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Abstract

Background: Hendra virus (HeV) and Nipah virus (NiV) are newly emerged zoonotic paramyxoviruses discovered
during outbreaks in Queensland, Australia in 1994 and peninsular Malaysia in 1998/9 respectively and classified
within the new Henipavirus genus. Both viruses can infect a broad range of mammalian species causing severe and
often-lethal disease in humans and animals, and repeated outbreaks continue to occur. Extensive laboratory studies
on the host cell infection stage of HeV and NiV and the roles of their envelope glycoproteins have been hampered
by their highly pathogenic nature and restriction to biosafety level-4 (BSL-4) containment. To circumvent this
problem, we have developed a henipavirus envelope glycoprotein pseudotyped lentivirus assay system using
either a luciferase gene or green fluorescent protein (GFP) gene encoding human immunodeficiency virus type-1
(HIV-1) genome in conjunction with the HeV and NiV fusion (F) and attachment (G) glycoproteins.

Results: Functional retrovirus particles pseudotyped with henipavirus F and G glycoproteins displayed proper
target cell tropism and entry and infection was dependent on the presence of the HeV and NiV receptors ephrinB2
or B3 on target cells. The functional specificity of the assay was confirmed by the lack of reporter-gene signals
when particles bearing either only the F or only G glycoprotein were prepared and assayed. Virus entry could be
specifically blocked when infection was carried out in the presence of a fusion inhibiting C-terminal heptad (HR-2)
peptide, a well-characterized, cross-reactive, neutralizing human mAb specific for the henipavirus G glycoprotein,
and soluble ephrinB2 and B3 receptors. In addition, the utility of the assay was also demonstrated by an
examination of the influence of the cytoplasmic tail of F in its fusion activity and incorporation into pseudotyped
virus particles by generating and testing a panel of truncation mutants of NiV and HeV F.

Conclusions: Together, these results demonstrate that a specific henipavirus entry assay has been developed using
NiV or HeV F and G glycoprotein pseudotyped reporter-gene encoding retrovirus particles. This assay can be
conducted safely under BSL-2 conditions and will be a useful tool for measuring henipavirus entry and studying F
and G glycoprotein function in the context of virus entry, as well as in assaying and characterizing neutralizing
antibodies and virus entry inhibitors.

Background

Hendra virus (HeV) emerged in 1994 in two separate
outbreaks of severe respiratory disease in horses with
subsequent transmission to humans resulting from close
contact with infected horses. Nipah virus (NiV) was
later determined to be the causative agent of a major
outbreak of disease in pigs in 1998-99 along with cases
of febrile encephalitis among people in Malaysia and
Singapore who were in close contact exposure to
infected pigs (reviewed in [1,2]). Phylogenetic analysis
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revealed that HeV and NiV are distinct members of the
Paramyxoviridae [3,4] and are now the prototypic mem-
bers of the new genus Henipavirus within the paramyx-
ovirus family [4]. Pteropid fruit bats, commonly known
as flying foxes in the family Pteropodidae, are the princi-
pal natural reservoirs for both NiV and HeV (reviewed
in [2]) however recent evidence of henipavirus infection
in a wider range of both frugivorous and insectivorous
bats has been reported [5,6].

Since their identification, both HeV and NiV have
caused repeated spillover events. There have been 14
recognized occurrences of HeV in Australia since 1994
with at least one occurrence per year since 2006, the
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most recent in May 2010. Every outbreak of HeV has
involved horses as the initial infected host, causing lethal
respiratory disease and encephalitis, along with a total of
seven human cases arising from exposure to infected
horses, among which four have been fatal and the most
recent in 2009 (reviewed in [2]) [7-9]. By comparison
there have been more than a dozen occurrences of NiV
emergence since its initial recognition, most appearing
in Bangladesh and India (reviewed [2]) and the most
recent in March 2008 [10] and January 2010 [11].
Among these spillover events of NiV the human mortal-
ity rate has been higher (~75%) along with evidence of
person-to-person transmission [12,13] and direct trans-
mission of virus from flying foxes to humans via con-
taminated food [14].

In contrast to other paramyxoviruses, NiV and HeV
exhibit an extremely broad host tropism and in addition
to bats, horses, pigs and humans, natural and/or experi-
mental infections have also been reported in cats, dogs,
guinea pigs, hamsters (reviewed in [2]), ferrets [15] and
some nonhuman primates, the squirrel monkey [16] and
the African green monkey [17,18]. In those hosts sus-
ceptible to henipavirus-induced pathology, the disease is
characterized as a widespread multisystemic vasculitis,
with virus replication and associated pathology in highly
vascularized tissues including the lung, spleen and brain
[2,19]. Both the broad host and tissue tropisms exhibited
by NiV and HeV can for the most part be explained by
the highly conserved and broadly expressed nature of
the receptors the henipaviruses employ, the ephrinB2
and B3 ligands [20-23] which are members of a large
family of important signaling proteins involved in cell-
cell interactions (reviewed in [24,25]).

NiV and HeV possess two envelope glycoproteins
anchored within the viral membrane, a trimeric fusion
(F) and a tetrameric attachment (G) glycoprotein
(reviewed in [26]). The F glycoprotein is initially synthe-
sized as a precursor Fy which is cleaved into the disul-
fide-linked F; and F, subunits by cathepsin L within the
host cell [27]. The G glycoprotein consists of a stalk
domain and globular head and G monomers form disul-
fide-linked dimers that associate in pairs forming tetra-
mers [28]. The F and G oligomers associate within the
membrane and G is responsible for engaging receptors,
which in turn triggers F-mediated membrane fusion
(reviewed in [26]). The F and G glycoproteins of NiV
and HeV share ~88% and 83% amino acid identity and
both NiV and HeV can elicit cross-reactive anti-envel-
ope glycoprotein antibody responses [29]. It has also
been demonstrated that F and G of NiV and HeV can
efficiently complement each other in a heterotypic man-
ner in cell-fusion assays [30]. The henipavirus F and G
glycoproteins share many of the general structural fea-
tures found in the envelope glycoproteins of other
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paramyxoviruses, and recently the structure of both
receptor-bound and unbound forms of the globular
head domain of NiV G have been reported [31,32].

Because of their highly pathogenic nature and lack of
approved vaccines or therapeutics, HeV and NiV are
classified as biological safety level-4 (BSL-4) select
agents by the Centers for Disease Control and Preven-
tion (CDC) and as priority pathogens by the National
Institute of Allergy and Infectious Diseases (NIAID),
having the potential to cause significant morbidity and
mortality in humans and major economic and public
health impacts (reviewed [1]). These restrictions have
somewhat limited detailed studies on virus entry and
their envelope glycoprotein functions in the context of a
viral particle. To circumvent these restrictions, virus
pseudotyping systems have been examined, where the
envelope glycoproteins from one virus are incorporated
into the progeny virions of another that lacks its own
envelope glycoprotein(s), effectively changing the host
range and tropism of the virus. For example, the F and
G envelope glycoproteins of NiV have been successfully
incorporated into recombinant vesicular stomatitis virus
(VSV) lacking VSV G glycoprotein (VSV-AG) and
encoding green fluorescent protein (GFP) [21,33]. Other
widely employed viral pseudotyping systems are those
based on retroviral vectors, and lentiviral vectors have
emerged as promising tools for a variety gene-delivery
studies and can efficiently transduce proliferating as well
as quiescent cells (reviewed in [34]).

Virus pseudotyping systems have been useful for the
study of otherwise highly pathogenic viral agents such
as Ebola and Marburg viruses, severe acute respiratory
syndrome (SARS) coronavirus (SARS-CoV) and influ-
enza virus [35-37]. Here, building on the initial findings
of Kobayashi et al., [38], who first demonstrated that
simian immunodeficiency virus from African green
monkey (SIVagm) could be functionally pseudotyped
with the F and hemagglutinin-neuraminidase (HN) gly-
coproteins of Sendai virus (SeV), we demonstrate for
the first time that the F and G envelope glycoproteins of
NiV and HeV, a cellular protein receptor using para-
myxovirus, can also be functionally pseudotyped into
lentivirus particles using either a luciferase or GFP
reporter gene encoding HIV-1 genome. These HIV-1
based, henipavirus glycoprotein pseudotyped particles
exhibited the same cellular tropism characteristics as
authentic NiV and HeV, and virus entry was specifically
inhibited by antiviral agents that target the henipa-
viruses. The pseudotyped particles could be readily con-
centrated by ultracentrifugation without any loss of
infectivity, and using this system we also examined the
incorporation of F and G glycoproteins into virions, and
explored the infectivity and pseudotyping efficiency of
cytoplasmic tail truncated versions of F. This lentivirus-
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based henipavirus glycoprotein pseudotyped particle
infection assay can also be conducted safely under
BSL-2 conditions and will be a useful tool for measuring
henipavirus entry and for studying F and G glycoprotein
function in the context of virus particle entry, as well as
in assaying and characterizing neutralizing antibodies
and virus entry inhibitors.

Results

Henipavirus F and G envelope glycoprotein pseudotyped

lentivirus particles

It is often desirable to study the functions of viral envel-
ope glycoproteins that are involved in attachment, mem-
brane fusion and entry in the context of a viral particle.
For example, infectivity experiments using virus particles
can confirm observations made from cell-cell fusion
assays, studies on virus tropism, or during the characteri-
zation of antiviral agents targeting various stages in the
virus entry process [39]. However, work with infectious
henipaviruses is restricted to BSL-4 containment which
raises both cost and safety issues. To counter this limita-
tion, we sought to develop a henipavirus envelope glyco-
protein pseudotyping system using reporter gene-
encoding lentivirus vectors, which would provide a virus
entry assay based on the function of the F and G glyco-
proteins that could be safely and routinely carried out
under BSL-2 conditions.

To test this possibility, pseudotyped retrovirus particles
were produced by transfection using pNL4-3-Luc-E-R", a
plasmid containing the HIV-1 proviral clone NL4-3 which
encodes luciferase and does not produce the HIV-1 envel-
ope glycoprotein [40] along with pCAGGs expression vec-
tors encoding the NiV or HeV F and G glycoproteins. The
preparations of henipavirus glycoprotein pseudotyped
virus particles and control virus particles lacking the glyco-
proteins were normalized for p24 content by ELISA (see
Methods) and used to infect several human cell lines,
293T, U87, HOSX4T4 and TK’, long known to be permis-
sive for henipavirus-mediated cell-cell fusion [30,41] and
the henipavirus receptor (ephrinB2 and B3) negative and
fusion and infection resistant cell line HeLa-USU [20].
Pseudotyped virus particles generated with the NiV F and
G glycoproteins were able to infect and produce luciferase
reporter gene activity at various levels on all permissive
receptor expressing cells (Figure 1A) while no signal was
observed with the receptor negative HeLa-USU or with
control virus particles generated by transfection with
empty vector (pCAGGs). Surprisingly however, virus parti-
cles produced using the pCAGGs expression plasmids
encoding the HeV F and G glycoproteins were consistently
non-functional as measured by luciferase activity (data not
shown). The expression vector pCAGGs is a mammalian
expression vector with the cytomegalovirus (CMV)
immediate early enhancer linked with the chicken B-actin
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Figure 1 Henipavirus F and G bearing pseudotyped lentivirus
particles. (A) Infection assay with NiV F and G glycoprotein bearing
virus particles. Virus particles were prepared in 293T cells by co-
transfecting the pNL4-3-Luc-E-R* HIV-1 backbone along with the
NiV F and G encoding vectors, or with empty vector (pCAGGs).
Culture supernatants were collected 36 hr post-transfection and
filtered through a 045 um filter and the pseudovirus preparations
were normalized by p24 ELISA. The pseudovirus preparations were
used to infect receptor positive and negative cells in triplicate wells
and at 48 hr post infection, cells were lysed and assayed for
luciferase reporter gene activity as described in the Methods. (B)
Diagram of the panel of splice site mutants of the HeV G gene
cloned into the pCAGGs vector. Putative splice donor sites are
presented as black triangles and the splice acceptor site as grey
squares. (C) Infection assay using pseudotyped virus particles
prepared with HeV F along with (left to right) HeV G (wild-type) or
each of the seven HeV G splice site mutants (SM1 - SM7); NiV G
(wild-type); or empty vector (pCAGGs). Error bars indicate the
standard error of the mean from triplicate wells.

promoter (CAG promoter) [42]. It has an intron with the
splice acceptor site from the rabbit f-globin gene, which
results in the splicing of the pre-mRNA, increasing the
stability of the expressed mRNA and enhancing the pro-
duction of an encoded protein. Although these features
make pCAGGs an efficient vector for the expression of
genes in the nucleus, we found it problematic for the
expression of the HeV G glycoprotein, an RNA virus gene
normally expressed in the cytoplasm of an infected cell,
and expression levels of HeV G were significantly lower in
comparison to NiV G in the same system (data not
shown). Analysis of the HeV G gene cloned in pCAGGs
using splice site prediction software from EMBL-EBI
http://www.ebi.ac.uk/asd-srv/wb.cgi?method=7 revealed 3
possible splice sites within HeV G coding region (Figure
1B), while none were present in the NiV G glycoprotein
pCAGGs construct (Additional file 1: Fig. S1). Mutations
were introduced by site-directed mutagenesis to remove
the predicted splice sites singly or in different combina-
tions, keeping the amino acid coding sequence unaltered,
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and a panel of seven (SM1 - SM7) HeV G mutant clones
were generated (Figure 1B).

