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Abstract
Nipah (NiV) and Hendra (HeV) viruses are the deadliest human pathogens within the
Paramyxoviridae family, which include human and animal pathogens of global biomedical
importance. NiV and HeV infections cause respiratory and encephalitic illness with high mortality
rates in humans. Henipaviruses (HNV) are the only paramyxoviruses classified as biosafety level
4 (BSL4) pathogens due to their extreme pathogenicity, potential for bioterrorism, and lack of
licensed vaccines and therapeutics. HNV use ephrin-B2 and ephrin-B3, highly conserved proteins,
as viral entry receptors. This likely accounts for their unusually broad species tropism, and also
provides opportunities to study how receptor usage, cellular tropism, and end-organ pathology
relates to the pathobiology of HNV infections. The clinical and pathologic manifestations of
Nipah and Hendra virus infections are reviewed in the chapters by Wong et. al. and Geisbert et.al.
in this issue. Here, we will review the biology of the henipavirus receptors, and how receptor
usage relates to henipavirus cell tropism in vitro and in vivo.

2. The Receptors
2.1 The Molecular Biology of ephrin-B2

Ephrin-B2 (also known as EPLG5, HTKL, Htk-L and LERK5) and ephrin-B3 are the
cellular receptors for henipaviruses (Bonaparte et al. 2005; Negrete et al. 2005; Negrete et
al. 2006). They belong to the ephrin family of receptor tyrosine kinases (RTKs) comprising
six GPI-anchored ephrin-As and three transmembrane ephrin-Bs (Eph Nomenclature
Committee 1997). Ephrin-B2 and -B3 are type I transmembrane proteins of ~330 amino
acids encoded on human chromosome 13 and 17, respectively. (Bennett et al. 1995;
Bergemann et al. 1995). Ephrin family members are highly conserved: human and murine
ephrin-B2 differs by only 3% at the amino acid level and many mammalian ephrin-B2
homlogs have been shown to bind henipavirus-G with similar affinities (Bossart et al. 2008).

By convention, ephrins (A and B) are designated as ligands for EphA and/or EphB
receptors, which are also RTKs. Thus, cognate ephrin-eph interactions result in bidirectional
signaling cascades: ephrins induce “forward” signaling through the eph receptors on the
opposing cell, while Eph receptors initiate “reverse” signaling through the ephrin ligands
(Cowan & Henkemeyer 2001; Zhao et al. 2006). Ephrin-Eph interactions are promiscuous,
although the promiscuity, with a few exceptions, is limited to members within the same
class (A or B). Structural evidence indicates that ephrin-B2 binds to its cognate receptors
EphB4 and EphB2 via critical residues in a flexible “G-H loop” (amino acids 120–125) that
fits into a shallow cleft on the opposing ephB receptors (Chrencik et al. 2006; Füller et al.
2003; Kobayashi et al. 2007). The functional signaling cascade seemingly arises from
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oligomeric interactions between clusters of ephrinB-ephB molecules at the point of cell-cell
contact (reviewed in Wilkinson 2003).

Due to its function in mediating cell adhesion/repulsion, ephrin-B2 plays critical roles in
chemotaxis and cell migration (Meyer et al. 2005), as evidenced by the fact that ephrin-B2
homozygous knock-out mice are embryonic lethals with defects such as primitive and
uniformally sized vasculature, underdeveloped heart, and poor organization of the
intersomitic vessels (Adams et al. 1999; Gerety & Anderson 2002). During neurogenesis,
ephrin-B2 guides the migration of neuron precursors, contributing to the extremely precise
organization pattern of brain cells (Zimmer et al. 2003); during vasculogenesis, the repulsion
between EphB4-expressing vein precursors and ephrin-B2-expressing arterial precursors
results in the formation of defined junctions between veins and arteries (Wang et al. 1998).
Additionally, the function of ephrin-B2 has been extended to immune activation and bone
formation in the adult body. EphB4-ephrin-B2- interaction has been shown to mediate the
attachment of monocytes (EphB4 positive) to the endothelium (ephrin-B2 positive) during
extravasation. Quite interestingly, while cytoplasmic tail deletion of ephrin-B2 does not
affect monocyte attachment per se, it abolishes extravasation, suggesting that the “reverse”
signaling through ephrin-B2 is required for this process (Pfaff et al. 2008). Similarly, during
bone formation, “reverse” signaling downstream of ephrin-B2 in osteoclasts upon contact
with EphB4-expressing osteoblasts regulates the proliferation of osteoclasts (Edwards &
Mundy 2008; Zhao et al. 2006). A role for ephrin-B2 in lymph node remodeling has also
been suggested (Mäkinen et al. 2005).

