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Abstract

A viral entry assay where a beta-lactamase reporter protein fused to the influenza matrix protein-1
(BlaM1) is packaged as a structural component into influenza virus-like particles (VLPs) is described.
The Bla reporter is released upon fusion with target cells and can be detected in live cells by flow
cytometry, microscopy, or fluorometric plate reader for utility in high-throughput screening
approaches. The production of BlaM1 VLPs and subsequent transfer of Bla activity to target cells
requires the presence of influenza hemagglutinin (HA) and neuraminidase (NA). In addition, transfer
of Bla by the VLPs can be blocked by an influenza neutralizing antibody, is impeded by a chemical
inhibitor of influenza virus entry, and requires HA that is cleaved by a protease specific for its
cleavage site. An analogous VLP system also was developed for Ebola (EBOV) and Marburg
(MARV) viruses, demonstrating that this straightforward assay has broad application for studying
the entry steps of enveloped viruses, especially those that require high levels of biosafety
containment.

Keywords

Virus entry; Influenza virus; Ebola virus; Marburg virus; Flow cytometry; Microscopy

1. Introduction

Experimentation with highly pathogenic viruses poses myriad practical challenges due to
laboratory safety issues. As an alternative, non-infectious viral entry assays provide surrogate
systems to characterize mechanistically the early events in the viral life cycle, while
circumventing the obstacles of working with authentic, live viruses. Many of these approaches,
however, have their share of disadvantages. Fusion assays based on cell surface expression of
the viral glycoprotein may not mimic virus-cell fusion events, in either the lipid compositions
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of the target membranes or the distribution of glycoproteins within those membranes.
Furthermore, while pseudotyped retrovirus entry assays depend on fusion of the viral envelope
with the cell membrane, these particles may not possess the characteristics of authentic virions.

Influenza viruses claim the lives of approximately 500,000 people worldwide each year and
four times in recent history, in 1890, 1918, 1957, and 1968, global influenza pandemics have
emerged in the human population with a significant number of fatalities (Smith et al., 2004;
Webby and Webster, 2003). Influenza A virus, a member of the family Orthomyxoviridae, is
an enveloped virus with a negative-sense, RNA genome, consisting of 8 single-stranded RNA
segments and encoding 11 proteins (reviewed in Palese and Shaw, 2007). The genome is
encapsidated in a lipid bilayer harboring 3 integral membrane proteins — hemagglutinin (HA),
which provides the viral receptor binding and fusogenic functions, neuraminidase (NA), a
sialidase that facilitates the release of nascent viral particles from the host cell membrane, and
matrix protein-2 (M2) that oligomerizes to form an ion channel necessary for viral uncoating.
The HA and NA cytoplasmic tails promote membrane and lipid raft microdomain association
of the matrix protein-1 (M1) protein, which lies beneath the lipid bilayer and contacts the viral
ribonucleoprotein complexes (Ali et al., 1996; Avalos et al., 2000; Enami and Enami, 1996;
Zhang etal., 2000). To initiate infection, the influenza virus HA binds to sialic acid containing-
receptors on the target cell surface, triggering receptor-mediated endocytosis and subsequent
fusion within the low pH environment of the endosome.

Previous reports have demonstrated that only HA and NA are required for the formation of
virus-like particles (VLPs); expression of these 2 proteins alone in mammalian cells generates
particles which resemble complete influenza virions (Chen et al., 2007). Beta-lactamase (Bla),
a sensitive reporter with a variety of detection methods, has been used previously to tag the
HIV-Vpr protein for the examination of HIV and Ebola virus glycoprotein-mediated entry
(Cavrois et al., 2002; Yonezawa et al., 2005). Likewise, it was reasoned that if influenza M1
were tagged with Bla (BlaM1) it could be incorporated specifically into VLPs bearing HA and
NA on their surfaces, and delivered into target cells following VLP entry. This technique
improves on enveloped virus entry/fusion assays described previously. Specifically, the BlaM1
VLPs contain only influenza virus proteins, HA, NA, and M1, which should mimic closely
influenza virus particles in their budding, morphology, and entry processes. In addition,
influenza VVLP reporter activity does not require downstream replication events, but simply the
release of the BlaM1 fusion protein into the cytoplasm of the target cell.

