
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/7737626

EphrinB2 is the entry receptor for Nipah virus, an emergent deadly

paramyxovirus

Article  in  Nature · August 2005

DOI: 10.1038/nature03838 · Source: PubMed

CITATIONS

358
READS

699

7 authors, including:

Some of the authors of this publication are also working on these related projects:

HIV Entry and Biology View project

African Henipavirus View project

Oscar A Negrete

Sandia National Laboratories

51 PUBLICATIONS   1,667 CITATIONS   

SEE PROFILE

Hector C Aguilar

Cornell University

93 PUBLICATIONS   2,731 CITATIONS   

SEE PROFILE

Ronen Nazarian

Cedars-Sinai Medical Center

14 PUBLICATIONS   734 CITATIONS   

SEE PROFILE

Sara Tajyar Hashimi

Illumina

6 PUBLICATIONS   962 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Hector C Aguilar on 12 January 2015.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/7737626_EphrinB2_is_the_entry_receptor_for_Nipah_virus_an_emergent_deadly_paramyxovirus?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/7737626_EphrinB2_is_the_entry_receptor_for_Nipah_virus_an_emergent_deadly_paramyxovirus?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/HIV-Entry-and-Biology?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/African-Henipavirus?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Oscar-Negrete-4?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Oscar-Negrete-4?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Sandia_National_Laboratories?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Oscar-Negrete-4?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hector-Aguilar-13?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hector-Aguilar-13?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Cornell_University?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hector-Aguilar-13?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ronen-Nazarian?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ronen-Nazarian?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Cedars-Sinai_Medical_Center?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ronen-Nazarian?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sara-Hashimi?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sara-Hashimi?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Illumina?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sara-Hashimi?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hector-Aguilar-13?enrichId=rgreq-103f6d94cd3cc14b76df1df950e86635-XXX&enrichSource=Y292ZXJQYWdlOzc3Mzc2MjY7QVM6MTg0ODc1MDcyMTA2NDk2QDE0MjEwODkwNjAwNzM%3D&el=1_x_10&_esc=publicationCoverPdf


EphrinB2 is the entry receptor for Nipah virus, an
emergent deadly paramyxovirus
Oscar A. Negrete1, Ernest L. Levroney1, Hector C. Aguilar1, Andrea Bertolotti-Ciarlet4, Ronen Nazarian1,
Sara Tajyar1 & Benhur Lee1,2,3

Nipah virus (NiV) is an emergent paramyxovirus that causes
fatal encephalitis in up to 70 per cent of infected patients1, and
there is evidence of human–to–human transmission2. Endothelial
syncytia, comprised of multinucleated giant-endothelial cells, are
frequently found in NiV infections, and are mediated by the fusion
(F) and attachment (G) envelope glycoproteins. Identification of
the receptor for this virus will shed light on the pathobiology of
NiV infection, and spur the rational development of effective
therapeutics. Here we report that ephrinB2, the membrane-
bound ligand for the EphB class of receptor tyrosine kinases
(RTKs)3, specifically binds to the attachment (G) glycoprotein of
NiV. Soluble Fc-fusion proteins of ephrinB2, but not ephrinB1,
effectively block NiV fusion and entry into permissive cell types.
Moreover, transfection of ephrinB2 into non-permissive cells
renders them permissive for NiV fusion and entry. EphrinB2 is
expressed on endothelial cells and neurons3,4, which is consistent
with the known cellular tropism for NiV5. Significantly, we find
that NiV-envelope-mediated infection of microvascular endo-
thelial cells and primary cortical rat neurons is inhibited by
soluble ephrinB2, but not by the related ephrinB1 protein.
Cumulatively, our data show that ephrinB2 is a functional recep-
tor for NiV.
Emerging viral pathogens present a critical threat to global health

and economies. NiV, and the related Hendra virus (HeV), are
members of the newly defined Henipavirus genus of the Paramyxo-
viridae (refs 6,7), and are designated as priority pathogens in the
National Institute of Allergy and Infectious Diseases’ Biodefense
Research Agenda. Since 1999, NiV outbreaks have occurred in
Malaysia, Singapore and Bangladesh1,8, and have the potential to
severely affect the pig-farming industry9.
NiV exhibits an unusually broad host range including humans,