Similar to ephrin-B2, the alternative receptor for NiV, ephrin-B3, is also involved in axon
guidance during neurogenesis. For examples, it acts as a midline repellent for axons of the
corticospinal tract (Benson et al. 2005; Bergemann et al. 1998; Kullander et al. 2001).

2.2 Surface expression and regulation
In some cases, ephrin-B2 protein is hardly detectable at the cell surface although its mRNA
is present in these cells (Yoneda et al. 2006). One potential explanation could be that
intramembrane proteases remove ephrins from the cell surface. For example, in cells that
express rhomboid protease RHBDL2, ephrin-B3 is not detectable on the cell surface due to
the efficient cleavage by this protease (Pascall & Brown 2004). In the case of ephrinB2, its
extracellular domain can be cleaved by the Kuzbanian metalloproteinase upon interaction
with EphB4 (Holmberg & Frisén 2002). It has also been demonstrated that the reverse
signaling is dependant on the presence of Presenillin-1, an aspartyl protease from the γ-
secretase complex. Presenillin-1 cleaves ephrin-B2 cytoplasmic tail into a C-terminal
fragment (CTF) (Georgakopoulos et al. 2006), which regulates c-Src at two levels : first,
CTF translocates to the nucleus where it activates c-Src transcription; second, CTF binds c-
Src and therefore releases it from its inhibitor Csk. The c-Src-CTF complex then
phosphorylates the cytoplasmic tail of uncleaved ephrin-B2 on tyrosine residues 304, 330
and 331(Georgakopoulos et al. 2011; Su et al. 2004). The phosphorylated ephrin-B2, in turn,
activates a kinase cascade that induces membrane ruffling and membrane exchange, leading
to cell-cell repulsion (Figure 1) (Holmberg & Frisén 2002; Wilkinson 2003). This kinase
cascade may also intersect with the signals involved in cytoskeleton rearrangement and
membrane extensions involved in macropinocytosis, a process that is thought to be involved
in Nipah virus uptake upon viral attachment protein interaction with ephrin-B2.

2.3 Distribution
Ephrin-B2—Consistent with its role in vasculogenesis, ephrin-B2 is expressed in
endothelial and smooth muscle cells in arterial vessels and at angiogenesis sites (Gale et al.
2001). The brain is a main site of ephrin-B2 expression, especially during the fetal stage.
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Within the brain, the cortex (especially prefrontal) and neuroepithelial cells contain the
highest levels of ephrin-B2, while its expression can also be detected in the olfactory bulb
and the amygdala, albeit at lower levels. Outside of the brain, the placenta, lungs and the
prostate contain abundant ephrin-B2 protein, and high levels of ephrin-B2 mRNA have also
been detected in cardiomyocytes and bronchial epithelial cells (Liebl et al. 2003; Su et al.
2004) (BioGPS – probe ref.202668)

Ephrin-B3—With the possible exception of the prostate and heart, ephrin-B3 expression is
mostly restricted to the central nervous system (CNS). It can be detected in the spinal cord
and throughout the brain, with the highest levels found in the occipital lobe, the prefrontal
cortex, and the amygdala. Lower levels can be detected in the pons, the globus pallidus, the
subthalamic nucleus, the temporal lobe, the hypothalamus, the corpus callosum and the
hippocampus (Benson et al. 2005; Liebl et al. 2003; Su et al. 2004) (BioGPS – probe ref.
205031).

