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Nipah Virus (NiV) and Hendra Virus (HeV), are the prototype species of the genus Henipavirus and are highly
pathogenic agents capable of causing fatal diseases in both animals and humans. Both NiV and HeV are classified
as biosafety level-4 (BSL-4) restricted pathogens and remain the only henipaviruses within the genus known to
cause systemic, severe respiratory and encephalitic henipaviral disease, and represent substantial transboundary
threats. There are no approved prophylactic or therapeutic treatments for human henipavirus infections, and the

World Health Organization acknowledges them as priority pathogens needing urgent research. The discovery of
Cedar virus (CedV), the only recognized non-pathogenic henipavirus, has provided a number of unique oppor-
tunities to study henipavirus and host interactions and also facilitate countermeasure development research at
lower BSL-2 containment. This review will highlight the unique aspects of CedV biology and how it has been
exploited as a model for developing therapeutic strategies against more virulent henipavirus species.

1. Introduction

The order Mononegavirales comprises the nonsegmented, negative-
sense, single-stranded RNA (ssRNA) viruses (Broder & Wong, 2016)
from families such as the Filoviridae [example Zaire ebolavirus], Rhab-
doviridae [example Rabies virus] and Paramyxoviridae [example mea-
sles virus, mumps virus, Newcastle disease virus, human parainfluenza
virus, and Sendai virus] (Latiff et al., 2004; Meng et al., 2014). Within the
Paramyxoviridae family is the subfamily Orthoparamyxovirinae, which
comprises the Henipavirus genus. The first recognized henipaviruses,
Hendra virus (HeV) and Nipah virus (NiV), are highly pathogenic zoo-
notic agents that emerged in the mid and late 1990s in Australia and
Malaysia respectively, and together are the prototype members of this
genus (Eaton et al., 2006). The henipaviruses as a group have since
received increased attention in recent years due to the discovery of
several new henipaviruses, some with known or suggested zoonotic po-
tential, together with the continued spillovers of HeV in Australia and
NiV in South and Southeast Asia and their potential to cause severe and
often deadly diseases in humans and animals (Kummer & Kranz, 2022; Li
et al., 2023; Quarleri et al., 2022; Roman et al., 2022). Three other
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species of fruit bat-borne henipaviruses, distinguished based on the
nucleic acid sequence, include Cedar virus (CedV), Ghana virus (GhV),
and Angavokely virus (AngV) (Fig. 1) (Drexler et al., 2012; Madera et al.,
2022; Marsh et al., 2012). The previously classified rodent-/shrew-borne
henipaviruses, proposed as a new genus Parahenipavirus according to the
International Committee on Taxonomy of Viruses (ICTV), include
Mojiang virus (MojV), Langya virus (LayV), Gamak virus (GAKV),
Daeryong virus (DARV), Melian virus (MeliV), and Denwin virus (DewV)
(Fig. 1) (Lee et al., 2021; Vanmechelen et al., 2022; Wu et al., 2014;
Zhang et al., 2022).

The rodent-borne henipaviruses, MojV was suspected to infect
humans and shrew-borne LayV was associated with nonfatal febrile ill-
nesses in humans and also infection of domestic animals (Wu et al., 2014;
Zhang et al., 2022). However, HeV and NiV remain the only members
associated with henipaviral disease, a systemic infection with severe
respiratory and/or neurological pathogenesis, and infection transmitted
via exposure to human or animal secretions or respiratory droplets (Luby
& Broder, 2023; Halpin and Paul, 2015). Since 1994, outbreaks of HeV,
which appears restricted to Australia, has occurred in horses 67 times
resulting in 7 cases of human infections with 4 fatalities along with many
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Fig. 1. Phylogenetic relationships of the 11 char-
acterized henipaviruses based on amino acid se-
quences corresponding to putative L-proteins.
Amino acid sequences were aligned using ClustalW
and the phylogenetic tree was generated using the
Neighbor-Joining method. The percentage of replicate
trees where the associated taxa clustered together in
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exposures and risk of infection (Playford et al., 2020; Queensland Gov-
ernment, 2023). Whereas NiV outbreaks have been seen in several
countries since its first recognition in Malaysia, including Bangladesh,
India, and the Philippines (Luby & Broder, 2023). While the total number
of confirmed cases in these outbreaks has been less than 1000, the fatality
rate for NiV infections can reach as high as 100%, depending on the
specific circumstances and limitations of healthcare systems where these
outbreaks occur (Enchery & Horvat, 2017). The geographical distribu-
tion of various Pteropus fruit bat species is extensive, contributing to the
potential spread of the virus (Berge & Torheim, 2019; Enchery & Horvat,
2017), spanning across the Indo-Pacific territories in Southeast Asia and
the western Pacific regions, this area encompasses approximately half of
the global population (WHO, 2023a).

Both HeV and NiV have a unique broad species tropism that spans six
mammalian orders posing significant transboundary threats to livestock
and people and are classified as Biosafety level-4 (BSL-4) agents (Amaya
& Broder, 2020). NiV and henipaviral disease (NiV and HeV) has been
recognized by the World Health Organization (WHO) as an epidemic
threat requiring urgent research and countermeasure development and is
included in the WHO R&D Blueprint list of priority pathogens with
epidemic potential (Sweileh, 2017; WHO, 2023b). During an outbreak,
the use of widely accessible, highly sensitive rapid diagnostic tests
(Koczula & Andrea, 2016), combined with effective preventive and
non-pharmaceutical interventions can reduce the number of infections.
In the specific case for HeV, a subunit vaccine called Equivac® HeV has
been available for use in horses in Australia since 2012 for the prevention
of HeV infection and thus reducing infection exposure risk to humans, a
One-Health vaccine approach (Middleton et al., 2014). Nevertheless,
there are no approved vaccines or effective antivirals against NiV or HeV
infection for human use, and the development and global accessibility of
vaccines, antivirals, or other medical interventions, particularly for
populations at the highest risk of henipavirus infection, remains an ur-
gent and unmet need (Roman et al., 2022).

CedV, the third member of the Henipavirus genus, was first isolated in
2009 from the pooled urine samples collected from flying fox (pteropid
bats) population colonies in Queensland, Australia (Marsh et al., 2012),
during a routine screening for novel henipaviruses. CedV caused distinct

syncytial cytopathic effects in Pteropus alecto primary kidney cell mono-
layers, a common feature observed in various viral families, including
emerging viruses and the Paramyxoviridae family (Chang & Dutch, 2012;
Marsh et al., 2012). Phylogenetic analysis revealed that CedV is most
closely related to HeV and NiV among all currently known viruses in this
genus (Caruso & Edwards, 2023; Clayton et al., 2013; Marsh et al., 2012).

A significant challenge in researching and developing treatments for
highly pathogenic viruses like NiV and HeV is the requirement for BSL-4
containment facilities. The isolation of CedV the only known non-
pathogenic henipavirus species (Marsh et al., 2012) provided an oppor-
tunity to subsequently generate recombinant CedV (rCedV) and allow the
study of an authentic henipavirus in BSL-2 facilities (Amaya et al., 2021;
Laing et al., 2018, 2019).

This review will focus on the biology of CedV and its significance as
an important tool for henipavirus experimentation and countermeasure
development for use at low biocontainment (BSL-2) as an effective sur-
rogate for authentic NiV and HeV.

2. Virion, genome organization and proteins

The CedV genome comprises an enveloped, single-stranded negative-
sense RNA molecule of ~18,162 nucleotides (nt), with 6 sequentially
arranged genes encoding 7 proteins (Fig. 2A). The relative gene order is
conserved similar to those of prototype viruses in the Paramyxoviridae
family, with the N (nucleoprotein) gene positioned first, followed by the
P (phosphoprotein), M (matrix), F (transmembrane-anchored fusion), G
(glycoprotein), and L (polymerase) genes in a 3'-5’ orientation (Broder &
Wong, 2016). The surface glycoproteins F and G are integral components
of the viral envelope, facilitating viral attachment, fusion, and entry into
host cells. Despite a similar genome size, CedV exhibits a slightly
increased coding capacity (~87%) when compared to HeV and NiV
(~82% for each) but lower than the average of other Paramyxoviruses
(92%). The increased coding capacity of CedV is primarily due to larger
protein sizes, particularly the L protein which is 257 amino acids larger
than HeV and NiV. At 2501 amino acids, the CedV L protein stands as the
largest among all known viruses within the order Mononegavirales
(Fig. 2B) (Marsh et al., 2012).
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Glycoprotein (G) Fig. 2. Cedar virus (CedV) structure, viral genome
A © Nucleoprotein (N) organization and comparison of the genome
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stranded negative-sense viral RNA genome, forming
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region. (B) Comparison of genome organization to
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All members of the Paramyxoviridae family possess a unique P gene
that undergoes RNA editing, resulting in the addition of non-template G
residues, thereby generating 2 additional proteins, V and W, while the C
protein is expressed from an alternate reading frame. These 3 nonstruc-
tural proteins are important for virulence and pathogenesis (Thomas
et al., 1988; Yea et al., 2009). The products of the P gene can antagonize
double-stranded RNA signaling and interferon (IFN) signaling (Bossart
et al., 2013). However, a notable contrast between NiV and HeV in
comparison to CedV lies in the absence of an RNA editing site and the
coding capacity for the V and W proteins within the CedV P gene,
potentially restricting in vitro virulence and pathogenesis (Marsh et al.,
2012). The analysis of amino acid homology percentages across the genes
of CedV revealed distinct patterns when compared to HeV and NiV
(Table 1). Specifically, CedV N and M proteins exhibited the highest
percentage identity with HeV and NiV. In contrast, CedV C protein
demonstrated the lowest percentage identity among the analyzed genes.
These differences in sequence identity provide insights into their evolu-
tionary relationships and may impact viral replication and pathogenesis.