The HeV G splice mutant constructs were then tested
for expression by plasmid transfection which indicated
that the removal of these predicted splice sites improved
HeV G glycoprotein production, and removal of all three
sites was optimal, and mRNA expression and alternative
splicing patterns were confirmed by Northern blot analysis
(results not shown). A series of pseudotyped virus particles
were prepared using HeV F along with each of HeV G
splice mutants (SM1 - SM7). In addition, control virus
particles were also prepared using HeV F along with
empty vector (pCAGGs), wild-type HeV G, or wild-type
NiV G. This series of pseudotyped virus particles were
then used to infect 293T target cells, and as shown in
Figure 1C, the HeV G splice mutant SM7 (3 putative
splice sites removed) in combination with HeV F was able
to produce functional pseudotyped particles, as measured
by luciferase reporter gene activity, to signal levels com-
parable to NiV F and G bearing particles (Figure 1A). The
remainder of the HeV G splice mutants (SM1 - SM6) did
show low levels of reporter gene signal, whereas the wild-
type HeV G did not. These results demonstrate that the
splice site removal by mutation in HeV G-SM?7 restores
the ability of HeV G to be expressed in the context of
pCAGGs, thus allowing its incorporation into the lenti-
virus particles. In addition, functional particles were also
generated using HeV F in heterotypic combination with
NiV G, confirming the previous heterotypic cell-cell fusion
activities observed with the henipaviruses [30]. The het-
erotypic pseudotyped particles yielded reporter gene activ-
ity essentially equivalent to the HeV G-SM7 and HeV F
particles (Figure 1C) and similar to the signals obtained
with NiV F and G bearing particles (Figure 1A).

To confirm these findings and demonstrate an expanded
utility of the henipavirus envelope glycoprotein pseudotyp-
ing systems, NiV and HeV F and G glycoprotein bearing
lentivirus particles were prepared with the GFP reporter
gene encoding construct pNL4-3-GFP-E-R" and used to
infect receptor positive 293T cells (Figure 2). Here, pro-
ductively infected cells were visualized using a fluorescent
microscope 48 hrs post-infection and fluorescent cells
were observed only in those cells infected with pseudo-
typed virions prepared with either NiV F and NiV G or
HeV F and HeV Ggy;. No GEP expressing cells were
observed in those wells infected with virions prepared
with empty vector (pCAGGs) or virus particles prepared
with HeV F and wild-type HeV G.

Specificity of henipavirus envelope glycoprotein
pseudotyped lentivirus particles

To examine the cellular infection specificity of the HeV
and NiV F and G pseudotyped particles, several henipa-
virus specific reagents capable of blocking virus infection
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Figure 2 Henipavirus F and G bearing pseudovirus infection
assay with GFP-encoding lentivrus particles. 293T cells were co-
transfected with the pNL4-3-GFP-E-R™ HIV-1 backbone plasmid
along with either empty pCAGGs vector, homologous combinations
of NiV F/G, HeV F/G, or HeV F with HeV Gsyy. The supernatants
were collected 36 hr post-transfection and processed as detailed in
the methods. Receptor positive 293T cells were infected with
pseudovirions and scored for transduction efficiency by counting
the number of GFP positive green cells 48 hr post-infection using
Olympus 1X81 fluorescent microscope.

were tested for their ability to inhibit the infection of
the henipavirus pseudotypes. Virus particles were pre-
pared as before and then mixed with various inhibitors
(Figure 3). The henipavirus specific peptide fusion inhi-
bitor NiV-FC2, a 36 amino acid peptide corresponding
to the henipavirus heptad repeat region 2 (HR-2) of the
F glycoprotein [39,41], completely blocked the entry of
the henipavirus pseudotypes as measured by luciferase
reporter gene activity. The NiV-FC2 peptide functions
in an analogous manner to the HIV-1 specific fusion
inhibitor enfuvirtide (Fuzeon™, formerly T-20) [43,44],
and specifically blocks the formation of the class 1
fusion glycoprotein structure known as the 6-helix bun-
dle of the F glycoprotein preventing F-mediated mem-
brane fusion and subsequent virion entry. A scrambled
version of the peptide (Sc NiV-FC2) was used as a nega-
tive control. Infection specificity was also examined by
inhibition with the cross-reactive anti-henipavirus G gly-
coprotein human monoclonal antibody (mAb) m102.4
[45,46]. The m102.4 mAb neutralizes henipaviruses by
specifically binding and blocking the ephrin-B2 and -B3
receptor-binding region on the henipavirus G glycopro-
tein. As shown in Figure 3, infection of either the HeV
or NiV pseudotypes was completely blocked by mAb
m102.4 confirming that their entry and resultant lucifer-
ase signal is specifically mediated by the attachment
and subsequent fusion triggering functions of their
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Figure 3 Infection specificity of henipavirus F and G bearing
pseudovirions. The HeV and NiV envelope glycoprotein
pseudotyped virus particles were preincubated with 2 pg of Niv-
FC2, Sc-NiV-FC2, soluble, murine ephrin-B2, or soluble human
ephrin-B2, mAb m102.4 IgG, recombinant NiV sG, or nothing
(control), for 1 hr at 4°C and then receptor positive 293T cells were
infected (transduced) with the various treated pseudotyped virus
preparations in triplicate wells. After 1 hr incubation, complete
media was added and infections were continued for an additional
48 hrs. Cells were then lysed and assayed for luciferase reporter
gene activity as described in the Methods. Error bars indicate the

standard error of the mean from triplicate wells.

henipavirus G glycoproteins. In addition, the binding
and infection of the henipavirus pseudotypes to target
cells could be blocked by recombinant, soluble ephrin-
B2 and -B3 receptors (Figure 3). HeV and NiV F and G
bearing particles pre-incubated with soluble ephrin-B2
or -B3 were unable to infect host cells as was previously
shown with infectious virus [20]. Also, in a reciprocal
manner, recombinant soluble NiV G (sG) could block
entry of either henipavirus pseudotype as was similar to
earlier observations made with HeV sG in infectious
virus entry. Together, these results demonstrate the spe-
cificity of the henipavirus F and G glycoprotein bearing
pseudotyped virus entry assay and its potential utility in
screening specific henipavirus entry inhibitors.

Influence of the henipavirus F glycoprotein cytoplasmic
tail on processing and function

Previous studies have demonstrated that efficient incor-
poration of heterologous envelope glycoproteins into
HIV-1 or murine leukemia virus (MLV) particles often
depended on the removal of part or all of the cytoplas-
mic tail domains from the pseudotyping glycoproteins
[38,47-49]. To explore whether a similar feature was
occurring in the henipavirus pseudotyping system here,
a series of seven cytoplasmic tail truncation mutations
in each henipavirus F glycoprotein were generated,
designated FACt1 to FACt7, by introducing translational
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stop codons into the coding sequence of the NiV and
HeV F gene (Figure 4). The FACtl and FACt2 con-
structs of both the NiV and HeV F, differ by only one
additional deleted valine residue to better ensure com-
plete removal of the cytoplasmic tail domain.

Because cytoplasmic tail truncations of membrane
anchored proteins could affect proper folding and trans-
port, we first examined the levels of cell surface
expressed F and compared the series of truncated
mutant F constructs to each wild-type F, using a cell
surface biotinylation assay [50]. The series of NiV and
HeV F glycoprotein mutants and each wild-type F were
expressed by plasmid transfection in HeLa-USU cells,
both in the presence and absence of their homologous
G glycoprotein partner, and surface proteins were biotin
labeled, precipitated with Avidin-agarose, and analyzed
by Western blot assay using an F; specific antisera
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Figure 4 Schematic diagram of truncation mutants in the
fusion glycoprotein. (A) A schematic representation of the F
glycoprotein truncation mutants. The transmembrane and the
cytoplasmic tail regions are marked along with the disulfide bond
linking F; and F,. The nomenclature for the constructs is shown on
the left and the position of stop codon on the right. (B) The amino
acid composition of truncation mutants near the truncation site

within the F glycoprotein of both HeV and NiV.
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(Figure 5). The wild-type NiV F, precursor was cleaved
and detected. FACt1l, FACt2 appeared less efficiently
cleaved (levels of F; versus Fy) as compared to wild-type
NiV E. A significant amount of each of the NiV FACt3,
FACt4, FACt5, FACt6 and FACt7 constructs were
cleaved, with the FACt6 appearing highly processed
although its overall expression was lower in comparison
to others. The ratio of cleaved to uncleaved F (F; to Fy)
on the cell surface was approximately equal (1:1) when
the complete retention and endocytosis motif (YSRL)
[51,52] was retained, beginning with the FACt4 con-
structs. Notably, the coexpression of NiV G did not
appear to significantly alter the expression and cleavage
patterns of NiV F (Figure 5).

The retention of amino acid residues from the endo-
cytosis motif YSRL to residues EDRRYV in the cytoplas-
mic tail appeared to allow for more efficient Fq
processing, as evidenced by the greater levels of F;
observed with these NiV constructs (NiV FACt4 to
FACt7) (Figure 4) in comparison to NiV FACtl, FACt2
and FACt3 which lack the YSRL motif. In addition, the
cell surface levels of F (primarily Fy) observed with the
FACt1, FACt2 and FACt3 constructs appeared greater in
comparison to the FACt4, FACt5, FACt6 and FACt7
constructs, and this mostly likely reflects the reduced
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Figure 5 Cell surface expression of truncation mutants of the
henipavirus F glycoprotein. The various F cytoplasmic tail
truncation mutants alone or together with their G glycoprotein
partner were transfected into Hel.a-USU cells. At 24 hr post
transfection, cell surface proteins were biotinylated and precipitated
with Avidin agarose beads, and the precipitated proteins were
processed for Western blot analysis as detailed in the Methods and
probed using the anti F; specific antisera. This experiment was
performed twice and representative experiment is shown in the
figure.
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ability of the F, precursor to be endocytosed and pro-
cessed by Cathepsin L [27,53]. Similar results were
obtained when the series of HeV F cytoplasmic tail
truncation mutants were examined in parallel, and the
HeV F constructs FACtl, FACt2 and FACt3 revealed
greater cell surface expression levels of Fo with less effi-
cient processing as measured by the detection of Fy,
whereas the HeV F constructs, FACt4 through FACt7
revealed greater Fy precursor processing but perhaps an
overall lower level of expression (Figure 5). A variable
and doublet appearance of HeV F, has been observed
previously [30,54,55]. As with the NiV F truncation
mutants the coexpression of the HeV F panel along
with their HeV G glycoprotein partner did not signifi-
cantly alter the HeV F expression and cleavage patterns
observed in cell surface biotinylation assays.

