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Abstract Nipah virus (NiV) and Hendra virus
(HeV) are highly pathogenic zoonotic viruses of the
genus Henipavirus, family Paramyxoviridae that
cause severe disease outbreaks in humans and also
can infect and cause lethal disease across a broad
range of mammalian species. Another related Heni-
pavirus has been very recently identified in China in
febrile patients with pneumonia, the Langya virus
(LayV) of probable animal origin in shrews. NiV
and HeV were first identified as the causative agents
of severe respiratory and encephalitic disease in the
1990s across Australia and Southern Asia with mor-
tality rates reaching up to 90%. They are responsible
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for rare and sporadic outbreaks with no approved
treatment modalities. NiV and HeV have wide cel-
lular tropism that contributes to their high patho-
genicity. From their natural hosts bats, different sce-
narios propitiate their spillover to pigs, horses, and
humans. Henipavirus-associated respiratory disease
arises from vasculitis and respiratory epithelial cell
infection while the neuropathogenesis of Henipavi-
rus infection is still not completely understood but
appears to arise from dual mechanisms of vascular
disease and direct parenchymal brain infection. This
brief review offers an overview of direct and indirect
mechanisms of HeV and NiV pathogenicity and their
interaction with the human immune system, as well
as the main viral strategies to subvert such responses.
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General aspects and taxonomy

Nipah henipavirus (NiV) and Hendra henipavirus
(HeV) are negative single-stranded RNA viruses that
belong to the Paramyxoviridae family and define the
genus Henipavirus together with Cedar henipavirus
(CedV), Ghanaian bat henipavirus, Mojiang henipavi-
rus, and the very recently identified Langya henipavi-
rus (LayV) in patients from China. NiV and HeV can
infect a wide range of wild and domestic animals, as
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well as humans, in whom they exhibit a high level of
pathogenicity mainly causing a pulmonary or enceph-
alitic henipavirus-mediated disease with observed
fatality rates of up to 60% and 90% for HeV and NiV,
respectively, thus being classified as biosafety level 4
(BSL-4) agents [1]. The major natural reservoir hosts
for Henipaviruses appear to be the Pteropus bat spe-
cies [2-5], as natural hosts do not exhibit any evi-
dent disease neither in wild bats nor experimentally
infected bats [6].

HeV was isolated and identified in 1994 in an
outbreak of fatal cases of respiratory disease in
horses and humans in the Brisbane suburb of Hen-
dra, Australia, and was shown to be distantly related
to the measles virus and other morbilliviruses [7]. A
few years later NiV emerged in a large outbreak of
encephalitis among pig farmers in Peninsular Malay-
sia that began in 1998 and continued into the next
year [8]. Very recently, Langya henipavirus (LayV)
was identified in China as a new member of the
genus most closely phylogenetically related to Moji-
ang henipavirus. LayV has a probable animal origin
(mainly from shrews) but human-to-human trans-
mission has not been documented [9]. LayV infec-
tion is associated with febrile illness and pneumonia
[10]. Although not associated with a zoonotic event,
CedV is another recognized henipavirus species that
was identified in a flying-fox colony in Cedar Grove
in Queensland, Australia [11]. Finally, the Mojiang
henipavirus (MojV) was identified in rats (Rattus fla-
vipectus) in China [12].

Viral particles, genomic organization, and viral
tropism

NiV and HeV particles are enveloped and pleomor-
phic, with a size ranging from 40 to 1900 nm and
can vary from spherical to filamentous forms when
imaged by electron microscopy. The viral envelope
is a lipid bilayer derived from the infected host cell
during virus assembly and budding that carries sur-
face projections composed of the viral transmem-
brane-anchored fusion (F) and attachment (G) gly-
coproteins. The ribonucleic (RNP) complex shows a
characteristic herringbone shape and is responsible
for the replication of viral RNA. RNP is formed by
N, P, and L proteins and viral RNA [5]. The genetic
organization of NiV and HeV resembles that found in
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viruses in the Respirovirus and Morbillivirus genera
in the Orthoparamixovirinae subfamily (Fig. 1). The
genome is a non-segmented single-stranded nega-
tive-sense RNA of around 18.2 kb, thus around 2700
bases longer than other paramyxovirus genomes.
It encodes 6 structural proteins including the nucle-
ocapsid (N), the phosphoprotein (P), the matrix pro-
tein (M), the surface glycoprotein (G) and fusion (F)
protein, and the viral polymerase (L). In addition, the
P gene encodes three non-structural proteins (C, V,
W) expressed in infected cells that derive from over-
lapping open reading frames (ORFs). The V and W
proteins are produced through a transcriptional edit-
ing mechanism involving the addition of non-tem-
plated G nucleotides, while the C protein is encoded
by an alternative start site within the P gene [13, 14]
(Table 1).