pigs, dogs, cats, horses, guinea pigs, hamsters and fruit bats (NiV’s
presumptive natural host)6,10,11. Such a broad range of host tropism is
rare among extant paramyxoviruses. With the possible exception of
fruit bats, the disease mortality of all other hosts has been established
for both natural or experimental infection11,12. However, the mor-
tality rate in pigs is less than 5% even though the transmission rate
approaches 100%(refs 6,9), suggesting that zoonotic transmission to
humans has increased the pathogenicity of the virus.
Endothelial cells are the major cellular targets for NiV, and hence

syncytial endothelial cells in blood vessels are considered a charac-
teristic feature of Nipah viral disease5. The fusion (F) and attachment
(G) proteins of NiV mediate syncytia formation, and cell lines
from many animal species are permissive for NiV-envelope-
mediated fusion13,14, suggesting that the receptor for NiV is highly
conserved.
To establish whether NiV-G determines the known cell line

tropism of NiV, we generated an immunoadhesin by fusing the

ectodomain of NiV-G with the Fc region of human IgG1 (NiV-G–
Fc). NiV-G–Fc bound to fusion-permissive 293T, HeLa and Vero
cells13,15, but not to non-permissive Chinese hamster ovary
(CHO-pgsA745), pig kidney fibroblast (PK13)13 and human Raji B
cells (Fig. 1a). NiV-G–Fc immunoprecipitated a 48 kDa band
from the surfaces of permissive 293T and Vero cells, but not non-
permissive CHO-pgsA745 cells (Fig. 1b). Analysis identified a dele-
tion of 28 amino acids (see Supplementary Table 1) in the globular
ectodomain of NiV-G, which is produced as an Fc-fusion dimer at
wild-type levels, but no longer binds to the surfaces of permissive
cells (Fig. 1b). This deletion mutant (D28NiV-G–Fc) was used as a
negative control in preparative immunoprecipitation experiments to
purify the putative NiV receptor. Parallel portions of the gel contain-
ing the 48 kDa band immunoprecipitated by NiV-G–Fc, but not
by D28NiV-G–Fc, were analysed by trypsin digestion and mass
spectrometry. Only one transmembrane proteinwas uniquely identi-
fied in the NiV-G–Fc sample versus the D28NiV-G–Fc sample. Two
independent tryptic fragments of 12 and 17 amino acids each
identified the protein as ephrinB2 (Supplementary Fig. 1).
EphrinB2 is essential for vasculogenesis and axonal guidance, and

is expressed on endothelial cells, neurons and smooth muscle cells
surrounding small arteries and arterioles16,17—an expression pattern

LETTERS

Figure 1 | Soluble NiV-G binds to a 48 kDa membrane protein. a, Equal
amounts of NiV-G–Fc (thick line) or Fc-only (filled histogram) were
incubated with permissive 293T, Vero or HeLa cells, or non-permissive
CHO-pgsA745, PK13, or human Raji B cells. Cell-surface binding was
detected by a phycoerythrin- (PE-) conjugated anti-human IgG secondary
antibody. b, Cell surface proteins from permissive 293T and Vero cells, or
non-permissive CHO-pgsA745 cells, were biotinylated,
immunoprecipitated by NiV-G–Fc or D28NiV-G–Fc, run on a non-
denaturing SDS–PAGE gel and detected by western blotting with HRP-
conjugated streptavidin (SAV) or anti-human Fc (a-Fc).
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highly concordant with the known cellular tropism of NiV5. Using a
soluble HA-tagged ectodomain of NiV-G (sNiV-G–HA), we demon-
strated that NiV-G bound directly to soluble ephrinB2–Fc, but not to
ephrinB1–Fc, in an enzyme-linked immunosorbent assay (ELISA)
(Fig. 2a). EphrinB1 is the most closely related ephrin to ephrinB2.
Additionally, ephrinB2–Fc, but not ephrinB1–Fc, competed readily
for sNiV-G–HA-binding on permissive 293T cells (Fig. 2b), and
NiV-G–Fc bound to ephrinB2-transfected, but not to pcDNA3-
transfected, CHO-pgsA745 and human Raji B cells (Fig. 2c). Cumu-
latively, these data demonstrate a direct and specific association
between NiV-G and ephrinB2.
Because endothelial syncytia are a hallmark of NiV disease5, we