In this report the generation of BlaM1 VLPs, the detection of Bla activity by both flow
cytometry and microscopy after VLP entry into target cells, and validation of this VLP system
as a method to study influenza virus entry are described. An analogous Bla VLP system for
the examination of Ebola (EBOV) and Marburg (MARV) virus entry is also described, as has
been reported recently (Manicassamy and Rong, 2009). This technique has potential as a
universal approach to study the entry pathways of enveloped viruses that have similar structural
organization to influenza.

2. Materials and Methods

2.1 Cells and reagents

Madin-Darby canine kidney (MDCK) cells were maintained in minimum essential medium
(MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS). 293T cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS. Media
and reagents for cell culture were purchased from Gibco-BRL (Invitrogen Inc., Carlsbad, CA,
USA). TPCK-treated trypsin, NA from C. perfringens, Proteinase K, soybean trypsin inhibitor,
rottlerin, and bafilomycin Al were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Porcine pancreatic elastase was purchased from Worthington Biochemical (Lakewood, NJ,
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USA). CCF2-AM reagent and loading kit were purchased from Invitrogen (Carlsbad, CA,
USA).

2.2 Construction of pCAGGS-BlaM1, VLP production, and VLP infections

The A/BrevigMission/1/18 (1918) M1 sequence was PCR amplified from an M1 expression
vector and inserted into the pCAGGS vector (Niwa et al., 1991). The bla gene was PCR
amplified from pcDNA3.1 and fused N-terminally to M1 within pCAGGS to create a modified
Bla fusion. In the modified Bla the first 24 amino acids are excluded to remove a secretion
signal and His 24 was substituted with Asp to create a Kozak consensus sequence. A short
linker sequence, encoding GSGGGSAS, was added in frame with the downstream M1
sequence. The pcDNAS3.1-BlaVP40 construct has been described (Manicassamy and Rong,
2009).

To generate influenza 1918 BlaM1 VLPs, 293T cells were transfected using Lipofectamine
2000 (Invitrogen) with pPCAGGS-BlaM1 (2.5 pg), pCAGGS-HA (A/New York/1/18) and
pCAGGS-NA (A/BrevigMission/1/18) (0.5 ug each) (Glaser et al., 2005; Tumpey et al.,
2002). WSN BlaM1 VLPs were created by transfection of pPCAGGS-BlaM1 in conjunction
with pCAGGS-HA (A/WSN/33) and pCAGGS-NA (A/WSN/33) (Neumann et al., 1999).
Transfected cells were maintained in OptiMEM for 48-72 h. Following incubation, the BlaM1
VLP-containing 293T supernatants were harvested and centrifuged to remove debris.
Supernatants were treated with 2-3 pg/ml TPCK-trypsin for 30 min at 37 °C to activate the HA
protein on the VLPs. For antibody experiments, after incubation with TPCK-trypsin, soybean
trypsin inhibitor (3.5 pg/ml) and 39E4 (3.0 pg/ml), a neutralizing antibody against 1918
influenza virus, were added to the VLPs, and incubated for an additional 15 min at 37 °C. For
infection of MDCK cells in 12-well plates, cells were washed twice with PBS and VVLPs were
added in a total volume of 400-800 pl. For infection of cells in 4-well chamber slides, 200 pl
of VLPs was used. Cells were centrifuged at 1.5 k rpm, for 90 min at 4 °C to synchronize the
infection. The cells were transferred to the incubator at 37 °C and further incubated for 3-4 h.

The HA-E mutant was created in the manner described in Stech et al. (2005). Briefly, the
pCAGGS-WSN HA vector was used as a template for Quikchange mutagenesis (Stratagene,
La Jolla, California, USA) substituting Arg 343 (H1 numbering), adjacent to the trypsin
cleavage site, to Val. HA-E containing VLPs were produced in 293T cells as above, by
cotransfection of BlaM1, HA-E, and NA expression plasmids. HA-E on the VVLPs was activated
using 10 ug/ml porcine pancreatic elastase and incubated with MDCK cells as above.