The membrane-anchored envelope glycoproteins
(G and F) are the mediators of virus attachment and
host cell infection as major determinants of cellular
tropism. The G glycoprotein is the attachment gly-
coprotein and has neither hemagglutinating nor neu-
raminidase activities. The fusion (F) glycoprotein
facilitates the fusion of the viral and host cell mem-
branes and shares several conserved features with
other viral fusion glycoproteins.

Different from Respiroviruses and Rubulaviruses,
Henipaviruses do not use glycan-based receptors, but
instead, like the Morbilliviruses, use protein-based
receptors. The NiV and HeV G glycoprotein engage
host cell membrane proteins as entry receptors and
bind to ephrin-B2 and ephrin-B3, members of a large
family of cell surface expressed glycoprotein ligands
that bind to Eph receptors, the largest subgroup of
receptor tyrosine kinases [15—-18] (Table 1).

Ephrin-B2 expression is prominent in arteries,
arterioles, and capillaries in multiple organs and tis-
sues while ephrin-B3 is found predominantly in the
nervous system and the vasculature. Sequences of
ephrin-B2 and -B3 are highly conserved across sus-
ceptible hosts including humans, horses, pigs, cats,
dogs, mice, and bats with amino acid identities of
95-96% for ephrin-B2 and 95-98% for ephrin-B3
[5]. The membrane fusion process between the virion
and plasma membranes is driven by both G and F
glycoproteins working together that finally deliver
the viral nucleocapsid into the cytoplasm. Likewise,
Henipaviruses also feature hallmarks of paramyxovi-
rus infections where virus-infected cells expressing
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Fig.1 Schematic representation of the structure of a Henipa-
virus particle (A) and the viral RNA genome organization (B).
The N, P, and L proteins interact with the viral RNA to form
the ribonucleoprotein (RNP) complex, which is bounded by
a lipid bilayer envelope containing the viral glycoproteins F
and G. The M protein is associated with the inner side of the
envelope. The viral proteins and arrangement of genes in the

attachment and fusion glycoproteins on their surface
can fuse with receptor-bearing cells leading to the
formation of multinucleated giant cells or syncytia.
Necrosis, vasculitis, and thrombosis are associated
with the formation of syncytia. After translation viral
surface glycoproteins F and G are inserted into the
host cell endoplasmic reticulum for post-translational
modifications, particularly glycosylation. The other
translated viral proteins—N, P, M, and L—remain
in the cytoplasm. When abundant viral mRNA tran-
scripts are produced, full-length anti-genomes are
synthesized to generate more copies of the Henipavi-
rus genome. These newly synthesized genome copies
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RNA genome
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viral genome from 3'-5'. The viral P gene products (V, W, and
C proteins) as a result of mRNA editing are explained. The V
protein contains a single G insertion, and translation shifts it to
a+1 reading frame. The W protein encompasses two G inser-
tions, shifting the translation to the+2 reading frame. The C
protein is translated from an internal open reading frame of the
P gene

assemble with viral proteins near the host cell mem-
brane where F and G proteins are scattered, and the
budding of new virions, facilitated by the M protein,
will occur [19].