3. Cellular tropism and viral entry

Ephrin (Eph) receptors are members of the largest family of receptor

Table 1

A comparison of the nucleotide and amino acid percentage identities between the
CedV genes (NC_025351.1) and those of NiV (NC_002728.1) and HeV
(NC_001906.3). The complete genome sequences were aligned using MAFFT
algorithm within Geneious Prime (version 2023 2.1). The resulting alignment
data was used to determine the percentage identity for nucleotide sequences.
Whereas the amino acid homology percentages were obtained using the protein
BLAST function on NCBI/UniProt databases.

CedV Genes Niv HeV NiVv HeV

Nucleotide % identities Amino acid % identities

N 49.23 50.33 61.49 62.01
P 40.70 37.17 36.25 36.65
C 57.21 58.12 27.27 28.48
M 47.55 47.67 61.85 61.60
F 42.40 43.55 43.41 42.76
G 48.41 48.19 32.14 30.75
L 52.55 52.31 56.79 57.23

tyrosine kinases important for cell adhesion, vascular development, cell
migration and tissue-border maintenance (Darling & Lamb, 2019; Janes
et al., 2020; Tuzi & Gullick, 1994). There are two subclasses of Ephrins,
Eph-As (Eph-A1-10) and Eph-Bs (Eph-B1-6) that bind to ephrin ligands
which are similarly classified as ephrin-As (ephrin-A1-5) and ephrin-Bs
(ephrin-B1-3) (Frisen, 1999; Gale et al., 1996; Smith et al., 1997). This
Eph-ephrin  interaction between neighboring cells initiates
contact-dependent bidirectional signaling, shaping cellular behavior and
development (Darling & Lamb, 2019; Lisabeth et al., 2013). Ephrin-As
are tethered to the membrane through a glycosylphosphatidylinositol
(GPI) moiety, whereas ephrin-Bs are anchored by a transmembrane
domain and possess a cytoplasmic tail with a PDZ binding motif,
reviewed in (Kania & Klein, 2016).

Like other henipaviruses such as HeV and NiV, the membrane-
anchored envelope glycoproteins (G and F) of CedV are pivotal in facil-
itating virus attachment and subsequent entry into the host cell (Wang
et al, 2001). CedV G has a p-propeller structure, harboring the
receptor-binding site that is similar to other henipaviruses and it exhibits
regions that are structurally conserved with ephrin-tropic henipaviruses,
suggesting a preserved mode of receptor recognition. The CedV G re-
ceptor binding site, is uniquely distinct from other henipaviruses, as
evidenced by the lack of neutralization by the HeV/NiV
cross-neutralizing human monoclonal antibody m102.4 that competi-
tively inhibits HeV/NiV G ephrin-B2/B3 interactions (Laing et al., 2019).

Similar to HeV and NiV, CedV utilizes ephrin-B2 as an entry receptor
(Laing et al., 2018, 2019; Marsh et al., 2012), despite CedV G sharing
only 30% sequence similarity with HeV and NiV G (Laing et al., 2019) but
not ephrin-B3 (Fig. 3A and B) (Bonaparte et al., 2005; Negrete et al.,
2005; Bossart et al., 2009; Laing et al., 2019; Lee et al., 2021; Negrete
et al., 2006; Zeltina et al., 2016). Moreover, CedV utilizes as entry re-
ceptors additional human ephrins, ephrin-B1, -A2, -A5 and murine
ephrin-A1 (Fig. 3A) (Laing et al., 2019). The usage of murine ephrin-A1l
(Fig. 3A) but not the human ephrin-A1 suggests species-specificity (Laing
et al., 2019). Ephrin-B1 exhibits a dynamic expression pattern during
embryogenesis (Compagni et al., 2003) while ephrin-B2 expression is
prominent in arteries, arterioles and capillaries in multiple organs and
tissues (Gale et al., 2001). Both ephrin-B1 and ephrin-B2 demonstrate
high efficiency as cellular receptors compared to ephrin-A2 and
ephrin-A5; however, the in vivo significance of A-class ephrin receptor
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Fig. 3. CedV entry into host cells. (A) CedV can enter mouse cells through ephrin-A1 (upper left panel) and human cells through multiple ephrin receptors, including
ephrins-B1, -B2, -A2, and -A5 (lower left panel). (B) NiV and HeV use ephrins-B2 and -B3 as entry receptors to infect host cells (lower right panel).

utilization remains uncertain, as their evidence is currently over-
shadowed by the dominant interaction with high-affinity ephrin-B1 and
-B2 receptors (Laing et al., 2019). Structural studies revealed that the
CedV G receptor binding site has only the first 3 receptor binding
pockets, unlike HeV, NiV and GhV G proteins that each have 4 pockets
each (Laing et al., 2019). The loss of the fourth pocket in CedV G is
attributed to 2 amino acid changes: W504yey/W514ghy to Y525¢eqy and
L305pev/Y321Ghy to D328¢eqy (Laing et al., 2019). These modifications
allow the accommodation of amino acids with larger side chains in the
third pocket, thus providing a rationale for both CedV broad receptor
tropism and the inability to use human ephrin-B3 or other ephrin-As
(Laing et al., 2019). CedV broad receptor tropism highlights the di-
versity within the known henipavirus receptor repertoire, suggesting that
only modest structural changes may be required to modulate receptor
specificities within this group of lethal human pathogens (Laing et al.,
2019).

4. Non-pathogenic nature of Cedar virus

The pathogenicity of HeV and NiV is attributed to the V and W pro-
teins produced from the addition of nontemplate G nucleotides in the P
gene sequence (Ciancanelli et al., 2009; Kulkarni et al., 2009; Lieu et al.,
2015; Marsh et al., 2012; Schountz et al., 2019; Shaw, 2009; Shaw et al.,
2004; Uchida et al., 2018). These virally encoded proteins typically
function by inhibiting type I IFN production and/or IFN/STAT signaling,
effectively countering the antiviral response (Randall & Goodbourn,
2008; Versteeg & Garcia-Sastre, 2010). Additionally, studies have shown
that NiV and HeV infections can suppress [FN-a and IFN-f gene expres-
sion in human cell lines, suggesting that complex cell-specific responses
can occur during henipavirus infections (Virtue et al., 2011). Evasion of
the host's primary antiviral response, particularly the IFN/STAT signaling
pathway is essential to limit the antiviral response and initiate viral
replication.

In contrast, CedV appears to be non-pathogenic in several animal
models, including ferrets, guinea pigs, Syrian hamsters and Type I IFN
Receptor Knock-out (IFNAR-KO) mice (Huaman et al., 2024; Marsh et al.,
2012; Schountz et al., 2019). This phenotype is likely attributed to the
lack of RNA editing ability and therefore production of the V and W
proteins, resulting in the inability to counteract the IFN response (Marsh
et al., 2012). Comparative studies have shown that CedV P targeting of
STAT1 or STAT2 is compromised compared to HeV-P/V/W. While HeV P
retained the capacity to bind to STAT1/2 and potentially inhibit
IFN-a-induced STAT1 nuclear localization, CedV P showed compromised
interference with STAT1/2 subcellular localization and MxA antiviral
gene expression (Lieu et al., 2015). The compromised interaction of CedV
with STAT1 and STAT2 could be attributed to the absence of several key

glycine residues in CedV P that are highly conserved in the STAT binding
domain of HeV/NiV P (Lieu et al., 2015). Additionally, CedV may encode
other factors such as the C protein, which could inhibit IFN/STAT
signaling.