Having characterized the expression and processing of
the cytoplasmic tail truncation mutants of both NiV and
HeV F glycoprotein, we next examined their biological
function in cell-cell membrane fusion assays. Membrane
fusion was assessed using the well-characterized vaccinia
virus-based, reporter-gene, cell-cell fusion assay [56].
This assay has also been used extensively in earlier
reports on the characterization of HeV and NiV-
mediated membrane fusion and tropism [30,41,57]. The
series of F glycoprotein truncation mutants for both
HeV and NiV were expressed, along with their respec-
tive partner G glycoprotein, in HeLa-USU cells (effector
cells) and cell-cell fusion reactions were carried out
using target cells of either receptor negative HeLa-USU
(control) or fusion permissive 293T cells, and results are
shown in Figure 6. For NiV F, the removal of most of
the cytoplasmic tail domain from F (FACt1l and FACt2),
which also reduced F, processing, impaired their fuso-
genic potential as would be expected, whereas the fuso-
genic activity of NiV FACt3, FACt4, FACt5, FACt6 and
FACt7 were either equivalent or slightly elevated in
comparison to wild-type NiV F. The cell-cell fusion
assay with the series of HeV F truncation mutants gen-
erated slightly more variable results in contrast to NiV
F, though all possessed some fusogenic activity. In gen-
eral there was only a slight reduction in fusion with
HeV F, FACtl and FACt2, while FACt3, FACt5 and
FACt6 were essentially equivalent to wild-type HeV F,
while lower fusion signals were seen with HeV FACt4
and FACt7, which could be related to an overall lower
expression level as seen in Figure 5. A comparison of
the results in Figure 5 and Figure 6 suggests that NiV F
processing appears to correlate with cell-cell fusion sig-
nals; whereas cell-cell fusion activity was readily appar-
ent in several HeV F truncation mutants possessing a
markedly lower level of Fj processing, however these are
independent experiments and a direct comparison may
be miss-leading.
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Figure 6 Membrane fusion activity of the truncation mutants
of the F glycoprotein. The panels of F glycoprotein truncation
mutants were assayed for their ability to mediate cell-cell fusion
when co-expressed with their partner G glycoprotein in a
quantitative vaccinia virus-based cell-cell fusion assays. Each F
glycoprotein mutant was tested in triplicate wells in three
independent experiments. Shown are the results of a representative
cell-fusion assay with the F truncation mutants FACt1 through FACt7
along with wild-type NiV or HeV F as positive controls and vector
only (pCAGGS) or media only as negative controls. (A) NiV G along
with the panel of truncation mutants of NiV F. (B) HeV G along with
various truncation mutants of HeV F. Error bars indicate the
standard error of the mean from triplicate wells.

Incorporation and function of truncated F glycoproteins
into lentivirus particles

We next examined the efficiency of the various cytoplas-
mic tail truncation mutants of the NiV and HeV F gly-
coproteins to be incorporated into lentivirus-based
pseudotypes. Pseudotyped lentivirus particles were pre-
pared as before using the series of cytoplasmic tail trun-
cation mutants along with their partner G glycoprotein.
Three types of control virus particles were also prepared
using either empty vector (pCAGGs) or each species of
wild-type F glycoprotein alone or each species of G gly-
coprotein alone. Pseudotyped virus particle preparations
were filtered, purified by centrifugation through a
sucrose cushion, normalized for p24 content by ELISA
and used to infect 293T target cells. Following infection
and incubation for 48 h, cells were processed and
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luciferase activity was measured. As shown in Figure 7A
and 7B, pseudovirus particles prepared using the trunca-
tion mutants FACtl, FACt2, and FACt3 F glycoproteins
produced significantly greater levels of luciferase activity
as compared to virus particles made with wild-type F.
To evaluate whether the differences in infectivity, as
measured by luciferase reporter gene activity, by the var-
ious pseudovirus types correlated to the extent of incor-
poration of the mutant F glycoproteins into lentivirus
particles, equal amounts of virus particles based on
p24 content were lysed and analyzed by Western blot.
This analysis revealed that incorporation of F into either
the NiV or HeV pseudotyped virions was greater with
the FACtl, FACt2 and FACt3 constructs, and that F,
was the predominant species present in the virions
(Figure 7C). These results together with cell surface
expression pattern of the NiV and HeV wild-type and
truncation mutants demonstrate that, in general, the
amount of incorporation of the F glycoproteins in the
pseudotyped particles appears to correlate well with
the level of expression of these proteins on the surface
of the producer cells. This was also true in the amount
of wild-type NiV or HeV F alone bearing particles
which can be noted when comparing Figure 5 and
Figure 7C. Removal of the endocytosis motif from the
fusion protein prevents its transportation to the endo-
some and subsequent cleavage of Fy into F; and F, by
Cathepsin L, which explains the predominance of Fj in
the FACt1, FACt2 and FACt3 constructs which lack the
endocytosis motif YSRL. Interestingly, in both the NiV
and HeV F glycoprotein mutant series, the higher infec-
tivity of the FACtl, FACt2 and FACt3 bearing pseudo-
types in comparison to wild-type was notable, and
might be attributed to the greater levels of incorporation
of these F glycoproteins into the particles, except in the
case of wild-type NiV F and G bearing particles and the
reason for this later observation is unclear at present.
Alternatively however, and also of interest is that the
high infectivity signal and predominance of F, in the
pseudotypes prepared with FACtl, FACt2 and FACt3
could argue for a role of endocytosis followed by Cathe-
psin L processing of Fy and subsequent productive
fusion and infection.

Discussion

In the present study we have detailed a new and readily
adaptable, reporter-gene containing, lentivirus-based
pseudotyping system which utilizes functional F and G
envelope glycoproteins of the henipaviruses; NiV and
HeV. Importantly, like other virus envelope glycoprotein
pseudotyping systems, this assay can be conducted safely
under BSL-2, a condition which is relevant considering
the otherwise highly pathogenic nature of infectious NiV
and HeV. We also demonstrate, by several measures, that
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Figure 7 Envelope glycoprotein incorporation efficiency and infectivity of henipavirus F and G bearing lentivirus particles. The panel of
expression plasmids encoding the NiV and HeV F glycoprotein cytoplasmic tail truncation mutants and/or their G glycoprotein partner together
with the HIV-1 backbone pNL4-3-Luc-E-R* were transfected into 293T cells. The pseudovirus containing cell culture supernatants were collected
36 hr post-transfection, filtered with a 045 um filter and purified through a 25% wt/vol sucrose cushion. The preparations of pseudovirions were
normalized by assaying p24 content and then used to infect permissive 293T target cells. (A) Infection assay with the various NiV F cytoplasmic
tail deletion mutants. (B) Infection assay with the various HeV F cytoplasmic tail deletion mutants. Error bars indicate the standard error of the
mean from triplicate wells. (C) Incorporation of the various NiV and HeV F glycoproteins into the lentivirus-based pseudovirions. Equal amounts
of particles, based on p24 content, were lysed and subjected to SDS-PAGE and Western blot analysis to assess the levels of incorporation of the
F glycoproteins. Mock is processed supernatant prepared from cells not producing pseudovirions. This experiment was performed twice and
representative experiment is shown in the figure.
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this henipavirus pseudotyping system faithfully recapitu-
lated the natural NiV or HeV cell attachment and viral
glycoprotein-mediated membrane fusion stages of
infection.

The henipaviruses bind and infect their host cells by a
specific attachment step to the cell surface expressed
proteins ephrin-B2 and -B3 [20-23]. The current and
widely accepted model of paramyxovirus mediated
membrane fusion postulates that upon receptor binding
the viral attachment glycoprotein triggers conforma-
tional changes in the F glycoprotein, a class I viral
fusion glycoprotein. The receptor-induced triggering
event is presumed to involve direct contacts between an
attachment and fusion glycoprotein and this activation
process facilitates a series of conformational changes in
F and the glycoprotein transitions into its post-fusion,
six-helix-bundle conformation concomitant with the
merging of the viral membrane envelope and the host
cell plasma membrane [26,58]. However, all of the
details of the entire receptor binding and fusion activa-
tion process have yet to be defined. An important fea-
ture of many class I fusion glycoproteins is the two
a-helical regions referred to as heptad repeat (HR)
domains that are involved in the formation of the six-
helix-bundle structure [59,60]. HR-1 is located proximal
to the amino (N)-terminal fusion peptide and HR-2 pre-
cedes the transmembrane domain near the carboxyl (C)-
terminus. Peptide sequences from either HR domain of
the F glycoprotein of several paramyxoviruses, including
HeV and NiV, have been shown to be inhibitors of the
F-mediated membrane fusion step in both cell-cell
fusion and virus infection assays [30,39,41,57,61-66].
Here, as has been shown with infectious virus or cell-
cell fusion assays, the infection by NiV and HeV F and
G lentivirus pseudotypes was completely blocked by the
HR-2 based fusion inhibiting peptide (NiV-FC2) [39].

A number of other tests were also conducted to
demonstrate the specificity of the henipavirus pseudo-
typing system in addition to using the henipavirus pep-
tide fusion inhibitors. In competition assays, the
infection of the pseudotypes could also be specifically
blocked using recombinant, soluble ephrin-B2 or
ephrin-B3 receptor proteins as was previously shown
with both henipavirus-mediated membrane fusion as
well as live virus infection assays[20]. In a similar fash-
ion, recombinant, soluble henipavirus G glycoprotein
(sGQ) was also able to completely inhibit the infection of
either HeV or NiV pseudotypes by blocking receptor
binding, which had been demonstrated previously in
both henipavirus-mediated membrane fusion and live
virus infection assays [28]. Finally, the infection by the
NiV and HeV pseudotypes could also be completely
blocked using a well-characterized, cross-reactive human
mAb (m120.4) that is specific for the henipavirus G
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glycoprotein [15,46]. Thus, by a wide variety of well-
known and well-characterized approaches the functional
henipavirus envelope glycoprotein pseudotyped lenti-
virus assay system developed here, accurately recapitu-
lates the receptor binding, membrane fusion and
infection stages of live HeV and NiV.

Because of both the highly pathogenic features of NiV
and HeV, which restricts the use of infectious virus to
BSL-4 containment, and the labor intensive nature and
challenges associated with a reverse genetics approach,
extensive and detailed structural and functional studies on
the henipavirus envelope glycoproteins in the context of a
viral particle has been limited. To demonstrate the utility
of the henipavirus pseudotyping system here, we generated
and tested an extensive panel of cytoplasmic tail domain
truncation mutants of the NiV and HeV F glycoprotein,
and examined the influence of this domain of F on its abil-
ity to be incorporated into this budding particles as well as
its fusion activity in the context of a viral particle.