Viral receptors are widely distributed in different
tissues thus explaining the systemic nature of NiV and
HeV infection; similarly, viral receptors are present
in multiple hosts thus supporting a wider host range
when compared to most other paramyxoviruses. NiV
can infect porcine microvascular endothelial cells and
human brain endothelial cells, which express high
levels of ephrin-B2, but not other endothelial cells
with no detectable ephrin-B2 expression [20]. Both

@ Springer



GeroScience

Table 1 Main features of Henipavirus (NiV and HeV)

Virion Enveloped, pleomorphic (mostly spherical) virions with a diameter of 300-500 nm enclosing a

ribonucleoprotein

Genome
Genome size
Genetic organization

Non-segmented single-stranded negative-sense RNA
18.2 kb (longer than other paramyxoviruses)
Encodes 6 structural proteins including the nucleocapsid (N), the phosphoprotein (P), the matrix

protein (M), the surface glycoprotein (G) and fusion (F) protein, and the viral polymerase (L)
(similar to Respirovirus, and Morbillivirus genera)

Host cell entry

Protein-based receptors (ephrin B2 and B3)

Tropism Ephrin B2: endothelial vasculature (arteries, arterioles, capillaries), neurons
Ephrin B3: central nervous system, the heart, and the prostate

Natural host Bat

Host Pigs, cattle, goats, horses, and humans

CNS entry Through blood vessels of the brain and/or through olfactory nerves

Replication in endothelial cells and disruption of the blood—brain barrier (BBB)

Viral mediators involved in the
interferon (IFN) response
modulation

Neurological sequelae

quences of relapsing

Immune damage

P, V, W, and C proteins encoded by the P gene (NiV)

Severe neuronal necrosis, gliosis, perivascular cuffing, and inflammatory infiltrate are conse-

Inflammatory damage associated with encephalitis

NiV, Nipah henipavirus; HeV, Hendra henipavirus

NiV and HeV appear to infect endothelial cells from
arteries preferentially, driving the formation of syn-
cytia containing up to 23 nuclei, which rapidly die.
The formation of syncytia is associated with necro-
sis, vasculitis, and thrombosis, as well as with brain
parenchyma lesions that then lead to the typical clini-
cal signs observed during virus infection, namely, res-
piratory disorders, neurological symptoms, and unsta-
ble blood pressure [21].

Blood cells—excluding macrophages and den-
dritic cells in which low NiV replication has been
observed—are not permissive to NiV infection.
However, they can bind the virus on their surface
and transport and deliver the pathogen to new sites
of cell recruitment during inflammation processes
[22]. Notably, ephrin-B2 is present in arterial (but not
venous) endothelial cells, neurons, glial cells, epithe-
lial cells of the upper respiratory tract, alveolar pneu-
mocytes, smooth muscle cells, in macrophages in
human spleen and lymph nodes, and in macrophages
in pigs [23]. The brain, lungs, placenta, and pros-
tate have high levels of ephrin-B2 [24]. In contrast,
ephrin-B3 is mainly expressed in the central nervous
system (CNS), the heart, and the prostate [25]. Inter-
estingly, ephrin-B3, but not ephrin-B2, is expressed
in the brainstem [26].
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Henipavirus pathogenesis

A major challenge is to ascertain the molecular mech-
anisms of virus replication and immunity associated
with protection from infection as well as the develop-
ment of new antiviral therapeutics and vaccination
strategies (Fig. 2). Henipaviruses are designated as
biosafety level 4 (BSL-4) agents thus practical con-
straints of performing functional genomics studies
at high levels of containment are evident. Molecular
virology methods for genomic characterization (PCR-
based amplification techniques, nucleotide sequenc-
ing, phylogenetic relationships using bioinformatics
approaches) and cell culture isolation have been used
for the Henipaviruses study [27].

Recent loss-of-function (i.e., RNAi) functional
genomics screens that shed light on the henipavi-
rus-host interface at a genome-wide level have been
carried out [28]. Based on studies of functional
genomics, the entry receptor of HeV and NiV, ephrin-
B2, was identified by microarray analysis of infec-
tion-permissive and infection-resistant cell lines [18].
Transcriptomics and proteomics have been utilized to
uncover key differences in cellular responses to HeV
infection in HeV disease-susceptible (human) and dis-
ease-resistant (bat) cells, and suggest that activation
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Fig. 2 Henipavirus replication cycle. Henipavirus enters a
cell by glycoprotein G attachment and F protein-mediated
membrane fusion. The viral nucleocapsid is released in the
cytoplasm and the genome is leading to the initiation of tran-
scription and the accumulation of viral mRNA transcripts.

of apoptosis pathways via the innate immune pathway
may contribute to the tolerance of Henipaviruses by
flying foxes [29] (Fig. 3).