Another factor contributing to the pathogenicity of both HeV and
NiV, is their efficient binding to ephrin-B3, facilitating replication and
leading to severe respiratory and neurological symptoms (Bonaparte
et al., 2005; Negrete et al., 2006; Xu et al., 2012). Ephrin-B3 is primarily
expressed in the central nervous system, particularly in the brain and
spinal cord and is crucial for neural development and axon guidance and
is also found in various peripheral tissues and developing embryos
(Kullander et al., 2001). Furthermore, compared to NiV, CedV exhibits
lower fusogenic activity, which may serve as an additional factor
contributing to its non-pathogenicity (Yu et al., 2021). Syncytia forma-
tion (multi-nucleated giant cells) is the hallmark of henipaviral and
paramyxoviral infection and appears to be directly correlated with the
pathogenesis of HeV and NiV, as demonstrated by histopathological ex-
amination of NiV and HeV disease animal models (Li et al., 2010; Tor-
res-Velez et al.,, 2008). However, further studies are required to
demonstrate the quantitative impact of immune response versus fuso-
genic impacts on CedV pathogenicity (Yu et al., 2021). Although, the
pathogenic impacts of other novel henipaviruses like GhV and MojV
remain uncertain (Pernet et al., 2014; Wu et al., 2014), these viruses also
appear to be less fusogenic compared to HeV and NiV (Rissanen et al.,
2017). Future studies using CedV as a tool may determine whether in
vitro fusogenicity could serve as an indicator to assess the pathogenic
potential of henipaviruses. It is evident that the absence of V and W
protein expression, coupled with the inability to engage with ephrin-B3
receptors and lower fusogenic activity are contributing factors to the
non-pathogenicity of CedV. These aspects provide an opportunity to use
CedV as an invaluable model for understanding the determinants of
henipavirus pathogenicity (Laing et al., 2018; Marsh et al., 2012).

5. Immune responses to Cedar virus

The expression of several innate immune genes was examined in
hamster primary endothelial cells infected with CedV or NiV. It was
found that genes involved in the type I IFN response, such as IFNA7,
DDX58, STAT1, STAT2, CCL5, CXCL10, ISG20, IRF7 and IIGP1 were
significantly upregulated in CedV-infected cells at 48 h post-infection. In
contrast, the expression of IFNA7 and IIGP1 was significantly suppressed
during NiV infection (Schountz et al., 2019). In another study, the re-
sponses of P. alecto kidney cells (PaKi) and human (HeLa) cells to
infection with HeV and CedV showed significantly different tran-
scriptomic profiles for both viruses. CedV triggered a strong response in
PaKi cells, indicated by a large number of differentially expressed genes
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(DEGs) at 24 h post-infection. In contrast, HeV-infected HeLa cells
showed relatively fewer DEGs. Immune-related proteins and pathways,
such as pattern recognition receptors, IFNs, cytokines, apoptosis, NF-kB
signaling and JAK-STAT signaling, were upregulated in both cell types
following CedV infection (Chen et al., 2020). IFN responses upon infec-
tion to CedV and HeV in HeLa cells revealed comparable IFN-a induction
but significantly higher IFN- production in CedV and recombinant CedV
(rCedV) infected cells (Marsh et al., 2012). In vitro replication kinetics of
CedV and NiV in BHK-21 cells deficient in type I IFN (Nagai et al., 1981),
both CedV and NiV showed similar viral kinetics. However, in type I
IFN-competent hamster primary cells, CedV replication was reduced by
up to 4 logs compared to NiV (Schountz et al., 2019). Analysis of anti-
body responses to rCedV-Luc in wild-type and IFN-KO mice showed
significantly elevated levels of total IgG, IgG1, IgG2b, and IgG3 compared
to controls. Furthermore, IFN-KO mice had significantly higher levels of
rCedV-Luc neutralizing antibodies compared to controls. Some wild-type
mice showed similar levels, but their neutralizing activity was lower and
not significantly different from controls (Huaman et al., 2024). Overall,
these studies suggest that differences in the P gene coding strategy be-
tween CedV and other henipaviruses may contribute to variations in host
immune responses and pathogenesis.

6. Animal models of Cedar virus

Several well-established models of henipaviral infection have been
developed and include ferrets, Syrian hamsters, guinea pigs, mice and
non-human primates that exhibit varying responses to henipaviral in-
fections (Bossart et al., 2009; Geisbert et al., 2010; Pallister et al., 2009;
Rockx et al., 2010; Westbury et al., 1995; Williamson et al., 2000; Wong
et al., 2003). The development of several animal models specifically for
HeV and NiV pathogenesis and infection have been extensively reviewed
in (Geisbert et al., 2012; Rockx, 2014; Dhondt & Horvat, 2013; Pigeaud
et al., 2023; Wit & Vincent, 2015).

Animal models of CedV infection are developing and include ferrets,
guinea pigs, hamsters and mice (Table 2). Each of these will be discussed
below.

When ferrets and guinea pigs were exposed to CedV orally or intra-
peritoneally they remained clinically healthy, with detectable neutral-
izing antibodies between 10 and 21 days post-infection. Ferrets
euthanized earlier, however, exhibited reactive lymphoid tissue hyper-
plasia, with CedV antigen detected in bronchial lymph nodes, indicating
viral replication. Viral RNA was found in various lymphoid tissues,
suggesting transient replication in the upper and lower respiratory tracts,
although the viral genome was not recovered from nasal washes, oral
swabs, pharynx, or lung tissues, and the virus was not isolated from all
PCR-positive tissues (Marsh et al., 2012).

Hamsters inoculated with CedV via intraperitoneal (IP) or intranasal
(IN) routes did not exhibit signs of disease during the 28-day study period
and gross examination of organs was unremarkable. The lungs and
spleens were found to have VRNA through day 14, except for day 8 IP-
inoculated hamsters. No CedV was detected by day 28 for either inocu-
lation route. Neutralizing antibodies appeared in most hamsters by day 8,
with all IN-inoculated hamsters having antibodies by day 28, while only
two IP-inoculated hamsters showed neutralizing antibodies at lower ti-
ters. This suggests that CedV is non-pathogenic in hamsters compared to
NiV, which causes a fatal disease in Syrian hamsters that resembles
human disease (Schountz et al., 2019).

BALB/c mice exposed orally to CedV showed no clinical signs of
disease and neutralizing antibodies could not be detected by day 21 post-
infection (Marsh et al., 2012). This is not surprising considering that
immunocompetent mice are not a uniformly lethal model for henipavirus
infection and do not produce clinical henipavirus disease, reviewed in
(Pigeaud et al., 2023). It was observed that mice lacking the type I
interferon receptor (IFN-KO mice) could be used to support the repli-
cation of various human viruses that do not typically replicate in
wild-type mice. The IFN-KO mouse could potentially be a useful BSL-2

Cell Insight 3 (2024) 100181

Table 2
Animal models of CedV.
Animal Route of Viral Clinical Reference
Model Inoculation Replication Symptoms/
pathology
Ferrets Oronasal Transient Clinically Marsh
replication in healthy, et al.
lymphoid reactive (2012)
tissues, CedV lymphoid tissue
antigen in hyperplasia
bronchial
lymph nodes
Guinea Intraperitoneal Neutralizing Clinically Marsh
Pigs antibody was healthy et al.
detected in (2012)
serum between
10 and 21 dpi
Hamsters Intraperitoneal, vRNA in lungs No signs of Schountz
Intranasal and spleen disease, et al.
through day 14  unremarkable (2019)
(except day 8 gross
IP-inoculated), examination of
no detection by  organs
day 28
BALB/c Oronasal No neutralizing ~ No clinical signs ~ Marsh
Mice antibodies et al.
detected, (2012)
minimal
replication
Female B6  Intraperitoneal Robust No clinical signs ~ Huaman
albino replication for et al.
and about a week in (2024)
male IFNAR-KO mice
IFNAR- and minimal in
KO mice wild-type mice

lethal henipavirus disease model considering the low cost of housing
mice, reagent availability and the ease of handling (Pigeaud et al., 2023).
As such, it was demonstrated that HeV and NiV could efficiently replicate
and cause disease and death in IFN-KO mice (Dhondt et al., 2013). Recent
studies utilizing rCedV-Luc in IFN-KO mice demonstrated
semi-quantitative tracking of replication kinetics through whole-animal
bioluminescence imaging. Robust replication of rCedV-Luc was
observed for about a week in IFN-KO mice, compared to the minimal
replication in WT mice. PCR-based quantification confirmed a strong
correlation between bioluminescence and viral genome numbers.
Although histopathological and serological analysis indicated infection,
no clinical signs were evident in either WT or IFN-KO animals. IFN-KO
mice generated significant levels of anti-CedV G IgG, effectively
neutralizing the virus in vitro. Taken together, an IFN-KO rCedV mouse
model could potentially be a useful BSL-2 tool for studying henipavirus
replication dynamics and immune responses, and for initial validation of
henipavirus-directed therapeutics (Huaman et al., 2024).