To generate EBOV and MARV BlaVP40 VLPs, 293T cells were transfected using
Lipofectamine 2000 (Invitrogen) with pcDNA3.1-BlaVP40 and plasmids expressing EBOV
(strain Zaire) or MARYV (strain Musoke) GP. Supernatants were harvested and used to infect
MDCK cells as described above for influenza VLPs.

2.3 Detection of Bla activity in live cells

For detection of Bla activity by flow cytometry, MDCK cells were detached with trypsin and
loaded with the CCF2-AM substrate (Invitrogen) for 45 min - 1 h at 37 °C according to the
manufacturer’s instructions using the alternative substrate loading protocol. Following
substrate loading, cells were washed with PBS and transferred to FACS tubes. Cells were
analyzed at the Mount Sinai Flow Cytometry Shared Resource Facility on an LSRII flow
cytometer (Becton Dickinson, Miami, FL, USA), typically collecting 10,000 events. Samples
were gated on live cells and analyzed for their cleavage of CCF2 using FlowJo 8.5.2 software
(Tree Star Inc., Ashland, OR, USA). For fluorescence microscopy, the CCF2-AM loading
solution was added to cells within the chamber slide and stained as above. After washing, cells
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were maintained in PBS supplemented with bovine serum albumin and analyzed on a Leica
SP5 DMI inverted confocal microscope (Leica Microsystems, Bannockburn, IL, USA).

2.4 Hemagglutination (HA) and hemagglutination inhibition (HAI) assays

HA and HAI assays were performed using standard protocols (World Health Organization,
1982). Briefly, for the HA assay, supernatants were harvested, serially diluted 2-fold in PBS,
and incubated with 0.5% chicken red blood cells for 30 min at 4 °C. For the HAI assay, VLPs,
equivalent to 4-8 HA units/well, were pre-incubated with 2-fold serial dilutions of antibody.
Chicken red blood cells were added to a final concentration of 0.5% and samples were
incubated for 30 min at 4 °C.

2.5 VLP purification and immunoblotting

VLPs within transfected cell supernatants were purified over a 30% sucrose cushion by
centrifugation at 25 k rpm for 2 h at 4 °C. The pellet was resuspended in PBS and lysed in
SDS-lysis buffer. Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to a polyvinylidene difluoride membrane (PVVDF)
(Millipore, Bedford, MA, USA), and detected using an anti-WSN polyclonal antibody,
followed by a horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (GE
Healthcare UK Ltd, Little Chalfont, UK). Detection was performed with the Western Lightning
Enhanced Chemiluminescence Substrate (Perkin Elmer, Waltham, MA, USA), according to
the manufacturer’s instructions.

2.6 Protease protection assay

Supernatants from transfected cells were left untreated, were treated with 30 png/ml Proteinase
K, or with 30 ug/ml Proteinase K and 1% Triton X-100 for 30 min at 37 °C. Following
treatment, 1 mM phenylmethylsulphonyl fluoride (PMSF) was added and the samples were
lysed in SDS lysis buffer. Proteins were separated by SDS-PAGE, transferred to a PVDF
membrane, and immunoblotted as above with an anti-beta-lactamase antibody (Millipore),
followed by an HRP-conjugated anti-rabbit secondary antibody (GE Healthcare UK Ltd).

2.7 Rottlerin and bafilomycin Al inhibitor experiments

For experiments using rottlerin, MDCK cells were pretreated with 1.25 uM rottlerin or DMSO
and infected with influenza or EBOV VLPs in the presence of rottlerin or DMSO. MDCK
cytotoxicity is not observed at this concentration of rottlerin (H. Hoffmann, personal
communication). For bafilomycin experiments, MDCK cells were pretreated with 100 nM
bafilomycin A1 or DMSO and infected with influenza VVLPs in the presence of bafilomycin or
DMSO. Following infection, cells were loaded with CCF2-AM and analyzed by flow
cytometry.