Consistent with widespread ephrin-B2 expres-
sion, extensive vasculitis in the lung, kidney, heart,
and CNS has been observed during autopsies of NiV
deceased patients, as well as necrosis in the highly
vascularized spleen [30]. Such extensive distribution
of permissive cells explains the wide dissemination of
Henipavirus (Fig. 4). Henipavirus transmission may
use different pathways such as (i) the bloodstream,
after replication in endothelial cells including the
disruption of the blood-brain barrier (BBB); (ii) cell-
to-cell transmission through syncytia formation; (iii)
through trans-infection when the viruses attached to
non-permissive blood cells (i.e., lymphocytes, den-
dritic cells) facilitate its transfer and infection to other
susceptible cells (“Trojan horse” model) including by
crossing the BBB and delivering NiV into CNS by

maturation

In addition, the viral genome is transcribed into a full-length
anti-genome, which is used to generate additional copies of the
NiV genome. Viral mRNA transcripts are translated into viral
proteins, leading to virion assembly, encapsidation, and virus
release. [llustrated by @darwid_illustration

leukocyte transmigration [22, 31]; and (iv) via CNS
spread when replicating in neurons, or using the nerv-
ous route through olfactory neurons from the nasal
cavity and olfactory epithelial cells [32, 33] (Table 1).

In humans and other animal hosts, the main entry
route of Henipavirus is oronasal. During NiV infec-
tion, epithelial cells and type II pneumocytes from
the bronchiole are the primary targets and infection
induces the production of inflammatory cytokines
such as IL-6, IL-8, IL-1a, and G-CSF, followed by
immune cell recruitment. Subsequently, the virus
spreads to endothelial cells and eventually gains
entry to the bloodstream where it will disseminate to
other tissues either freely or attached to the surface
of leukocytes, thus leading to multiple-organ-failure
syndrome including lungs, spleen, kidneys, and brain
[34]. Viral antigens have been localized by immu-
nostaining to alveolar type II pneumocytes, intra-
alveolar macrophages, and blood vessels. The virus
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Fig. 3 Schematic representation of the HeV and NiV trans-
mission from the natural host, fruit bats, to the susceptible
species. The arrows represent asymptomatic transmission in
the natural reservoir as well as indicate the spillover infection

can also enter the CNS either through blood vessels
of the brain and/or through olfactory nerves. Neu-
ropathogenesis appears to arise from dual mecha-
nisms of vascular disease and direct parenchymal
brain infection, showing viral inclusion bodies and
necrosis in both the gray and the white matter after
endothelial infection and vasculitis as a result of
platelet activation and thrombi, producing micro-
infarcts. These direct cytopathic effects of NiV rep-
lication in the microvasculature are accompanied by
those mediated by inflammatory cytokines (TNF-a
and IL1-B) released by microglia or other surround-
ing cells, promoting BBB disruption [33, 35]. Infil-
trating lymphocytes are present during Henipavirus-
associated encephalitis but the protective role and/or
role as mediators of damage of individual inflamma-
tory cell populations within the brain remains to be
determined.

Once Henipavirus primary infection has
occurred and virus replication leads to systemic
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causing a disease. The different contributing factors are indi-
cated adjacent to the arrows. Illustrated by @darwid_illustra-
tion