Here, it was observed that the deletion of essentially
the entire F cytoplasmic tail domain, most notably with
the NiV F glycoprotein and to a lesser degree with that
of HeV F, impaired their fusogenic activity in the con-
text of a cell-cell fusion assay. These findings were in
contrast with previous observations made on the envel-
ope glycoproteins of certain lentiviruses. Studies with
human immunodeficiency virus type 2 (HIV-2) and
simian immunodeficiency virus (SIV) envelope (Env)
glycoproteins have shown that cytoplasmic domain trun-
cation mutants exhibit significantly enhanced Env fuso-
genic activity as measured by syncytium formation
[67,68]. In addition, studies with murine leukemia virus
have demonstrated that naturally occurring late cleavage
of a small carboxy terminal sequence, designated as the
R peptide or p2E, in the cytoplasmic tail results in con-
siderably enhanced cell-to-cell fusion activity [69,70].
Whereas for a paramyxovirus F glycoprotein, cytoplas-
mic tail deletions in simian virus 5 (SV5) [71], Newcas-
tle disease virus [72], and human parainfluenza virus
(HPIV) type 3 (HPIV-3) revealed significantly reduced
syncytium formation, except in one example with HPIV-
2, where similar deletions did not affect membrane
fusion [73]. Overall, with the exception of the results
with HPIV-2, these studies also demonstrated that sub-
sequent additions of parts of the deleted cytoplasmic tail
sequences restored the fusogenic potential of those F
glycoproteins. In the case of henipaviruses, one explana-
tion to account for the reduced fusion activity of the
entire cytoplasmic tail deleted constructs is poor endo-
cytosis and subsequent Cathepsin L processing of Fg
and the analysis of the surface expressed levels of NiV
Fo versus F; in the cytoplasmic tail domain truncation
mutants support this conclusion, but to a lesser extent
with that of the HeV F truncation mutants.
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However, although the cell-cell fusogenic results with
the truncation constructs of the henipavirus F glycopro-
teins reported here were similar to the majority of the
observations made with other paramyxoviruses, whether
as a result of Fy precursor processing or by some other
mechanism, the cytoplasmic tail deleted HeV and NiV F
glycoproteins in the context of the virus particle pseudo-
typing system, revealed an opposing result. In general,
the higher levels of pseudotyped particle infectivity sig-
nal correlated with an overall greater level of incorpo-
rated F glycoprotein. Interestingly however, the highest
luciferase signals in the virus infection assays also corre-
lated with a greater level of unprocessed Fy in the parti-
cles, particularly with FACtl, FACt2 and FACt3 in
which most of the cytoplasmic tail was deleted. Poten-
tially, the greater luciferase signals in these instances
(FACt1, FACt2 and FACt3) could be due to particle
endocytosis following receptor binding [74] and subse-
quent Fy processing by Cathepsin L [27]. The pseudo-
typing system described here offers one system, albeit
artificial, to explore the possibility of a productive early
endocytic route of henipavirus infection. Taken together,
this henipavirus pseudotyping system shown here offers
a useful tool for measuring not only henipavirus entry
and assaying and characterizing virus neutralizing anti-
bodies and virus entry inhibitors, but also offers a highly
versatile platform for studying F and G glycoprotein
function in the context of a virus particle during infec-
tion, and one that can readily assay numerous variations
or mutants of either or both the F and G henipavirus
glycoproteins.

Conclusions

Functional henipavirus envelope glycoprotein pseudo-
typed, reporter gene encoding, lentivirus particles could
be readily produced, concentrated by ultracentrifugation
and stored frozen without loss of infectivity. These heni-
pavirus pseudotyped particles maintained the same cel-
lular tropism characteristics as authentic NiV and HeV,
and infection of host cells by these particles could be
specifically inhibited by various antiviral agents that tar-
get the henipaviruses. This henipavirus glycoprotein
pseudotyped virus infection assay can be conducted
safely under BSL-2 conditions and its utility in analyzing
the viral glycoprotein function, of otherwise BSL-4
restricted agents, in the context of a virus particle was
demonstrated in the characterization of cytoplasmic tail
truncated versions of the F glycoprotein. This new heni-
pavirus pseudotyping system will be a useful tool for
measuring HeV and NiV entry and studying their F and
G glycoprotein function in the context of virus particle,
as well as in assaying and characterizing neutralizing
antibodies and virus entry inhibitors.
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Methods

Cells and culture conditions

U87 and HuTK 143B were obtained from the American
Type Culture Collection (ATCC). Recombinant human
osteosarcoma cells bearing CD4 and CXCR4 (HOST4X4)
were obtained from the NIH AIDS Research and Refer-
ence Reagent Program [75]. The 293T cells were
obtained from Dr. G. Quinnan (Uniformed Services Uni-
versity). HeLa-USU cell line has been described pre-
viously [20]. HeLa-USU, U87, HOST4X4 and 293T cells
were maintained in Dulbecco’s modified Eagle’s medium
(Quality Biologicals, Gaithersburg, MD) supplemented
with 10% cosmic calf serum (CCS) (HyClone, Logan, UT)
and 2 mM L-glutamine (DMEM-10). All cell cultures
were maintained at 37°C in a humidified 5% CO,
atmosphere.

Plasmids

The HeV and NiV F and G envelope glycoproteins were
transiently expressed using the mammalian expression
vector pCAGGs which contains the CAG promoter and
is composed of the cytomegalovirus immediate early
enhancer and the chicken B-actin promoter [42]. The
HIV-1 pNL4-3-Luc-E-R" or pNL4-3-GFP-E-R" back-
bone plasmids encoding the luciferase (Luc) [40] or
green fluorescence protein (GFP) reporter gene were
provided by Dr. R. Doms (University of Pennsylvania).

Antibodies, recombinant proteins and peptides

The henipavirus G and F glycoproteins were detected
with a cross-reactive polyclonal mouse antiserum raised
against recombinant, soluble HeV G [23,50] or a rabbit
polyclonal henipavirus F;-specific antiserum provided by
Dr. L-F. Wang (Australian Animal Health Laboratory,
Geelong, Australia) respectively. The human monoclonal
antibody (mAb) m102.4 IgG used for inhibition of virus
entry [15,45,46] was provided by Dr. D. Dimitrov
(National Cancer Institute-Frederick, National Institutes
of Health). The fusion inhibiting peptide NiV-FC2 cor-
responding to the HR2 region of NiV F and the non-
fusion inhibiting scrambled control peptide Sc-NiV-FC2
have been previously described [39]. Recombinant, solu-
ble ephrin-B2 and -B3 were from R&D Systems, Min-
neapolis, MN. Recombinant, soluble NiV G (NiV sQG)
has been previously described [76]

Fusion (F) glycoprotein constructs and mutagenesis

Full-length ¢cDNA clones of the NiV and HeV F glyco-
protein genes [30,41] each including the Kozak consen-
sus sequence (CCACC) appended upstream of the initial
ATG [77] were subcloned into pCAGGs, generating the
NiV F-pCAGGs and HeV F-pCAGGs expression vec-
tors. The cytoplasmic tail domain truncation mutants of
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NiV and HeV F were generated by introducing stop
codons corresponding to amino acid positions 517, 518,
522, 528, 531, 533 and 541 of the full-length F glycopro-
tein by standard PCR techniques. The NiV F-pCAGGs
and HeV F-pCAGGs plasmids were used as templates,
and the 5’ primer included an external EcoRI site, the
Kozak consensus sequence (CCACC) and F-specific
sequence. The various 3’ primers included F specific
sequence, a stop codon at the desired location and an
external Kpnl site. All PCR products were gel purified
and cloned into the TOPO vector (Invitrogen) and sub-
sequently subcloned into pCAGGs, generating con-
structs NiV FACtl through FACt7 and HeV FACt1
through FACt7 (Figure 4Aand 4B). All constructs were
sequenced confirmed.

Attachment (G) glycoprotein constructs and mutagenesis
Full-length ¢cDNA clones of the NiV and HeV G glyco-
protein genes [30,41] each including the Kozak consen-
sus sequence (CCACC) appended upstream of the initial
ATG [77] were subcloned into pCAGGs, generating the
NiV G-pCAGGs and HeV G-pCAGGs expression vec-
tors. The splice site mutations (Figure 1C) of the HeV
G gene were generated by site-directed mutagenesis
using the QuickChange II Site-directed Mutagenesis Kit
and QuickChange Multi Site-directed Mutagenesis Kit
(Stratagene, Cedar Creek, TX). The template for the
mutagenesis reactions was a HeV G clone in the TOPO
plasmid (Invitrogen Corp., Carlsbad, CA). For the first
donor splice site D1 at nucleotide position 1749, the
TTG codon for leucine was changed to CTT. The other
redundant codons for leucine are CTG, CTA, CTC, and
TTA, but these were not effective in removing the pre-
dicted splice site. For the second donor splice site D2 at
nucleotide position 1858, the AGT codon for serine was
changed to TCG. For the third donor splice site D3 at
nucleotide position 2259, the GGG codon for glycine
was changed to GGT. All PCR products were gel puri-
fied and cloned into TOPO and subsequently subcloned
into pCAGGs. All mutation-containing constructs were
sequence verified.

Cell surface biotinylation

HeLa-USU cells grown in T25cm? flasks were trans-
fected with the pCAGGs expression constructs of NiV
and HeV F alone or along with their partner G glyco-
protein constructs with Fugene reagent (Roche Diagnos-
tics Corp, IN) for 36 hrs. Following expression, cells
were rinsed three times with ice-cold phosphate buf-
fered saline (PBS) and cell surface proteins were biotiny-
lated using 0.25 mg/ml EZ-Link NHS-Biotin (Pierce,
Rockford, IL) in PBS for 30 min at 4°C [50]. The reac-
tion was quenched by washing the cell monolayer three
times with ice-cold PBS before harvesting cells and
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preparation of cell lysates. Cells were lysed in 100 mM
Tris-HCI (pH 8.0), 100 mM NaCl, 1% Triton X-100 and
protease inhibitor at 4°C for 30 min and one-half of
each lysate was incubated with 100 pl of 20% vol/vol
solution of Agarose-Avidin D beads (Vector Labora-
tories, Inc., Burlingame, CA) in IP buffer (0.14 M NaCl,
0.1 M Tris, and 0.1% Triton) at 4°C and rotated over-
night. Beads were washed twice with lysis buffer fol-
lowed by one wash with DOC buffer (100 mM Tris-HCI
(pH 8.0), 100 mM NaCl, 0.1% sodium deoxycholate, and
0.1% SDS). Samples were boiled in SDS-PAGE sample
buffer with 2-mercaptoethanol, separated on a 4-20%
Tris-Glycine gradient gel (Invitrogen), transferred to
nitrocellulose, and probed with a cross-reactive polyclo-
nal mouse antiserum to HeV G at a concentration of
1:25,000 or a rabbit polyclonal F; specific antiserum at a
concentration of 1:25,000.

Cell fusion Assays

Henipavirus F and G mediated fusion activities were
measured using a previously described quantitative viral
glycoprotein-mediated cell-cell fusion assay [30,41,57].
Briefly, one cell population (effector cells) is infected
with a recombinant vaccinia virus expressing the T7
polymerase (vI'F7.3) and the other cell population (tar-
get cells) is infected with a vaccinia virus encoding the
E. coli lacZ gene (B-Gal) gene under control of the T7
promoter (vCB21R). Cell-cell fusion between effector
and target cell results in $-Gal synthesis which can be
measured by specific synthetic substrate cleavage. Plas-
mids encoding NiV or HeV G along with their respec-
tive wild-type F glycoprotein partner or the various
truncation mutants of F were transfected into HeLa-
USU cells and allowed to express overnight (effector cell
populations). Effector cell populations were also pre-
pared using empty vector, pCAGGs, or NiV or HeV F
glycoprotein alone as additional negative controls. The
various effector cell populations were infected with
vTF7.3 and a fusion permissive 293T target cell popula-
tion was prepared by infection with vCB21R. Vaccinia
virus infections were carried out with a multiplicity of
infection of 10, suspended in media and incubated at
31°C overnight as previously described[30,41,57]. Cell
fusion reactions were conducted with the various cell
mixtures in 96-well plates at 37°C with a ratio of envel-
ope glycoprotein-expressing cells to target cells of 1:1
using 2 x 10° total cells per well in a total volume of 0.2
ml per well for 2.5 h. For quantitative analyses, Nonidet
P-40 was added (0.5% vol/vol) and aliquots of the cell-
cell fusion lysates were assayed for f-Gal at ambient
temperature with the substrate chlorophenol red-d-
galactopyranoside (Roche Diagnostics Corp, IN, USA).
Assays were performed in triplicate, and fusion results
were calculated and expressed as rates of -Gal activity
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(change in optical density at 570 nm per minute x
1,000) in an MRX microplate reader (Dynatech Labora-
tories, Chantilly, VA).

