SU fusion protein. J. Virol. 2001, 75, 11881-11885.



Sensors 2013, 13 8746

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Hermida-Matsumoto, L.; Resh, M.D. Localization of human immunodeficiency virus type 1 Gag
and Env at the plasma membrane by confocal imaging. J. Virol. 2000, 74, 8670-8679.

Muller, B.; Daecke, J.; Fackler, O.T.; Dittmar, M.T.; Zentgraf, H.; Krausslich, H.G. Construction
and characterization of a fluorescently labeled infectious human immunodeficiency virus type 1
derivative. J. Virol. 2004, 78, 10803-10813.

Wei, H.J.; Chang, W.; Lin, S.C.; Liu, W.C.; Chang, D.K.; Chong, P.; Wu, S.C. Fabrication of
influenza virus-like particles using M2 fusion proteins for imaging single viruses and designing
vaccines. Vaccine 2011, 29, 7163-7172.

Finke, S.; Brzozka, K.; Conzelmann, K.K. Tracking fluorescence-labeled rabies virus: Enhanced
green fluorescent protein-tagged phosphoprotein P supports virus gene expression and formation
of infectious particles. J. Virol. 2004, 78, 12333-12343.

Klingen, Y.; Conzelmann, K.K.; Finke, S. Double-labeled rabies virus: Live tracking of
enveloped virus transport. J. Virol. 2008, 82, 237-245.

Dalton, K.P.; Rose, J.K. Vesicular stomatitis virus glycoprotein containing the entire green
fluorescent protein on its cytoplasmic domain is incorporated efficiently into virus particles.
Virology 2001, 279, 414-421.

Duprex, W.P.; Collins, F.M.; Rima, B.K. Modulating the function of the measles virus
RNA-dependent RNA polymerase by insertion of green fluorescent protein into the open reading
frame. J. Virol. 2002, 76, 7322—7328.

Charpilienne, A.; Nejmeddine, M.; Berois, M.; Parez, N.; Neumann, E.; Hewat, E.; Trugnan, G.;
Cohen, J. Individual rotavirus-like particles containing 120 molecules of fluorescent protein are
visible in living cells. J. Biol. Chem. 2001, 276, 29361-29367.

Ward, B.M.; Moss, B. Visualization of intracellular movement of vaccinia virus virions
containing a green fluorescent protein-B5R membrane protein chimera. J. Virol. 2001, 75,
4802-4813.

Rietdorf, J.; Ploubidou, A.; Reckmann, I.; Holmstrom, A.; Frischknecht, F.; Zettl, M.;
Zimmermann, T.; Way, M. Kinesin-dependent movement on microtubules precedes actin-based
motility of vaccinia virus. Nat. Cell Biol. 2001, 3, 992-1000.

Desai, P.; Person, S. Incorporation of the green fluorescent protein into the herpes simplex virus
type 1 capsid. J. Virol. 1998, 72, 7563-7568.

Elliott, G.; O’Hare, P. Live-cell analysis of a green fluorescent protein-tagged herpes simplex
virus infection. J. Virol. 1999, 73, 4110-4119.

Soliman, T.M.; Silverstein, S.J. Identification of an export control sequence and a requirement
for the KH domains in ICP27 from herpes simplex virus type 1. J. Virol. 2000, 74, 7600-7609.
Bearer, E.L.; Breakefield, X.0.; Schuback, D.; Reese, T.S.; LaVail, J.H. Retrograde axonal
transport of herpes simplex virus: Evidence for a single mechanism and a role for tegument.
Proc. Natl. Acad. Sci. USA 2000, 97, 8146-8150.

La Boissiere, S.; Izeta, A.; Malcomber, S.; O’Hare, P. Compartmentalization of VP16 in cells
infected with recombinant herpes simplex virus expressing VP16-green fluorescent protein
fusion proteins. J. Virol. 2004, 78, 8002-8014.

Donnelly, M.; Elliott, G. Fluorescent tagging of herpes simplex virus tegument protein VP13/14
in virus infection. J. Virol. 2001, 75, 2575-2583.



Sensors 2013, 13 8747

133.
134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Willard, M. Rapid directional translocations in virus replication. J. Virol. 2002, 76, 5220-5232.
Potel, C.; Kaelin, K.; Gautier, I.; Lebon, P.; Coppey, J.; Rozenberg, F. Incorporation of green
fluorescent protein into the essential envelope glycoprotein B of herpes simplex virus type 1.
J. Virol. Methods 2002, 105, 13-23.

Sourvinos, G.; Everett, R.D. Visualization of parental HSV-1 genomes and replication
compartments in association with ND10 in live infected cells. EMBO J. 2002, 21, 4989-4997.
Everett, R.D.; Sourvinos, G.; Orr, A. Recruitment of herpes simplex virus type 1 transcriptional
regulatory protein ICP4 into foci juxtaposed to ND10 in live, infected cells. J. Virol. 2003, 77,
3680-3689.

Smith, G.A.; Pomeranz, L.; Gross, S.P.; Enquist, L.W. Local modulation of plus-end transport
targets herpesvirus entry and egress in sensory axons. Proc. Natl. Acad. Sci. USA 2004, 101,
16034-16039.