infection, the immune response contributes
to generalized symptomatology. Hence, after
3—14 days of infection, the respiratory tract and
specifically the bronchi and alveoli are affected
as evidenced by clinical symptoms (fever, cough,
hypoxia) and even neurological signs that appear
with evidence of interstitial pneumonia and
ARDS-like disease, vasculitis, and severe men-
ingitis and encephalitis. It is also a concern that
infection by both viruses, but more pronouncedly
NiV, can also manifest as relapsing encephali-
tis. This neurological disease is preceded by a
chronic and quiescent course (> 10 weeks) that
follows a non-encephalitic or asymptomatic
infection, or after recovering from an acute
infection. The neurological disease follows a
recrudescence of virus replication in the CNS
involving unknown mechanisms that allow NiV
and HeV to escape immunological clearance for
an extended period to later result in disease. The
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Fig. 4 Events during organ and cellular pathogenesis of Nipah
virus (NiV). 1. NiV can be seen in the epithelial cells of the
bronchiole in the initial stage of infection. 2. NiV antigen can
be detected in bronchi (epithelial cells) and alveoli, particularly
in type II pneumocytes. 3. Inflammatory mediators are induced
and released after infection to the airway epithelium. 4. Viral
dissemination to the endothelial cells of the lungs in the later
stage of the disease. 5, 6. Viruses enter the bloodstream fol-
lowed by dissemination, either freely or in host leukocyte-

pathology and clinical presentation of the acute
infection of the brain differ when the disease
relapses. Notably, vasculopathy and demyelina-
tion are absent, with fewer instances of fever,
while seizures and focal signs are more frequent
in relapsing encephalitis. Large confluent lesions
with extensive viral inclusions both in neurons
and the neuropil, but also in glial and ependy-
mal cells are hallmarks of the relapsing form of
NiV and HeV infection that trigger severe neu-
ronal necrosis, gliosis, perivascular cuffing, and
inflammatory infiltrate [14, 30] (Table 1).

bound form (“Trojan horse model”), reaching the brain, spleen,
and kidneys. 7. Two pathways are involved in the process of
viral entry into the central nervous system (CNS), via the
hematogenous route and the anterograde nervous route via
the olfactory nerve. 8. The blood-brain barrier (BBB) is dis-
rupted and IL-1p along with tumor necrosis factor (TNF)-a are
released due to infection of the CNS by the virus which ulti-
mately leads to the development of neurological signs. Illus-
trated by @darwid_illustration

Immune response and evasion strategies

Current uncertainties regarding the immune response
to Henipavirus infection in humans include whether
this response is either inefficient at dealing with the
virus or if the immune response is itself detrimental
to the host, thus exacerbating the pathogenic process.
Neutrophils are one of the first immune cells to be
recruited to the site of infection. These cells produce
reactive oxygen species, antimicrobial peptides, and
neutrophil extracellular traps (NET) to contain the
virus. Following Henipavirus entry via ephrin-B2 or
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-B3 receptors on the host cellular membrane, virions
are engulfed and broken down into viral peptides by
antigen-presenting cells such as macrophages and
dendritic cells. The presentation of the viral peptides
on the MHC molecules activates the T cells through
their T-cell receptor (TCR). The activation of the
helper T cells subsequently drives B cells to activate,
proliferate, and develop a mature antibody response.
As a result, plasma cells and memory B cells are
formed, producing virus-specific antibodies for pro-
tection against infection. On the other hand, the acti-
vation of cytotoxic T cells allows them to target and
kill the virus-infected cells [36].

The humoral adaptive immune response during
NiV infection includes both specific IgM and IgG
in high levels on day 1 and day 25 post-admission,
respectively [37]. Moreover, marked elevated activa-
tion of CD8 T cells (HLADR+/CD38+) has been
detected accompanied by absolute numbers of T
lymphocytes within normal levels in NiV-infected
patients [38]. It has been shown that reactive IgM and
IgG are maintained for 18 months in patients after
HeV infection [39].