2.4 Receptor and host range
Due to its critical role during embryogenesis, ephrin-B2 (and B3) is evolutionarily
conserved. It is found from fish and amphibians to mammals with relatively few changes.
For example, the amino acid sequence similarity between human ephrin-B2 and ephrin-B2
from mice, pigs (as well as cats, horses and dogs), and fruit bats reaches 97%, 96% and
95%, respectively (Bossart et al. 2008). Even zebrafish ephrin-B2 (Danio rerio) is 65%
similar to human ephrin-B2 at the amino acid level, and can even serve as entry receptors for
NiV (unpublished observations). Thus, the conservation of ephrin-B2 may explain the
unusually broad host range of henipaviruses compared to most other paramyxoviruses.
Henipaviruses can infect several orders of the Class Mammalia under natural or
experimental settings (see below). Remarkably, NiV innoculated into chicken embryos
(Class Aves) also resulted in a histopathological picture that resembles that found in
humans: severe leisions in the central nervous system with high viral antigenic load found in
the vasculature and neurons (Tanimura N et al, 2006). The conservation of cross Class tissue
tropism is unprecedented for a paramyxovirus, and it remains to be determined if
henipavirus tropism extends outside the Superclass Tetrapoda to which Mammalia and Aves
belong, to the Superclass Osteichthyes (bony fish), which includes the abovementioned
Zebrafish.

The primary host for henipaviruses has been identified as fruit bats (family Megachiroptera)
in the genera of Pteropus, Eidolon and Rousettus (Hayman et al. 2008; Hayman et al. 2011;
Olson et al. 2002; Young et al. 1996). Although Microchiroptera species are generaly not
infected (Hasebe et al. 2012), some have been detected seropositive for henipavirus (Li et al.
2008). Given that the bats comprise the second largest order in the class Mammalia (after
rodents), with more than 1240 species constituting 20% of all known mammals, the finding
of henipaviruses in both Megachiroptera and Microchiroptera suggests that henipaviruses
may be more widely distributed than currently appreciated (Kunz et al. 2011).

During the HeV outbreaks in Australia, and the initial NiV outbreaks in Malaysia, horses
and pigs, respectively, have been shown to act as intermediate amplifying hosts, transmitting
the viruses from bats to humans (Chua 2010; Chua et al. 1999; Selvey et al. 1995). During
the Meherpur outbreak (Bangladesh, 2001), cows have been suspected to be the amplifying
host (Hsu et al. 2004). However, much epidemiological evidence suggests that, in
Bangladesh, bats can transmit NiV directly to humans, and human-to-human transmission
has also been documented (Homaira et al. 2010; Tan & Chua 2008).

Under laboratory conditions, the host range of henipaviruses can be extended to rodents
(including golden hamsters (Wong et al. 2003), guinea pigs (Williamson et al. 2001;
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Williamson & Torres-Velez 2010), and ferrets (Bossart et al. 2009), and non-human
primates (including African green monkeys (Old World monkey) (Geisbert et al. 2010;
Rockx et al. 2010) and Saimiri/Squirell monkeys (New World monkey)(Marianneau et al.
2010). Notably, while hamsters and ferrets are readily infectable, and recapitulate many
symptoms reflective of human infections (for details, see the review on animal models for
henipaviruses in this issue), mice are resistant to NiV infection (Wong et al. 2003) despite
the fact that murine ephrin-B2 shares 97% sequence similarity with human ephrin-B2. Other
animals that are susceptible to henipavirus infection, at least under laboratory conditions,
include cats, dogs (Hooper et al. 2001; Mills et al. 2009; Mungall et al. 2006) (class
Mammalia), and chicken embryos (Tanimura et al. 2006) (class Aves) as discussed above.
The curious exception of murine resistance to henipavirus infection likely occurs at a post-
entry step, as the henipavirus attachment glycoprotein binds to murine ephrinB2 just as well
as human ephrinB2 (Bossart et al. 2008).

2.5 Ephrins and henipavirus cellular tropism in vitro
The susceptibility of a given cell line to henipavirus infection in vitro largely depends on its
ephrin-B2/B3 expression. For example, the hamster cell line CHO lacks any endogenous
ephrinB expression, and expression of exogenous ephrin-B2 and -B3 (but not -B1) renders
CHO cells highly permissive to NiV infection (Negrete et al. 2006). Most of the common
cell lines used in the laboratory (including HEK293T, vero, HeLa-CCL2, but not the HeLa-
USU subclone) can support henipavirus infection (see table 1). On the other hand, although
known to be endothelial-tropic, NiV is not able to infect all the endothelial cell lines.
Endothelial cells from the capillaries and the brain such as PBMECs (porcine microvascular
endothelial cells) and HBMECs (human brain endothelial cells), which express high levels
of ephrin-B2, are susceptible to NiV infection, whereas PAECs (porcine aorta endothelial
cells) and MyEnd (murine myocard), which do not express detectable levels of the receptors,
are resistant to infection (Erbar et al. 2008).