Sampaio, K.L.; Cavignac, Y.; Stierhof, Y.D.; Sinzger, C. Human cytomegalovirus labeled with
green fluorescent protein for live analysis of intracellular particle movements. J. Virol. 2005, 79,
2754-2767.

Jons, A.; Mettenleiter, T.C. Green fluorescent protein expressed by recombinant pseudorabies
virus as an in vivo marker for viral replication. J. Virol. Methods 1997, 66, 283-292.

Smith, G.A.; Gross, S.P.; Enquist, L.W. Herpesviruses use bidirectional fast-axonal transport to
spread in sensory neurons. Proc. Natl. Acad. Sci. USA 2001, 98, 3466-3470.

Hernaez, B.; Escribano, J.M.; Alonso, C. Visualization of the African swine fever virus infection
in living cells by incorporation into the virus particle of green fluorescent protein-p54 membrane
protein chimera. Virology 2006, 350, 1-14.

Lux, K.; Goerlitz, N.; Schlemminger, S.; Perabo, L.; Goldnau, D.; Endell, J.; Leike, K
Kofler, D.M.; Finke, S.; Hallek, M.; et al. Green fluorescent protein-tagged adeno-associated
virus particles allow the study of cytosolic and nuclear trafficking. J. Virol. 2005, 79, 11776-11787.
Warrington, K.H., Jr.; Gorbatyuk, O.S.; Harrison, J.K.; Opie, S.R.; Zolotukhin, S.; Muzyczka, N.
Adeno-associated virus type 2 VP2 capsid protein is nonessential and can tolerate large peptide
insertions at its N terminus. J. Virol. 2004, 78, 6595-66009.

Suomalainen, M.; Nakano, M.Y.; Keller, S.; Boucke, K.; Stidwill, R.P.; Greber, U.F.
Microtubule-dependent plus- and minus end-directed motilities are competing processes for
nuclear targeting of adenovirus. J. Cell Biol. 1999, 144, 657-672.

Glotzer, J.B.; Michou, A.l.; Baker, A.; Saltik, M.; Cotten, M. Microtubule-independent motility
and nuclear targeting of adenoviruses with fluorescently labeled genomes. J. Virol. 2001, 75,
2421-2434.

Metzner, C.; Mostegl, M.M.; Gunzburg, W.H.; Salmons, B.; Dangerfield, J.A. Association of
glycosylphosphatidylinositol-anchored protein with retroviral particles. FASEB J. 2008, 22,
2734-2739.

Derdak, S.V.; Kueng, H.J.; Leb, V.M.; Neunkirchner, A.; Schmetterer, K.G.; Bielek, E.;
Majdic, O.; Knapp, W.; Seed, B.; Pickl, W.F. Direct stimulation of T lymphocytes by
immunosomes: Virus-Like particles decorated with T cell receptor/CD3 ligands plus costimulatory
molecules. Proc. Natl. Acad. Sci. USA 2006, 103, 13144-13149.



Sensors 2013, 13 8748

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Choppin, P.W.; Compans, R.W. Phenotypic mixing of envelope proteins of the parainfluenza
virus SV5 and vesicular stomatitis virus. J. Virol. 1970, 5, 609-616.

Huang, A.S.; Besmer, P.; Chu, L.; Baltimore, D. Growth of pseudotypes of vesicular stomatitis
virus with N-tropic murine leukemia virus coats in cells resistant to N-tropic viruses. J. Virol.
1973, 12, 659-662.

Huang, A.S.; Palma, E.L.; Hewlett, N.; Roizman, B. Pseudotype formation between enveloped
RNA and DNA viruses. Nature 1974, 252, 743-745.

Zavada, J. Pseudotypes of vesicular stomatitis virus with the coat of murine leukaemia and of
avian myeloblastosis viruses. J. Gen. Virol. 1972, 15, 183-191.

Miller, A.D.; Garcia, J.V.; von Suhr, N.; Lynch, C.M.; Wilson, C.; Eiden, M.V. Construction and
properties of retrovirus packaging cells based on gibbon ape leukemia virus. J. Virol. 1991, 65,
2220-2224.

Ory, D.S.; Neugeboren, B.A.; Mulligan, R.C. A stable human-derived packaging cell line for
production of high titer retrovirus/vesicular stomatitis virus G pseudotypes. Proc. Natl. Acad. Sci.
USA 1996, 93, 11400-11406.

Schnierle, B.S.; Stitz, J.; Bosch, V.; Nocken, F.; Merget-Millitzer, H.; Engelstadter, M.;
Kurth, R.; Groner, B.; Cichutek, K. Pseudotyping of murine leukemia virus with the envelope
glycoproteins of HIV generates a retroviral vector with specificity of infection for CD4-expressing
cells. Proc. Natl. Acad. Sci. USA 1997, 94, 8640-8645.

Kalina, T.; Flores-Montero, J.; van der Velden, V.H.; Martin-Ayuso, M.; Bottcher, S.; Ritgen, M.;
Almeida, J.; Lhermitte, L.; Asnafi, V.; Mendonca, A.; et al. EuroFlow standardization of
flow cytometer instrument settings and immunophenotyping protocols. Leukemia 2012, 26,
1986-2010.