As mentioned above, the NiV P gene encodes
4 viral products: P, V, W, and C. Products of the P
gene can antagonize both double-stranded (ds) RNA
signaling and interferon (IFN) signaling [40, 41]
(Table 1). Similar to that of other paramyxoviruses,
the V protein functions as an inhibitor of IFN induc-
tion or dsRNA signaling by targeting the helicase
encoded by the melanoma differentiation-associated
gene 5 (MDAS). Whereas the NiV W protein can
also inhibit dsRNA signaling, it does so by nuclear
translocation, targeting interferon regulatory factor 3
(IRF-3) and effectively blocking both dsRNA signal-
ing via MDAS and through the cell surface expressed
toll-like receptor 3 (TLR-3) signaling pathway. Heni-
paviruses also target the paracrine signal transduc-
tion pathway that is initiated by the binding of type
I IFN to the two cell surface interferon alpha and
beta receptors, IFNAR1 and IFNAR2 which assem-
ble into a functional receptor complex leading to the
activation of signal transducers and activators of tran-
scription (STAT) factors, that later direct the expres-
sion of genes possessing an interferon-stimulated
response element (ISRE) within the nuclease [42].
The Henipavirus V, W, and P proteins block the type
I IFN signaling pathway, with the NiV V and P pro-
teins forming high-molecular-weight complexes in
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the cytoplasm with STAT1, and the NiV W protein
targeting STAT1 within the nuclease [40, 41]. Alto-
gether, these mechanisms prevent the expression of
IFN-I and ISG genes (Fig. 5).

Host range and transmission

The exceptionally broad species tropism of Henipavi-
ruses as represented by NiV and HeV distinguishes
them from all other known paramyxoviruses. Among
paramyxoviruses, Henipavirus is the only genus that
causes a highly pathogenic disease of zoonotic ori-
gin. As mentioned above, to date, bats appear to be
the predominant natural reservoir hosts for Henipa-
viruses. Among them, Pferopus bat species are dis-
tributed as far west as Madagascar, through the Indian
subcontinent to Southeastern Asia and Australia, and
eastwards through Oceania [43]. However, there is
evidence of Henipaviruses in a wide variety of other
bat species [44—46]. Furthermore, these viruses have
a very broad range of natural hosts including other
multiple types of mammalian such as shrews, pigs,
goats, cattle, cats, dogs, and horses, which signifi-
cantly increases the risk of spillover to humans con-
sidering its frequent close proximity [14]. Using sero-
logical and/or nucleic acid laboratory approaches to
different species, it was possible to reveal the glob-
ally expanded distribution of Henipaviruses, includ-
ing in some of the most populated areas in the world
(Australia, Bangladesh, Cambodia, China, Ghana,
India, Indonesia, Madagascar, Malaysia, Papua New
Guinea, Singapore, Thailand, and throughout South
America). These studies also have evidenced sporadic
Henipavirus spillover events in domestic livestock
(pigs, cattle, goats, horses) and in human populations,
also reflecting the presence of less pathogenic-related
Henipaviruses [47-49] (Table 1). A disease outbreak
in the Philippines offered evidence of horse-to-human
and human-to-human transmission with NiV as the
likely cause [50].

Henipaviruses can be transmitted both among
bats and in spillover events to other species. Between
bats, the viruses are shed orally, urogenital, in feces,
and in birthing fluids during grooming, mating,
and fighting [6]. Such biological fluids and inges-
tion of contaminated food are mechanisms of trans-
mission [51]. Ingestion of raw contaminated date
sap is one of the most common transmission routes
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evade the type I interferon (IFN-I) synthesis and signaling. (a)
Once the NiV infection occurs, viral RNA is released, which
activates PRRs (TLR and RLR) pathways in the cell, leading
to the activation of IFN-I and IFN-stimulated genes (ISGs).
Different NiV proteins are able to interfere these pathways
using several strategies. NiV-V disrupts MDAS stimulation
and subsequent RIG-I activation. NiV-C protein frustrates the
activation of IRF3 and IRF7/8 by affecting the IKK dimeriza-
tion. NiV-W protein prevents nuclear transport of phosphoryl-
ated IRF3/7 dimers. In addition, NiV-V protein inhibits RIG-I