7. Cedar virus for henipavirus antiviral development

NiV and HeV are classified as BSL-4 restricted pathogens, posing a
substantial public health threat due to their epidemic or pandemic po-
tential (Mehand et al., 2018; Sweileh, 2017). The WHO has prioritized
henipaviral diseases and listed them among pathogens with epidemic
potential (WHO, 2023b). Currently, there are no approved vaccines or
antivirals for henipavirus infection in humans, highlighting the urgent
need for research and development efforts. The only licensed subunit
vaccine for henipavirus infection is Equivac® HeV (Zoetis), available in
Australia since 2012 for use in horses for the control of HeV infection
(Middleton et al., 2014). Following the completion of the priming
schedule and annual boosters, this vaccine consistently elicits a robust
neutralizing antibody response (Halpin et al., 2021). Although a human
monoclonal antibody m102.4 has been demonstrated to be well tolerated
and safe in phase 1 trials in Australia (Playford et al., 2020), developing
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vaccines and therapeutics against henipaviruses for use in people re-
mains a high priority.

The WHO is actively working on developing a target product profile
for potential NiV therapeutics. The standard care for individuals infected
with henipaviruses primarily involves intensive supportive therapy to
manage severe respiratory and neurological complications (Roman et al.,
2022). However, the development of substantive guidance protocols for
both pre- and post-exposure prophylaxis against henipavirus encephalitis
necessitates further evidence (Tan et al., 2002). It is worth noting that the
potential therapeutic options against henipavirus encephalitis, predom-
inantly consist of compounds with broad-spectrum antiviral activity.
These compounds were not specifically developed as medical counter-
measures against henipaviruses but rather target a wide range of RNA
and DNA viruses. Ribavirin, a drug originally intended for hepatitis C, is
currently the only known treatment with some evidence of effectiveness
during a human outbreak of NiV in Malaysia from September 1998 to
June 1999 (Chong et al., 2001). This treatment empirically reduced
mortality by 36%. However, the reliability of this evidence is constrained
due to the study's open-label design, the inclusion of data from control
patients who either declined treatment or received standard care before
Ribavirin was an option, and the simultaneous provision of intensive
supportive care to patients (Banerjee et al., 2019). This underscores the
need for more dedicated research and development efforts to identify and
develop therapeutics specifically tailored to combat henipavirus
infections.

A significant challenge in research and drug discovery for highly
pathogenic henipaviruses, such as HeV and NiV is the stringent re-
quirements of BSL-4 containment. However, the close phylogenetic
relatedness of CedV to HeV and NiV allows for its utilization as a suitable
surrogate for (pan-)henipavirus antiviral discovery. Several of CedV
proteins show high amino acid identity to those of HeV and NiV
(Table 1), with highly conserved domains particularly in the N, M and L
proteins (Marsh et al., 2012). Although the L polymerase protein is
257-aa larger in comparison to HeV and NiV, it still shares a high amino
acid identity to NiV and HeV L protein. Indeed, CedV L is ~56% aa
identical overall to NiV-Bangladesh (NiV-B) and HeV L protein; simi-
larities amongst important L. domains are: catalytic domain ~59.5%; the
mRNA capping domain ~64.7%; methyltransferase domain ~50.5%
(NiV-B) and ~52% (HeV); C-terminal domain ~51% (NiV-B) and ~52%
(HeV); and the 2-O-ribose methyltransferase domain ~60.8% (NiV-B)
and ~61.7% (HeV). This overall high degree of protein identity shared
between CedV, HeV and NiV suggests that other antiviral agents, in
particular inhibitors of L polymerase, could be identified and potentially
offer a pan-henipavirus countermeasure. The development of therapeu-
tics targeting RNA-dependent RNA polymerase, as demonstrated in the
discovery of treatments for other RNA viruses such as SARS-CoV-2 has
been instrumental (Chen et al., 2022; Tian et al., 2021; Uppal et al.,
2022).

Recombinant CedV generated using a reverse genetics approach,
including those that express reporter proteins like green fluorescent
protein (rCedV-GFP) or firefly luciferase (rCedV-Luc), as well as the G
and F proteins from more pathogenic henipaviruses such as HeV and
NiV-B provides an excellent platform to study henipavirus biology under
BSL-2 conditions (Amaya et al., 2023; Amaya et al., 2021; Doyle et al.,
2021; Laing et al., 2018). These recombinant viruses have been instru-
mental in advancing basic research and the development of potential
antiviral compounds and monoclonal antibodies. For example, the uti-
lization of rCedV-Luc in high-throughput screening assays to identify
small molecule inhibitors of rCedV replication (Amaya et al., 2021). In
this study, several compounds having robust antiviral activity against
rCedV-Luc were validated in vitro using infectious HeV and NiV-B in
BSL-4 (Amaya et al., 2021). Among these compounds, four out of eight
that effectively inhibited rCedV-Luc replication were found to similarly
inhibit the replication of authentic NiV-B. Furthermore, two out of these
four compounds validated against NiV-B, exhibited antiviral activity
against HeV, while demonstrating minimal toxicity (Amaya et al., 2021).
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In summary, the rCedV-based platform proves to be a strong tool for
screening potential antiviral compounds against henipaviruses.

8. Closing remarks

In this review, we have presented an overview of the potential of
CedV as a promising tool for research against highly pathogenic heni-
paviruses under BSL-2 containment. This unique perspective opens new
doors for future investigations into antiviral treatments and the possi-
bility of discovering a pan-henipaviral drug target. The ongoing work on
CedV provides a valuable opportunity to further understand henipaviral
biology and gain insights that may ultimately contribute to our under-
standing of and ability to combat these deadly pathogens.

CRediT authorship contribution statement

Ahmad Jawad Sabir: Writing — review & editing, Writing — original
draft, Formal analysis, Conceptualization. Lijun Rong: Writing — review
& editing, Supervision, Conceptualization. Christopher C. Broder:
Writing — review & editing. Moushimi Amaya: Writing — review &
editing.

Declaration of Competing interest
We have no conflicts of interest to disclose.
Acknowledgments

The opinions and assertions expressed herein are those of the au-
thor(s) and do not reflect the official policy or position of the Uniformed
Services University of the Health Sciences or the Department of Defense.
This work was prepared as part of their official duties.

References

Amaya, M., & Broder, C. C. (2020). Vaccines to emerging viruses: Nipah and Hendra.
Annual Review of Virology, 7(1), 447-473. https://doi.org/10.1146/annurev-virology-
021920-113833

Amaya, M., Broder, C. C., & Laing, E. D. (2023). Recombinant Cedar virus: A henipavirus
reverse genetics platform. Methods in Molecular Biology, 2682, 73-86. https://doi.org/
10.1007/978-1-0716-3283-3_5

Amaya, M., Cheng, H., Borisevich, V., Navaratnarajah, C. K., Cattaneo, R., Cooper, L.,
Moore, T. W., et al. (2021). A recombinant Cedar virus based high-throughput
screening assay for henipavirus antiviral discovery. Antiviral Research,
193(September), Article 105084. https://doi.org/10.1016/j.antiviral.2021.105084

Banerjee, S., Niyas, V. K. M., Soneja, M., Purayil Shibeesh, A., Basheer, M.,
Sadanandan, R., Wig, N., & Biswas, A. (2019). First experience of Ribavirin
Postexposure prophylaxis for Nipah virus, tried during the 2018 outbreak in Kerala,
India. Journal of Infection, 78(6), 491-503. https://doi.org/10.1016/
j.jinf.2019.03.005

Berge, C., & Torheim, E. (2019). Nipah virus international conference. In Proceedings from
Nipah virus international conference. Singapore.

Bonaparte, M. 1., Dimitrov, A. S., Bossart, K. N., Crameri, G., Mungall, B. A,, Bishop, K. A.,
Choudhry, V., et al. (2005). Ephrin-B2 ligand is a functional receptor for Hendra virus
and Nipah virus. Proceedings of the National Academy of Sciences, 102(30),
10652-10657. https://doi.org/10.1073/pnas.0504887102

Bossart, K. N., Fusco, D. L., & Broder, C. C. (2013). Paramyxovirus entry (pp. 95-127).
https://doi.org/10.1007/978-1-4614-7651-1_6

Bossart, K. N., Zhu, Z., Middleton, D., Klippel, J., Crameri, G., Bingham, J.,

McEachern, J. A., et al. (2009). A neutralizing human monoclonal antibody protects
against lethal disease in a new ferret model of acute Nipah virus infection. PLoS
Pathogens, 5(10), Article e1000642. https://doi.org/10.1371/journal.ppat.1000642

Broder, C. C., & Wong, K. T. (2016). Henipaviruses. In Neurotropic viral infections (pp.
45-83). Cham: Springer International Publishing. https://doi.org/10.1007/978-3-
319-33133-1_3.