Preparation of henipavirus envelope glycoprotein
pseudotyped lentivirus particles

Pseudotyped, HIV-1 reporter gene encoding virus stocks
were prepared by transfecting 293T cells with the repor-
ter gene-encoding backbone plasmids pNL4-3-Luc-E-R*
or pNL4-3-GFP-E-R" along with the henipavirus envel-
ope glycoprotein encoding pCAGGs vectors. 293T cells
(0.75 x 10°) were seeded in a 6-well flat-bottom collagen
I-coated microplate (BD Biosciences, Durham, NC) and
transfected with the expression plasmids using the
Fugene reagent (Roche Diagnostics Corp, IN). The DNAs
of the pNL4-3-Luc-E-R* or pNL4-3-GFP-E-R" along
with the HeV or NiV F and G encoding pCAGGs plas-
mids were mixed in the ratio of 1:0.2:0.8, respectively,
and added to 500 pl of serum free DMEM and 9 ul
Fugene. The mixture was incubated at room temperature
for 30 min and then applied to the culture of 293T cells.
After 3 to 5 hr incubation at 37°C, transfected cells were
washed extensively with DMEM and incubated for addi-
tional 24-48 hr with 1 ml of DMEM-10, at 37°C in 5%
CO,. The supernatants from virus particle producing cul-
tures were then collected and were clarified by centrifu-
gation for 10 min at 1500 rpm, filtered through low
protein binding 0.45 pum syringe filter (Millipore, Bedford,
MA) and partially purified through 25% wt/vol sucrose in
Hepes-NaCl buffer by centrifugation at 36000 x g at 4°C
for 2.5 hr. The pellet was resuspended overnight at 4°C
in 10% sucrose in Hepes-NaCl buffer and used immedi-
ately or stored at -80°C.

Incorporation of henipavirus envelope glycoproteins in
the pseudotyped lentivirus particles

To measure the incorporation of the henipavirus F and
G glycoproteins into pseudotyped HIV-1 particles,
sucrose cushion purified particles were lysed in buffer
containing 100 mM Tris-HCI (pH 8.0), 100 mM NacCl,
2% Triton X-100 and protease inhibitors at 4°C for 30
min. Samples were boiled in SDS-PAGE sample buffer
with 2-mercaptoethanol and separated on a 4-20% Tris-
Glycine gradient gels (Invitrogen), transferred to nitro-
cellulose, and probed with a cross-reactive polyclonal
mouse antiserum to HeV G at a concentration of
1:25,000 or a rabbit polyclonal F; specific antiserum at a
concentration of 1:25,000.

Pseudotyped virus infection assays

Receptor positive cell lines, seeded into 48-well plates at
a concentration of 10° cells per well, were infected
(transduced) with pseudovirus, normalized for p24 anti-
gen content using the HIV-1 p24 EIA Kit from
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Beckman-Coulter, and all infection experiments were
carried out in triplicate wells. No DEAE-Dextran or
polybrene was used to facilitate fusion/infection by the
pseudovirions. After infecting for 2.5-3 hr, the cells were
washed and incubated for additional 48-72 hr. For luci-
ferase encoding particles, cells were lysed with 0.5%
Triton X-100 in PBS and a 50 pl aliquot of the lysate
was assayed for luciferase activity using luciferase sub-
strate (Promega, Madison, WI) on a Mikrowin lumin-
ometer (Berthold Technologies Model: Centro LB 960).
For the GFP-encoding particles, the efficiency of infec-
tion was evaluated by counting the number of green
cells 48 h post-infection using Olympus I1X81 fluores-
cent microscope.

For inhibition of pseudotyped virus infection assays,
pNL4-3-Luc-E-R" based virus particles pseudotyped
with full-length NiV or HeV F and G envelope glyco-
proteins were pre-incubated with 2 pg each of NiVsG,
mAb102.4 IgG, NiV-FC2 (fusion inhibiting) or Sc-NiV-
FC2 (scrambled control peptide), recombinant soluble
murine ephrin-B2 (rmEFN-B2/Fc) or recombinant solu-
ble human ephrin-B3 (thEFN-B3/Fc) at 4°C for 1 hr.
Receptor positive 293T cells, seeded into 48-well plates
(10° cells per well) were then infected with the various
pre-treated pseudotyped virus particles and processed as
above. All infection experiments were performed in
triplicate.