for NiV but not for HeV [52], and increasing cases
are registered when the palm sap is harvested and
infected bats may lick the sweet sap [53]. Henipavi-
ruses’ foodborne zoonotic transmission is rare, but it
should not be ruled out since eventual cross-contam-
ination or consumption of the virus-infected comes-
tible product is possible [54]. When fruit trees, pigs,
bats, and humans are in the same surroundings, the
emergence of Henipaviruses could be facilitated.
For instance, close proximity contact with domes-
tic animals may promote transmission of NiV when
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activation and its signaling pathway. NiV-M gene expression
highlighted the effect of NiV-M could also degrade TRIM6
and IKK-dependent signaling. (b) NiV-induced production of
IFN-I leads to the stimulation of IFN-I receptor IFNAR) and
subsequent anti-viral signaling, which could be interrupted by
several NiV proteins. NiV-N could impede nuclear import of
STAT1/2 dimer, while NiV-M triggers degradation of TRIM6
and disrupts subsequent IKK, TBK1, and STAT1/2 phospho-
rylation. NiV-P and V could interfere with STAT1 and STAT2
phosphorylation while NiV-W prevents their nuclear exporta-
tion

these animals feed from palm sap or partially eaten
fruit contaminated with NiV-containing feces, urine,
or saliva. If infected, these domestic animals can
then shed the virus and transmit it to humans. In the
case of HeV, horses are the only bridge and amplify-
ing hosts that can be directly infected by bats. When
infected, horses can excrete HeV up to 3 days before
presenting clinical signs [55]. However, HeV infec-
tivity is low and humans are generally infected only
when exposure to HeV-infected horse secretions or
organs is high. Despite the fact that bat handlers are
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frequently exposed to potential pathogens from sick
bats by scratches, bites, saliva, feces, etc., no direct
transmission of HeV from bats to humans has been
reported [14].

Multiple NiV outbreaks have been documented
where human-to-human transmission took place.
Close physical contact and/or contact with respiratory
secretions are important for person-to-person NiV
transmission. It has been shown that patients cough-
ing are more likely to transmit NiV and that care
providers sharing rooms, food, or contact with NiV-
infected patients are at very high risk, especially when
there is an exposure of care personnel to the saliva
of sick patients, thus highlighting close contact as a
necessary condition for human-to-human transmis-
sion. It has also been shown that the corpses of NiV
deceased patients can transmit the virus to people that
were in close contact with the body [56]. In the case
of HeV, no human-to-human transmission has been
detected to date but the potential risk of transmission
to humans should not be neglected [57, 58].

Spillover events that cause disease in humans or
other animal species may depend on multiple factors
that propitiate “jumps” of viruses between species.
Changes in the virus, the host, and/or the environ-
ment may be involved. When exposure of humans to
the pathogen is augmented, the interspecies transmis-
sion may occur, enhancing infection in the human
host. Likewise, intraspecies transmission is possi-
ble when expanded transmission among individu-
als of the newly targeted host species ensues. Based
on studies from different “bridge” animal hosts and
from humans, similarities in Henipaviruses RNA
sequences would suggest that the main changes influ-
encing spillover events occur in the environment
and involve increased interaction between bats and
livestock/humans. There are many circumstances
by which humans can be exposed to bats including
activities in caves, hunting, or exposure to bats roost-
ing in houses. The natural bat roosting sites have been
deeply affected by changing landscapes and defor-
estation, thus forcing colonies to change their ecology
and conduct and to look for niche expansion, often
closer to human locations [59].

Nipah viruses have long been thought to be a
potential cause of future pandemics. Human activ-
ity affects a number of elements that favor spillover
occurrences, including changes in land use, interac-
tions with other animal species, and the sale and
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consumption of wild animal meat. Immunological
and genetic variables also influence how susceptible
a person is to infections, in addition to these socio-
cultural and biological ones. Current methods for
controlling infectious illnesses have focused on pre-
vention but they are used after a disease has spread
across the human population. Strategies to stop the
spillover of new diseases before they infect humans
and the quick reaction mechanisms to control the
spread of infection after it has started are lacking.
During the last two decades, we have experienced
pandemic warnings and the growing pace of new dis-
ease development, including influenza viruses, coro-
naviruses, paramyxoviruses, and retroviruses. Strict
public health regulations might be enforced, using
lessons from the SARS-CoV-2 pandemic.