So far, most cell lines with detectable ephrinB2 expression have been shown to be
permissive to NiV infection with the possible exception of P815 (mouse mast cells) and
208f (rat embryonic fibroblasts). It is unclear why these cell lines are unable to support NiV
replication, but in the case of 208f, interestingly, the amount of ephrinB2 at the cells surface
as detected by flow cytometry is low although the mRNA is present at high levels. It is
possible that the receptor may be downregulated by intramembrane proteases similar to what
has been shown for ephrin-B3/-B2 and Rhomboid proteases as discussed above. A list of
cell lines with their ephrin-B2/B3 expression profiles and infectability phenotypes is shown
in Table 1

3. Glycoprotein-receptor interaction
3.1 The attachment glycoprotein G

The henipavirus attachment glycoprotein is a type II transmembrane protein (602 and 604
amino acids for NiV-G and HeV-G, respectively). It shares structural similarities with the
attachment glycoproteins of other paramyxoviruses (Bowden et al. 2008a; Xu et al. 2008).
These include an N-terminal cytoplasmic tail, a single transmembrane domain, a stalk
region, and a globular head that folds as a six-bladed β-propeller barrel with a central
canyon on the membrane-distal face (Bowden et al. 2008a; Xu et al. 2008). Despite these
structural similarities, henipavirus-G does not possess hemagglutination (H) or
neurominidase (N) activities, features that are common to most other paramyxoviruses
(reviewed in (Lee & Ataman 2011). In addition, the stalk region of henipavirus-G is about
40 amino acids longer that the HN stalk from paramyxoviruses that use glycan-based
receptors (sialic acids) (respiroviruses, rubulaviruses, and avulaviruses), but is similar in
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length to the H stalk in morbilliviruses (the only other genus that uses protein-based
receptors) (Marr et al, 2012). On the other hand, structural phylogeny analysis of the
globular head domain indicates that henipavirus-G is more closely related to the HN
attachment glycoproteins from glycan-using paramyxoviruses than to the H attachment
glycoprotein from morbilliviruses (using measles H as the representative example) (Bowden
et al. 2008a; Bowden et al. 2010b). HN is thought to be the ancestral protein—thus, the
hybrid features of henipavirus- G suggest that henipavirus-G independently evolved to use
protein-based receptors after MeV- H’s own switch from using glycan-based to protein-
based receptors. The more recent evolutionary history of henipavirus-G may contribute to
the relatively broad species tropism of henipaviruses, unlike measles virus, which has had
more time to adapt to using only the cognate receptors (CD150/SLAM) from humans and
certain non-human primates (Hashiguchi et al, 2011a).

There is biochemical evidence that Henipavirus-G oligomerizes as a dimer of a dimers
(Bishop et al. 2008; Maar et al, 2012), consistent with the tetrameric assembly found for
other paramyxoviral attachment proteins (Lamb et al. 2006; Yuan et al. 2008). Positional
analysis of glycosylation sites and other structural modeling criteria suggest that
henipavirus-G has a dimerization interface that is conserved amongst Paramyxoviridae
(Bowden et al. 2008b; Bowden et al. 2010a) although the relative angle of dimer association
and the area of the dimer interface differs between henipaviruses, morbilliviruses and other
glycan-using paramyxoviruses (reviewed in Lee & Ataman 2011). Recent work on the
structure of the NDV globular domain crystallized with part of its stalk region indicates that
the stalk region adopts a 4-helix bundle that holds the tetrameric assembly together (Yuan et
al. 2008; Yuan et al. 2011b). Strikingly, each pair of globular head domains was titled
almost at right angles with respect to the other pair, exposing the four receptor-binding sites
in four different directions. It is unclear whether henipavirus-G will also adopt this
configuration—if it does, these putative structural features might place highly restrictive
constraints on how the ephrinB2/B3 “G-H” loop can access the receptor binding cleft in the
globular head of henipavirus-G.