investigated whether ephrinB2 was required for NiV-envelope-
mediated syncytia formation. We used a luciferase-reporter-based
fusion assay driven by T7-polymerase that has been used extensively
to examine viral-envelope-mediated cell–cell fusion18,19. NiV-F/G
proteins mediated fusion with permissive 293T or Vero cells, but
not with non-permissive PK13 or human Raji B cells (Fig. 3a). No
fusionwas seen in the absence of NiV-G. Again, soluble ephrinB2, but
not ephrinB1, significantly inhibited NiV-F/G-mediated cell–cell
fusion (Fig. 3b). Transfection of ephrinB2, but not ephrinB1 or
green fluorescent protein (GFP), into human Raji B cells rendered
them permissive for NiV-envelope-mediated fusion (Fig. 3c). This
fusion was inhibited by soluble ephrinB2 or EphB4 (a cognate

Figure 2 | The ectodomain of NiV-G binds specifically to ephrinB2. a, The
soluble HA-tagged ectodomain of NiV-G (sNiV-G–HA) bound to ephrinB2–
Fc but not ephrinB1–Fc in an ELISA (see Methods). D28sNiV-G–HA, with
an identical deletion as in D28NiV-G–Fc, did not bind to ephrinB2–Fc or
ephrinB1–Fc. A450, absorbance at 450 nm. One representative experiment
out of three is shown. Data are averages of triplicates ^ s.d. b, 10mg ml21 of

ephrinB2–Fc but not ephrinB1–Fc was able to block sNiV-G–HA-binding to
permissive 293T cells. sNiV-G–HA-binding was detected by a mouse
monoclonal anti-HA antibody followed by a PE-conjugated anti-mouse IgG
secondary antibody. c, NiV-G–Fc bound to ephrinB2-transfected but not to
pcDNA3-transfected CHO-pgsA745 and human Raji B cells. Cell-surface
binding was detected as in Fig. 1a.

Figure 3 | EphrinB2 is necessary for NiV fusion. a, NiV-F/G-expressing
‘effector’ PK13 cells were placed on permissive (293T or Vero cells) or non-
permissive (PK13 or human Raji B) ‘target’ cells and fusion quantified as
described in Methods. b, Fusion assay was performed as in a for 293T and
Vero cells except that ephrinB2–Fc or ephrinB1–Fc (10 mg ml21) was added
to the target cells 30 min before addition of NiV-envelope-expressing
effector cells. c, Fusion assay performed with transfected Raji B target cells

and PK13 effector cells. d, Inhibition studies on Raji B cells were performed
as in b (EphB4–Fc: 100mg ml21). Fusion in each case was normalized to that
obtained in the absence of any blocking reagent. e, Fusion assay between
microvascular endothelial target cells and NiV envelope expressing PK13
effector cells as described. Inhibition studies were performed as in d. Error
bars indicate ^s.d. from at least two independent experiments.
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receptor for ephrinB2), but not ephrinB1 (Fig. 3d). Significantly,
NiV-F/G-expressing cells also fused with human microvascular
endothelial cells (HMVECs) in a manner that could be inhibited
by soluble ephrinB2 or EphB4, but not ephrinB1 (Fig. 3e). Thus, NiV
fusion on cell lines, and on an in vivo target cell for NiV infection, is
dependent on ephrinB2.
Next we determined whether ephrinB2 could also mediate NiV

infection. NiV is a Biosafety Level- (BSL-) 4 pathogen, so we
developed a virion-based infection assay that does not require the
use of a BSL-4 facility. Heterologous viral envelopes can be pseudo-
typed onto a recombinant vesicular stomatitis virus (VSV) expres-
sing red fluorescent protein (RFP), but lacking its own envelope
(VSV-DG–RFP)20. VSV-DG–RFP bearing the NiV-F/G proteins was
used to infect permissive 293T or Vero cells, resulting in cells
expressing RFP (Fig. 4a, b). Viral entry was dependent on NiV-F/G
because it was neutralized by NiV-F/G-specific antiserum (Fig. 4a).