3. Results

3.1 Generation and validation of influenza BlaM1 VLPs

Bla enzymatic activity in live cells can be measured by flow cytometry, microscopy, or
fluorometric plate reader after loading cells with the commercially-available, fluorogenic
substrate CCF2, which contains a beta-lactam ring that is cleavable by Bla (Fig. 1A). The
substrate precursor, CCF2-AM, is taken up by cells and retained in the cytoplasm after cleavage
by cellular esterases generating CCF2; a quencher present in the loading solution prevents
fluorescence from dye that does not enter the cell, thus minimizing background fluorescence.
If CCF2 within the cell remains uncleaved it emits a green fluorescence at 520 nm after
excitation at 409 nm (Fig. 1A). However, if Bla is present, cleavage of the substrate results in
acolor change detectable by a shift in emission from 520 to 447 nm, creating blue fluorescence.
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To generate the BlaM1 construct, which upon expression would be incorporated as a structural
component into influenza VLPs, Bla was fused to the N terminus of the M1 protein from the
pandemic 1918 (A/BrevigMission/1/18) influenza virus. BlaM1 was cotransfected with 1918
HA and 1918 NA expression constructs into 293T cells. Following transfection, Bla activity
in the 293T cells was evident and their supernatants contained an appreciable hemagglutination
(HA) titer (data not shown and Fig. 1B), suggesting the generation of BlaM1 VLPs. There was
no detectable HA titer in the supernatants of the BlaM1 and HA-transfected cells (Fig. 1B).
However, when exogenous bacterial neuraminidase was added during the transfection, HA
titer within the cell supernatants was recovered, albeit to a lesser extent than when both HA
and NA were present (Fig. 1C). These data indicate a requirement for NA enzymatic activity
in releasing the VLPs, but also suggest that the influenza NA protein may contribute to VLP
budding. Finally, despite there being no HA or NA in the BlaM1 alone control transfections,
BlaM1 protein was detectable in the supernatants of these cells, although it was sensitive to
Proteinase K treatment (Fig. 1D). These data suggest that BlaM1 is nonspecifically secreted
into the supernatant following its overexpression in 293T cells, rather than incorporated into
a VLP containing BlaM1 alone. In contrast, a significant proportion of BlaM1 protein within
the supernatants from BlaM1, HA, and NA-containing transfections was protected from
protease treatment, presumably by a lipid membrane, unless detergent was also present (Fig.
1D).

It was next examined using flow cytometry whether BlaM1-containing VLPs could transfer
Bla activity to naive MDCK cells. A prerequisite for influenza virus membrane fusion is the
proteolytic cleavage of the HA precursor HAO into HA1 and HAZ2, liberating the hydrophobic
fusion peptide located at the amino terminus of HA2 (Klenk et al., 1975; Lazarowitz et al.,
1973). Here this phenomenon was mimicked by the addition of TPCK-trypsin to the VLP
preparation. Examination of purified VLPs by immunoblotting supported the incorporation of
BlaM1, HA and NA into particles and the cleavage of HA after trypsin addition (Fig. 1E). Only
cells that had been incubated with TPCK-trypsin-treated BlaM1 VLPs bearing both HA and
NA (influenza VLPs) demonstrated Bla activity in MDCK cells, indicated by the shift in
fluorescence from the green to the blue channel (Fig. 2A). Serial dilution of the VLP inoculum
resulted in a linear decrease of Bla-positive cells (Fig. 2B). Low levels of background Bla
activity, similar to that from mock-treated cells, were observed after incubation of MDCK cells
with supernatants from cells transfected with BlaM1 alone or cells transfected with only HA
and BlaM1, indicating a requirement for HA and NA in the transfer of BlaM1 to naive cells
(Fig. 2A). Variable levels of VLP-mediated BlaM1 delivery were observed between
experiments, most likely due to the multiplicity of infection or differential incorporation of
BlaM1 into the VLPs from preparation to preparation. Influenza VVLPs containing the HA and
NA from A/PuertoRico/8 and A/WSN/33 (WSN) H1N1 viruses demonstrated similar
properties, except that for WSN VLPs, TPCK-trypsin was not required for BlaM1 transfer,
consistent with the trypsin-independent activation of the WSN HA in the presence of the WSN
NA (Choppin, 1969; Goto and Kawaoka, 1998).