3.2 Henipavirus-G-receptor interaction
Upon binding to its cellular receptor ephrin-B2 or –B3, conformational changes in NiV-G
contribute to the “triggering” of the fusion protein F, leading to the fusion between viral and
cellular membranes (for details, please see review by Aguilar and Iorio in this issue). The
solvent exposed “G-H” loop of ephrin-B2/B3 is important for interacting with the
endogenous EphB receptors, as well as the henipavirus-G proteins (Bowden et al. 2008a;
Himanen et al. 2007; Xu et al. 2008). However, compared to EphB4 (or EphB2), both NiV-
G and HeV-G have ~10-fold higher affinity for ephrin-B2 (Kd in the picomolar range)
(Negrete et al. 2007). This is the highest affinity viral envelope-receptor interaction known
to date, and likely reflects selective pressures under which henipaviruses have evolved to
use ephrinB2/B3 as a receptor. For example, Eph/ephrin interactions, though highly
promiscuous, are regulated in part by the strength of the signaling that results from clusters
of Eph/ephrin interactions at the cell-cell interface. The high affinity of henipavirus-G for
ephrin-B2/B3 may have evolved to compete effectively with the high avidity interactions
that result from clusters of endogenous Eph/ephrin interactions.

Henipavirus-G-ephrin-B2 interaction mimics the endogenous EphB4-ephrin-B2 interaction
in that the “G-H loop” of ephrin-B2 (amino acids 120–125) is important for binding in both
cases; mutation of critical amino acids in this region results in altered binding and fusion
phenotypes (Negrete et al. 2006; Pernet et al. 2009; Yuan et al. 2011a). However, compared
to EphB4 (or EphB2), both NiV-G and HeV-G have ~10-fold higher affinity for ephrin-B2:
soluble NiV-G and HeV-G bind ephrinB2 expressing cells with a Kd of 0.27nM and 0.57
nM, respectively. In contrast, NiV-G appears to bind ephrinB3 with a higher affinity than
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HeV-G (Kd=0.78nM vs 24.3nM, respectively). This difference has been localized to a valine
(NiV) to serine (HeV) change in residue 507 (Negrete et al. 2007). Curiously, an updated
HeV-G sequence has a theronine at residue 507, and this serine to theronine change largely,
though not completely, restores the ephrinB3 binding affinity to NiV-G levels.

The residues critical for receptor binding on NiV-G was functionally mapped to E533,
W504 and E505 (Guillaume et al. 2006; Negrete et al. 2007) and confirmed by
crystallography (Bowden et al. 2008a, Xu et al, 2008). As show in Fig 2, NiV-G E533
makes contact (via a salt bridge) with residue K60 on ephrin-B2. This helps to orientate the
“G-H loop” of ephrin-B2 in the hydrophobic canyon of NiV-G in a way that facilitates the
interaction between the “G-H loop” and the amino acids lining up the surface of the canyon.
E533 makes a similar charge-charge interaction with R57 on ephrin-B3. Since these
interactions are important for stabilizing the binding of both ephrin-B2 and ephrin-B3, a
single point mutation E533Q reduces NiV-G-mediated syncytia formation and entry by
90%. Interestingly, residue 533 on Measles virus H protein (MeV-H) is also critical for its
binding to the CD150/SLAM receptor, although the charge-charge interaction is reversed
with R533 on MeV-H interacting with E123 on SLAM (Hashiguchi et al. 2011b; Massé et
al. 2004; Tatsuo et al. 2000). This raises intriguing questions regarding the evolution of two
independent genera of protein receptor using paramyxoviruses (G and H) from the likely
ancestral glycan-using paramyxovirus (HN) (Lee and Ataman, 2011).

3.3 The internalization of viral particles
The membrane fusion mediated by paramyxoviral glycoproteins is known to be pH
independent and can presumably occur on the plasma membrane of the target cell. However,
NiV has also been shown to exploit the cellular macropinocytosis pathway, potentially to its
own advantage (Pernet et al. 2009).