Animal and cell culture models for studying
Henipaviruses

The development of animal models has been essential
for understanding henipavirus virus replication, anti-
body development, viral shedding, transmission, and
pathogenesis as well as for the evaluation of prospec-
tive vaccines and anti-viral therapies. Under labora-
tory conditions, the host range of Henipaviruses can
be extended to rodents such as golden hamsters [60],
guinea pigs [61-63], ferrets [64], and non-human pri-
mates including Old (African green monkeys) and
New World monkeys (Saimiri/squirrel monkeys)
[65-67]. Notably, while hamsters and ferrets are
permissive to infection, and repeat many symptoms
reflective of human infections [68], mice are resist-
ant to NiV infection [60] despite the fact that murine
ephrin-B2 shares 97% sequence similarity with
human ephrin-B2. This murine resistance to henipa-
virus infection likely arises at a post-entry step, as the
henipavirus attachment glycoprotein binds to murine
ephrinB2 just as well as human ephrinB2 [69]. At
least under laboratory conditions, other animals that
are susceptible to henipavirus infection include cats,
dogs [70-72], and chicken embryos [73].

The expression of ephrin-B2/B3 has a pivotal role
in a cell line’s susceptibility to henipavirus infec-
tion in vitro [74, 75]. For instance, the CHO hamster
cell line, which lacks native ephrin-B expression, is
particularly susceptible to NiV infection when exog-
enous ephrin-B2 and -B3 (but not -B1) expression is
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present [16]. The majority of commonly used labora-
tory cell lines, such as HEK293T [76], Vero [20, 69],
and HeLa-CCL2 [18], are capable of supporting heni-
pavirus infection. However, although being known to
be endothelium-tropic, NiV does not have the ability
to infect all endothelial cell types. PBMECs (por-
cine microvascular endothelial cells) and HBMECs
(human brain endothelial cells), endothelial cells
from capillaries and the brain that express ephrin-
B2 at high levels, are susceptible to NiV infection,
whereas MyEnd (murine myocardium) and PAECs
(porcine aorta endothelial cells), which do not express
quantifiable amounts of the receptors, are resistant to
infection [20, 74]. With the probable exception of
P815 (mouse mast cells) and 208f, most cell lines
with detectable ephrinB2 expression have so far been
proven to be tolerant to NiV infection (rat embryonic
fibroblasts). It is not known why these cell lines are
unable to sustain NiV replication; however, in the
instance of 208f, it is intriguing to note that despite
the high quantities of mRNA present, the quantity
of ephrinB2 at the cell surface as identified by flow
cytometry is minimal [74, 76].

Antiviral therapy and vaccines

At present, there are no approved antiviral therapeu-
tics to treat Henipavirus infections in humans. Riba-
virin and chloroquine have been used separately or
combined, but with poor clinical benefits. Peptide
fusion inhibitors constitute an alternative approach
through the utilization of the heptad repeat domains
of several paramyxovirus F glycoproteins, includ-
ing the Henipaviruses, to inhibit membrane fusion
by blocking the formation of the trimer-of-hairpins
structure [77]. Finally, protective passive immuno-
therapy based on polyclonal antiserums, or mouse
monoclonal antibodies specific for the henipavirus
G or F glycoproteins has been tested [78]. All these
therapeutic approaches merit further investigation.

A variety of active immunization strategies for
Henipavirus have been explored using recombinant
virus platforms, protein subunits virus-like parti-
cles and DNA vaccines. Several of these strategies
have only been examined in terms of their abil-
ity to generate a henipavirus-specific neutralizing
response [5], whereas other studies characterized
immune responses and efficacy in animal challenge

models. The horse vaccine against HeV (Equivac®
HeV) was the first commercially deployed vaccine
developed against a BSL-4 agent and is the only
licensed treatment for Henipavirus infection. This is
an HeV-sG subunit vaccine for horses which is also
expected to provide a substantial health benefit to
humans [79].

Since viruses recognize no national borders, inter-
national cooperation and quick action are required
to close knowledge gaps and halt further outbreaks.
Because of the recent henipavirus outbreaks, it may
be necessary to coordinate a worldwide effort to
develop efficient vaccinations. In the absence of eas-
ily accessible prophylaxis or medication, quick case
identification is crucial to containment. Henipavi-
rus is no different from other illnesses in that it can
manifest itself in a variety of ways, as is customary in
clinical practice.
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