To validate the influenza VLP system as a model for the study of influenza virus entry, it was
demonstrated that BlaM1 VLPs utilize an HA-mediated entry pathway, similar to authentic
influenza virions. The VLPs were pre-incubated with a neutralizing antibody against 1918
influenza virus (39E4) at a concentration corresponding to 10 hemagglutination inhibition
(HAI) units, as measured by classical HAI assay. Antibody-treated and untreated VLPs were
used subsequently to infect MDCK cells. Flow cytometry analysis following infection revealed
that the antibody treatment had reduced the percentage of Bla-positive cells by greater than
90% compared to untreated VLP infections, to a level comparable to the negative control,
BlaM1 alone samples (Fig. 3A). These data demonstrate that BlaM1 VLPs can be bound by
and neutralized with an antibody against authentic influenza virus. Furthermore, to show that
BlaM1 VLPs require cleaved HA for entry and transfer of Bla to the target cell, a mutant HA
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(HA-E), which is activated by elastase instead of trypsin, was created by changing one amino
acid in the cleavage site of HA, as has been described previously (Stech et al., 2005). Elastase-
treated VVLPs harboring HA-E readily transferred Bla to target cells (Fig. 3B). Alternatively,
trypsin-treated HA-E VLPs had background levels of Bla activity (Fig. 3B). These data
establish that treatment of HA with a protease specific for its cleavage site is required for
influenza VLP entry.

3.2 Adaptation of Bla VLP system to EBOV and MARYV

The VLP system was also adapted to EBOV and MARV viruses, highly pathogenic members
of the family Filoviridae. The development of VLP-based entry assays for these viruses is
desirable given that experiments with live EBOV and MARV require the use of biosafety level
4 conditions. The filoviruses have similar structural organization to influenza. Enveloped
particles contain the viral glycoprotein (GP), which mediates both viral receptor binding and
membrane fusion; lying beneath the lipid bilayer is the viral matrix protein VP40, which drives
the budding of EBOV particles (Bavari et al., 2002; Jasenosky et al., 2001; Timmins et al.,
2001). Therefore, EBOV and MARV VLPs were generated in an analogous manner to
influenza VLPs, by tagging the EBOV matrix protein VP40 with Bla (BlaVP40) and
cotransfecting with either EBOV or MARV GP, as recently described (Manicassamy and Rong,
2009). Bla activity was detectable in cells by flow cytometry after incubation with the EBOV
and MARV VLPs, but not in those incubated with no envelope protein (BlaVP40 alone) VLPs
(Fig. 4A). 1t was also observed that the EBOV inoculum could be diluted to achieve a linear
range of infectivity (Fig. 4B). Hence, as the BlaM1 VLPs for influenza, the BlaVP40 VLPs
allow detection of filovirus GP-mediated entry.

3.3 Fluorescence microscopy detection of Bla activity in live cells

Bla activity in live cells can also be detected using microscopy, imaging a shift in CCF2
fluorescence emission from 520 nm (green) to 447 nm (blue) after excitation at 409 nm. VLP-
producing 293T cells that had been transfected with BlaM1 or BlaVP40 constructs were
examined using an inverted confocal microscope. Fluorescence was observed in the blue
channel from BlaM1 or BlaVVP40-transfected cells regardless of cotransfection with 1918 HA/
NA or EBOV GP, as expected (Fig. 5A). MDCK cells were also examined after incubation
with BlaM1 (influenza) or BlavVP40 (EBOV or MARV) VLPs. In accord with the data obtained
using flow cytometry, blue cells were observed after infection with influenza VVLPs harboring
HA and NA from either 1918 or WSN strains, as well as with EBOV and MARV VLPs (Fig.
5B). By comparison, cells that were treated with supernatants from cells expressing either
BlaM1 or BlaVP40 alone remained green, again demonstrating that Bla activity could not be
transferred to naive cells in the absence of the viral glycoprotein (Fig. 5B).