Similar to the cognate receptor EphB4, NiV-G triggers the activation of ephrin-B2 by
phosphorylation on specific tyrosine residues in the cytoplasmic tail. However, while
residues Y304, Y330 and Y331 of ephrin-B2 are all involved in EphB4-triggered
downstream events, only Y304 phosphorylation seems critical for “reverse signaling” during
NiV-G binding (Pernet et al. 2009; Su et al. 2004). Subsequently, phospho-tyrosines 304
recruit the adaptor protein Grb4 (also known as Nck2) (Cowan & Henkemeyer 2001) which,
in turn, recruits Ras and activates multiple downstream pathways involved in intracellular
vesicle trafficking (Arf6), actin remodeling and membrane ruffling (Rab5/RNtre and PI3K/
PKC/Rab34), and regulating the switch between macropinocytosis and filopodia formation
(Rac1/Cdc42) (Bucci et al. 1995; Marston et al. 2003; Radhakrishna et al. 1999; Sun et al.
2003). A panoply of assays using inhibitors of macropinocytosis and actin depolymerization,
suggest the Nipah virus-ephinB2 complex is internalized (Pernet et al. 2009) in a manner not
unlike the bidirectional endocytosis seen for EphB4-ephrin-B2 complexes when they
interact on opposing cells (reviewed in Pitulescu & Adams 2010)

Many viruses appear to use macropinocytosis to facilitate entry. Examples include vaccinia
(Poxviridae) (Mercer & Helenius 2008), Dengue virus (Flaviviridae) (Suksanpaisan et al.
2009; Zamudio-Meza et al. 2009), and Ebola virus (Filioviridae) (Saeed et al 2010). Measles
virus, another paramyxovirus that uses protein-based receptors for entry, can cross-link
CD46 (a cognate receptor for the vaccine strain) and induce pseudopodia engulfment in a
process similar to macropinocytosis (Crimeen-Irwin et al. 2003). Rac1/Cdc42-mediated
internalization triggered by ephrin-B2 signaling is a well-established pathway in endothelial
cells (Vandenbroucke et al. 2008). Co-opting this pathway in its natural target cell may have
advantages for the virus: (1) rapid internalization potentially helps the virus to evade host
immune recognition, and (2) downregulation of ephrin-B2 from the cell surface (Pernet et al.
2009) may also prevent super-infection and facilitate the release of progeny virions.
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4. Receptor usage and henipavirus pathogenesis
4.1 Pathology and symptoms

Henipavirus infection leads to vasculitis, necrosis, thrombosis, as well as brain parenchyma
lesion associated with the formation of giant multi-nucleated cells (for details, see the
review on “Clinical and pathological manifestations of human henipavirus infection” in this
issue). These cytopathic effects are largely due to the syncytia-inducing ability of NiV and
HeV glycoproteins, and the sites of lesion match ephrin-B2/B3 expression profiles.

The clinical presentations following henipavirus infection include neurological symptoms
(eg. headaches, drowsiness, disorientation, myoclonus, motor and sensory loss), respiratory
disorders (observed in HeV-infected horses, NiV-infected pigs, and 25–40% of NiV-
infected humans), unstable blood pressure, and, in one case, vision loss (Chua et al. 1999;
Lim et al. 1999; Lim et al. 2003; Wong et al. 2002). 40–92% of NiV-infected humans
succumb to acute encephalitis with an average time of 10 days from fever onset to death,
while 3–7% of infected patients exhibit a late onset or relapsed encephalitis months to years
after the initial infection (Chua et al. 1999; Luby et al. 2006).

4.2 Ephrin-B2/B3 and NiV pathogenesis
The pathology and symptoms associated with NiV infection can, in some cases, be
explained by the expression pattern of ephrin-B2/B3 in vivo and the resultant cellular
tropism of the virus (see table 2). The more generalized symptomology may be a result of
the inflammatory response directed against the replicating virus once it has established a
primary infection.

A hallmark of henipavirus infection is the cellular pathology that results from the infection
of microvascular endothelial cells (Hooper et al. 1997a; Hooper et al. 1997b; Wong et al,
2002). Syncytia formation induced by infection results in endothelial cell dysfunction and
apoptosis; in the end-organ microvasculature, this can lead to vascular inflammation and
thrombosis. At autopsy, widespread vasculitis is seen in the lung (62%), heart (31%), kidney
(24%), and the CNS (80%) (Wong et al. 2002), concordant with the high expression levels
of ephrin-B2 in these tissues (Hafner et al. 2006). Focal perivascular necrosis was observed
in most of the highly vascular organs, with the spleen being the most striking example.
Furthermore, viral antigen staining was particularly evident in the periarteriolar sheaths in
the white pulp (Wong et al. 2002), which is the only region in the spleen where ephrin-B2
expression can be detected (Gale et al. 2001).