Caruso, S., & Edwards, S. J. (2023). Recently emerged novel henipa-like viruses: Shining a
spotlight on the shrew. Viruses, 15(12), 2407. https://doi.org/10.3390/v15122407

Chang, A., & Dutch, R. E. (2012). Paramyxovirus fusion and entry: Multiple paths to a
common end. Viruses, 4(4), 613-636. https://doi.org/10.3390/v4040613

Chen, Y., Liu, Q., Zhou, L., Zhou, Y., Yan, H., & Lan, K. (2022). Emerging SARS-CoV-2
variants: Why, how, and what's next? Cell Insight, 1(3). https://doi.org/10.1016/
j-cellin.2022.100029

Chen, M., Tachedjian, M., Marsh, G. A., Cui, J., & Wang, L.-F. (2020). Distinct cell
transcriptomic landscapes upon henipavirus infections. Frontiers in Microbiology,
11(May). https://doi.org/10.3389/fmicb.2020.00986


https://doi.org/10.1146/annurev-virology-021920-113833
https://doi.org/10.1146/annurev-virology-021920-113833
https://doi.org/10.1007/978-1-0716-3283-3_5
https://doi.org/10.1007/978-1-0716-3283-3_5
https://doi.org/10.1016/j.antiviral.2021.105084
https://doi.org/10.1016/j.jinf.2019.03.005
https://doi.org/10.1016/j.jinf.2019.03.005
http://refhub.elsevier.com/S2772-8927(24)00036-1/sref5
http://refhub.elsevier.com/S2772-8927(24)00036-1/sref5
https://doi.org/10.1073/pnas.0504887102
https://doi.org/10.1007/978-1-4614-7651-1_6
https://doi.org/10.1371/journal.ppat.1000642
https://doi.org/10.1007/978-3-319-33133-1_3
https://doi.org/10.1007/978-3-319-33133-1_3
https://doi.org/10.3390/v15122407
https://doi.org/10.3390/v4040613
https://doi.org/10.1016/j.cellin.2022.100029
https://doi.org/10.1016/j.cellin.2022.100029
https://doi.org/10.3389/fmicb.2020.00986

A.J. Sabir et al.

Chong, H.-T., Kamarulzaman, A., Tan, C.-T., Goh, K.-J., Thayaparan, T., Kunjapan, S. R.,
Chew, N.-K., Chua, K.-B., & Lam, S.-K. (2001). Treatment of acute Nipah encephalitis
with Ribavirin. Annals of Neurology, 49(6), 810-813. https://doi.org/10.1002/
ana.1062

Ciancanelli, M. J., Volchkova, V. A., Shaw, M. L., Volchkov, V. E., & Basler, C. F. (2009).
Nipah virus sequesters inactive STAT1 in the nucleus via a P gene-encoded
mechanism. Journal of Virology, 83(16), 7828-7841. https://doi.org/10.1128/
JVI.02610-08

Clayton, B. A., Wang, L. F., & Marsh, G. A. (2013). Henipaviruses: An updated review
focusing on the pteropid reservoir and features of transmission. Zoonoses and Public
Health, 60(1), 69-83. https://doi.org/10.1111/j.1863-2378.2012.01501.x

Compagni, A., Logan, M., Klein, R., & Adams, R. H. (2003). Control of skeletal patterning
by EphrinB1-EphB interactions. Developmental Cell, 5(2), 217-230. https://doi.org/
10.1016/51534-5807(03)00198-9

Darling, T. K., & Lamb, T. J. (2019). Emerging roles for Eph receptors and ephrin ligands
in immunity. Frontiers in Immunology, 10(July). https://doi.org/10.3389/
fimmu.2019.01473

Dhondt, K., & Horvat, B. (2013). Henipavirus infections: Lessons from animal models.
Pathogens, 2(2), 264-287. https://doi.org/10.3390/pathogens2020264

Dhondt, K. P., Mathieu, C., Chalons, M., Reynaud, J. M., Vallve, A., Raoul, H., & Horvat, B.
(2013). Type I interferon signaling protects mice from lethal henipavirus infection.
The Journal of Infectious Diseases, 207(1), 142-151. https://doi.org/10.1093/infdis/
jis653

Doyle, M. P., Kose, N., Borisevich, V., Binshtein, E., Amaya, M., Nagel, M., Annand, E. J.,
et al. (2021). Cooperativity mediated by rationally selected combinations of human
monoclonal antibodies targeting the henipavirus receptor binding protein. Cell
Reports, 36(9), Article 109628. https://doi.org/10.1016/j.celrep.2021.109628

Drexler, J. F., Corman, V. M., Miiller, M. A., Maganga, G. D., Vallo, P., Binger, T., Gloza-
Rausch, F., et al. (2012). Bats host major mammalian Paramyxoviruses. Nature
Communications, 3(1), 796. https://doi.org/10.1038/ncomms1796

Eaton, B. T., Broder, C. C., Middleton, D., & Wang, L.-F. (2006). Hendra and Nipah
viruses: Different and dangerous. Nature Reviews Microbiology, 4(1), 23-35. https://
doi.org/10.1038/nrmicro1323

Enchery, F., & Horvat, B. (2017). Understanding the interaction between henipaviruses
and their natural host, fruit bats: Paving the way toward control of highly lethal
infection in humans. International Reviews of Immunology, 36(2), 108-121. https://
doi.org/10.1080,/08830185.2016.1255883

Frisen, J. (1999). Ephrins and their Eph receptors: Multitalented directors of embryonic
development. The EMBO Journal, 18(19), 5159-5165. https://doi.org/10.1093/
emboj/18.19.5159

Gale, N. W., Baluk, P., Pan, L., Kwan, M., Holash, J., DeChiara, T. M., McDonald, D. M., &
Yancopoulos, G. D. (2001). Ephrin-B2 selectively marks arterial vessels and
neovascularization sites in the adult, with expression in both endothelial and smooth-
muscle cells. Developmental Biology, 230(2), 151-160. https://doi.org/10.1006/
dbio.2000.0112

Gale, N. W., Holland, S. J., Valenzuela, D. M., Flenniken, A., Pan, L., Ryan, T. E.,
Henkemeyer, M., et al. (1996). Eph receptors and ligands comprise two major
specificity subclasses and are reciprocally compartmentalized during embryogenesis.
Neuron, 17(1), 9-19. https://doi.org/10.1016/50896-6273(00)80276-7

Geisbert, T. W., Daddario-DiCaprio, K. M., Hickey, A. C., Smith, M. A., Chan, Y.-P.,
Wang, L.-F., Mattapallil, J. J., Geisbert, J. B., Bossart, K. N., & Broder, C. C. (2010).
Development of an acute and highly pathogenic nonhuman primate model of Nipah
virus infection. PLoS One, 5(5), Article e10690. https://doi.org/10.1371/
journal.pone.0010690

Geisbert, T. W., Feldmann, H., & Broder, C. C. (2012). Animal challenge models of
henipavirus infection and pathogenesis (pp. 153-177). https://doi.org/10.1007/82_
2012_208

Halpin, K., Graham, K., & Durr, P. A. (2021). Sero-monitoring of horses demonstrates the
Equivac® HeV Hendra virus vaccine to Be highly effective in inducing neutralising
antibody titres. Vaccines, 9(7), 731. https://doi.org/10.3390/vaccines9070731

Halpin, K., & Paul, R. (2015). A review of Hendra virus and Nipah virus infections in man
and other animals. In Zoonoses - infections affecting humans and animals (pp.
997-1012). Dordrecht: Springer Netherlands. https://doi.org/10.1007/978-94-017-
9457-2_40.