Decker, T.; Bogner, C.; Oelsner, M.; Peschel, C.; Ringshausen, I. Antiapoptotic effect of
interleukin-2 (IL-2) in B-CLL cells with low and high affinity 1L-2 receptors. Ann. Hematol.
2010, 89, 1125-1132.

Pandiyan, P.; Zheng, L.; Ishihara, S.; Reed, J.; Lenardo, M.J. CD4+CD25+Foxp3+ regulatory T
cells induce cytokine deprivation-mediated apoptosis of effector CD4+ T cells. Nat. Immunol.
2007, 8, 1353-1362.

Grgacic, E.V.; Anderson, D.A. Virus-Like particles: Passport to immune recognition. Methods
2006, 40, 60-65.

Lechner, F.; Jegerlehner, A.; Tissot, A.C.; Maurer, P.; Sebbel, P.; Renner, W.A.; Jennings, G.T.;
Bachmann, M.F. Virus-like particles as a modular system for novel vaccines. Intervirology 2002,
45, 212-217.

Bosio, C.M.; Moore, B.D.; Warfield, K.L.; Ruthel, G.; Mohamadzadeh, M.; Aman, M.J,;
Bavari, S. Ebola and Marburg virus-like particles activate human myeloid dendritic cells.
Virology 2004, 326, 280-287.

Dolnik, O.; Kolesnikova, L.; Becker, S. Filoviruses: Interactions with the host cell. Cell Mol.
Life Sci. 2008, 65, 756—776.

Wahl-Jensen, V.; Kurz, S.K.; Hazelton, P.R.; Schnittler, H.J.; Stroher, U.; Burton, D.R,;
Feldmann, H. Role of Ebola virus secreted glycoproteins and virus-like particles in activation of
human macrophages. J. Virol. 2005, 79, 2413-2419.



Sensors 2013, 13 8749

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

McAleer, W.J.; Buynak, E.B.; Maigetter, R.Z.; Wampler, D.E.; Miller, W.J.; Hilleman, M.R.
Human hepatitis B vaccine from recombinant yeast. Nature 1984, 307, 178-180.

Zhou, J.; Sun, X.Y.; Stenzel, D.J.; Frazer, 1.H. Expression of vaccinia recombinant HPV 16 L1
and L2 ORF proteins in epithelial cells is sufficient for assembly of HPV virion-like particles.
Virology 1991, 185, 251-257.

Ball, J.M.; Graham, D.Y.; Opekun, A.R.; Gilger, M.A.; Guerrero, R.A.; Estes, M.K. Recombinant
Norwalk virus-like particles given orally to volunteers: Phase | study. Gastroenterology 1999,
117, 40-48.

Galla, M.; Will, E.; Kraunus, J.; Chen, L.; Baum, C. Retroviral pseudotransduction for targeted
cell manipulation. Mol. Cell 2004, 16, 309-315.

Maetzig, T.; Baum, C.; Schambach, A. Retroviral protein transfer: Falling apart to make an
impact. Curr. Gene Ther. 2012, 12, 389-409.

Heyman, B.; Wiersma, E.J.; Kinoshita, T. In vivo inhibition of the antibody response by a
complement receptor-specific monoclonal antibody. J. Exp. Med. 1990, 172, 665-668.

Fingeroth, J.D.; Weis, J.J.; Tedder, T.F.; Strominger, J.L.; Biro, P.A.; Fearon, D.T. Epstein-Barr
virus receptor of human B lymphocytes is the C3d receptor CR2. Proc. Natl. Acad. Sci. USA
1984, 81, 4510-4514.

Frade, R.; Barel, M.; Ehlin-Henriksson, B.; Klein, G. gp140, the C3d receptor of human B
lymphocytes, is also the Epstein-Barr virus receptor. Proc. Natl. Acad. Sci. USA 1985, 82,
1490-1493.

Nemerow, G.R.; Wolfert, R.; McNaughton, M.E.; Cooper, N.R. Identification and characterization of
the Epstein-Barr virus receptor on human B lymphocytes and its relationship to the C3d
complement receptor (CR2). J. Virol. 1985, 55, 347-351.

Zola, H.; Swart, B.; Nicholson, I.; Voss, E. Leucocyte and Sromal Cell Molecules: The CD
Markers; Jon Wiley & Sons: Hoboken, NJ, USA, 2007.

Claas, C.; Stipp, C.S.; Hemler, M.E. Evaluation of prototype transmembrane 4 superfamily
protein complexes and their relation to lipid rafts. J. Biol. Chem. 2001, 276, 7974—7984.
Yashiro-Ohtani, Y.; Zhou, X.Y.; Toyo-Oka, K.; Tai, X.G.; Park, C.S.; Hamaoka, T.; Abe, R;
Miyake, K.; Fujiwara, H. Non-CD28 costimulatory molecules present in T cell rafts induce T cell
costimulation by enhancing the association of TCR with rafts. J. Immunol. 2000, 164, 1251-1259.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