VSV-F/G–RFP infection was blocked by ephrinB2–Fc, but not
ephrinB1–Fc, while infection by VSV–RFP bearing its own envelope
(VSV-G) was not inhibited by either soluble ephrin (Fig. 4b).
Transfection of ephrinB2 into non-permissive CHO-pgsA745 cells

rendered them permissive for viral entry (Fig. 4c). CHO-pgsA745 is a
mutant CHO cell line that does not express cell surface heparan
sulphate proteoglycans21. Heparan sulphate has been described as an
attachment or entry receptor for many viruses, and may confound
the search for bona fide viral receptors that mediate membrane
fusion22. Thus, our observation that ephrinB2, in the absence of cell
surface heparan sulphates, could mediate viral entry strongly
suggests that ephrinB2 is a functional receptor for NiVentry. Finally,
NiV-F/G-pseudotyped VSV was also able to infect primary cortical
rat neurons and HMVECs (Fig. 4d, e)—two cell types that can be
infected in vivo5. NiV-F/G infection of rat neurons and HMVECs was
inhibited by soluble ephrinB2, but not ephrinB1. EphrinB2 inhibited

Figure 4 | EphrinB2 mediates entry of NiV-F/G pseudotyped viruses.
a, VSV-G or NiV-F/G mediated entry into 293T cells was neutralized
specifically by their respective antisera. Matched phase-contrast and
fluorescent images are shown. b, NiV-F/G or VSV-G pseudotyped viruses
were used to infect Vero cells in the presence or absence of ephrinB1–Fc or
ephrinB2–Fc (10 mg ml21). RFP production was analysed by FACS.
c, Human ephrinB2- or pcDNA3-transfected CHO-pgsA745 cells were

infected with NiV-F/G pseudotyped VSV–RFP and FACS-analysed for RFP
production. d, NiV-F/G pseudotyped VSV–RFP viruses were used to
infect cortical rat neurons in the presence or absence of ephrinB1–Fc or
ephrinB2–Fc (10 mg ml21). Representative matched phase-contrast and
fluorescent images are shown. e, Additional inhibition studies were
performed with HMVECs (ephrinB1/B2–Fc, 10 mg ml21; EphB2/B4–Fc,
100mg ml21).
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NIV-F/G pseudotype infection of primary rat neurons by 76%
compared to ephrinB1 (average number of infected cells per field
^ s.d.: 5.7 ^ 4.3 versus 23.5 ^ 12.7 for ephrinB2 versus ephrinB1
inhibition, respectively; P , 0.0001, Student’s t-test). Additionally,
we show that soluble EphB4 and EphB2 (the cognate receptors for
ephrinB2) significantly inhibited NiV-F/G-mediated infection of
HMVECs (Fig. 4e). Our use of HMVECs and primary rat
neurons to show that NiV-envelope-mediated entry occurred in an
ephrinB2-dependent manner strongly suggests that ephrinB2 is also
a functional receptor for NiV entry in vivo.
In histopathological studies on patients who had succumbed to

NiV infection, viral antigen can be detected in unequivocal amounts
in relatively few cellular subtypes, such as neurons, endothelial cells
and smooth muscle cells surrounding small arteries5. This is in
concordance with the expression pattern of ephrinB2; in lacZ
‘knock-in’ mice, ephrinB2 was specifically expressed in endothelial
cells, neurons and in smooth muscle cells surrounding arterioles16,17.
The identification of ephrinB2 as the NiV receptor largely explains
the in vivo tropism of the virus. EphrinB2 is a critical gene involved in
embryogenic development, and has established roles in vasculo-
genesis and axonal guidance3,4. Ephrin genes are highly conserved
and have been found in all animal species examined3. Thus, the
conservation of ephrinB2 may also explain the unusually broad
tropism of NiV. However, we note that not all cell lines are competent
to express ephrinB2 well (our unpublished observations), and we
have not conducted exhaustive gain–of–function experiments in all
cell lines described to be non-permissive for NiV-envelope-mediated
fusion13. Therefore, although ephrinB2 is clearly a functional receptor
for NiVentry, it is possible that other factors in addition to ephrinB2
expression are required for productive NiV entry and replication.
Both ephrinB2 and its cognate receptor EphB4 have tyrosine