3.4 Inhibition of VLP entry

Next it was examined if the influenza and EBOV VLPs could be useful for identifying factors
that modulate virion entry. Rottlerin, an inhibitor of protein kinase C (PKC) activity and a
known inhibitor of influenza virus replication (Hoffmann et al., 2008), was tested for its effect
on influenza and EBOV VLP infection. MDCK cells were incubated with rottlerin and
subsequently infected with either influenza or EBOV VLPs in the presence of the compound.
At 5 h post infection, flow cytometry analysis indicated that the entry of both influenza and
EBOV VLPs was inhibited by rottlerin, the former showing a ~99% reduction compared to
DMSO-treated cells (Fig. 6A). A block at the level of virus entry due to rottlerin inhibition of
PKC, which regulates a number of cellular processes including membrane trafficking and
endocytosis (Alvi et al., 2007), is consistent with the entry pathways of influenza and EBO
viruses (Palese and Shaw, 2007; Yonezawa et al., 2005). Additionally, pretreatment of cells
with bafilomycin A1, a chemical inhibitor of endosomal acidification, inhibited influenza VLP
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entry (Fig. 6B). These data suggest that influenza and EBOV VLPs may be useful in the
identification, verification, and characterization of potential antiviral compounds that inhibit
viral entry.

4. Discussion

In conclusion, the VLP system presented here is a simple, but powerful approach for the study
of virus entry, especially in cases where high levels of biocontainment are necessary for
experiments with live virus. The influenza, EBOV, and MARYV VLPs capitalize on the inherent
budding machinery of these viruses, utilizing their own viral proteins rather than deriving these
functions from a heterologous virus, such as a retrovirus. Thus, it is expected that these particles
should more faithfully mimic the budding, morphology, and authentic entry process of the
corresponding, live virus. Moreover, the Bla protein, fused to the viral matrix protein, either
M1 or VP40, appears to be incorporated as a structural component of the VLP. Therefore, Bla
reporter expression is uncomplicated by events downstream from entry and can be detected in
a sensitive and quantitative manner upon virion fusion with the target cell. We hypothesize
that this technique potentially can be applied to any enveloped virus that possesses similar
structural organization to influenza or filoviruses.

Generation of influenza VVLPs that were competent to transfer Bla to the MDCK target cells
required expression of both HA and NA in the 293T producer cells. Current literature suggests
that HA provides the budding, attachment, and fusogenic functions for influenza plasmid-
derived VLPs, while the role of NA is in the efficient release of particles (Chen et al., 2007).
Consistent with this, it was observed that when HA was coexpressed with BlaM1 in the absence
of NA, no VLPs were detectable in the supernatants of the producer cells, unless exogenous
neuraminidase was added to the transfection. These data also support a possible role of NA in
the budding process given that the exogenous neuraminidase treatment did not restore HA titers
to BlaM1-HA/NA VLP levels. Alternatively, this observation may simply reflect differences
in the efficiencies of the influenza NA versus the bacterial NA in the release of particles. The
data presented here also support that subsequent influenza VVLP entry into MDCK cells requires
a cleaved HA molecule and occurs in a manner that mimics the pathway of authentic influenza
virions because Bla transfer could be blocked by a neutralizing antibody, rottlerin, a PKC
inhibitor, and bafilomycin, a chemical inhibitor of endosomal acidification. As for the filovirus
VLPs, although we did not examine formally the requirements for VLP formation, which is
driven by the VP40 matrix protein (Bavari et al., 2002; Janenosky et al., 2001; Timmins et al.,
2001), our data is consistent with a GP-dependent mechanism of Bla transfer.