Huaman, C., Clouse, C., Rader, M., Yan, L., Bai, S., Gunn, B. M., Amaya, M., Laing, E. D.,
Broder, C. C., & Schaefer, B. C. (2024). An in vivo BSL-2 model for henipavirus
infection based on bioluminescence imaging of recombinant cedar virus replication
in mice. Frontiers in Chemical Biology, 3(March). https://doi.org/10.3389/
fchbi.2024.1363498

Janes, P. W,, Vail, M. E,, Gan, H. K., & Scott, A. M. (2020). Antibody targeting of Eph
receptors in cancer. Pharmaceuticals, 13(5), 88. https://doi.org/10.3390/
ph13050088

Kania, A., & Klein, R. (2016). Mechanisms of Ephrin-Eph signalling in development,
physiology and disease. Nature Reviews Molecular Cell Biology, 17(4), 240-256.
https://doi.org/10.1038/nrm.2015.16

Koczula, K. M., & Andrea, G. (2016). Lateral flow assays. Essays in Biochemistry, 60(1),
111-120. https://doi.org/10.1042/EBC20150012

Kulkarni, S., Volchkova, V., Basler, C. F., Palese, P., Volchkov, V. E., & Shaw, M. L. (2009).
Nipah virus edits its P gene at high frequency to express the V and W proteins. Journal
of Virology, 83(8), 3982-3987. https://doi.org/10.1128/JVI.02599-08

Kullander, K., Croll, S. D., Zimmer, M., Pan, L., Joyce, M. C., Hughes, V., Zabski, S., et al.
(2001). Ephrin-B3 is the midline barrier that prevents corticospinal tract axons from
recrossing, allowing for unilateral motor control. Genes & Development, 15(7),
877-888. https://doi.org/10.1101/gad.868901

Cell Insight 3 (2024) 100181

Kummer, S., & Carina Kranz, D. (2022). Henipaviruses—a constant threat to livestock and
humans. PLoS Neglected Tropical Diseases. https://doi.org/10.1371/
journal.pntd.0010157

Laing, E. D., Amaya, M., Navaratnarajah, C. K., Feng, Y. R., Cattaneo, R., Lin, F. W., &
Broder, C. C. (2018). Rescue and characterization of recombinant Cedar virus, a non-
pathogenic henipavirus species. Virology Journal, 15(1). https://doi.org/10.1186/
512985-018-0964-0

Laing, E. D., Navaratnarajah, C. K., Cheliout da Silva, S., Petzing, S. R., Xu, Y.,

Sterling, S. L., Marsh, G. A, et al. (2019). Structural and functional analyses reveal
promiscuous and species specific use of ephrin receptors by Cedar virus. Proceedings
of the National Academy of Sciences of the United States of America, 116(41). https://
doi.org/10.1073/pnas.1911773116

Latiff, K., Meanger, J., Mills, J., & Ghildyal, R. (2004). Sequence and structure relatedness
of matrix protein of human respiratory syncytial virus with matrix proteins of other
negative-sense RNA viruses. Clinical Microbiology and Infection, 10(10), 945-948.
https://doi.org/10.1111/j.1469-0691.2004.00980.x

Lee, S.-H., Kim, K., Kim, J., Jin, S. N., Park, K., Budhathoki, S., Lee, S. H., et al. (2021).
Discovery and genetic characterization of novel Paramyxoviruses related to the genus
henipavirus in Crocidura species in the Republic of Korea. Viruses, 13(10). https://
doi.org/10.3390/v13102020

Li, M., Embury-Hyatt, C., & Weingartl, H. M. (2010). Experimental inoculation study
indicates swine as a potential host for Hendra virus. Veterinary Research, 41(3), 33.
https://doi.org/10.1051/vetres/2010005

Li, H., Kim, J.-Y. V., & Pickering, B. S. (2023). Henipavirus Zoonosis: Outbreaks, animal
hosts and potential new emergence. Frontiers in Microbiology, 14, Article 1167085.
https://doi.org/10.3389/fmicb.2023.1167085

Lieu, K. G., Marsh, G. A, Lin, F. W., & Netter, H. J. (2015). The non-pathogenic
henipavirus Cedar paramyxovirus phosphoprotein has a compromised ability to
target STAT1 and STAT2. Antiviral Research, 124. https://doi.org/10.1016/
j.antiviral.2015.09.017

Lisabeth, E. M., Falivelli, G., & Pasquale, E. B. (2013). Eph receptor signaling and ephrins.
Cold Spring Harbor Perspectives in Biology, 5(9), a009159. https://doi.org/10.1101/
cshperspect.a009159. a009159.

Luby, S. P., & Broder, C. C. (2023). In R. A. Kaslow, L. R. Stanberry, & A. M. Powers (Eds.),
Viral infections of humans: Epidemiology and control. New York, NY: Springer US.

Madera, S., Kistler, A., Ranaivoson, H. C., Ahyong, V., Andrianiaina, A., Andry, S.,
Raharinosy, V., et al. (2022). Discovery and genomic characterization of a novel
henipavirus, Angavokely virus, from fruit bats in Madagascar. Journal of Virology,
96(18), Article e0092122. https://doi.org/10.1128/jvi.00921-22

Marsh, G. A., de Jong, C., Barr, J. A., Tachedjian, M., Smith, C., Middleton, D., Yu, M.,
et al. (2012). Basler. In F. Christopher (Ed.), Cedar virus: A novel henipavirus isolated
from Australian bats. PLoS Pathogens, Article e1002836. https://doi.org/10.1371/
journal.ppat.1002836, 8 (8).

Mehand, M. S., Millett, P., Al-Shorbaji, F., Roth, C., Kieny, M. P., & Murgue, B. (2018).
World health organization methodology to prioritize emerging infectious diseases in
need of research and development. Emerging Infectious Diseases, 24(9). https://
doi.org/10.3201/€id2409.171427

Meng, J., Stobart, C. C., Hotard, A. L., & Moore, M. L. (2014). An overview of respiratory
syncytial virus. PLoS Pathogens, 10(4), Article e1004016. https://doi.org/10.1371/
journal.ppat.1004016

Middleton, D., Pallister, J., Klein, R., Feng, Y.-R., Haining, J., Arkinstall, R., Frazer, L.,
et al. (2014). Hendra virus vaccine, a One health approach to protecting horse,
human, and environmental health. Emerging Infectious Diseases, 20(3). https://
doi.org/10.3201/eid2003.131159

Nagai, Y., Ito, Y., Hamaguchi, M., Yoshida, T., & Matsumoto, T. (1981). Relation of
interferon production to the limited replication of Newcastle disease virus in L cells.
Journal of General Virology, 55(1), 109-116. https://doi.org/10.1099/0022-1317-55-
1-109

Negrete, E. L., Aguilar, H. C., Bertolotti-Ciarlet, A., Nazarian, R., Tajyar, S., Lee, B., &
Levroney, O. A. (2005). EphrinB2 is the entry receptor for Nipah virus, an emergent
deadly paramyxovirus. Nature, 436(7049), 401-405. https://doi.org/10.1038/
nature03838

Negrete, O. A., Wolf, M. C., Aguilar, H. C., Enterlein, S., Wang, W., Miihlberger, E.,

Su, S. V., Bertolotti-Ciarlet, A., Flick, R., & Lee, B. (2006). Two key residues in
EphrinB3 are critical for its use as an alternative receptor for Nipah virus. PLoS
Pathogens, 2(2), Article e7. https://doi.org/10.1371/journal.ppat.0020007

Pallister, J., Middleton, D., Crameri, G., Yamada, M., Klein, R., Hancock, T. J., Foord, A.,
et al. (2009). Chloroquine administration does not prevent Nipah virus infection and
disease in ferrets. Journal of Virology, 83(22), 11979-11982. https://doi.org/
10.1128/JVI.01847-09

Pernet, O., Schneider, B. S., Beaty, S. M., LeBreton, M., Yun, T. E., Park, A.,

Zachariah, T. T., et al. (2014). Evidence for henipavirus spillover into human
populations in Africa. Nature Communications, 5(1), 5342. https://doi.org/10.1038/
ncomms6342

Pigeaud, D. D., Geisbert, T. W., & Woolsey, C. (2023). Animal models for henipavirus
research. Viruses, 15(10), 1980. https://doi.org/10.3390/v15101980

Playford, E. G., Munro, T., Mahler, S. M., Elliott, S., Gerometta, M., Hoger, K. L.,

Jones, M. L., et al. (2020). Safety, tolerability, pharmacokinetics, and
immunogenicity of a human monoclonal antibody targeting the G glycoprotein of
henipaviruses in healthy adults: A first-in-human, randomised, controlled, phase 1
study. The Lancet Infectious Diseases, 20(4), 445-454. https://doi.org/10.1016/
S$1473-3099(19)30634-6