In the CNS, where severe damage to vessels was seen in 80% of the patients, vasculitis
presumably results in the disruption of the blood-brain barrier, allowing the virus access to
the CNS where it can infect ephrin-B2 and B3-positive cells in the brain parenchyma (Wong
et al. 2002). However, it is also possible that infected brain microvascular endothelial cells
produce virus that bud out from the basolateral surface and therefore gain access to the CNS
without a breach in the BBB. There is evidence that the cytoplasmic domain of the Nipah F
and G proteins contain basolateral targeting signals, at least when examined in polarized
epithelial cells (Weise et al. 2010). Of course, both these pathological models are not
mutually exclusive, and in all likelihood, occur together and contribute to the devastating
sequalae of the disease.

Consistent with the diffuse expression pattern of ephrin-B2 in the brain, MRI scans of
acutely infected patients reveal multiple hyperintense lesions in the cortex, pons, putamen,
and the cerebral and cerebellar peduncles. These lesions may underlie some of the
neurological symptoms seen in Nipah infected patients (see the chapter by Wong and Tan in
this issue). Interestingly, ephrinB3, but not ephrinB2, is also expressed in the brainstem
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(Negrete et al. 2007). Neurological symptoms reflective of brainstem involvement such as
coma, abnormal doll’s-eye reflex, abnormal pupils, and segmental myoclonus are bad
prognostic factors, and brain stem neuronal dysfunction is thought to be the major cause of
death in Nipah virus encephalitis (Goh et al. 2000). In the African green monkey model of
Hendra virus infection, localized lesions of intense viral antigen staining can also be seen in
the brainstem (Bossart et al. 2011). Thus, although ephrinB2 likely serves as the receptor
that allows for establishment of a primary henipavirus infection, ephrinB3 mediated cellular
pathology may also contribute significantly to the ultimate cause of death.

Henipavirus transmission from mother to fetus has been observed in the fruit bats, the
natural reservoir for henipaviruses, consistent with the expression of ephrin-B2 in the
placenta (Williamson et al. 2000). In addition, vertical transmission and fetal replication of
Nipah virus has been documented in an experimentally infected cat (Mungall et al. 2007).
There is some speculation that the seasonal uptick in henipavirus spill-over events is
associated with breeding cycle of the Asian fruit bats, which give birth in the winter (Jan-
Mar in Bangladesh, May-Oct in Australia)(McFarlane et al. 2011; Plowright et al. 2008;
Wacharapluesadee et al. 2010).

5. Alternative tropism and trans-infection
Blood cells (including lymphocytes and monocytes) in general are not permissive to NiV
infection (with the possible exception of dendritic cells, in which low levels of viral
replication have been detected) (Mathieu et al. 2011). However, they can efficiently
transport the virus from one infection site to another or even to a new host, as suggested by a
recent study (Mathieu et al. 2011). This lymphocyte-mediated trans-infection is likely due to
the binding of the virus to the cell surface via its glycoproteins without establishing a
productive infection. Indeed, the virus can bind to the cell surface in a receptor-independent
manner, since binding can occur in CHO cells which do not express detectable levels of
ephrin-B2 or B3, and trans-infection can be abolished by C-type lectin inhibitors (Mathieu et
al. 2011). These results are consistent with an earlier report by Bowden et al showing that
NiV-G can act as a putative ligand for the endothelial cell lectin, LSECtin (Bowden et al.
2008b).