Additional material

Additional file 1: Splice site prediction in the pre-mRNA derived
from the HeV G gene as cloned in pCAGGs. EMBL-EBI Splice site
prediction software http://www.ebi.ac.uk/asd-srv/wb.cgi?method=7 was
used to check for the presence of splice donor sites in the G
glycoprotein constructs cloned in the pCAGGs vector. Splice acceptor
site present in the intron at position 1670-71 is shown on the left for all
the constructs. On the right is shown the predicted splice donor site.
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BackgroundHendra virus (HeV) emerged in 1994 in two separate outbreaks of severe respiratory disease in horses with subsequent transmission to humans resulting from close contact with infected horses. Nipah virus (NiV) was later determined to be the causative agent of a major outbreak of disease in pigs in 1998-99 along with cases of febrile encephalitis among people in Malaysia and Singapore who were in close contact exposure to infected pigs (reviewed in 12). Phylogenetic analysis revealed that HeV and NiV are distinct members of the Paramyxoviridae 34 and are now the prototypic members of the new genus Henipavirus within the paramyxovirus family 4. Pteropid fruit bats, commonly known as flying foxes in the family Pteropodidae, are the principal natural reservoirs for both NiV and HeV (reviewed in 2) however recent evidence of henipavirus infection in a wider range of both frugivorous and insectivorous bats has been reported 56.Since their identification, both HeV and NiV have caused repeated spillover events. There have been 14 recognized occurrences of HeV in Australia since 1994 with at least one occurrence per year since 2006, the most recent in May 2010. Every outbreak of HeV has involved horses as the initial infected host, causing lethal respiratory disease and encephalitis, along with a total of seven human cases arising from exposure to infected horses, among which four have been fatal and the most recent in 2009 (reviewed in 2) 789. By comparison there have been more than a dozen occurrences of NiV emergence since its initial recognition, most appearing in Bangladesh and India (reviewed 2) and the most recent in March 2008 10 and January 2010 11. Among these spillover events of NiV the human mortality rate has been higher (~75%) along with evidence of person-to-person transmission 1213 and direct transmission of virus from flying foxes to humans via contaminated food 14.In contrast to other paramyxoviruses, NiV and HeV exhibit an extremely broad host tropism and in addition to bats, horses, pigs and humans, natural and/or experimental infections have also been reported in cats, dogs, guinea pigs, hamsters (reviewed in 2), ferrets 15 and some nonhuman primates, the squirrel monkey 16 and the African green monkey 1718. In those hosts susceptible to henipavirus-induced pathology, the disease is characterized as a widespread multisystemic vasculitis, with virus replication and associated pathology in highly vascularized tissues including the lung, spleen and brain 219. Both the broad host and tissue tropisms exhibited by NiV and HeV can for the most part be explained by the highly conserved and broadly expressed nature of the receptors the henipaviruses employ, the ephrinB2 and B3 ligands 20212223 which are members of a large family of important signaling proteins involved in cell-cell interactions (reviewed in 2425).NiV and HeV possess two envelope glycoproteins anchored within the viral membrane, a trimeric fusion (F) and a tetrameric attachment (G) glycoprotein (reviewed in 26). The F glycoprotein is initially synthesized as a precursor F0 which is cleaved into the disulfide-linked F1 and F2 subunits by cathepsin L within the host cell 27. The G glycoprotein consists of a stalk domain and globular head and G monomers form disulfide-linked dimers that associate in pairs forming tetramers 28. The F and G oligomers associate within the membrane and G is responsible for engaging receptors, which in turn triggers F-mediated membrane fusion (reviewed in 26). The F and G glycoproteins of NiV and HeV share ~88% and 83% amino acid identity and both NiV and HeV can elicit cross-reactive anti-envelope glycoprotein antibody responses 29. It has also been demonstrated that F and G of NiV and HeV can efficiently complement each other in a heterotypic manner in cell-fusion assays 30. The henipavirus F and G glycoproteins share many of the general structural features found in the envelope glycoproteins of other paramyxoviruses, and recently the structure of both receptor-bound and unbound forms of the globular head domain of NiV G have been reported 3132.Because of their highly pathogenic nature and lack of approved vaccines or therapeutics, HeV and NiV are classified as biological safety level-4 (BSL-4) select agents by the Centers for Disease Control and Prevention (CDC) and as priority pathogens by the National Institute of Allergy and Infectious Diseases (NIAID), having the potential to cause significant morbidity and mortality in humans and major economic and public health impacts (reviewed 1). These restrictions have somewhat limited detailed studies on virus entry and their envelope glycoprotein functions in the context of a viral particle. To circumvent these restrictions, virus pseudotyping systems have been examined, where the envelope glycoproteins from one virus are incorporated into the progeny virions of another that lacks its own envelope glycoprotein(s), effectively changing the host range and tropism of the virus. For example, the F and G envelope glycoproteins of NiV have been successfully incorporated into recombinant vesicular stomatitis virus (VSV) lacking VSV G glycoprotein (VSV-�G) and encoding green fluorescent protein (GFP) 2133. Other widely employed viral pseudotyping systems are those based on retroviral vectors, and lentiviral vectors have emerged as promising tools for a variety gene-delivery studies and can efficiently transduce proliferating as well as quiescent cells (reviewed in 34).Virus pseudotyping systems have been useful for the study of otherwise highly pathogenic viral agents such as Ebola and Marburg viruses, severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) and influenza virus 353637. Here, building on the initial findings of Kobayashi et al., 38, who first demonstrated that simian immunodeficiency virus from African green monkey (SIVagm) could be functionally pseudotyped with the F and hemagglutinin-neuraminidase (HN) glycoproteins of Sendai virus (SeV), we demonstrate for the first time that the F and G envelope glycoproteins of NiV and HeV, a cellular protein receptor using paramyxovirus, can also be functionally pseudotyped into lentivirus particles using either a luciferase or GFP reporter gene encoding HIV-1 genome. These HIV-1 based, henipavirus glycoprotein pseudotyped particles exhibited the same cellular tropism characteristics as authentic NiV and HeV, and virus entry was specifically inhibited by antiviral agents that target the henipaviruses. The pseudotyped particles could be readily concentrated by ultracentrifugation without any loss of infectivity, and using this system we also examined the incorporation of F and G glycoproteins into virions, and explored the infectivity and pseudotyping efficiency of cytoplasmic tail truncated versions of F. This lentivirus-based henipavirus glycoprotein pseudotyped particle infection assay can also be conducted safely under BSL-�2 conditions and will be a useful tool for measuring henipavirus entry and for studying F and G glycoprotein function in the context of virus particle entry, as well as in assaying and characterizing neutralizing antibodies and virus entry inhibitors.ResultsHenipavirus F and G envelope glycoprotein pseudotyped lentivirus particlesIt is often desirable to study the functions of viral envelope glycoproteins that are involved in attachment, membrane fusion and entry in the context of a viral particle. For example, infectivity experiments using virus particles can confirm observations made from cell-cell fusion assays, studies on virus tropism, or during the characterization of antiviral agents targeting various stages in the virus entry process 39. However, work with infectious henipaviruses is restricted to BSL-4 containment which raises both cost and safety issues. To counter this limitation, we sought to develop a henipavirus envelope glycoprotein pseudotyping system using reporter gene-encoding lentivirus vectors, which would provide a virus entry assay based on the function of the F and G glycoproteins that could be safely and routinely carried out under BSL-2 conditions.To test this possibility, pseudotyped retrovirus particles were produced by transfection using pNL4-3-Luc-E-R+, a plasmid containing the HIV-1 proviral clone NL4-3 which encodes luciferase and does not produce the HIV-1 envelope glycoprotein 40 along with pCAGGs expression vectors encoding the NiV or HeV F and G glycoproteins. The preparations of henipavirus glycoprotein pseudotyped virus particles and control virus particles lacking the glycoproteins were normalized for p24 content by ELISA (see Methods) and used to infect several human cell lines, 293T, U87, HOSX4T4 and TK-, long known to be permissive for henipavirus-mediated cell-cell fusion 3041 and the henipavirus receptor (ephrinB2 and B3) negative and fusion and infection resistant cell line HeLa-USU 20. Pseudotyped virus particles generated with the NiV F and G glycoproteins were able to infect and produce luciferase reporter gene activity at various levels on all permissive receptor expressing cells (Figure 1A) while no signal was observed with the receptor negative HeLa-USU or with control virus particles generated by transfection with empty vector (pCAGGs). Surprisingly however, virus particles produced using the pCAGGs expression plasmids encoding the HeV F and G glycoproteins were consistently non-functional as measured by luciferase activity (data not shown). The expression vector pCAGGs is a mammalian expression vector with the cytomegalovirus (CMV) immediate early enhancer linked with the chicken �-actin promoter (CAG promoter) 42. It has an intron with the splice acceptor site from the rabbit �-globin gene, which results in the splicing of the pre-mRNA, increasing the stability of the expressed mRNA and enhancing the production of an encoded protein. Although these features make pCAGGs an efficient vector for the expression of genes in the nucleus, we found it problematic for the expression of the HeV G glycoprotein, an RNA virus gene normally expressed in the cytoplasm of an infected cell, and expression levels of HeV G were significantly lower in comparison to NiV G in the same system (data not shown). Analysis of the HeV G gene cloned in pCAGGs using splice site prediction software from EMBL-EBI http://www.ebi.ac.uk/asd-srv/wb.cgi?method=7 revealed 3 possible splice sites within HeV G coding region (Figure 1B), while none were present in the NiV G glycoprotein pCAGGs construct (Additional file 1: Fig. S1). Mutations were introduced by site-directed mutagenesis to remove the predicted splice sites singly or in different combinations, keeping the amino acid coding sequence unaltered, and a panel of seven (SM1 - SM7) HeV G mutant clones were generated (Figure 1B).The HeV G splice mutant constructs were then tested for expression by plasmid transfection which indicated that the removal of these predicted splice sites improved HeV G glycoprotein production, and removal of all three sites was optimal, and mRNA expression and alternative splicing patterns were confirmed by Northern blot analysis (results not shown). A series of pseudotyped virus particles were prepared using HeV F along with each of HeV G splice mutants (SM1 - SM7). In addition, control virus particles were also prepared using HeV F along with empty vector (pCAGGs), wild-type HeV G, or wild-type NiV G. This series of pseudotyped virus particles were then used to infect 293T target cells, and as shown in �Figure 1C, the HeV G splice mutant SM7 (3 putative splice sites removed) in combination with HeV F was able to produce functional pseudotyped particles, as measured by luciferase reporter gene activity, to signal levels comparable to NiV F and G bearing particles (Figure 1A). The remainder of the HeV G splice mutants (SM1 - SM6) did show low levels of reporter gene signal, whereas the wild-type HeV G did not. These results demonstrate that the splice site removal by mutation in HeV G-SM7 restores the ability of HeV G to be expressed in the context of pCAGGs, thus allowing its incorporation into the lentivirus particles. In addition, functional particles were also generated using HeV F in heterotypic combination with NiV G, confirming the previous heterotypic cell-cell fusion activities observed with the henipaviruses 30. The heterotypic pseudotyped particles yielded reporter gene activity essentially equivalent to the HeV G-SM7 and HeV F particles (Figure 1C) and similar to the signals obtained with NiV F and G bearing particles (Figure 1A).To confirm these findings and demonstrate an expanded utility of the henipavirus envelope glycoprotein pseudotyping systems, NiV and HeV F and G glycoprotein bearing lentivirus particles were prepared with the GFP reporter gene encoding construct pNL4-3-GFP-E-R+ and used to infect receptor positive 293T cells (Figure 2). Here, productively infected cells were visualized using a fluorescent microscope 48 hrs post-infection and fluorescent cells were observed only in those cells infected with pseudotyped virions prepared with either NiV F and NiV G or HeV F and HeV GSM7. No GFP expressing cells were observed in those wells infected with virions prepared with empty vector (pCAGGs) or virus particles prepared with HeV F and wild-type HeV G.Specificity of henipavirus envelope glycoprotein pseudotyped lentivirus particlesTo examine the cellular infection specificity of the HeV and NiV F and G pseudotyped particles, several henipavirus specific reagents capable of blocking virus infection were tested for their ability to inhibit the infection of the henipavirus pseudotypes. Virus particles were prepared as before and then mixed with various inhibitors (Figure 3). The henipavirus specific peptide fusion inhibitor NiV-FC2, a 36 amino acid peptide corresponding to the henipavirus heptad repeat region 2 (HR-2) of the F glycoprotein 3941, completely blocked the entry of the henipavirus pseudotypes as measured by luciferase reporter gene activity. The NiV-FC2 peptide functions in an analogous manner to the HIV-1 specific fusion inhibitor enfuvirtide (Fuzeon", formerly T-20) 4344, and specifically blocks the formation of the class 1 fusion glycoprotein structure known as the 6-helix bundle of the F glycoprotein preventing F-mediated membrane fusion and subsequent virion entry. A scrambled version of the peptide (Sc NiV-FC2) was used as a negative control. Infection specificity was also examined by inhibition with the cross-reactive anti-henipavirus G glycoprotein human monoclonal antibody (mAb) m102.4 4546. The m102.4 mAb neutralizes henipaviruses by specifically binding and blocking the ephrin-B2 and -B3 receptor-binding region on the henipavirus G glycoprotein. As shown in Figure 3, infection of either the HeV or NiV pseudotypes was completely blocked by mAb m102.4 confirming that their entry and resultant luciferase signal is specifically mediated by the attachment and�subsequent fusion