There are a number of methods to detect Bla enzymatic activity in mammalian cells, two of
which are presented here. Both flow cytometry and fluorescence microscopy can be used to
detect Bla VLP entry on the single cell level. Flow cytometry offers the added opportunity to
determine the magnitude of VLP entry by examining the levels of uncleaved (green) versus
cleaved (blue) CCF2 within a particular cell. This is more difficult to distinguish under the
fluorescent microscope. The Bla VLP assay can also be adapted to a fluorometric plate reader
format, allowing its use in high-throughput screening applications. One consideration with any
of these techniques is the differential loading and retention time of the CCF2 substrate in
different cell types. Some cells require the addition of an anion transport inhibitor to the
substrate loading solution, as was done for MDCK cells, which improves the uptake and limits
the export of CCF2. Likewise, the optimal time and temperature of substrate loading must also
be determined empirically for a specific cell type. Taken together, the availability of approaches
for Bla detection suggests that the Bla VVLP system can be utilized to answer a variety of
experimental questions regarding enveloped virus entry.
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Although the virulence of a particular influenza virus strain is determined polygenically, the
cleavability of the HA precursor correlates well with the pathogenicity of avian influenza
viruses (Garten and Klenk, 1999; Horimoto and Kawaoka, 2001; Steinhauer, 1999). In human
influenza virus strains, the correlation between the efficiency of HA cleavage and virulence is
less clear. The BlaM1 VLP technique described here can examine directly the protease
requirements for HA cleavage, and how combinations of HA and NA from different subtypes,
such as may be present in a reassortant virus, may affect particle budding, binding, and fusion.
The effects of specific domains in HA, NA, and M1 required for viral budding and entry can
also be analyzed quickly by this assay. Similar studies using BlaVP40 VLPs can be envisioned
for EBOV/MARYV GP and VP40. Perhaps the most attractive use of the Bla VLPs is their utility
in identifying new or more efficient antiviral drugs for treatment of these viruses. If adapted
to a high-throughput platform, libraries of compounds or antibodies can be screened for their
ability to block the virus entry step, an attractive target for the development of an antiviral or
therapeutic agent. Surely, further investigation into the entry pathways of these highly
pathogenic viruses will allow the development of improved predictive measures, prevention
techniques, and treatment strategies.
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Fig. 1. A new VLP assay to study enveloped virus entry

(A) Schematic illustration of the BlaM1 VLP assay. The fluorogenic substrate CCF2-AM is
taken up by cells and cleaved by cellular esterases to form CCF2, which is retained in the
cytoplasm. CCF2 is composed of a coumarin (blue) and fluorescein (green) fluorophore joined
by a Bla cleavable linker (thick, black line). When Bla is not present (left), the coumarin
component of CCF2 is excited at 409 nm and undergoes fluorescence resonance energy transfer
(FRET) with the fluorescein moiety resulting in emission at 520 nm (green). When Bla is
delivered to the cell by the BlaM1 VLP (right), Bla is released following fusion of the particle
and can cleave CCF2, disrupting FRET, resulting in CCF2 emission at 447 nm (blue). (B)
Detection of BlaM1 VLPs in the supernatants of transfected cells. 293T cells were transfected
with 1918 HA, 1918 NA, and BlaM1 (BlaM1-HA/NA), with 1918 HA and BlaM1 (BlaM1-
HA), with BlaM1 alone (BlaM1), or with HA and NA alone (HA/NA). At 72 h post transfection,
supernatants were harvested, serially diluted 2-fold in PBS, and incubated with chicken red
blood cells for 30 min at 4 °C. The hemagglutinating units per 50 ul of supernatant (HAU) are
indicated. PBS is included as a negative control. (C) NA activity is required for the release of
influenza VLPs. Cells were transfected as in (B) with the indicated constructs and were left
either untreated (left panel) or were maintained in the presence of exogenous NA from
Clostridium perfringens (100 mU/ml, right panel). Following incubation, the HAU within the
transfected cell supernatants were determined as in (B). (D) Protease treatment of VVLPs.
Supernatants from BlaM1 alone (no env) or BlaM1-HA/NA transfected cells were left
untreated (untr) or were incubated with Proteinase K only (+P), or with both Proteinase K and
Triton X-100 (+P, +Tx-100). Samples were lysed in SDS sample buffer and separated by SDS-
PAGE (4-15% gradient). Proteins were detected by immunoblotting using an anti-beta-
lactamase antibody. (E) Analysis of purified VLPs. Supernatants from BlaM1 alone (no env)
or BlaM1-HA/NA transfected cells were purified over a 30% sucrose cushion. BlaM1-HA/
NA-transfected cell supernatants were left untreated or incubated with 3 pg/ml TPCK-trypsin
for 30 min at 37 °C. The samples were lysed in SDS sample buffer and separated by SDS-
PAGE (4-15% gradient). Proteins were detected by immunoblotting with an anti-WSN
polyclonal antibody.
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Fig. 2. VLP-mediated transfer of Bla activity