6. Perspectives
Ephrin-B2 and B3, the cellular receptors for henipavirus entry, are mainly expressed in
neuronal and endothelial cells. Receptor expression largely determines the cellular tropism
of henipaviruses, which is underscored by the high level of concordance between ephrin-B2/
B3 distribution pattern in vivo and henipavirus-induced cellular pathology. Although much
has been done to elucidate the receptor interactions and tropism of henipaviruses, the entry
route of the virus into the human body still remains elusive. In Bangladesh, it has been
documented that people can acquire NiV infection by drinking contaminated date palm sap
(Luby et al. 2006; Rahman et al. 2012). Since the cells in the epithelium of the digestive
tract do not express the henipavirus receptors, and the virus is sensitive to low pH exposure
(Fogarty et al. 2008), how the virus manages to reach the susceptible cell types to establish a
primary infection in this case is not clear. It is possible the virus may gain access to tissue
macrophages and/or dendritic cells in the oropharyngeal submucosa through microscopic
lesions commonly found in the mouth and throat. Macrophages in inflamed tissues such as
the gingiva in periodontal disease, and the tonsils in general, express high levels of ephrinB2
(Yuan et al. 2004; Yuan et al. 2000) even if cultured monocyte-derived macrophages do not
(Bossart et al. 2001). Binding to macrophages (or dendritic cells) may also allow the virus
can be carried to permissive cells via “trans-infection” as discussed above).
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An alternative explanation is that NiV is able to use another receptor for entry in the absence
of ephrinB2 and B3, similar to MeV. It has been known for a while that epithelial cells,
which lack CD150/SLAM and CD46, are permissive for MeV infection. This elusive
epithelial cell receptor was recently identified as nectin-4 (Noyce et al, 2011; Mühlebach et
al. 2011). Since nectin-4 is expressed in epithelial cells (especially tracheal cells), it may
facilitate the initial infection through the respiratory tract in addition to the well-established
route of host entry via transmigrating alveolar macrophages, although it has been proposed
as the exit receptor used by MeV to cross the tracheal epithelium and emerge in the airways
(Mühlebach et al. 2011). Given the structural similarity between NiV-G and MeV-H, it is
possible that similar mechanisms might exist for NiV-G as well.

Although henipavirus infections have a high mortality rate, spill-over events into the human
population remain rare. Preventive measures such as the use of universal precautions to
protect against contaminated fluids from infected horses (Australia) or public education
campaigns against drinking raw palm date juice appears to be the most cost-effective interim
measures for preventing spread in the human population (Luby et al. 2009; Nahar et al.
2010). Many therapeutic strategies have been investigated (reviewed in Aguilar & Lee2011;
Vigant & Lee 2011), and promising vaccine candidates are being advanced through the
pipeline (see chapter by C. Broder in this issue). The high affinity for henipavirus-G for its
ephrinB receptors makes it difficult to directly antagonize this molecular interaction via
traditional small molecule therapeutics. However, passive immunotherapy with a
monoclonal antibody that blocks henipavirus-G-receptor interactions appears promising, and
even exhibits post-exposure efficacy when administered up to 72 hours post-infection in the
African green monkey model (Bossart et al. 2011). Nonetheless, the considerable knowledge
gained from the study of the henipavirus-G proteins and their receptors can potentially be
harnessed for use in therapies that target the ephrinB2-EphB4 axis that is implicated in the
tumorigenesis or tumor angiogenesis in certain cancers (reviewed in Pasquale 2008).
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Figure 1. Schematic illustration of EphB4/phrin-B2-mediated cell-cell repulsion
Green dots represent ephrinB2. Red dots represent ephB4. Arrows indicate the direction of
the filopodia extensions. Migrating cells move along the filopods they project. When ephrin-
B2 on the surface of an arterial cell interacts with EphB4 on the surface of a venous cell, bi-
directional signaling induces membrane ruffling and internalization of the EphB4-ephrin-B2
complex. Continued filopodia growth in opposite directions leads to the repulsion of these
two cells. However, context dependent signaling can also lead to cell attraction and forward
cell propulsion.
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Figure 2. Interaction between NiV-G and ephrin-B2
Basic amino acid residue K60 (pink) of ephrin-B2 (green) forms a salt bridge with acidic
amino acid E533 (yellow) of NiV-G (red), guiding the GH-Loop of ephrin-B2 (blue) into the
hydrophobic canyon located at the top of NiV- G globular head. Amino acid W504 (cyan) of
NiV-G, located in the hydrophobic canyon, is important for differential binding to ephrinB2
versus ephrinB3. Based on PDB ID:2VSM
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Table 2

Examples of infected sites and the related pathobiology

Site Pathology Symptoms Receptor

Lungs Microvascular destruction Cough and other respiratory disorder ephrinB2

Retinal artery Artery occlusion Vision loss ephrinB2

CNS BBB rupture Motor and sensory loss, encephalitis ephrinB2

Syncytia in brain parenchyma ephrinB2 / B3

Liver - None -
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