triggering functions of their henipavirus G glycoproteins. In addition, the binding and infection of the henipavirus pseudotypes to target cells could be blocked by recombinant, soluble ephrin-B2 and -B3 receptors (Figure 3). HeV and NiV F and G bearing particles pre-incubated with soluble ephrin-B2 or -B3 were unable to infect host cells as was previously shown with infectious virus 20. Also, in a reciprocal manner, recombinant soluble NiV G (sG) could block entry of either henipavirus pseudotype as was similar to earlier observations made with HeV sG in infectious virus entry. Together, these results demonstrate the specificity of the henipavirus F and G glycoprotein bearing pseudotyped virus entry assay and its potential utility in screening specific henipavirus entry inhibitors.Influence of the henipavirus F glycoprotein cytoplasmic tail on processing and functionPrevious studies have demonstrated that efficient incorporation of heterologous envelope glycoproteins into HIV-1 or murine leukemia virus (MLV) particles often depended on the removal of part or all of the cytoplasmic tail domains from the pseudotyping glycoproteins 38474849. To explore whether a similar feature was occurring in the henipavirus pseudotyping system here, a series of seven cytoplasmic tail truncation mutations in each henipavirus F glycoprotein were generated, designated F�Ct1 to F�Ct7, by introducing translational stop codons into the coding sequence of the NiV and HeV F gene (Figure 4). The F�Ct1 and F�Ct2 constructs of both the NiV and HeV F, differ by only one additional deleted valine residue to better ensure complete removal of the cytoplasmic tail domain.Because cytoplasmic tail truncations of membrane anchored proteins could affect proper folding and transport, we first examined the levels of cell surface expressed F and compared the series of truncated mutant F constructs to each wild-type F, using a cell surface biotinylation assay 50. The series of NiV and HeV F glycoprotein mutants and each wild-type F were expressed by plasmid transfection in HeLa-USU cells, both in the presence and absence of their homologous G glycoprotein partner, and surface proteins were biotin labeled, precipitated with Avidin-agarose, and analyzed by Western blot assay using an F1 specific antisera (Figure 5). The wild-type NiV F0 precursor was cleaved and detected. F�Ct1, F�Ct2 appeared less efficiently cleaved (levels of F1 versus F0) as compared to wild-type NiV F. A significant amount of each of the NiV F�Ct3, F�Ct4, F�Ct5, F�Ct6 and F�Ct7 constructs were cleaved, with the F�Ct6 appearing highly processed although its overall expression was lower in comparison to others. The ratio of cleaved to uncleaved F (F1 to F0) on the cell surface was approximately equal (1:1) when the complete retention and endocytosis motif (YSRL) 5152 was retained, beginning with the F�Ct4 constructs. Notably, the coexpression of NiV G did not appear to significantly alter the expression and cleavage patterns of NiV F (Figure 5).The retention of amino acid residues from the endocytosis motif YSRL to residues EDRRV in the cytoplasmic tail appeared to allow for more efficient F0 processing, as evidenced by the greater levels of F1 observed with these NiV constructs (NiV F�Ct4 to F�Ct7) (Figure 4) in comparison to NiV F�Ct1, F�Ct2 and F�Ct3 which lack the YSRL motif. In addition, the cell surface levels of F (primarily F0) observed with the F�Ct1, F�Ct2 and F�Ct3 constructs appeared greater in comparison to the F�Ct4, F�Ct5, F�Ct6 and F�Ct7 constructs, and this mostly likely reflects the reduced ability of the F0 precursor to be endocytosed and processed by Cathepsin L 2753. Similar results were obtained when the series of HeV F cytoplasmic tail truncation mutants were examined in parallel, and the HeV F constructs F�Ct1, F�Ct2 and F�Ct3 revealed greater cell surface expression levels of F0 with less efficient processing as measured by the detection of F1, whereas the HeV F constructs, F�Ct4 through F�Ct7 revealed greater F0 precursor processing but perhaps an overall lower level of expression (Figure 5). A variable and doublet appearance of HeV F0 has been observed previously 305455. As with the NiV F truncation mutants the coexpression of the HeV F panel along with their HeV G glycoprotein partner did not significantly alter the HeV F expression and cleavage patterns observed in cell surface biotinylation assays.Having characterized the expression and processing of the cytoplasmic tail truncation mutants of both NiV and HeV F glycoprotein, we next examined their biological function in cell-cell membrane fusion assays. Membrane fusion was assessed using the well-characterized vaccinia virus-based, reporter-gene, cell-cell fusion assay 56. This assay has also been used extensively in earlier reports on the characterization of HeV and NiV-mediated membrane fusion and tropism 304157. The series of F glycoprotein truncation mutants for both HeV and NiV were expressed, along with their respective partner G glycoprotein, in HeLa-USU cells (effector cells) and cell-cell fusion reactions were carried out using target cells of either receptor negative HeLa-USU (control) or fusion permissive 293T cells, and results are shown in Figure 6. For NiV F, the removal of most of the cytoplasmic tail domain from F (F�Ct1 and F�Ct2), which also reduced F0 processing, impaired their fusogenic potential as would be expected, whereas the fusogenic activity of NiV F�Ct3, F�Ct4, F�Ct5, F�Ct6 and F�Ct7 were either equivalent or slightly elevated in comparison to wild-type NiV F. The cell-cell fusion assay with the series of HeV F truncation mutants generated slightly more variable results in contrast to NiV F, though all possessed some fusogenic activity. In general there was only a slight reduction in fusion with HeV F, F�Ct1 and F�Ct2, while F�Ct3, F�Ct5 and F�Ct6 were essentially equivalent to wild-type HeV F, while lower fusion signals were seen with HeV F�Ct4 and F�Ct7, which could be related to an overall lower expression level as seen in Figure 5. A comparison of the results in Figure 5 and Figure 6 suggests that NiV F processing appears to correlate with cell-cell fusion signals; whereas cell-cell fusion activity was readily apparent in several HeV F truncation mutants possessing a markedly lower level of F0 processing, however these are independent experiments and a direct comparison may be miss-leading.Incorporation and function of truncated F glycoproteins into lentivirus particlesWe next examined the efficiency of the various cytoplasmic tail truncation mutants of the NiV and HeV F glycoproteins to be incorporated into lentivirus-based pseudotypes. Pseudotyped lentivirus particles were prepared as before using the series of cytoplasmic tail truncation mutants along with their partner G glycoprotein. Three types of control virus particles were also prepared using either empty vector (pCAGGs) or each species of wild-type F glycoprotein alone or each species of G glycoprotein alone. Pseudotyped virus particle preparations were filtered, purified by centrifugation through a sucrose cushion, normalized for p24 content by ELISA and used to infect 293T target cells. Following infection and incubation for 48 h, cells were processed and luciferase activity was measured. As shown in Figure 7A and 7B, pseudovirus particles prepared using the truncation mutants F�Ct1, F�Ct2, and F�Ct3 F glycoproteins produced significantly greater levels of luciferase activity as compared to virus particles made with wild-type F. To evaluate whether the differences in infectivity, as measured by luciferase reporter gene activity, by the various pseudovirus types correlated to the extent of incorporation of the mutant F glycoproteins into lentivirus particles, equal amounts of virus particles based on p24�content were lysed and analyzed by Western blot. This analysis revealed that incorporation of F into either the NiV or HeV pseudotyped virions was greater with the F�Ct1, F�Ct2 and F�Ct3 constructs, and that F0 was the predominant species present in the virions �(Figure 7C). These results together with cell surface expression pattern of the NiV and HeV wild-type and truncation mutants demonstrate that, in general, the amount of incorporation of the F glycoproteins in the pseudotyped particles appears to correlate well with the�level of expression of these proteins on the surface of the producer cells. This was also true in the amount of wild-type NiV or HeV F alone bearing particles which can be noted when comparing Figure 5 and �Figure 7C. Removal of the endocytosis motif from the fusion protein prevents its transportation to the endosome and subsequent cleavage of F0 into F1 and F2 by Cathepsin L, which explains the predominance of F0 in the F�Ct1, F�Ct2 and F�Ct3 constructs which lack the endocytosis motif YSRL. Interestingly, in both the NiV and HeV F glycoprotein mutant series, the higher infectivity of the F�Ct1, F�Ct2 and F�Ct3 bearing pseudotypes in comparison to wild-type was notable, and might be attributed to the greater levels of incorporation of these F glycoproteins into the particles, except in the case of wild-type NiV F and G bearing particles and the reason for this later observation is unclear at present. Alternatively however, and also of interest is that the high infectivity signal and predominance of F0 in the pseudotypes prepared with F�Ct1, F�Ct2 and F�Ct3 could argue for a role of endocytosis followed by Cathepsin L processing of F0 and subsequent productive fusion and infection.DiscussionIn the present study we have detailed a new and readily adaptable, reporter-gene containing, lentivirus-based pseudotyping system which utilizes functional F and G envelope glycoproteins of the henipaviruses; NiV and HeV. Importantly, like other virus envelope glycoprotein pseudotyping systems, this assay can be conducted safely under BSL-2, a condition which is relevant considering the otherwise highly pathogenic nature of infectious NiV and HeV. We also demonstrate, by several measures, that this henipavirus pseudotyping system faithfully recapitulated the natural NiV or HeV cell attachment and viral glycoprotein-mediated membrane fusion stages of infection.The henipaviruses bind and infect their host cells by a specific attachment step to the cell surface expressed proteins ephrin-B2 and -B3 20212223. The current and widely accepted model of paramyxovirus mediated membrane fusion postulates that upon receptor binding the viral attachment glycoprotein triggers conformational changes in the F glycoprotein, a class I viral fusion glycoprotein. The receptor-induced triggering event is presumed to involve direct contacts between an attachment and fusion glycoprotein and this activation process facilitates a series of conformational changes in F and the glycoprotein transitions into its post-fusion, six-helix-bundle conformation concomitant with the merging of the viral membrane envelope and the host cell plasma membrane 2658. However, all of the details of the entire receptor binding and fusion activation process have yet to be defined. An important feature of many class I fusion glycoproteins is the two �-�helical regions referred to as heptad repeat (HR) domains that are involved in the formation of the six-helix-bundle structure 5960. HR-1 is located proximal to the amino (N)-terminal fusion peptide and HR-2 precedes the transmembrane domain near the carboxyl (C)-terminus. Peptide sequences from either HR domain of the F glycoprotein of several paramyxoviruses, including HeV and NiV, have been shown to be inhibitors of the F-mediated membrane fusion step in both cell-cell fusion and virus infection assays 30394157616263646566. Here, as has been shown with infectious virus or cell-cell fusion assays, the infection by NiV and HeV F and G lentivirus pseudotypes was completely blocked by the HR-2 based fusion inhibiting peptide (NiV-FC2) 39.A number of other tests were also conducted to demonstrate the specificity of the henipavirus pseudotyping system in addition to using the henipavirus peptide fusion inhibitors. In competition assays, the infection of the pseudotypes could also be specifically blocked using recombinant, soluble ephrin-B2 or ephrin-B3 receptor proteins as was previously shown with both henipavirus-mediated membrane fusion as well as live virus infection assays20. In a similar fashion, recombinant, soluble henipavirus G glycoprotein (sG) was also able to completely inhibit the infection of either HeV or NiV pseudotypes by blocking receptor binding, which had been demonstrated previously in both henipavirus-mediated membrane fusion and live virus infection assays 28. Finally, the infection by the NiV and HeV pseudotypes could also be completely blocked using a well-characterized, cross-reactive human mAb (m120.4) that is specific for the henipavirus G glycoprotein 1546. Thus, by a wide variety of well-known and well-characterized approaches the functional henipavirus envelope glycoprotein pseudotyped lentivirus assay system developed here, accurately recapitulates the receptor binding, membrane fusion and infection stages of live HeV and NiV.Because of both the highly pathogenic features of NiV and HeV, which restricts the use of infectious virus to BSL-4 containment, and the labor intensive nature and challenges associated with a reverse genetics approach, extensive and detailed structural and functional studies on the henipavirus envelope glycoproteins in the context of a viral particle has been limited. To demonstrate the utility of the henipavirus pseudotyping system here, we generated and tested an extensive panel of cytoplasmic tail domain truncation mutants of the NiV and HeV F glycoprotein, and examined the influence of this domain of F on its ability to be incorporated into this budding particles as well as its fusion activity in the context of a viral particle.Here, it was observed that the deletion of essentially the entire F cytoplasmic tail domain, most notably with the NiV F glycoprotein and to a lesser degree with that of HeV F, impaired their fusogenic activity in the context of a cell-cell fusion assay. These findings were in contrast with previous observations made on the envelope glycoproteins of certain lentiviruses. Studies with human immunodeficiency virus type 2 (HIV-2) and simian immunodeficiency virus (SIV) envelope (Env) glycoproteins have shown that cytoplasmic domain truncation mutants exhibit significantly enhanced Env fusogenic activity as measured by syncytium formation 6768. In addition, studies with murine leukemia virus have demonstrated that naturally occurring late cleavage of a small carboxy terminal sequence, designated as the R peptide or p2E, in the cytoplasmic tail results in considerably enhanced cell-to-cell fusion activity 6970. Whereas for a paramyxovirus F glycoprotein, cytoplasmic tail deletions in simian virus 5 (SV5) 71, Newcastle disease virus 72, and human parainfluenza virus (HPIV) type 3 (HPIV-3) revealed significantly reduced syncytium formation, except in one example with HPIV-2, where similar deletions did not affect membrane fusion 73. Overall, with the exception of the results with HPIV-2, these studies also demonstrated that subsequent additions of parts of the deleted cytoplasmic tail sequences restored the fusogenic potential of those F glycoproteins. In the case of henipaviruses, one explanation to account for the reduced fusion activity of the entire cytoplasmic tail deleted constructs is poor