Quarleri, J., Galvan, V., & Delpino, M. V. (2022). Henipaviruses: An expanding global
public health concern? GeroScience, 44(5), 2447-2459. https://doi.org/10.1007/
511357-022-00670-9


https://doi.org/10.1002/ana.1062
https://doi.org/10.1002/ana.1062
https://doi.org/10.1128/JVI.02610-08
https://doi.org/10.1128/JVI.02610-08
https://doi.org/10.1111/j.1863-2378.2012.01501.x
https://doi.org/10.1016/S1534-5807(03)00198-9
https://doi.org/10.1016/S1534-5807(03)00198-9
https://doi.org/10.3389/fimmu.2019.01473
https://doi.org/10.3389/fimmu.2019.01473
https://doi.org/10.3390/pathogens2020264
https://doi.org/10.1093/infdis/jis653
https://doi.org/10.1093/infdis/jis653
https://doi.org/10.1016/j.celrep.2021.109628
https://doi.org/10.1038/ncomms1796
https://doi.org/10.1038/nrmicro1323
https://doi.org/10.1038/nrmicro1323
https://doi.org/10.1080/08830185.2016.1255883
https://doi.org/10.1080/08830185.2016.1255883
https://doi.org/10.1093/emboj/18.19.5159
https://doi.org/10.1093/emboj/18.19.5159
https://doi.org/10.1006/dbio.2000.0112
https://doi.org/10.1006/dbio.2000.0112
https://doi.org/10.1016/S0896-6273(00)80276-7
https://doi.org/10.1371/journal.pone.0010690
https://doi.org/10.1371/journal.pone.0010690
https://doi.org/10.1007/82_2012_208
https://doi.org/10.1007/82_2012_208
https://doi.org/10.3390/vaccines9070731
https://doi.org/10.1007/978-94-017-9457-2_40
https://doi.org/10.1007/978-94-017-9457-2_40
https://doi.org/10.3389/fchbi.2024.1363498
https://doi.org/10.3389/fchbi.2024.1363498
https://doi.org/10.3390/ph13050088
https://doi.org/10.3390/ph13050088
https://doi.org/10.1038/nrm.2015.16
https://doi.org/10.1042/EBC20150012
https://doi.org/10.1128/JVI.02599-08
https://doi.org/10.1101/gad.868901
https://doi.org/10.1371/journal.pntd.0010157
https://doi.org/10.1371/journal.pntd.0010157
https://doi.org/10.1186/s12985-018-0964-0
https://doi.org/10.1186/s12985-018-0964-0
https://doi.org/10.1073/pnas.1911773116
https://doi.org/10.1073/pnas.1911773116
https://doi.org/10.1111/j.1469-0691.2004.00980.x
https://doi.org/10.3390/v13102020
https://doi.org/10.3390/v13102020
https://doi.org/10.1051/vetres/2010005
https://doi.org/10.3389/fmicb.2023.1167085
https://doi.org/10.1016/j.antiviral.2015.09.017
https://doi.org/10.1016/j.antiviral.2015.09.017
https://doi.org/10.1101/cshperspect.a009159
https://doi.org/10.1101/cshperspect.a009159
http://refhub.elsevier.com/S2772-8927(24)00036-1/sref47
http://refhub.elsevier.com/S2772-8927(24)00036-1/sref47
https://doi.org/10.1128/jvi.00921-22
https://doi.org/10.1371/journal.ppat.1002836
https://doi.org/10.1371/journal.ppat.1002836
https://doi.org/10.3201/eid2409.171427
https://doi.org/10.3201/eid2409.171427
https://doi.org/10.1371/journal.ppat.1004016
https://doi.org/10.1371/journal.ppat.1004016
https://doi.org/10.3201/eid2003.131159
https://doi.org/10.3201/eid2003.131159
https://doi.org/10.1099/0022-1317-55-1-109
https://doi.org/10.1099/0022-1317-55-1-109
https://doi.org/10.1038/nature03838
https://doi.org/10.1038/nature03838
https://doi.org/10.1371/journal.ppat.0020007
https://doi.org/10.1128/JVI.01847-09
https://doi.org/10.1128/JVI.01847-09
https://doi.org/10.1038/ncomms6342
https://doi.org/10.1038/ncomms6342
https://doi.org/10.3390/v15101980
https://doi.org/10.1016/S1473-3099(19)30634-6
https://doi.org/10.1016/S1473-3099(19)30634-6
https://doi.org/10.1007/s11357-022-00670-9
https://doi.org/10.1007/s11357-022-00670-9

A.J. Sabir et al.

Queensland Government. (2023). Hendra virus. Brisbane https://www.business.qld.g
ov.au/industries/farms-fishing-forestry/agriculture/biosecurity/animals/diseas
es/guide/hendra-virus. (Accessed 16 March 2024).

Randall, R. E., & Goodbourn, S. (2008). Interferons and viruses: An interplay between
induction, signalling, antiviral responses and virus countermeasures. Journal of
General Virology, 89(1), 1-47. https://doi.org/10.1099/vir.0.83391-0

Rissanen, 1., Ahmed, A. A., Azarm, K., Shannon, B., Hong, P., Nambulli, S., Paul
Duprex, W., Lee, B., & Bowden, T. A. (2017). Idiosyncratic Mojiang virus attachment
glycoprotein directs a host-cell entry pathway distinct from genetically related
henipaviruses. Nature Communications, 8(1), Article 16060. https://doi.org/10.1038/
ncomms16060

Rockx, B. (2014). Recent developments in experimental animal models of henipavirus
infection. Pathogens and Disease, 71(2), 199-206. https://doi.org/10.1111/2049-
632X.12149

Rockx, B., Bossart, K. N., Feldmann, F., Geisbert, J. B., Hickey, A. C., Brining, D.,
Callison, J., et al. (2010). A novel model of lethal Hendra virus infection in African
green monkeys and the effectiveness of Ribavirin treatment. Journal of Virology,
84(19), 9831-9839. https://doi.org/10.1128/JV1.01163-10

Roman, G., Raul, Tornieporth, N., Cherian, N. G., Shurtleff, A. C., Jackson, M. L'Azou,
Yeskey, D., Hacker, A., Mungai, E., & Le Tung, T. (2022). Medical countermeasures
against henipaviruses: A review and public health perspective. The Lancet Infectious
Diseases, 22(1), e13-e27. https://doi.org/10.1016/51473-3099(21)00400-X

Schountz, T., Campbell, C., Wagner, K., Rovnak, J., Martellaro, C., Debuysscher, B. L.,
Feldmann, H., & Prescott, J. (2019). Differential innate immune responses elicited by
Nipah virus and Cedar virus correlate with disparate in vivo pathogenesis in
hamsters. Viruses, 11(3). https://doi.org/10.3390/v11030291

Shaw, M. L. (2009). Henipaviruses employ a multifaceted approach to evade the antiviral
interferon response. Viruses, 1(3), 1190-1203. https://doi.org/10.3390/v1031190

Shaw, M. L., Garcia-Sastre, A., Palese, P., & Basler, C. F. (2004). Nipah virus V and W
proteins have a common STAT1-binding domain yet inhibit STAT1 activation from
the cytoplasmic and nuclear compartments, respectively. Journal of Virology, 78(11),
5633-5641. https://doi.org/10.1128/JV1.78.11.5633-5641.2004

Smith, A., Robinson, V., Patel, K., & Wilkinson, D. G. (1997). The EphA4 and EphB1
receptor tyrosine kinases and ephrin-B2 ligand regulate targeted migration of
branchial neural crest cells. Current Biology, 7(8), 561-570. https://doi.org/10.1016/
$0960-9822(06)00255-7

Sweileh, W. M. (2017). Global research trends of World health organization's top eight
emerging pathogens. Globalization and Health, 13(1), 9. https://doi.org/10.1186/
$12992-017-0233-9

Tan, C. T., Goh, K. J., Wong, K. T., Ahmad Sarji, S., Chua, K. B., Kong Chew, N., &
Paramsothy, M. (2002). Relapsed and late-onset Nipah encephalitis. Annals of
Neurology, 51(6), 703-708. https://doi.org/10.1002/ana.10212

Thomas, S. M., Lamb, R. A., & Paterson, R. G. (1988). Two MRNAs that differ by two
nontemplated nucleotides encode the amino coterminal proteins P and V of the
paramyxovirus SV5. Cell, 54(6), 891-902. https://doi.org/10.1016/50092-8674(88)
91285-8

Tian, L., Qiang, T., Liang, C., Ren, X., Jia, M., Zhang, J., Li, J., Wan, M., YuWen, X.,
Han, L., Cao, W., & Liu, H. (2021). RNA-dependent RNA polymerase (RdRp)
inhibitors: The current landscape and repurposing for the COVID-19 pandemic.
European Journal of Medicinal Chemistry, 213, Article 113201. https://doi.org/
10.1016/j.ejmech.2021.113201

Torres-Velez, F. J., Shieh, W.-J., Rollin, P. E., Morken, T., Brown, C., Ksiazek, T. G., &
Zaki, S. R. (2008). Histopathologic and immunohistochemical characterization of
Nipah virus infection in the Guinea pig. Veterinary Pathology, 45(4), 576-585.
https://doi.org/10.1354/vp.45-4-576

Tuzi, N. L., & Gullick, W. J. (1994). Eph, the largest known family of putative growth
factor receptors. British Journal of Cancer, 69(3), 417-421. https://doi.org/10.1038/
bjc.1994.77