(A) 293T cells were mock transfected, transfected with BlaM1 alone (no env), 1918 HA and
BlaM1, or 1918 HA/NA, and BlaM1. MDCK cells were incubated with the transfected 293T
cell supernatants, loaded with CCF2, and Bla activity was measured by flow cytometry. The
percentage of Bla-positive cells is indicated in the lower right corner of each panel. (B) Serial
dilution of influenza VLPs. MDCK cells were infected with 2-fold serial dilutions of influenza
VLPs. Following infection, MDCK cells were loaded with CCF2 and Bla activity was
measured by flow cytometry. The percentage of Bla-positive cells is indicated in the lower
right corner of each panel.
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Fig. 3. Validation of the influenza VLP assay

(A) VLP-mediated transfer of Bla activity can be blocked by a neutralizing antibody against
influenza virus. 1918 VLPs were left untreated (—Ab) or were treated with a 1918 neutralizing
antibody (+Ab) prior to incubation with MDCK cells. Cells were loaded with CCF2 substrate
and analyzed by flow cytometry. The percentage of positive cells from triplicate samples is
shown (left); error bars indicate standard deviations. The level of cleaved CCF2 in untreated
(gray line) or antibody-treated (black line) cells incubated with 1918 or no env (shaded area)
VLPs is shown as a histogram (right). (B) Influenza VLP entry requires pretreatment with a
protease specific for its HA cleavage site. BlaM1 VLPs were generated as above with WSN
HA and NA or HA-E and NA. HA-E is a mutant WSN HA that is activated by elastase instead
of trypsin. VLPs were treated with either elastase or trypsin, and used to infect MDCK cells.
Cells were loaded with CCF2 substrate and analyzed by flow cytometry.
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Fig. 4. Generation of EBOV and MARV VLPs

(A) 293T cells were transfected with BlaVVP40 alone (no env), EBOV GP and BlaVP40, or
MARYV GP and BlaVP40. Supernatants were harvested and incubated with MDCK cells. Cells
were loaded with CCF2 substrate and analyzed by flow cytometry. The percentage of Bla-
positive cells is indicated in the lower right corner of each panel. (B) Serial dilution of EBOV
VLPs. MDCK cells were infected with 2-fold serial dilutions of EBOV VLPs. Following
infection, MDCK cells were loaded with CCF2 and Bla activity was measured by flow
cytometry. The percentage of Bla-positive cells is indicated in the lower right corner of each
panel.

J Virol Methods. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tscherne et al. Page 14

Producer cells (293T) Target cells (MDCK)

BlaM1 BlaVP40 BlaM1 BlaVP40

Fig. 5. Microscopic detection of Bla activity

(A) Bla enzymatic activity in VLP producer cells. 293T cells were transfected with BlaM1 or
BlaVP40 alone (no env), BlaM1 and 1918 HA/NA (1918), BlaVP40 and EBOV GP (EBOV),
or mock-transfected, loaded with CCF2 substrate and imaged under the fluorescent microscope
(20x magnification). (B) Bla enzymatic activity in MDCK target cells. MDCK cells were
incubated with the indicated VLPs, loaded with CCF2, and imaged under the fluorescent
microscope (20x magnification).
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Fig. 6. Inhibition of VLP entry

(A) Rottlerin prevents influenza and EBOV VLP entry. MDCK cells were pretreated with
DMSO or 1.25 uM rottlerin and subsequently infected with influenza or EBOV VLPs. Values
are expressed relative to the percentage of the Bla-positive cells in the DMSO control samples
for either the influenza (black bars) or EBOV (white bars) VLP infections. (B) Bafilomycin
Al prevents influenza VLP entry. MDCK cells were pretreated with DMSO or 100 nM
Bafilomycin Al and infected with influenza or BlaM1 (no env) VLPs. Values are expressed
relative to the percentage of the Bla-positive cells in the DMSO control samples for either the
influenza (black bars) or no env (white bars) VLP infections.
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