endocytosis and subsequent Cathepsin L processing of F0 and the analysis of the surface expressed levels of NiV F0 versus F1 in the cytoplasmic tail domain truncation mutants support this conclusion, but to a lesser extent with that of the HeV F truncation mutants.However, although the cell-cell fusogenic results with the truncation constructs of the henipavirus F glycoproteins reported here were similar to the majority of the observations made with other paramyxoviruses, whether as a result of F0 precursor processing or by some other mechanism, the cytoplasmic tail deleted HeV and NiV F glycoproteins in the context of the virus particle pseudotyping system, revealed an opposing result. In general, the higher levels of pseudotyped particle infectivity signal correlated with an overall greater level of incorporated F glycoprotein. Interestingly however, the highest luciferase signals in the virus infection assays also correlated with a greater level of unprocessed F0 in the particles, particularly with F�Ct1, F�Ct2 and F�Ct3 in which most of the cytoplasmic tail was deleted. Potentially, the greater luciferase signals in these instances (F�Ct1, F�Ct2 and F�Ct3) could be due to particle endocytosis following receptor binding 74 and subsequent F0 processing by Cathepsin L 27. The pseudotyping system described here offers one system, albeit artificial, to explore the possibility of a productive early endocytic route of henipavirus infection. Taken together, this henipavirus pseudotyping system shown here offers a useful tool for measuring not only henipavirus entry and assaying and characterizing virus neutralizing antibodies and virus entry inhibitors, but also offers a highly versatile platform for studying F and G glycoprotein function in the context of a virus particle during infection, and one that can readily assay numerous variations or mutants of either or both the F and G henipavirus glycoproteins.ConclusionsFunctional henipavirus envelope glycoprotein pseudotyped, reporter gene encoding, lentivirus particles could be readily produced, concentrated by ultracentrifugation and stored frozen without loss of infectivity. These henipavirus pseudotyped particles maintained the same cellular tropism characteristics as authentic NiV and HeV, and infection of host cells by these particles could be specifically inhibited by various antiviral agents that target the henipaviruses. This henipavirus glycoprotein pseudotyped virus infection assay can be conducted safely under BSL-2 conditions and its utility in analyzing the viral glycoprotein function, of otherwise BSL-4 restricted agents, in the context of a virus particle was demonstrated in the characterization of cytoplasmic tail truncated versions of the F glycoprotein. This new henipavirus pseudotyping system will be a useful tool for measuring HeV and NiV entry and studying their F and G glycoprotein function in the context of virus particle, as well as in assaying and characterizing neutralizing antibodies and virus entry inhibitors.MethodsCells and culture conditionsU87 and HuTK-143B were obtained from the American Type Culture Collection (ATCC). Recombinant human osteosarcoma cells bearing CD4 and CXCR4 (HOST4X4) were obtained from the NIH AIDS Research and Reference Reagent Program 75. The 293T cells were obtained from Dr. G. Quinnan (Uniformed Services University). HeLa-USU cell line has been described previously 20. HeLa-USU, U87, HOST4X4 and 293T cells were maintained in Dulbecco�s modified Eagle�s medium (Quality Biologicals, Gaithersburg, MD) supplemented with 10% cosmic calf serum (CCS) (HyClone, Logan, UT) and 2 mM L-glutamine (DMEM-10). All cell cultures were maintained at 37�C in a humidified 5% CO2 atmosphere.PlasmidsThe HeV and NiV F and G envelope glycoproteins were transiently expressed using the mammalian expression vector pCAGGs which contains the CAG promoter and is composed of the cytomegalovirus immediate early enhancer and the chicken �-actin promoter 42. The HIV-1 pNL4-3-Luc-E-R+ or pNL4-3-GFP-E-R+ backbone plasmids encoding the luciferase (Luc) 40 or green fluorescence protein (GFP) reporter gene were provided by Dr. R. Doms (University of Pennsylvania).Antibodies, recombinant proteins and peptidesThe henipavirus G and F glycoproteins were detected with a cross-reactive polyclonal mouse antiserum raised against recombinant, soluble HeV G 2350 or a rabbit polyclonal henipavirus F1-specific antiserum provided by Dr. L-F. Wang (Australian Animal Health Laboratory, Geelong, Australia) respectively. The human monoclonal antibody (mAb) m102.4 IgG used for inhibition of virus entry 154546 was provided by Dr. D. Dimitrov (National Cancer Institute-Frederick, National Institutes of Health). The fusion inhibiting peptide NiV-FC2 corresponding to the HR2 region of NiV F and the non-fusion inhibiting scrambled control peptide Sc-NiV-FC2 have been previously described 39. Recombinant, soluble ephrin-B2 and -B3 were from R&D Systems, Minneapolis, MN. Recombinant, soluble NiV G (NiV sG) has been previously described 76Fusion (F) glycoprotein constructs and mutagenesisFull-length cDNA clones of the NiV and HeV F glycoprotein genes 3041 each including the Kozak consensus sequence (CCACC) appended upstream of the initial ATG 77 were subcloned into pCAGGs, generating the NiV F-pCAGGs and HeV F-pCAGGs expression vectors. The cytoplasmic tail domain truncation mutants of NiV and HeV F were generated by introducing stop codons corresponding to amino acid positions 517, 518, 522, 528, 531, 533 and 541 of the full-length F glycoprotein by standard PCR techniques. The NiV F-pCAGGs and HeV F-pCAGGs plasmids were used as templates, and the 5� primer included an external EcoRI site, the Kozak consensus sequence (CCACC) and F-specific sequence. The various 3� primers included F specific sequence, a stop codon at the desired location and an external KpnI site. All PCR products were gel purified and cloned into the TOPO vector (Invitrogen) and subsequently subcloned into pCAGGs, generating constructs NiV F�Ct1 through F�Ct7 and HeV F�Ct1 through F�Ct7 (Figure 4Aand 4B). All constructs were sequenced confirmed.Attachment (G) glycoprotein constructs and mutagenesisFull-length cDNA clones of the NiV and HeV G glycoprotein genes 3041 each including the Kozak consensus sequence (CCACC) appended upstream of the initial ATG 77 were subcloned into pCAGGs, generating the NiV G-pCAGGs and HeV G-pCAGGs expression vectors. The splice site mutations (Figure 1C) of the HeV G gene were generated by site-directed mutagenesis using the QuickChange II Site-directed Mutagenesis Kit and QuickChange Multi Site-directed Mutagenesis Kit (Stratagene, Cedar Creek, TX). The template for the mutagenesis reactions was a HeV G clone in the TOPO plasmid (Invitrogen Corp., Carlsbad, CA). For the first donor splice site D1 at nucleotide position 1749, the TTG codon for leucine was changed to CTT. The other redundant codons for leucine are CTG, CTA, CTC, and TTA, but these were not effective in removing the predicted splice site. For the second donor splice site D2 at nucleotide position 1858, the AGT codon for serine was changed to TCG. For the third donor splice site D3 at nucleotide position 2259, the GGG codon for glycine was changed to GGT. All PCR products were gel purified and cloned into TOPO and subsequently subcloned into pCAGGs. All mutation-containing constructs were sequence verified.Cell surface biotinylationHeLa-USU cells grown in T25cm2 flasks were transfected with the pCAGGs expression constructs of NiV and HeV F alone or along with their partner G glycoprotein constructs with Fugene reagent (Roche Diagnostics Corp, IN) for 36 hrs. Following expression, cells were rinsed three times with ice-cold phosphate buffered saline (PBS) and cell surface proteins were biotinylated using 0.25 mg/ml EZ-Link NHS-Biotin (Pierce, Rockford, IL) in PBS for 30 min at 4�C 50. The reaction was quenched by washing the cell monolayer three times with ice-cold PBS before harvesting cells and preparation of cell lysates. Cells were lysed in 100 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1% Triton X-100 and protease inhibitor at 4�C for 30 min and one-half of each lysate was incubated with 100 �l of 20% vol/vol solution of Agarose-Avidin D beads (Vector Laboratories, Inc., Burlingame, CA) in IP buffer (0.14 M NaCl, 0.1 M Tris, and 0.1% Triton) at 4�C and rotated overnight. Beads were washed twice with lysis buffer followed by one wash with DOC buffer (100 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.1% sodium deoxycholate, and 0.1% SDS). Samples were boiled in SDS-PAGE sample buffer with 2-mercaptoethanol, separated on a 4-20% Tris-Glycine gradient gel (Invitrogen), transferred to nitrocellulose, and probed with a cross-reactive polyclonal mouse antiserum to HeV G at a concentration of 1:25,000 or a rabbit polyclonal F1 specific antiserum at a concentration of 1:25,000.Cell fusion AssaysHenipavirus F and G mediated fusion activities were measured using a previously described quantitative viral glycoprotein-mediated cell-cell fusion assay 304157. Briefly, one cell population (effector cells) is infected with a recombinant vaccinia virus expressing the T7 polymerase (vTF7.3) and the other cell population (target cells) is infected with a vaccinia virus encoding the E. coli lacZ gene (�-Gal) gene under control of the T7 promoter (vCB21R). Cell-cell fusion between effector and target cell results in �-Gal synthesis which can be measured by specific synthetic substrate cleavage. Plasmids encoding NiV or HeV G along with their respective wild-type F glycoprotein partner or the various truncation mutants of F were transfected into HeLa-USU cells and allowed to express overnight (effector cell populations). Effector cell populations were also prepared using empty vector, pCAGGs, or NiV or HeV F glycoprotein alone as additional negative controls. The various effector cell populations were infected with vTF7.3 and a fusion permissive 293T target cell population was prepared by infection with vCB21R. Vaccinia virus infections were carried out with a multiplicity of infection of 10, suspended in media and incubated at 31�C overnight as previously described304157. Cell fusion reactions were conducted with the various cell mixtures in 96-well plates at 37�C with a ratio of envelope glycoprotein-expressing cells to target cells of 1:1 using 2 � 105 total cells per well in a total volume of 0.2 ml per well for 2.5 h. For quantitative analyses, Nonidet P-40 was added (0.5% vol/vol) and aliquots of the cell-cell fusion lysates were assayed for �-Gal at ambient temperature with the substrate chlorophenol red-d-galactopyranoside (Roche Diagnostics Corp, IN, USA). Assays were performed in triplicate, and fusion results were calculated and expressed as rates of �-Gal activity (change in optical density at 570 nm per minute � 1,000) in an MRX microplate reader (Dynatech Laboratories, Chantilly, VA).Preparation of henipavirus envelope glycoprotein pseudotyped lentivirus particlesPseudotyped, HIV-1 reporter gene encoding virus stocks were prepared by transfecting 293T cells with the reporter gene-encoding backbone plasmids pNL4-3-Luc-E-R+ or pNL4-3-GFP-E-R+ along with the henipavirus envelope glycoprotein encoding pCAGGs vectors. 293T cells (0.75 � 106) were seeded in a 6-well flat-bottom collagen I-coated microplate (BD Biosciences, Durham, NC) and transfected with the expression plasmids using the Fugene reagent (Roche Diagnostics Corp, IN). The DNAs of the pNL4-3-Luc-E-R+ or pNL4-3-GFP-E-R+ along with the HeV or NiV F and G encoding pCAGGs plasmids were mixed in the ratio of 1:0.2:0.8, respectively, and added to 500 �l of serum free DMEM and 9��l Fugene. The mixture was incubated at room temperature for 30 min and then applied to the culture of 293T cells. After 3 to 5 hr incubation at 37�C, transfected cells were washed extensively with DMEM and incubated for additional 24-48 hr with 1 ml of DMEM-10, at 37�C in 5% CO2. The supernatants from virus particle producing cultures were then collected and were clarified by centrifugation for 10 min at 1500 rpm, filtered through low protein binding 0.45 �m syringe filter (Millipore, Bedford, MA) and partially purified through 25% wt/vol sucrose in Hepes-NaCl buffer by centrifugation at 36000 � g at 4�C for 2.5 hr. The pellet was resuspended overnight at 4�C in 10% sucrose in Hepes-NaCl buffer and used immediately or stored at -80�C.Incorporation of henipavirus envelope glycoproteins in the pseudotyped lentivirus particlesTo measure the incorporation of the henipavirus F and G glycoproteins into pseudotyped HIV-1 particles, sucrose cushion purified particles were lysed in buffer containing 100 mM Tris-HCl (pH 8.0), 100 mM NaCl, 2% Triton X-100 and protease inhibitors at 4�C for 30 min. Samples were boiled in SDS-PAGE sample buffer with 2-mercaptoethanol and separated on a 4-20% Tris-Glycine gradient gels (Invitrogen), transferred to nitrocellulose, and probed with a cross-reactive polyclonal mouse antiserum to HeV G at a concentration of 1:25,000 or a rabbit polyclonal F1 specific antiserum at a concentration of 1:25,000.Pseudotyped virus infection assaysReceptor positive cell lines, seeded into 48-well plates at a concentration of 105 cells per well, were infected (transduced) with pseudovirus, normalized for p24 antigen content using the HIV-1 p24 EIA Kit from Beckman-Coulter, and all infection experiments were carried out in triplicate wells. No DEAE-Dextran or polybrene was used to facilitate fusion/infection by the pseudovirions. After infecting for 2.5-3 hr, the cells were washed and incubated for additional 48-72 hr. For luciferase encoding particles, cells were lysed with 0.5% �Triton X-100 in PBS and a 50 �l aliquot of the lysate was assayed for luciferase activity using luciferase substrate (Promega, Madison, WI) on a Mikrowin luminometer (Berthold Technologies Model: Centro LB 960). For the GFP-encoding particles, the efficiency of infection was evaluated by counting the number of green cells 48 h post-infection using Olympus IX81 fluorescent microscope.For inhibition of pseudotyped virus infection assays, pNL4-3-Luc-E-R+ based virus particles pseudotyped with full-length NiV or HeV F and G envelope glycoproteins were pre-incubated with 2 �g each of NiVsG, mAb102.4 IgG, NiV-FC2 (fusion inhibiting) or Sc-NiV-FC2 (scrambled control peptide), recombinant soluble murine ephrin-B2 (rmEFN-B2/Fc) or recombinant soluble human ephrin-B3 (rhEFN-B3/Fc) at 4�C for 1 hr. Receptor positive 293T cells, seeded into 48-well plates (105 cells per well) were then infected with the various pre-treated pseudotyped virus particles and processed as above. All infection experiments were performed in triplicate.Competing interestsThe authors declare that they have no competing interests.Authors� contributionsDK contributed to the development of the Henipavirus pseudovirus assay, designed and constructed all the expression constructs and carried out the experiments, identified the alternative splicing process in the original Hendra virus G encoding pCAGGs plasmid clone, interpreted data, and wrote the first drafts of the figures and manuscript. CCB conceived of and contributed to the development of the Henipavirus pseudovirus assay provided overall supervision and financial support and wrote and prepared the final versions of the figures and manuscript. Both authors read and approved the final manuscript.
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