Cell Insight 3 (2024) 100181

Uchida, S., Horie, R., Sato, H., Kai, C., & Yoneda, M. (2018). Possible role of the Nipah
virus V protein in the regulation of the interferon beta induction by interacting with
UBX domain-containing Proteinl. Scientific Reports, 8(1), 7682. https://doi.org/
10.1038/541598-018-25815-9

Uppal, T., Tuffo, K., Khaiboullina, S., Reganti, S., Pandori, M., & Verma, S. C. (2022).
Screening of SARS-CoV-2 antivirals through a cell-based RNA-dependent RNA
polymerase (RdRp) reporter assay. Cell Insight, 1(4), Article 100046. https://doi.org/
10.1016/j.cellin.2022.100046

Vanmechelen, B., Meurs, S., Horemans, M., Loosen, A., Maes, T. J., Laenen, L.,

Vergote, V., et al. (2022). The characterization of multiple novel Paramyxoviruses
highlights the diverse nature of the subfamily Orthoparamyxovirinae. Virus Evolution,
8(2), veac061. https://doi.org/10.1093/ve/veac061

Versteeg, G. A., & Garcia-Sastre, A. (2010). Viral tricks to grid-lock the type I interferon
system. Current Opinion in Microbiology, 13(4), 508-516. https://doi.org/10.1016/
j-mib.2010.05.009

Virtue, E. R., Marsh, G. A., & Wang, L.-F. (2011). Interferon signaling remains functional
during henipavirus infection of human cell lines. Journal of Virology, 85(8),
4031-4034. https://doi.org/10.1128/JV1.02412-10

Wang, L.-F., Harcourt, B. H., Yu, M., Tamin, A., Rota, P. A., Bellini, W. J., & Eaton, B. T.
(2001). Molecular biology of Hendra and Nipah viruses. Microbes and Infection, 3(4),
279-287. https://doi.org/10.1016/51286-4579(01)01381-8

Westbury, H. A., Hooper, P. T., Selleck, P. W., & Murray, P. K. (1995). Equine
morbillivirus pneumonia: Susceptibility of laboratory animals to the virus. Australian
Veterinary Journal, 72(7), 278-279. https://doi.org/10.1111/j.1751-
0813.1995.tb03549.x

WHO. (2023a). World health statistics 2023: Monitoring health for the SDGs, Sustainable
Development Goals (pp. 83-115). Geneva: World Health Organization. Licence: CC BY-
NC-SA 3.0 IGO https://www.who.int/publications/i/item/9789240074323.
(Accessed 22 March 2024).

WHO. (2023Db). Prioritizing diseases for research and development in emergency
contexts. https://www.who.int/activities/prioritizing-diseases-for-research-and-deve
lopment-in-emergency-contexts. (Accessed 22 March 2024).

Williamson, M. M., Hooper, P. T., Selleck, P. W., Westbury, H. A., & Slocombe, R. F.
(2000). Experimental Hendra virus infectionin pregnant Guinea-pigs and fruit
bats(Pteropus Poliocephalus). Journal of Comparative Pathology, 122(2-3), 201-207.
https://doi.org/10.1053/jcpa.1999.0364

Wit, E.de, & Vincent, J. M. (2015). Animal models of disease shed light on Nipah virus
pathogenesis and transmission. The Journal of Pathology, 235(2), 196-205. https://
doi.org/10.1002/path.4444

Wong, K. T., Grosjean, ., Brisson, C., Blanquier, B., Fevre-Montange, M., Bernard, A.,
Loth, P., et al. (2003). A golden hamster model for human acute Nipah virus
infection. American Journal Of Pathology, 163(5), 2127-2137. https://doi.org/
10.1016/50002-9440(10)63569-9

Wu, Z., Yang, L., Yang, F., Ren, X., Jiang, J., Dong, J., Sun, L., Zhu, Y., Zhou, H., & Qi, J.
(2014). Novel henipa-like virus, Mojiang Paramyxovirus, in rats, China, 2012.
Emerging Infectious Diseases, 20(6). https://doi.org/10.3201/eid2006.131022

Xu, K., Broder, C. C., & Nikolov, D. B. (2012). Ephrin-B2 and ephrin-B3 as functional
henipavirus receptors. Seminars in Cell & Developmental Biology, 23(1), 116-123.
https://doi.org/10.1016/j.semcdb.2011.12.005

Yea, C., Cheung, R., Collins, C., Adachi, D., Nishikawa, J., & Tellier, R. (2009). The
complete sequence of a human parainfluenzavirus 4 genome. Viruses, 1(1), 26-41.
https://doi.org/10.3390/v1010026

Yu, Y. Y., Buchholz, D. W., Amandine, G., Mason, J., & Aguilar, H. C. (2021). Headless
henipaviral receptor binding glycoproteins reveal fusion modulation by the head/
stalk interface and post-receptor binding contributions of the head domain. Journal of
Virology, 95(20). https://doi.org/10.1128/jvi.00666-21, 10.1128/jvi.00666-21.

Zhang, X.-A., Li, H., Jiang, F.-C., Zhu, F., Zhang, Y.-F., Chen, J.-J., Tan, C.-W., et al.
(2022). A zoonotic henipavirus in febrile patients in China. New England Journal of
Medicine, 387(5), 470-472. https://doi.org/10.1056/NEJMc2202705


https://www.business.qld.gov.au/industries/farms-fishing-forestry/agriculture/biosecurity/animals/diseases/guide/hendra-virus
https://www.business.qld.gov.au/industries/farms-fishing-forestry/agriculture/biosecurity/animals/diseases/guide/hendra-virus
https://www.business.qld.gov.au/industries/farms-fishing-forestry/agriculture/biosecurity/animals/diseases/guide/hendra-virus
https://doi.org/10.1099/vir.0.83391-0
https://doi.org/10.1038/ncomms16060
https://doi.org/10.1038/ncomms16060
https://doi.org/10.1111/2049-632X.12149
https://doi.org/10.1111/2049-632X.12149
https://doi.org/10.1128/JVI.01163-10
https://doi.org/10.1016/S1473-3099(21)00400-X
https://doi.org/10.3390/v11030291
https://doi.org/10.3390/v1031190
https://doi.org/10.1128/JVI.78.11.5633-5641.2004
https://doi.org/10.1016/S0960-9822(06)00255-7
https://doi.org/10.1016/S0960-9822(06)00255-7
https://doi.org/10.1186/s12992-017-0233-9
https://doi.org/10.1186/s12992-017-0233-9
https://doi.org/10.1002/ana.10212
https://doi.org/10.1016/S0092-8674(88)91285-8
https://doi.org/10.1016/S0092-8674(88)91285-8
https://doi.org/10.1016/j.ejmech.2021.113201
https://doi.org/10.1016/j.ejmech.2021.113201
https://doi.org/10.1354/vp.45-4-576
https://doi.org/10.1038/bjc.1994.77
https://doi.org/10.1038/bjc.1994.77
https://doi.org/10.1038/s41598-018-25815-9
https://doi.org/10.1038/s41598-018-25815-9
https://doi.org/10.1016/j.cellin.2022.100046
https://doi.org/10.1016/j.cellin.2022.100046
https://doi.org/10.1093/ve/veac061
https://doi.org/10.1016/j.mib.2010.05.009
https://doi.org/10.1016/j.mib.2010.05.009
https://doi.org/10.1128/JVI.02412-10
https://doi.org/10.1016/S1286-4579(01)01381-8
https://doi.org/10.1111/j.1751-0813.1995.tb03549.x
https://doi.org/10.1111/j.1751-0813.1995.tb03549.x
https://www.who.int/publications/i/item/9789240074323
https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts
https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts
https://doi.org/10.1053/jcpa.1999.0364
https://doi.org/10.1002/path.4444
https://doi.org/10.1002/path.4444
https://doi.org/10.1016/S0002-9440(10)63569-9
https://doi.org/10.1016/S0002-9440(10)63569-9
https://doi.org/10.3201/eid2006.131022
https://doi.org/10.1016/j.semcdb.2011.12.005
https://doi.org/10.3390/v1010026
https://doi.org/10.1128/jvi.00666-21
https://doi.org/10.1056/NEJMc2202705

	Cedar virus biology and its applications as a surrogate for highly pathogenic henipaviruses
	1. Introduction
	2. Virion, genome organization and proteins
	3. Cellular tropism and viral entry
	4. Non-pathogenic nature of Cedar virus
	5. Immune responses to Cedar virus
	6. Animal models of Cedar virus
	7. Cedar virus for henipavirus antiviral development
	8. Closing remarks
	CRediT authorship contribution statement
	Declaration of Competing interest
	Acknowledgments
	References