signalling and PDZ (Postsynaptic density protein-95, Discs-large,
Zonula occludens-1) binding motifs in their cytoplasmic domains23.
‘Forward’ signalling mediated by EphB4 facilitates anti-adhesive and
repulsive behaviour upon contact with ephrinB2-expressing cells,
while ephrinB2 ‘reverse’ signalling facilitates propulsive adhesion
upon contact with EphB4-expresssing cells. If NiV-G acts like EphB4
and binds to ephrinB2, but lacks the property of reverse signalling,
perhaps only forward propulsion will ensue. We speculate that this
might act to recruit more endothelial cells to areas of NiVreplication.
Indeed, signalling-deficient EphB4 on tumour cells can promote
invasion by ephrinB2-expressing endothelial cells24. It will be inter-
esting to re-examine pathological specimens for increased angiogen-
esis in areas of NiV replication. It is also possible that PDZ binding
domains, and other proteins known to interact with the cytoplasmic
domain of ephrinB2, may play a role in the productive entry of NiV.
HeVappears to have a similar cellular tropism to NiV13, although

NiV appears to be more pathogenic. Experiments are continuing to
determine whether HeV also uses ephrinB2, or ephrinB2-related
molecules, as its entry receptor. Discovery of ephrinB2 as the NiV
receptor will facilitate screening of small-molecule antagonists to
block NiV entry: molecules targeting NiV-G may be potential
antivirals, whereas molecules targeting ephrinB2 may have appli-
cations in the field of angiogenesis. The recent and repeated
outbreaks of NiV in Bangladesh1 emphasize the importance of the
search for vaccines and therapeutics against this emerging pathogen.
Identifying the NiV receptor will contribute to these continuing
efforts.

METHODS
Cells and reagents. Primary rat cortical neurons were dissected and cultured
from embryonic day 17 Sprague-Dawley rats as described25, and plated 2 weeks
before infection. HMVECs immortalized with the human telomerase catalytic
protein (hTERT)26 were a gift from R. Shao. Soluble Fc-fusion proteins of
ephrins and Eph receptors were obtained from R&D Systems. Sequence-verified
human ephrinB2 clones were obtained from Origene (CMV-driven clones)
and Open Biosystems (T7-driven clones). The open reading frame of

human ephrinB2 was also subcloned into pcDNA3 (Invitrogen) in frame with
a C-terminal V5 epitope tag.
Identification of NiV–ephrinB2 interaction. See Supplementary Methods 1 for
details of solubleNiV-G production. 293T, Vero or CHO-pgsA745 cells were cell-
surface biotinylated using EZ-link Sulfo-NHS-LC-LC-Biotin reagent (Pierce).
Each 100-mm dish of cells was lysed (50mM Tris-HCl, 150mM NaCl, and 1%
Triton X-100, pH 8.0 with protease inhibitors), clarified by centrifugation and
pre-cleared by one round of mock immunoprecipitation with Fc-only protein
using protein G-coupled magnetic beads (Dynal). Pre-cleared lysates were
immunoprecipitated with NiV-G–Fc or D28NiV-G–Fc previously crosslinked
to protein G beads (20mM dimethyl-pimelimidate-HCL in 0.2M triethanol-
amine) (Sigma), separated by non-denaturing SDS–polyacrylamide gel electro-
phoresis (SDS–PAGE) and analysed by western blotting with horseradish
peroxidase- (HRP-) conjugated streptavidin or anti-human Fc (Pierce). 293T
cells (3 £ 107) were used for preparative immunoprecipitations, and proteins
were visualized using Silver Stain Plus (BioRad). Parallel portions of the
gel containing a specific band immunoprecipitated by NiV-G–Fc, but not
D28NiV-G–Fc, were excised, digested in the gel with sequencing-grade trypsin
and subjected to peptide sequencing by tandemmass spectrometry (MS/MS). A
Finnigan ion trap mass spectrometer LCQ coupled with a high-performance
liquid chromatography (HPLC) system running a 75-mM inner diameter C18
column was used. MS/MS spectra were used to search the most recent non-
redundant protein database from GenBank with the ProtQuest software suite
(ProtTech).
Fusion assay. Fusion assays were performed essentially as described18,19. Briefly,
effector cells (PK13) were transfected with 0.3mg of codon-optimized NiV-F and
G expression plasmids, 0.6mg of T7-luciferase, and 0.8 mg of pcDNA3 per 6-well
plate using Lipofectamine 2000 reagent (Invitrogen). The sequences of the
codon-optimized genes have been deposited into GenBank (AY816748 and
AY816746 for F andG, respectively, based on the original sequences described for
NiV-F and -G in ref. 6.). The DNA amount was always kept constant with
pcDNA3. Target cells (293T, Vero, HMVECs) grown in a 24-well plate were
infected with vaccinia virus (vTF1.1) expressing T7-polymerase (multiplicity of
infection, MOI ¼ 5), and cultured overnight in DMEM 10% FCS. Rifampicin
was added to reduce cytopathicity. Effector cells (1 £ 105) were mixed with
target cells in a total volume of 250ml, allowed to fuse for 6 h and then lysed with
180ml of lysis buffer (20mM Tris pH 7.5, 100mM NH4SO4, 0.1% BSA, 0.75%
Triton X-100, and 0.001% sodium azide). Luciferase activity was detected by
adding equal volumes (100ml) of luciferase detection reagent (Promega) and
lysate, and the relative light units (r.l.u.) were determined by luminometry.
When Raji B cells were used as target cells, 2.5 £ 106 cells were transfected with
6 mg of the indicated plasmid using Amaxa’s Nucleofector electroporation device
for transfection in buffer V or Ton program A23. These suspension target cells
were added onto the adherent PK13 effector cells prepared as described. Fusion
was analysed as above.
Binding of soluble NiV-G to ephrinB2. 3 mgml2 1 of ephrinB1–Fc and
ephrinB2–Fc diluted in ELISA buffer (2% BSA and 0.05% Tween-20 in TBS)
were captured by biotinylated anti-human Fc (Caltag) pre-bound toNeutrAvidin-
coated polystyrene plates (Pierce). Supernatant from sNiV-G–HA- or D28sNiV-
G–HA-transfected 293T cells was added to each well, and detected with an
HRP-conjugated anti-HA antibody (Novus Biologicals) using TMB substrate
(Pierce).
Infection assay. The VSV-DG–RFP virus is a recombinant VSV derived from a
full-length complementary DNA clone of the VSV Indiana serotype in which the
G-protein gene has been replaced with the RFP gene20 (a gift from M. Whitt).
Either VSV-G or NiV-F/G was provided in trans. NiV-F/G and VSV-G pseudo-
types were purified via centrifugation through a sucrose cushion and used to
infect 293T, Vero, CHO-pgsA745, rat cortical neurons and HMVECs (MOI ¼ 1,
as titred on 293T cells). RFP production at 24 h was analysed by fluorescent
microscopy or FACS.
Neutralization sera. For NiV, New Zealand White rabbits were genetically
immunized with a mixture of codon-optimized NiV-M (matrix), NiV-F and
NiV-G expression plasmids (Aldevron) using an electroporation protocol that
results in increased antibody titres27. A 1:100 dilution of hyperimmune sera from
the terminal bleedwas used for neutralization studies. ForVSV, a VSV-G-specific
mouse monoclonal antibody (clone 8G5F I1, a gift from J. Rose) was used.
Pseudotyped viruses were pre-incubated with antibodies for 1 h before use for
infection.
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